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Abstract: As various political initiatives have set goals to reach net-zero emissions by the mid-21st
century, forests will play an important role as a carbon sink for sequestering unavoidable emissions.
Forest management can take two approaches by either decreasing harvest and enlarging the forest
carbon stock or increasing harvest to increase carbon uptake and create harvested wood products
(HWPs). Currently, these two management options seem at odds with seemingly conflicting policy
directives being written. We used the BEKLIFUH model to assess six management scenarios based on
carbon offset potential taking into consideration forest carbon, HWPs and the material and energetic
substitution effects. The results show that while conservation leads to a higher above-ground carbon
pool, including HWPs, material and energetic substitution leads to more overall carbon offsets for
management scenarios with more timber harvesting. With compromise being possible by selectively
conserving old growth forests with a high biodiversity value. In conclusion, if the forest sector
decouples GHG reporting from forest management and includes all the secondary effects of timber
harvest, this new approach can lead to a different cost–benefit analysis for the choice between harvest
vs. conservation. This could result in a paradigm shift to a future where biodiversity and carbon
neutrality can coexist.

Keywords: carbon offset; carbon pool; harvested wood products; substitution effect; net-zero emissions

1. Introduction

One of the greatest challenges of the current century is reducing carbon emissions
to limit the rise of global temperature to below 2 or even 1.5 degrees Celsius compared
to pre-industrial levels. Various political initiatives have set emission reduction goals for
the near future. For the European Union, the “fit for 55” climate package sets the 2030
climate target to 55% of greenhouse gas (GHG) emissions compared to 1990 levels. After
that, the final target is to achieve net-zero emissions by 2050 [1]. Net-zero emission means
that the Earth’s anthropogenic net GHG emissions are reduced to zero; all anthropogenic
GHG emissions would need to be compensated by removing them from the atmosphere
and storing them in natural and artificial sinks [2]. Thus, emission reductions alone are
not sufficient to reach net-zero targets as some emissions are unavoidable [3]. Therefore,
carbon sequestration and storage by forests is an important aspect of achieving net-zero
emission goals.

Forests play an important role in regulating atmospheric carbon by sequestering
carbon dioxide. Global forests are the largest terrestrial carbon sink [4] and have absorbed
approximately 2 Pg C annually from the atmosphere in the last few decades [5], while
it is estimated that non-tropical forests sequester approximately 0.09–0.12 Pg carbon per
year [6]. In Europe, where the managed semi-natural temperate forest makes up a majority
of forest area [7,8], forest management can be used to optimize carbon sequestration while
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at the same time providing timber for use in various harvested wood products (HWPs).
As the urgency to tackle anthropogenic climate change increases, both governmental and
non-governmental organizations are looking for supplementary ways to meet emission
reduction targets. The 2006 IPCC guidelines [9] were the first to provide guidance on
the estimation and reporting of the contribution of HWPs to national CO2 emissions and
removals. Furthermore, the 2015 Paris Agreement allows the accounting of carbon stored
long term in Forests and HWPs by its signing members [10]. Most recently, the 2030 Climate
Target Plan of the European Union puts a greater emphasis on forestry and attempts to
support forestry through greater visibility for the climate benefits of wood products [1].

There are two main ways forest management can contribute to climate change mitiga-
tion. The first is through enlarging the forest carbon stock. This approach entails conserving
forests and largely dispenses timber harvesting, allowing the forest to achieve its peak
carbon storage potential. The second approach is to increase carbon uptake. As the rate
of carbon sequestration in forests is at its maximum when forests are still young [11–14],
forest harvesting leads to a younger overall forest structure, and harvested timber is then
processed to become harvested wood products. These HWPs contribute to carbon seques-
tration by storing carbon for their entire life cycle. The size of this anthropogenic carbon
pool is thus determined by the harvest (inflow) and the product lifetime (outflow) [15].

In addition to considering, the change in C-pools in forests and in HWPs, the mitigation
of CO2 emissions that can be achieved through timber production can also be taken into
account [16]. This mitigation involves the avoidance of industrial process carbon emissions
from alternative materials such as steel or concrete, and it is quantified using displacement
factors. A displacement factor is an index of the efficiency with which the use of biomass
reduces net GHG emissions [17–19]. For instance, one study determined that apartment
buildings using conventional construction methods produces up to 5.6 times as many CO2
emissions as apartment buildings using mainly wood-based construction materials [16].

