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Abstract: This article presents an evaluation of the environmental impact of forestry based on landscape theory. 
It has been argued that this type of forestry offers a positive impact on the climate because there is a balance 
between the amount of greenhouse gas emissions and the absorption of these gases within an entire forested 
area. However, this analysis will demonstrate that the arrangement and composition of managed forests are 
linked to a significant carbon debt. This debt represents the disparity between the carbon that would typically 
be stored in a natural forest and the actual amount of carbon stored in the managed forest. While this excess 
carbon remains in the atmosphere rather than being sequestered, it contributes to the greenhouse effect. Using 
the Swedish forestry as an example, the carbon debt is estimated to be comparable in scale to the total 
accumulated fossil fuel emissions of the country. 

Keywords: bioenergy; biomass; forestry; combustion; decomposition; landscape; carbon sink; 
carbon debt 

 

1. Introduction 

The climate impact resulting from forestry is influenced by various factors, including rotation 
time (the period between final fellings), harvest volume (the amount of timber extracted), and the 
lifespan of wood products. There is still no scientific consensus regarding whether harvesting woody 
biomass for energy or other purposes provides any climate benefits, considering the specific 
timeframes outlined in climate targets. The primary concern revolves around the time required for 
the harvested forest to regrow, which is commonly referred to as the "payback time." This period 
plays a crucial role in determining whether the carbon emissions associated with biomass harvesting 
can be offset by subsequent regrowth and carbon sequestration [1,2–4]. According to a study on 
Finnish forestry [5], it was found that the payback time, which includes the recovery of soil, is 
estimated to be between 90 and 110 years. However, another study demonstrated that repeated 
logging can lead to a reduction in soil organic carbon over several centuries [6]. Additionally, ref. [7] 
concludes that substantial carbon sequestration continues for at least 50 to 100 years beyond the 
typical economic rotation periods (which range from 80 to 120 years in boreal forests). Indeed, it has 
been observed that the conclusions drawn in many studies regarding forestry optimized for climate 
benefits are influenced by the methodological assumptions employed. For instance, certain studies 
suggest that increased harvest would yield climate mitigation benefits rely on assumptions such as 
enhanced carbon storage after harvest through fertilization or an expansion of forested areas. Those 
are very uncertain propositions [8,9] 

The concept of substitution effects is another important aspect to consider. In theory, forestry 
can offer a relative climate benefit if biomass is used as a substitute for products that currently rely 
on fossil fuels, including construction materials like concrete. However, substitution theory is 
implicitly based on the assumptions that there are no viable alternatives to replace fossil fuels and 
that the products or processes in question are unavoidable. Nonetheless, numerous efforts have been 
made to quantify the potential substitution effects and evaluate their impact on climate mitigation. 
As an example, studies such as [10] have shown that replacing fossil fuels with corn ethanol could 
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potentially result in a slight climate benefit. However, in the case of woody biomass, the potential for 
substitution effects can be counterproductive [9,11].  

When crops are grown for energy purposes on agricultural land, the time between plantings is 
typically brief, often lasting only one year. However, if the agricultural land was previously covered 
by forests that were cleared to make way for the crops, a carbon debt is incurred due to the loss of 
the forest biomass. When accounting for this carbon debt, it has been discovered that the actual 
climate impact of using crops as fuel can be as significant as that of certain fossil fuels [12] and even 
worse than fossils [13]. Also, it has been suggested that substitution benefits have been overestimated 
by 2-100 times [14]. A recent study concludes that when leaving biofuel emission untaxed, as it is 
today, the climate impact could be just as high as for fossil fuels [15].  

Pay-back times for boreal forests of the order of 100 years are much too long to address political 
climate targets [7]. However, boreal forestry is typically managed across vast areas, which allows for 
the creation of a landscape structure corresponding to a mosaic of same aged tree stands with an even 
age distribution among the stands. By logging not more than the yearly growth, the net carbon flow 
to the atmosphere will be close to zero and the forestry becomes “carbon-neutral” [16]. However, in 
the IPCC scenarios the role of managed forests in mitigating the climate crisis is to provide a 
substantial net uptake of carbon [17]. Therefore, ‘bioenergy must be evaluated by addressing both 
the stocks and flows of the carbon cycle’, as was pointed out in [18]. In the recent IPCC report AR6, 
an increased uptake of carbon through restoring and protecting forests as well as improved forest 
management are pointed out as a climate mitigation strategy with high potential [19]. As a side note, 
restoration of forests is necessary for the purpose of saving biodiversity as well as re-paying the 
carbon debt [20]. For a comprehensive summary, see [21].  

