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Abstract:

 Due to the fact that forest ecosystems can potentially mitigate the impact of climate change, the carbon balance of managed forests has caught the attention of a large scientific community. Some authors conclude that extending rotation lengths would actually favour the climate change mitigation effect since more carbon would be stored in the biomass on the average. However, when the occurrence of catastrophic disturbances such as windstorms is not considered, the advantage of extending the rotation length might be overestimated for some species. In this study, we addressed this issue by coupling a growth model, a windstorm damage model and a carbon assessment tool. The evolution of an even-aged European beech (Fagus sylvatica L.) stand was simulated under three different rotation lengths. Simulations including stochastic windstorm events were run and compared with deterministic simulations with no catastrophic disturbance. Our results indicate that when disturbances caused by storms were not taken into account, the carbon balance was actually overestimated in some cases and that this overestimation increased with the rotation length. In our case study, omitting windstorm damage resulted in an overestimation as large as 8% for the longer rotation length. Nevertheless, when windstorm damage was taken into account in the simulation, the longer rotation length still stored more carbon on the average than shorter rotation lengths. However, the marginal gain in carbon storage induced by the increase of the rotation length was reduced.
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1. Introduction

Since the commitment of most countries included in Annex B to the Kyoto Protocol, the potential of forest ecosystems as a means to mitigate climate change has caught the attention of a broad research community. In the last two decades, carbon accounting of forests has emerged as a new field of study and some reviews and reports now give a broad overview of the methods and issues in this field (e.g., [1–3]). Even though forests were not given much importance in the first 2008–2012 commitment period [4], it is expected that they will play a larger role in the second period according to recent international negotiations [5].

In a context of climate change mitigation, an important issue for forest managers and decision makers is the implementation of management strategies that improve the carbon balance of forest ecosystems. Forests can offset a part of the carbon dioxyde (CO2) emissions due to human activities through photosynthesis and biomass growth [1]. They also provide harvested wood products (HWPs) which keep the carbon sequestered for a given period of time [6]. Using forest biomass for energy production might also contribute to reduce fossil fuel consumption [7].

For a proper assessment of the carbon balance at the stand level, carbon has to be accounted for not only in the forest but also in HWPs that are extracted from the forest (e.g., [8]). The forest and the HWPs can be considered as two closely related carbon pools, with the first one feeding into the second one. In order to assess these carbon pools in more detail, they are broken down into different compartments, including aboveground biomass and soil in the forest carbon pool [1], and long, medium and short lifetime HWPs (e.g., [6]). Although carbon accounting of forest ecosystems has greatly improved over the last decade, it is still tainted by many uncertainties, such as soil carbon dynamics and decay rate of coarse woody debris [9]. Moreover, not all aspects of this forest-wood product chain are well documented and the carbon balance assessment may suffer from leakage if some parts of the chain, such as HWP disposal and recycling, are omitted, or if they rely on simplistic assumptions.

In spite of all these uncertainties, some studies have attempted to report the carbon balance of typical forest stands under different management scenarios and harvest patterns (e.g., [8,10–14]). Most of these authors concluded that longer rotation lengths result in larger rotation-averaged carbon stocks in forest vegetation. Even though the trend might be different for the HWP carbon pool [8], the total carbon stock in both pools still tends to increase with longer rotation lengths. As a consequence, it may be tempting for forest managers to let forest stands grow older in order to store carbon in the vegetation for a longer period of time.

Considering the impact of a long-rotation management policy, it is surprising to find that the effects of large-scale disturbances are often overlooked in these stand-level studies. While some authors have reported the effects of fires and insect outbreaks at both the landscape and stand levels (e.g., [15–18]), the effects of catastrophic windstorms have not been incorporated in stand-level carbon accounting. In Europe, windstorms are considered as the major disturbance to forest ecosystems [19]. For some species, and European beech (Fagus sylvatica L.) in particular, it is also well known that older stands are more vulnerable to windstorm damage than younger ones due to greater stand heights [20,21]. Consequently, it can reasonably be assumed that management scenarios based on longer rotation lengths are overoptimistic in the sense that the stand may be at least partially blown down before the scheduled final cut.