In Germany, this aspect found expression in the Charter for Wood, which was adopted
with the aim that “sustainable forest management and wood use, as well as the consistent
substitution of energy-intensive materials with a detrimental CO2 balance by wood, can
contribute significantly to the reduction of greenhouse gas emissions and to climate protec-
tion as a whole, and are thus indispensable for achieving the targets of the Paris Climate
Agreement” [20]. The implementation of the Charter for Wood requires a sustainable
supply of wood. Germany is also the largest producers of bio-energy in the EU [21], with
bio-energy also being actively encouraged by the EU energy directive [22].

In order to make well-balanced decisions on forest management with regards to
carbon sequestration, forest managers and policy makers need more information on the
trade-offs between climate change mitigation, forest protection and timber production. To
treat these trade-offs equally, one needs to look at the entire forest–timber chain, including
forests, their HWPs and the resulting energetic and material substitution effects must be
considered [23]. Several previous studies have included parts of this chain, with some
studies not including carbon stored in HWPs [24–27], or others included HWPs but not their
associated substitution effects [28–30]. In other studies, the inclusion of these of additional
carbon offsets is limited in scope [31,32]. We hypothesize that including these additional
carbon offsets will change which management scenarios achieve the most carbon offsets.

This study aims to provide a comprehensive analysis of the carbon offsets of differ-
ent management scenarios. We compare different forest management strategies for the
Hamburg metropolitan area with a focus on national and EU forest protection goals. We
calculate the carbon offset of each management scenario, with carbon offsets being defined
as the sum of carbon sequestration in forests, carbon storage in HWPs and their associated
material and energetic substitution effects. This is performed using an integrated forest
model and timber model, using various scenarios that represent a range of conservation
vs. utilization allocations. The results of the scenario analysis demonstrate differences in
management alternatives in terms of forest carbon sequestration, carbon stored in HWPs
and the substitution effects. The consideration not only of the forest ecosystem as carbon
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sinks—as stipulated by recent climate legislation—but of the entire forest-timber chain can
decisively influence the choice of the management method for maximizing carbon offsets.

2. Materials and Methods

The modelling of the carbon sequestration, storage, and emissions of the forest and
HWP system was performed using the BEKLIFUH program. This is a carbon-centric forest
management tool developed by Knauf et al. [33] and funded by the German federal forest
climate fund (Waldklimafonds). The model links the evolution of forest C-pools to the
energetic and material substitution effects of wood use and changes in the C-pool of HWPs.
A local forest growth model is at the core of the forest development modeling. In the local
forest growth model, the respective developments of the forest C-pool are determined for
different scenarios of forest management; for this purpose, the model also provides the
annual timber harvest volumes. The basis for this calculation is a forest growth model
based on yield tables. The model adapts the yield table values using two successive forest
inventories, for a more realistic representation of the local conditions. The initial data on
tree age, volume and stand density are obtained from the third German national forest
inventory (NFI) conducted in 2012 [34], and stock increment is calculated from the 2002
and 2012 inventories.

Forest management is modelled by four base scenarios that cover a wide range of
future forest development:

1. Mass optimization: strategy with highest possible timber production; stands are
harvested at the time of the at the time of maximum average total increment harvested;

2. Value optimization: long-term focus on strong wood strategy aimed at harvesting
strong timber with a corresponding strategy, characterized by longer rotation periods
and increase in growth of the individual tree;

3. Storage optimization: (limited) utilization of wood with simultaneous high forest
storage; extremely extended rotation periods in in connection with reduced wood
utilization in favor of deadwood storage;

4. Non-utilization: no wood-economical utilization of the forest stands (no logging);
accumulating wood (e.g., through simulated windthrow) remains completely in the
deadwood store.

The base scenarios are then later combined in to a variety of combination scenarios. In
this study, six different combination scenarios were selected. Various HWPs uses are to be
specified for the raw wood removed from the forest. This is performed by a percentage
distribution of wood use by tree species groups and diameter classes for the first use level
(sawmill industry, wood-based panel industry, pulp/paper, energy and other sectors) based
on a national wood utilization key for Germany [35]. These calculations are all in line with
the IPCC (IPCC-GPG) Guidelines [33]. These calculations are run from the last inventory
year of 2012 until 2100.