Although estimate of carbon debt are somewhat approximate, since it depends on uncertain 
reference levels, it has been clarified that the potential uptake is an adequate measure of carbon debt 
[22]. The potential of carbon sequestration was estimated for Swedish [23] and Finnish [24] forest 
land and found to be substantial in both cases. 

The concept of a "carbon debt" is frequently misconstrued as being solely tied to the payback 
times of managed land. This misconception can lead to the conclusion that shorter payback times 
result in negligible carbon debt. As a result, left-over products with shorter decomposition times are 
often claimed to have short payback times, leading to the assumption that these products are 
inherently climate beneficial when used as fuel [25,26]. Such conclusions will be questioned in this 
paper. 

The main objective of this paper is to examine the carbon debt linked to landscape theory. The 
theoretical landscape forestry model, as presented by the International Energy Agency (IEA) 
Bioenergy working group  [27], has mistakenly conflated the terms "carbon-neutral" and "climate-
neutral." From a policymaking perspective, it is indeed crucial to distinguish between these two 
concepts. 

2. Methods 

2.1. Qualitative Overview 

The IEA landscape theory is based on two relevant concepts that need to be defined. Firstly, it is 
necessary to provide a definition of the notion of a landscape [28]. There are multiple interpretations 
of this concept in the existing literature. In accordance with the Kyoto Protocol on land-use change 
and forestry (LULUCF), the appropriate understanding of a landscape encompasses an entire nation, 
including both managed and non-managed forests. [29]. However, considering the climate impact of 
forestry itself, using the entire nation as the landscape can result in misleading results. Therefore, the 
EU green taxonomy [30] adopts a different approach, defining the relevant landscape as that of a 
single company or forest owner. These entities are required to regularly provide a climate benefit 
protocol to assess their specific impact on the climate. 

The second undefined parameter in the IEA landscape theory is the period for assessing the 
climate impact. For the sake of convenience, the IEA has chosen a period of one year. This choice 
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aligns with the time frame of the climate crisis and is compatible with standard national accounting 
systems. 

If the landscape is organized into a theoretical grid, comprising the same number of units as the 
rotation time for forestry in years, it is possible to achieve precise compensation of logged biomass 
through growth, provided each stock unit within the grid has a distinct and unique age. For instance, 
if the rotation time is set at 100 years, one can envision structuring the landscape as a grid consisting 
of 100 units. The stands within this grid would then have ages ranging from 0 to 100 years, with the 
oldest stand subject to logging. By following this approach, the total amount of biomass remains 
constant within a given year, ensuring that no carbon is released into the atmosphere. 

The landscape structure can naturally emerge when working with a sufficiently large area, such 
as a nation with abundant forests. By selectively logging only mature stands, a landscape structure 
gradually takes shape over time.  

Most forests are managed in this way and today’s forests in Europe are overall a carbon sink 
[31,32], i.e. the carbon uptake is greater than the forestry emission as defined in LULUCF. If forestry 
is carbon-neutral and the total national forest provides a carbon sink, it is tempting to argue that 
European forestry is climate beneficial [33], and it is easy to convey this argument to politicians. Is 
such a conclusion accurate?  

In what follows, it will be demonstrated that the landscape theory is incomplete. It overlooks the 
initial conditions involved in shaping the landscape structure. That is, it neglects the carbon that was 
stored in natural and mature forests before large-scale forestry commenced. 