Testing this hypothesis requires the coupling of a growth model and a windstorm damage model. Moreover, both need to be compatible with a carbon assessment tool (CAT). The lack of availability of these three compatible components-a growth model, a windstorm damage model and a CAT-may explain why this issue has not been thoroughly addressed as of this time.

Our motivation was to assess the impact of windstorm damage on the carbon balance. Basically, we wanted to test the following two hypotheses: (i) omitting the windstorm damage in the growth simulations results in an overestimation of the carbon balance; and (ii) the longer the rotation length is, the larger this overestimation will be. The first hypothesis relied on the fact that windstorms may arbitrarily shorten the rotation length or decrease the standing volume and, therefore, reduce the carbon stock that would be observed on average on the whole rotation. The second hypothesis is based on the increasing vulnerability with age, which increases the probability of disturbance before the final cut.

Because European beech is a major component of both French and German forests [22,23] and is vulnerable to windstorms, we selected this species for our study. Starting with an even-aged beech stand that was deemed to be typical, we ran stochastic simulations of windstorm damage under three different management scenarios with increasing rotation lengths.

The simulations were all run within CAPSIS, a Java platform that already hosts more than 50 growth models [24] as well as a CAT [13]. For this study, Albrecht et al.'s [20] windstorm damage model was also implemented in CAPSIS in order to obtain all the models required for our simulations. The stochastic simulations including windstorm damage were compared with simulations without windstorm damage to test our two hypotheses.

This paper is structured as follows. The growth model, the CAT and the windstorm damage model that defined our framework for carbon accounting under windstorm damage are first described. The characteristics of our typical stand, the management scenarios and the details of the stochastic simulations are then presented. The results section contains the carbon balance of the different management scenarios with and without windstorm damage. Our discussion focuses on the impacts of windstorms on the stand-level carbon balance in the forest and the HWP carbon pools and the interactions with forest management.



2. Methods


2.1. Growth model

The FAGACEES growth model is currently the reference model for pure even-aged stands of either European beech or sessile oak. The model was designed in the 1990s [25,26] and was largely described by Le Moguédec and Dhôte [27]. In brief, the model uses a top-down approach to predict forest growth over three-year growth intervals. Stand-level basal area growth is first predicted using current dominant height, dominant height growth and a relative density index (RDI) as predictors. Note that dominant features are based on the average of the 100 thickest trees per hectare. Growth of individual trees is then derived from these stand-level basal area growth predictions. The competition-induced mortality is simulated through a simple algorithm that relies on the RDI. The model uses some other allometric relationships such as a stem taper model, a crown length model, an aboveground volume model [28] and a root biomass model [29] to obtain some additional tree features.

FAGACEES also implements a harvest algorithm based on a target RDI, a tolerance around the target, a minimum period between successive thinnings and a target dominant diameter. The algorithm performs the different thinnings in such a way that the stand RDI is kept close to the target until the dominant diameter is reached. For further details about this algorithm, readers can refer to Le Moguédec and Dhôte [28] Section 3.3.



2.2. Carbon Assessment Tool (CAT)

Since 2010, the Laboratoire d'Etude des Ressources Forêt-Bois (LERFoB) has been developing a CAT, which we will refer to as LERFoB-CAT in the following sections. It is specifically designed to assess the carbon balance of the complete forest-wood product chain. It provides estimates of the carbon stocks in different compartments of the forest and the HWP carbon pools. The boundaries of the system considered in this tool have been extended as much as possible to cover the entire life cycle of the HWPs, from their production to their disposal including methane (CH4) emissions from the landfill site or an eventual recycling into energy wood.

LERFoB-CAT has been implemented in the CAPSIS platform, which makes it fully compatible with all the growth models in this platform, such as FAGACEES. It follows the IPCC Good Practice Guidance for the Land Use, Land-Use Change and Forestry (LULUCF) sector [1]. For the forest pool, the carbon stocks are evaluated in the aboveground and belowground compartments as well as in dead organic matter. These carbon stocks are derived from volume estimates that are converted into carbon using species-dependent basic density factors and carbon content ratios. Considering the complexity related to estimating the litter and the soil organic carbon, these two compartments are assumed to have a constant carbon stock, which is actually the default procedure suggested in the IPCC Good Practice Guidance [1].