2.1. Forest Data

This study focused on the Hamburg metropolitan area. The Hamburg area is one of
the few areas in Germany where the predicted impact of extreme weather events such as
droughts and heat waves in even the most extreme IPCC scenarios is tempered compared
to more southern and inland regions in Germany [36]. This gives us the opportunity to
look at forest growth relatively unentangled from future climate scenarios. This area is
defined as the accumulated area of the 19 districts shown in Table 1. The corresponding
forest area was also noted per district as well as the amount of NFI sample points. The area
weight for each district and the number of sample points per 100 ha of forest area were
calculated to be used as a correction factor in the model.
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Table 1. German districts belonging to the Hamburg metropolitan area, with their corresponding
forest area and number of sample points.

Districts Forest Area (ha) Sample Point Amount Area Weight

Ludwigslust 133,891 736 1.819
Nordwestmecklenburg 28,458 232 1.227

Uelzen 48,698 130 3.746
Stade 9078 44 2.063

Heidekreis 60,495 256 2.363
Roteburg (Wümme) 34,384 191 1.800

Lüneburg 42,887 94 4.562
Lüchow-Danennberg 45,261 137 3.304

Harburg 4807 5 9.614
Stormarn 10,495 108 0.972
Steinburg 9880 80 1.235
Segeberg 23,323 202 1.155
Pinneberg 5855 48 1.220

Ostholstein 14,158 131 1.081
Hertzogtum
Lauenburg 32,406 321 1.081

Dithmarschen 5306 40 1.327
Lübeck 3092 25 1.237

Timber species in the NFI where grouped in to 6 tree species classes as used in the
BEKLIFUH model. These classes were:

• BE (Beech) — Fagus spp. and all deciduous species with a long lifespan (Acer spp.,
Fraxinus excelsior, Castanea sativa, Tilia spp., Robinia pseudoacacia).

• OA (Oak) — With all Quercus species.
• PO (Poplar) — Populus spp., Salix spp., Betula spp., Ulmus spp. and all other deciduous

species with a shorter lifespan.
• SP (Spruce) — Consisting of Picea abies, Abies grandis and all other Abies spp.
• PI (Pine) — consisting of all Pinus and Larix species.
• DG (Douglas) — Consisting P. menziesii, Abies grandis, and Thuja spp.

Using the NFI information, the mean, minimum and maximum increments were
calculated for the six tree species classes as shown in Table 2. These three values for each
tree species class were used as input for the growth functions in the BEKLIFUH model.

Table 2. Mean, minimum and maximum stock increment in m3 per ha for the six species classes
Beech (Be), Oak (OA), Poplar (PO), Spruce (SP), Pine (PI) and Douglas (DG).

Value BE OA PO SP PI DG

Mean 10.7 8.8 6.7 15.7 9.9 17.2
Min 10.2 5.5 6.4 15.2 8.5 15.8
Max 10.2 9.4 7.1 16.9 11.0 19.6

2.2. Management Scenarios

Management scenarios based on the aforementioned base scenarios were selected
based the proportion of the non-utilization scenario that they included. These can be
divided into six main scenarios:

1. The Full conservation scenario, where no harvest takes place on any part of the forest;
2. The National biodiversity scenario, which follows the national recommendation where

5% of the forest area is excluded from harvesting activities;
3. The EU biodiversity scenario, where 10% of the forest is excluded from harvesting activities;
4. The Maximum biodiversity scenario, which assumes that a disproportionate amount con-

servation needs to take place in forests in order to achieve carbon sequestration goals;
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5. The Old growth forest scenario, where only old growth stands (age > 120 years, age
class 7 and 8) are excluded from harvesting activities;

6. The Full production scenario, where all forest area is open to harvesting activities.

Scenario set-up is shown in Table 3. For the purpose of consistency, the proportion
of the three harvest-related basic scenarios remains equal through all of the six scenarios.
Only the relative proportion of the non-utilization base scenario changes, and as climate
factors are largely ignored in this study, stand growth rates do not change over time in the
different scenarios. Tree species distribution within a stand also remain the same.

Table 3. Proportion of each basic scenario in the six combination scenarios. * Due to model input
limitations or the old growth forest scenario, the data set had to be separated by age class. For forests
older than 120 years, 100% conservation was selected; for the rest of the forest area, there was a
three-way equal division between the three other basic scenarios.