2.2. Analytical Approach 

To assess the landscape theory in a simple, yet quantitative manner, we start by examining a 
hypothetical forestry scenario with a four-year rotation time. Subsequently, we extend this analysis 
to include a forestry system with an arbitrary rotation time. The general formula for the carbon debt 
is attained using method of induction. To establish a direct connection with the results of the IEA, 
our analysis is founded on the same theoretical framework as the IEA's. The forestry is depicted in 
an idealized manner, consisting of only single-species trees, and in this scenario, all the trees within 
a single grid are logged. The logged trees are instantly converted to CO2, and new trees begin to grow 
immediately. While this representation may not be entirely realistic, it adopts basic and simplistic 
forestry principles, making it a fundamental framework for analysis. Indeed, a more realistic 
representation of forestry can be achieved by incorporating corrections to this model. As our results 
are mathematically formulated, it is feasible to include these corrections, allowing for a more accurate 
depiction of real-world forestry conditions.  

3. Results 

3.1. General 

The IEA landscape theory is depicted in Figure 1, specifically illustrating a forestry system with 
a four-year rotation time. 
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Figure 1. Schematic of a landscape forestry which for illustrative reasons is assumed to have a rotation 
time of four years. The quantity A indicates the carbon loss due to harvest and A/4 is the average 
influx of carbon due to sequestration in one grid unit annually. In this manner, the CO2 uptake equals 
the loss. Note though, that this is a simplified approach since in reality the uptake is not linear with 
time in each individual stand.  However, the average rate of growth over a large enough landscape 
in a steady state is constant by definition. 

The landscape comprises a grid consisting of four units. The unit with a mature stand is logged. 
The growth for one year will compensate for the emission A at combustion, assuming all logging 
converts to CO2. Next year, another grid is logged and the procedure repeats. This approach claims 
to achieve a forestry system that is sustainable and climate-neutral.  

However, for a comprehensive analysis, it is necessary to consider the initial conditions. It can 
be presumed that a natural forest was initially present in the forestry area. In order to establish a 
forestry system with a structured landscape, one grid unit is clear-cut each year, as depicted in Figure 
2. 

 
Figure 2. The carbon flow during the initial formation of a landscape forestry. Only about half the 
carbon is stored in the final landscape forestry compared to the initial state. 

After four years, the landscape structure has been established. However, the total biomass 
present in the landscape is now smaller compared to the original natural forest. By accounting for the 
carbon outflux (due to harvest) and carbon influx (from growth) and comparing it to the initial carbon 
storage of the natural forest, there is a carbon deficit equivalent to 6/16 of the original natural forest. 
This number is obtained by comparing the final amount of biomass to that of the original forest. 
Initially there is an amount of 4A in biomass. In the final state there is A + 3/4A + 2/4A + 1/4A = 10/4A. 
The deficit becomes 4A – 10/4A = 6/4A. Dividing by the initial content we get 6/16 in fractional deficit. 

This deficit is never fully compensated for or paid back within the forestry system. In addition, 
this carbon debt is likely an underestimate because natural forests typically contain more biomass 
compared to mature forestry plantations. Natural forests possess older trees, higher biodiversity, a 
greater abundance of dead wood, and intact underground vegetation [6,34–36]. 

Consider now a more realistic forestry with rotation time of one hundred years, typical for a 
boreal forest composed of conifers. The calculation below is under the assumption that after one 
rotation period the forest has regrown completely. Thus, it assumes that the rotation period equals 
the regrowth time. In reality, the regrowth time may be much longer [7]. 

The grid consists of 100 units and after 100 years of logging one unit per year, the landscape 
structure is established. Each unit has then a unique stand age which is evenly distributed from 1-
100 years within the landscape. For example, the grid unit with stand age 100 years was logged 100 
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years ago and has recovered all its original biomass. The 50 years old grid unit was logged 50 years 
ago and consists of half its original biomass whereas the youngest grid was logged the last year and 
has recovered no biomass.

Table 1 Paid back carbon for the four oldest grid units in a 100-years forestry 100 years after start 
of logging. Each grid unit comprises 1% of the total forestry area which is reflected in the factor 0.01 
in the third column. X is the total amount of original biomass.

Table 1. shows the amount of paid back carbon for each grid unit in the last few years, with X 
representing total initial biomass.