LERFoB-CAT handles the HWP carbon pool through three modules (Figure 1): a tree bucking module, a production line module and a log dispatcher module. The tree bucking module processes all the harvested trees from the growth model into a list of logs of different grades. In addition to a default bucking algorithm, there is also the possibility of using other bucking algorithms whenever they are available. For example, the GEOLOG bucking module was specifically designed to work with FAGACEES [30], and we used it in our study. GEOLOG allows the user to define some log grade requirements in terms of minimum length, small-end diameter and juvenile wood diameter. Each log grade is given a priority by the user. Subsequently, when partitioning a tree into logs, the bucking algorithm starts at stump height and first tries to produce the log with the highest priority grade. If the first tree section does not meet the requirements, the algorithm tries with the second highest priority until a log can be produced. Whenever this happens, the algorithm starts again at the top of the section that was just extracted until it reaches the tree tip. In this study, we defined the six following log grades from the highest to the lowest priority: slicing, furniture, peeling, sawing, particle and firewood. With these specifications, we assumed a traditional harvest pattern in which the fine wood debris (branches with small-end diameter <7 cm) and the stumps are left on the forest floor.

Figure 1. Coupling of a growth model and the carbon assessment tool (LERFoB-CAT) within the CAPSIS framework (adapted from Fortin et al. [13]).
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After the bucking module is done with the list of harvested trees, useless tree parts such as the root system, the stump and the top are considered to be dead organic matter. A decay model that is based on an exponential distribution ([31], p. 17) accounts for the degradation of dead organic matter (Figure 1).

The production line module makes it possible to define the way the logs are processed into HWPs (Figure 2). The user is free to create specific production lines that may include many different processes in a hierarchical order. Whenever a log enters a production line, it goes through the first process that splits its volume and sends it to secondary processes, just as a primary saw mill supplies some secondary saw mills. In the end, either HWPs are obtained or the volume is sent to another production line. The production lines we used in this study are detailed in Figure 2.

Figure 2. Production lines module in the carbon assessment tool.
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In addition to handling all the fluxes within and between the production lines, this module also updates the amount of HWPs after each growth step. The update is based on user-specified average lifetimes and a decay model that follows an exponential distribution. The proportion of the HWPs that is no longer in use is sent to the landfill site and a user-specified proportion can be recycled. A degradable carbon organic fraction has to be provided for the HWPs that are not recycled. The degradation of these HWPs is also accounted for in the carbon balance. The average lifetimes we used in our simulations can be found in Table 1. The degradable organic carbon fraction and average lifetime as well as the average lifetime of dead organic matter are shown in Table 2.

Table 1. Average lifetimes of the different end-use products (adapted from Fortin et al. [13]).






	Factory and end-use product
	Lifetime (years)





	Building product factory
	



	 Flooring
	40.0



	 Exterior cladding
	20.0



	 Interior coverings
	15.0



	 Other end-use products
	10.0



	Furniture factory
	



	 Office furniture
	10.0



	 Kitchen furniture
	25.0



	 Home furniture
	20.0



	 Chairs
	13.0



	 Beds
	13.0



	Packaging factory
	



	 Heavy packaging
	6.3



	Pulp and paper mill
	



	 Paper (mechanical)
	2.8



	 Paper (chemical)
	2.8



	Domestic energy wood
	



	 Firewood
	1.7



	Energy wood factory
	



	 Wood pellets
	1.7








Table 2. Additional parameters that were specified in LERFoB-CAT for the simulations of the carbon balance.


	Parameter
	Value





	Basic density (Mg m−3 of dry biomass)
	0.578



	Carbon content ratio (Mg of C/Mg of dry biomass)
	0.4841



	Degradable organic carbon fraction
	0.4



	Degradable carbon average lifetime (years)
	25



	Dead organic matter average lifetime (years)
	10








The log dispatcher is a third module that allows the user to choose the production line to which the different logs will be sent as a function of their grades. Different scenarios of HWPs can be tested this way. In this study, we assumed a business-as-usual dispatch scenario: slicing and peeling logs are sent to the veneer mill, furniture and sawing logs are sent to the saw mill, firewood logs are sent to domestic energy wood outlet, and particle logs are sent to the panel board manufacture, to the pulp and paper mill and to the energy wood factory in proportions of 15%, 15% and 70%, respectively.