Scenario Mass
Optimization

Value
Maximization

Maximum
Storage Non-Utilization

Full production 33.3% 33.3% 33.3% 0%
National biodiversity 31.6% 31.6% 31.6% 5%

EU biodiversity 30% 30% 30% 10%
Maximum biodiversity

protection 20% 20% 20% 40%

Full conservation 0% 0% 0% 100%
Old growth forest

conservation 28.7% * 28.7% * 28.7% * 13.8% *

2.3. Wood Product Allocation

Wood products are allocated into 16 main wood-use categories, each with correspond-
ing non-timber products as seen in Table 4. Harvested wood is allocated to these 16 groups
and converted to sequestered carbon via a substitution factor (SF). This substitution factor
is expressed as a ratio [18] (tC/tC) and represents the amount of carbon a unit of substi-
tute emits in comparison to its corresponding HWP. The remaining wood is then finally
allocated to a fuel group, and its energetic substitution is calculated. Here, substitution is
based on the energetic value of the wood being burned in comparison to that of the average
energy mix of Germany for 2015.

Table 4. View of the 16 wood-use products classes vs. the products they substitute with corresponding
substitution factor in ton C per ton C.

Wood Use vs. Substitute Products SF (tC/tC)

Roudwood (poles, fences, buildings)
vs. steel, concrete aluminum 2.40

Softwood lumber, sawn, wet for packaging concrete shuttering
vs. plastics 1.80

Softwood lumber, planned and dried for building Purposes vs.
concrete, steel, bricks 1.40

Softwood-based glued timber products (glue-lam, CLT)
vs. steel, concrete, bricks 1.30
Plywood, also overlaid

vs. aluminum profiles, glass fiber plastic 1.62
Wood based panels such as particleboard, MDF, OSB (for walls, ceilings, roofs)

vs. gypsum board, plaster, concrete, brick-type walls 1.10
DIY products such as lumber, panels, profile boards

vs. mineral based products, plastic based panels, aluminum sheets 1.35
Wooden flooring (one layer, multi-layers), laminate flooring

vs. ceramic tiles, plastic flooring, wall-to-wall carpet 1.62
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Table 4. Cont.

Wood Use vs. Substitute Products SF (tC/tC)

Doors (interior, exterior)—only framing/construction
vs. steel, aluminum, PVC 1.62
Wooden window frames

vs. PVC, aluminum 1.62
Wooden furniture (solid wood)

vs. glass, plastic, metal 1.62
Wooden furniture (panel based)

vs. glass, plastic, metal 1.42
Wooden kitchen furniture

vs. glass plastic, metal 1.62
Other wooden furniture (example: upholstery)

vs. glass, plastics, metal 1.62
Wooden based packaging

vs. plastic, metal 1.32
Wooden transportation products

vs. plastic, metal 1.62
Note: Adapted from Knauf et al. [33]. Copyright 2015 by Knauf et al. Reprinted with permission.

3. Results
3.1. Age Class Distribution

Figure 1 shows the predicted age class distribution of the six selected management
scenarios in the time period from 2013 to 2100. The Full production and EU biodiversity
scenarios result in relatively young forests, with more than 50% of forest area being younger
than 60 years in 2100. The Full production scenario results in only around 11% of all forests
being 140 years or older in 2100, and for the National biodiversity and EU biodiversity
scenarios, these are 14.1% and 16.7%, respectively. The Maximum biodiversity and Old growth
forest scenarios result in a more even distribution of age classes with around 30% of forests
being younger than 60 years for the Maximum biodiversity scenario and 40% for the Old
growth forest scenario in 2100. The Full conservation scenario results in an abundance of old
growth forest coverage with 80% of forests being 120 years or older by 2100.

Figure 1. The age class distribution of all combined tree species at the start of the model run (2013)
and in intervals for each of the six management scenarios. Age classes are divided in periods of
20 years. (Age class 1 = 0–20 years, Age class 2 = 2–40 years etc.).