Only the first logged grid unit is fully compensated. Following the logic of Table 1, the carbon 
debt D becomes:

D ൌ෍ሺ1െ nεሻ0.01X ൌ Xെ 0.01Xε෍ n ൌ 0.5Xଵ଴଴
୬ୀଵ

ଵ଴଴
୬ୀଵ (1)

where ε = 0.01 for an evenly distributed growth per year. In reality ε = ε(n), i.e. it varies with the stand 
age so that the assumed constant value should be considered as an average. Thus, the carbon debt 
corresponds to half the biomass of the original natural forest. 

In general, the carbon dept for a landscape structured forestry with rotation time N years 
becomes 𝐷ሺ𝑁ሻ ൌ 𝑋 െ 𝑋𝑁ଶ෍𝑛 ൎ 𝑋 െ 𝑋𝑁ଶ 𝑁2 𝑁 ൌ 12𝑋ே

௡ୀଵ (2)

where the approximation is valid for large rotations time N in years.
Formula (2) is plotted in Figure 3 demonstrating the limiting value of a 50% carbon dept.
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Figure 3. Fractional carbon debt vs. forestry rotation time in years. The carbon debt is close to 50% of 
the original carbon content of the forest.

The conclusion of this analysis is that a typical forestry incurs a carbon debt equal to at least the 
same amount as the carbon content of the managed forest. As a result of the biomass deficit, there is 
a notable contribution to the excess carbon in the atmosphere. Consequently, the forestry system 
cannot be regarded as climate-neutral because the "missing" carbon directly contributes to global 
warming. 

To estimate the carbon debt for a real forestry it is convenient to consider a full nation, utilizing 
official statistics. In this regard, an analysis will be presented based on Sweden, which is one of the 
world's most forestry-intensive countries.

3.2. Case Study: Sweden

Sweden's forest cover amounts to 70%, of which 70% is actively managed. The forestry practice 
in Sweden utilizes almost exclusively the technique based on clearing, thinning, clear-cutting, land 
scarification, and single-species replantation. The supply of bioenergy in Sweden is abundant, and it 
currently serves as the largest source of combustion energy, providing approximately half of the 
country's heat energy [37]. 

The forestry rotation time in Sweden is notably long, with approximately 80 years for southern 
spruce plantations and 120 years for northern pine plantations. As a result, the annual clear-cut area 
represents approximately 1% of the total managed area of 20 MHa. Each year, approximately 90 Mm3

of stem volume is harvested from the forests [38]. Half of this amount is due to thinning taking place 
twice during a rotation time. 

The landscape grid structure of the forestry has evolved successively while being managed. 
Starting from a landscape consisting partly of natural forest and partly of non-sustainable forestry 
land, together with abandoned agricultural and pastureland about 100 years ago, the landscape 
slowly transformed to something close to a landscape structure, Figure 4 [39]. However, the 
landscape is not a regular grid, as discussed in the previous section, but the units are spread out in 
the country as a mosaic. 
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Figure 4. Areal distribution of forest ages in Sweden. There is an approximate even distribution of 
same age stands. Note that the age intervals are not equal.

According to Swedish statistics the forestry carbon stock (living biomass above ground) is 
estimated to be 3000 Mm3 stem volume. Based on our estimation, this would correspond to at most 
half the biomass volume originally stored in natural forests and therefore represent the minimum 
carbon debt. 

According to UN guidelines, 1.0 m3 stem volume has absorbed 1.4 tons of carbon dioxide [40]. 
This factor takes into account the full tree, i.e. including branches, tops, roots and stumps. Sweden’s 
carbon debt therefore can be estimated to be at least 4200 Mton CO2, close to the nation’s accumulated 
fossil emissions of 5000 Mton [41].

This estimated carbon debt is in line with predictions [23] made using the Heureka software 
package [42] to model the growth of the Swedish forest given different logging intensities. If logging 
were to cease altogether, the Heureka calculations estimated an initial average uptake of 1.4 tonnes 
carbon per hectare and year, which would increase somewhat first and slow down eventually, 
depending on region. The aggregate carbon sequestration predicted by these calculations for a 
completely unmanaged forest would be approximately 10 000 Mton CO2 over 100 years which is 
about twice the value we gave for the carbon debt. This is reasonable since our estimate is based on 
a non-changed climate and a forestry rotation time equal to the regrowth time, forming a lower limit 
of the potential uptake. However, in reality the growth will continue well beyond the forestry rotation 
time and due to CO2 fertilization the growth will be enhanced [43,44]. 