After a particular simulation, LERFoB-CAT produces two different reports. The first report concerns the evolution of the carbon stocks in the different compartments of the forest and HWP carbon pools during the entire rotation. The second report provides the average carbon stocks throughout the rotation. The first report is not sufficient to compare different management scenarios because the rotation lengths will probably be different. In the second report, the annual carbon stocks are summed throughout the rotation and divided by the rotation length, which yields a rotation-averaged carbon stock that would be observed if the scenario was repeated indefinitely. These rotation-averaged carbon stocks are the usual way to compare management scenarios with different rotation lengths [8,12,13].



2.3. Windstorm Damage Model

Windstorm damage is predicted using Albrecht et al.'s [20] model. The model includes four sub-models that are conditional on each other. The first three apply to the stand level. The first sub-model predicts the occurrence of damage in a binary mode (yes/no). Conditional on this occurrence of damage, a second sub-model predicts whether or not the damage is total, i.e., all trees are blown down. Conditional on non-total damage, the third sub-model predicts which proportion of the basal area is blown down. Finally, the fourth sub-model applies to the tree level and predicts the probability that a particular tree is blown down conditional on the proportion of the basal area predicted in the third sub-model. Stand dominant diameter, stand dominant height and the relative ratio between these two are included in the array of stand-level predictors for these four sub-models.

The model predicts the storm damage for six species groups, one of which is European beech. This model was fitted to long-term monitoring data, which included more than 80,000 observations on beech trees. The study region was Baden-Württemberg (south-western Germany), which shares a border with Eastern France. To our knowledge, there was no other windstorm damage model that better matched the context of this study.

It is worth mentioning that the probability of windstorm occurrence is thus implicitly included in the first sub-model. In other words, there is no need to specify a probability of recurrence for extreme windstorms. The model implicitly represents this recurrence by reproducing average storm damage caused by several storm events over the second half of the 20th century. For more details about this model, readers are referred to Albrecht et al. [20].



2.4. Simulations

Beech is one of the most abundant species in Europe [32]. In 2010, pure beech stands covered an estimated area of 600,000 ha just in France [23]. For this study, we generated a pure even-aged beech stand that was deemed to be typical in the French and German conditions. This initial stand was fully stocked, 15 years old and covered an area of 1 ha. The site index was set to 30 m for a reference age of 100 years which is an average fertility for this kind of forests [33]. The growth of this stand was then simulated under three different management scenarios. All of the scenarios targeted a 60-cm dominant diameter, but differed in terms of target RDI. The first one was a low-density scenario with a target RDI of 0.3. The second scenario was a standard scenario with a target RDI of 0.5. Finally, the last scenario was based on an RDI of 0.7, which implies a higher density than the previous two. The first two scenarios roughly correspond to current practices on public lands in France.

Without windstorm damage, it can be assumed that the lower the RDI is, the shorter the rotation will be. Because the trees grow in a low density environment, their radial growth is larger and the stand reaches the target dominant diameter sooner than with high densities [34,35]. Henceforth, the three scenarios will be referred to as the low-density, the standard and the high-density scenarios. According to the current standards of beech silviculture in France (cf. [36,37]), we also assumed that a pre-commercial thinning would be carried out as soon as the dominant height reached 5 m.

For the purpose of this study, Albrecht et al.'s model was also implemented in the CAPSIS platform. Because windstorm damage is a highly stochastic phenomenon, Monte Carlo techniques were used. For each realization within a particular management scenario, a growth simulation was run. Every time a five-year period was completed, a first random deviate from a uniform distribution U(0, 1) was drawn. If the deviate was smaller than the predicted probability of damage, a second deviate from U(0, 1) was drawn. If this second deviate was smaller than the probability of total damage, the stand was considered to be blown down. If not, the third sub-model in Albrecth et al.'s model provided the proportion of basal area that was damaged. Then, based on the individual probabilities predicted by the fourth sub-model, a series of uniform random deviates was drawn again in order to determine which trees were blown down. Given the number of observations that served to fit the model, we assumed that the parameter estimates were error free.