3.2. Above-Ground Forest Carbon

Figure 2a shows the net cumulative amount of carbon sequestered (positive) or emitted
(negative) by the above-ground forest biomass for the six different scenarios from 2012 until
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to 2100. Here, the Full production scenario results in the forest being a net carbon source
for the entirety of the extent of the simulation, averaging at −76.000 tC with a minimum
of −130.000 tC. The same holds for the National biodiversity and EU biodiversity (average
−61.000, minimum −100.700 tC and average −47.000, minimum −85.000 tC, respectively).
The Old growth forest scenario results in a net-positive carbon sequestration effect until
almost the end of the scenario with an average of 6.400, a maximum of 29.000 and a
minimum of −30.000 tC throughout the simulation. This effect is even more pronounced in
the Maximum biodiversity scenario. In the Full conservation scenario, the forest is a net carbon
sink for the entire duration of the simulation with an additional 316.000 tC sequestered
in 2100.

Figure 2. Cumulative carbon offsets of the six management scenarios in Mt C from 2013 until
2100 when looking at (a) above-ground forest carbon, (b) total forest carbon and HWPs, (c) total
forest carbon, HWPs and material substitution, and (d) total forest carbon, HWPs, material and
energetic substitution.

3.3. HWPs and Substitution

Figure 2b shows the amount of carbon in megatons sequestered in forest, including all
forest carbon, plus the amount sequestered in HWPs by the six different scenarios until the
year 2100. The Full conservation scenario involves no timber harvesting, and thus, no carbon
sequestration effect from HWPs is present; only the effects of dead wood are then included.
All six scenarios now show a positive trend, with the Full conservation scenario still being
the best scenario in terms of carbon offsets with a maximum of 583.000 tC sequestered in
the year 2100, followed by the Maximum biodiversity scenario (343.000 tC), Old growth forest
scenario (273.000 tC), Full production scenario (173.000 tC), and, at the bottom, the National
biodiversity and EU biodiversity scenarios with 160.000 and 158.000 tC, respectively.

Figure 2c shows the added effect of material substitution. With its addition to the
total sum of carbon offsets, all five scenarios that include timber harvesting surpassed
the Full conservation scenario. The Old growth forest scenario and Full production scenario
approximately show an equal amount of carbon offsets in 2100, with both reaching around
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800,000 tC. The Maximum biodiversity scenario together with the National biodiversity and
EU biodiversity scenarios also reach approximately the same values at around 700,000 tC
sequestered in 2100.

Finally, Figure 2d shows the total carbon offsets for both forest carbon, HWPs, material
and energetic substitution. The Full production scenario is now the scenario with the highest
total offset amount of 1.184.000 tC in 2100. This is then followed by the Old growth forest
scenario with 1,136,000 tC in offsets, the National biodiversity and EU biodiversity (1,051,000
and 1,024,000 tC in offsets, respectively) and the Maximum biodiversity scenario (942,000 tC).

4. Discussion

The results of the scenario analyses are of particular importance for achieving net-zero
emissions, which can only be met if unavoidable residual emissions are compensated
by sinks. Sinks can be technical or natural solutions [2]. As technical solutions are often
considered to be too cost intensive [37], nature-based solutions such as carbon sequestration
in peatlands and forests are of vital relevance to meet net-zero emissions. Therefore, there
is high pressure to maximize carbon stocks and carbon sequestration of forests to increase
their sink effect. However, this would, in turn, result in a significant reduction of timber
harvesting and drastically limit the emission reduction potential of timber use.

The results shown in the previous section indicate only the Full conservation scenario,
and the Maximum biodiversity leads to an increasing amount of carbon sequestration in the
above-ground forest carbon pool. However, when we add the carbon stored in HWPs and
the carbon offsets by material and energetic substitution, all other scenarios surpass the Full
conservation scenario in terms of carbon accumulation. This is significantly different from
the previous study by Knauf et al. [33], using the BEKLIFUH model for the German federal
state of North-Rhine Westphalia, as there all studied scenarios showed positive carbon
sequestration potential. This could be caused by a difference in age class distributions
between the Hamburg metropolitan area and the federal state of North-Rhine Westphalia.