3.2.1. Swedish Total Climate Gas Emissions

According to official statistics, emissions from Swedish forestry amount to 120 Mton CO2

annually. This number is a five-year average centered on year 2018 [40]. If forestry activities were to 
cease completely, the emissions from the forestry sector would no longer occur. Instead, these 
emissions would contribute to the carbon sink as the forest would have the opportunity to maximize 
its carbon uptake. Initially, the forest would experience a high rate of carbon absorption, which would 
gradually decrease over time as the forest reaches a mature stage. This gradual decrease in carbon 
uptake would ultimately lead to a balance where the carbon absorption equals the carbon release 
through natural processes in the ecosystem. During the time it takes for a forest to go from the end 
of logging activities to becoming a mature forest, the average amount of carbon absorbed by the forest 
would be roughly half of the maximum amount it can absorb, i.e. 60 Mton. Therefore, over a rotation 
time of 80-120 years the carbon debt would be paid back, as expected [23]. 

When evaluating the country's overall climate impact, it is therefore reasonable to consider the 
contribution from forestry based on its emissions. Hence, when considering the country's annual 
fossil emissions of 50 million tons of CO2, an additional 120 Mton “missed carbon sequestration” due 
to forestry should be included. This results in a total emission of 170 Mton, which corresponds to 17 
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tons per inhabitant per year. This method of evaluating the climate impact from forestry is endorsed 
by a recent study [43]. How does this compare to the total emissions of other countries? 

IEA has released an analysis of energy supply sources for various nations [37].  While the fossil 
emissions for each country are well documented and studied [41], estimating biogenic emissions has 
proven to be challenging until now. The available data provides information on the total energy 
supplied by biogenic sources in different countries. However, the actual biogenic emissions are 
influenced by specific forestry practices, including factors like rotation time, harvested volume, and 
the proportion of long-lived products. Hence, only an estimation of biogenic emissions can be made 
under the assumption of consistent forestry and forest industry practices. In this scenario, the 
emissions are considered to be proportionate to the utilization of bioenergy.  

Based on Figure 5 in the IEA report [37], an approximate comparison can be made between 
Sweden and the USA, with the latter often being referred to as one of the highest greenhouse gas 
emitters per capita worldwide. However, per capita bioenergy usage in the USA is only one-sixth of 
that in Sweden, obtaining a result as in Table 2.  

Table 2. Approximate emission per capita (Mton CO2 per year) for Sweden and the USA. 

 Fossil  Biogenic  Total  

Sweden 5 12 17 

USA 16 2 18 

Thus, Sweden can be considered as one of the global leaders in terms of greenhouse gas 
emissions. While Sweden's forestry practices may be considered "carbon neutral" in terms of net 
emissions, the substantial carbon debt associated with its forestry operations significantly contributes 
to the climate crisis. As a result, it cannot be regarded as "climate-neutral". This viewpoint is 
consistent with the IPCC pathways and the EU's climate law, which emphasize the importance of 
increasing carbon uptake in addressing climate change. For instance, already in 2030 Sweden is 
required to increase its forest carbon sink from the current 10 Mton [44] to 54 Mton. This entails 
significant demands for reduced logging. 

Note that the LULUCF regulation is incomplete in this respect. While it correctly reports the 
annual net emission from the land sector, it fails to clarify the historical carbon debt. This shortcoming 
may be resolved by reporting emissions and uptake separately, rather than just their difference. 

4. Discussion 

In this paper, we analyzed the carbon debt due to forestry, with Sweden as a case study. In the 
analysis we assumed that all forestry products are instantaneously converted to carbon dioxide. 
While this is an approximation, it closely reflects reality. In Sweden, less than 10% of the logging is 
processed into long-lived lumber. More than half of the harvested biomass is directly combusted, 
including the use of black liquor in the paper and pulp industries, and around 30% of the harvest 
becomes short-lived paper products [45]. The latter becomes waste after a few years and is used as 
fuel in central heating plants. Even lumber has a finite lifetime with an estimated half-time of around 
35 years. Therefore, within the typical rotation time of forestry operations, almost all products, 
including lumber, have been converted to carbon dioxide. This justifies the approximation made in 
the analysis. 