The growth simulation stopped whenever the target dominant diameter of 60 cm was reached or when all of the trees were blown down. Once the simulation stopped, LERFoB-CAT was used to provide its carbon balance. Because of the computational burden, we ran a 1000-realization Monte Carlo simulation for each one of the three aforementioned scenarios. Note that we did not consider any breakage or windfall damage during the processing of tree logs into HWPs. This assumption was necessary because we had no data on this potential wind damage-induced downgrading of the logs.

In addition to the stochastic simulations with windstorm damage, we also ran a deterministic simulation without windstorm damage for each scenario. The comparison between the deterministic simulation and the average of the stochastic realizations provides an estimate of the potential overestimation in the carbon balance assessment when windstorm damage is not taken into account.




3. Results

The deterministic simulations yielded estimated rotation lengths of 105, 138, and 168 years for the low-density, the standard and the high-density scenarios, respectively. In practice, the rotation lengths for the low-density and standard scenarios are estimated to 100 and 140 years, respectively [33]. The first major windstorm damage occurred between 100 and 120 years of age, depending on the scenario (Figure 3). As the dominant height increases, the stand becomes more and more vulnerable to major windthrow. Because the final cut occurred at an earlier age in the low-density scenario, namely between 100 and 110 years of age, there was little windstorm damage and the variability across the realizations was rather small (Figure 3a). There was actually no realization with a major blow-down in this scenario. On the other hand, this variability increased with the rotation lengths, as shown in the standard and the high-density scenarios (Figure 3b,c). The percentage of realizations with a major blow-down increased to 4% and 61% for the standard and the high-density scenarios, respectively. In some realizations, partial storm damage was observed, as indicated by a partial drop in the carbon stock. It is worth mentioning that the thinning schedule was affected by partial damage, with some thinnings being delayed. As a result, the carbon stock could be punctually larger in some realizations affected by partial damage. Compared with the standard scenario, this partial damage occurred earlier and induced larger drops in the carbon stock in the high-density scenario.

Figure 3. Evolution of the carbon stocks in the forest carbon pool for three different management scenarios (black: without wind damage; gray: realizations with stochastic wind damage).
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The stocks in the HWP carbon pool are shown in Figure 4. The final cut in the deterministic simulations resulted in a sharp increase of the stock in this pool since a large volume was harvested and then processed into end-use wood products. In each scenario, some stochastic realizations also showed sharp increases that occurred earlier than in the deterministic simulation, indicating that a major blow-down had occurred and that the volume was salvaged after the disturbance. These sharp increases in the HWP carbon pool actually correspond to the sharp decreases in the forest carbon pool, as shown in Figure 3. In accordance with the forest carbon pool, fewer increases due to major blow-downs were observed in the low-density scenario (Figure 4a). These increases became more frequent in the standard and the high-density scenarios (Figure 4b,c).

Figure 4. Evolution of the carbon stocks in the HWP carbon pool for three different management scenarios (black: without wind damage; gray: realizations with stochastic wind damage).
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The rotation-averaged carbon stocks, i.e., the sum of the carbon stocks all along the rotation divided by its length, are shown in Figure 5. In terms of proportions, the stock in the HWP carbon pool accounted for 5% to 7% of the total stock in the two pools combined. For the low-density scenario, both the deterministic and stochastic simulations yielded a total average carbon stock of 98 Mg ha−1 of C, indicating that windstorm damage was rather negligible. The average carbon stock decreased by 1 Mg ha−1 of C when windstorm damage was taken into account in the simulations of the standard scenario. Finally, the largest drop was observed for the high-density scenario. The average carbon stock decreased from 203 to 188 Mg ha−1 of C.

Figure 5. Rotation-averaged carbon stocks in the forest and the HWP carbon pools under deterministic (Det) simulations without storm damage considered, and stochastic (Sto) simulations including storm damage for the three forest management scenarios (Low, Standard and High densities). For stochastic simulations, the values are the averages of the 1000 realizations.
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4. Discussion

As in previous studies [8,10,12,13], our deterministic simulations showed that the rotation-averaged carbon stock tended to increase with the rotation length (Figure 5) when windstorm damage was not taken into account. Liski et al. [8] reported that a decrease of the carbon stock in the soil may offset the gain of longer rotation lengths for some species. Because we assumed a constant carbon stock in the soil, we cannot test whether the gain due to longer rotation lengths might eventually be smaller for European beech. This remains to be investigated.