In the current method of carbon accounting, the IPCC guidelines for national GHG
inventories for timber utilization, [9] sequestration is only accounted for when in long-lived
products. Emission savings are not at all recognized as a separate category by the IPCC, and
current EU strategies attribute the substitution effect of timber to the process but not their
original source, e.g., the forest sector [38]. This does not mean that energetic and material
substitution effect of wood products is not present national carbon accounting, but only that
it is not attributed to the forest sector. The process of energetic and material substitution is
accounted for during use in the energy, manufacturing and industrial process sectors as
emission reductions. For national GHG, reporting this approach is helpful as it prevents
double counting. However, if, within forest management, these substitution effects where
instead attributed or at least included in the total carbon sequestration potential of forests,
this could have a big impact on the way forest management is conducted. While policy
makers and forest managers are now directing management toward increasing carbon
stocks, forests could instead be managed to increase the substitution effect. With regards to
net-zero, it has been shown that carbon extraction by harvesting is more than compensated
for by the offsets of timber use; therefore, forest utilization is a net-zero solutions in and
of itself.

Nonetheless, introducing a Full production scenario is a very radical shift from the
forest management policy developed throughout the 20th century, as forests should not
only be assessed purely in terms carbon sequestration potential. Forests provide a whole
range of ecosystem services, many of which can be disturbed by harvest even under ideal
harvesting practices [39,40]. When we look at the Old growth forest scenario compared to
the Full production scenario, the carbon offset values are relatively close together and do
not lead to a decrease in total above-ground forest biomass. This means that the protection
of old growth forests has a low impact on overall total carbon offsets. Forest conservation
must also be maintained due to regulation, e.g., Natura 2000. The areas protected under
Natura 2000 already contain a substantial amount of forest area, although Natura 2000
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primarily focuses on: “Non-intervention management on primary forests and forests with
a high degree of naturalness” [41]. This is a much stricter definition than the one held to in
this study. However, for the study area, these results show that protecting all forests older
than 120 years only has a small effect on carbon offsets as compared to the most optimal
Full production scenario, even though these cover 13.8% of the total forest area.

Moving forward, policy makers and forest managers could pre-define forest stands
for protection that focuses on areas with low potential for timber production but high
biodiversity value to balance the needs for carbon sequestration and other ecosystem
services of forests. This would protect biodiversity while keeping the impact on total
timber production low. Protecting old growth forests is already a measure requested by
conservationists due to their high biodiversity value [42,43], thus making this scenario a
win/win situation. For this approach to work, not only does it require smart area selection
methods but also the aforementioned shift in forest management, focusing on maximizing
substitution effects through the smart utilization of wood.

In the short term, taking into account the different trade-offs of forest carbon storage
vs. timber utilization would help to find the management options with the highest overall
carbon effects. Nevertheless, more mid- and long-term policy is required to fully implement
lasting changes to forest management strategies. Firstly, standards and/or guidelines
need to be created to help managers to decide if a forest should be managed for carbon
sequestration or timber production. Secondly, policy must reflect that forests provide
multiple other functions besides carbon offsets. This includes the socio-economic functions
provided by timber production in forest and value adding in timber industries, which is a
significant contribution to local economies, especially in rural areas.

Limitations

This study limited variations between scenarios to be able to better distinguish between
the effects of the different forest conservation scenarios on carbon offsets. This resulted
in the omission of certain variables that are known to have an effect on forest carbon
sequestration. Firstly, all scenarios had no change forest area, or tree species composition
remains the same. One would expect that in, for instance, a Full production scenario the
forest composition would also be changed to better suit production goals. The same is true
for the different approaches where conservation is at the forefront, with the replacement
of many (non-native) commercial species. Finally, the model could also be improved by
adding the impacts of changes in temperature and water availability due to continued
climate change. Even though these effects are predicted to have a smaller impact on the
study area compared to other areas of Germany, they are still expected to occur. Currently,
forest growth is calculated by yield tables, and a correction factor is only applied considering
growth over the past 10 years. This makes it then unable to account for changes in climate
that will influence the growth rate in the future.

5. Conclusions

In conclusion, the forest sector can decouple forest management from GHG reporting
and include all the resulting effects of timber harvest in its various consumer sectors. This
new approach can therefore lead to a different cost–benefit analysis for the choice between
harvest vs. conservation. This can provide the opportunity to optimize forest management
for maximizing total carbon offsets. Not taking these hidden effects into account would
be misleading for the total carbon benefits of forests. If applied correctly, this could result
in a paradigm shift in forest management to a scenario where biodiversity and carbon
neutrality go hand-in-hand.
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