We have also left out a detailed analysis of the difference between a plantation and natural forest. 
For example, the carbon content below ground and effects from forest fires influences the analysis. 
Whereas the former could only work to the detriment of the plantation, the occurrence of forest fires 
is less frequent in managed forests [33]. However, it has been found that forest fires leave more than 
90% of the biomass in the forest intact as dead wood [46–49], indicating that a forest fire does not 
have a large impact on the carbon stock. Nevertheless, [33] parallels a forest fire with a clear cut, 
claiming clear-cutting mimics natural processes. Obviously, this claim has no support. 
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The carbon content of the soil, comprising around 50% of the total carbon content of a boreal 
forest, is not discussed in detail here. In brief, the dynamics of the soil has a significant impact on the 
emissions from forestry and it has been shown that repeated harvest leads to a permanent reduction 
in the amount of soil carbon [6]. For Swedish forestry it has been estimated that 10-20% of the total 
emissions originate from decomposition of dead organic material left after a clear-cut felling [50]. 
Loss of soil carbon therefore contributes to the carbon debt. 

The validity of the concept of a carbon debt for carbon-neutral forestry has been questioned since 
the amount of living biomass above ground in Swedish forests has continuously increased over the 
past century [33]. However, it is important to note that when modern forestry practices were initiated, 
not all forested areas were natural forests. Some portions of the land included abandoned agricultural 
land, pastureland, and unsustainable forestry practices. The replanting efforts in these areas have 
indeed led to a significant increase in the amount of living biomass above ground in the forests. 
However, this observation does not alter our conclusion regarding carbon debt. This is because if we 
look further back in time, these lands were originally covered by natural forests that possessed a 
considerably larger carbon stock [51]. Alternatively, the potential of uptake can be considered [22]. 
This potential has been assessed through computer simulations, yielding results consistent with our 
analysis [23]. Moreover, it has been demonstrated that the growing carbon stock in forests worldwide 
is connected to the surplus of carbon in the atmosphere caused by human activities and their 
emissions [52]. 

In addition to the climate crisis, there is a biodiversity crisis [53] that is interconnected with 
forestry. The decline in biodiversity also has adverse consequences for the climate, as mono-cultural 
forests have been found to contain significantly lower levels of stored biomass [34]. To define forestry 
methods that do not meet sustainability standards, EU regulation makes use of concepts such as 
‘deforestation’ and ‘forest degradation’. The term 'forest degradation' refers to forestry practices that 
pose a threat to ecosystems and biodiversity [54]. Examples of such practices include clear-cutting, 
scarification, and monocultural replanting, which are observed in the forestry practices of countries 
like Sweden and Finland. In this light, forestry is far from sustainable in these countries [55,56] 

5. Conclusions 

The landscape theory of forestry proposed by the IEA was investigated and shown to be 
incomplete. It fails to consider the initial stage of landscape forestry formation. Consequently, it 
overlooks the carbon debt that arises during this stage, as the forestry is only potentially half filled 
with biomass. An estimation of the carbon debt for Sweden indicates that the biogenic contribution 
to atmospheric carbon is comparable in magnitude to the accumulated fossil contribution. When 
accounting for biogenic emissions, it was found that Sweden is among the world leaders in terms of 
emission per capita. This finding contradicts official statements made by Sweden claiming to be 
world leaders in climate mitigation.  

In accordance with IPCC, the atmospheric surplus of CO2 has two main sources: emissions from 
fossil fuels and loss of biomass. Restoring and protecting forests and increasing carbon uptake are 
equally important as reducing fossil fuel emissions. Consequently, almost all proposals to substitute 
fossil energy sources with biomass should be seen as counterproductive. 

Data Availability Statement: All data used is included in the article. 

Conflicts of Interest: The authors confirm no conflict of interests. 
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