At the stand level, the low proportion of the HWP pool compared to the forest pool (Figure 5) in all scenarios is not new either (e.g., [8,11–13]). The processing of the logs of broadleaved species has a low yield and, consequently, only a small amount of the initial volume ends up in long-lived HWPs [13]. Even with coniferous species, the HWP carbon pool only represents a small fraction of the total carbon (e.g., [8]). Unless the proportion of long-lived wood products increases in the future, the impact of HWPs on the stand-level carbon balance remains limited, especially for broadleaved species. Green et al. [38] reported that the uncertainty around the average lifetimes of the HWPs was one of the major sources of variability in the assessment of the HWP pool at the national level. In some preliminary trials, we obtained stocks that were 50% larger in the HWP carbon pool with average lifetimes that were 10 years longer for construction and furniture products. If these lifetimes were to increase in the future, the HWP carbon pool might get more importance with respect to the forest carbon pool.

The impacts of windstorms on the HWP pool were similar to those on the forest pool. We observed an overestimation for the longest rotation length. However, given that the HWP pool contained a small fraction of the total carbon, this overestimation was almost negligible in absolute value. Harmon [39] pointed out that the scale issue may lead to seemingly divergent responses in terms of carbon sequestration. At the landscape level, a windstorm event may punctually increase the HWP carbon pool through the large amount of salvaged wood. The offer in beech wood greatly increased in France after the 1999 Lothar storm [33]. However, such a situation is occasional and the new stands resulting from major windthrows will not produce any HWPs until they reach at least 50 years of age as shown in Figure 4. That a windstorm may cause some fluctuations in the HWP carbon pool is obvious. However, in the long term, our results show that there is no net increase in this pool at the stand level.

It could be argued that storm damage was not taken into account in the processing of logs into HWPs in this study. In fact, the major effect of this downgrading would be to increase the proportion of short-lived HWPs and, as a result, the rotation-averaged carbon stock would be expected to slightly decrease. However, considering the limited impact of the HWP carbon pool mentioned above, it would hardly change the global pattern that we observed in our simulations.

Storm damage occurred at an earlier age when extending the rotation length (Figure 3c). Since terrain and other risk factors were intentionally kept constant, this change in vulnerability is exclusively caused by the changing stand characteristics. Because height growth was identical at the same ages for the three scenarios, it is most likely that the difference in storm damage was triggered by the relative stand dominant height/dominant diameter (h/d) ratio predictor [20]. This ratio describes the slenderness or taper of trees and is thus an indicator of stem stability. In the high-density scenario, the stand reached a higher h/d ratio and, consequently, was less stable, which may explain the increase in an earlier occurrence of storm damage. Other authors have also found the slenderness to be a good indicator of stem stability-especially against snow breakage [40–45]—but also against storm damage [46–48].

As shown in Figure 5, not considering wind damage in the carbon balance assessment may result in overestimated average carbon stocks in some cases, but cannot be considered as a general rule for European beech. The overestimation was clearly dependent on the scenario and proved to increase with rotation length. Given that 188 Mg ha−1 of C is the expected average carbon stock in the high-density scenario including windstorm damage, the omission of these disturbances leads to the overestimation of the carbon balance by 8%. On the other hand, the carbon balance of the low-density scenario remained almost unaffected by wind damage, mainly because this stand did not develop characteristics that made it vulnerable to windstorm damage.

In beech stands, Bock et al. [21] identified a threshold of 23–24 m in dominant height beyond which windstorm damage becomes more important. They also pointed out the age of 90 years as a lower boundary for major windstorm damage. The stand we simulated in this study reached this dominant height threshold at around 90 years of age. Although we observed some partial damage at that age, Albrecht et al.'s [20] model seems to trigger the damage later, though the damage is greater than that reported in Bock et al. [21]. Some differences between these two models may be caused by the different modeling approaches, namely that Albrecht et al. included several storm events and, as such, it can be assumed to represent “average” risks, whereas Bock et al. analyzed the impact of a single event, namely the catastrophic 1999 storm, Lothar, in Eastern France. The further comparison of both models in the context of carbon balance assessment is beyond the scope of this study, but clearly deserves to be investigated in future studies.

Regardless of the thresholds in terms of age and dominant height, the global trend remains the same: beyond 130 years of age, major windthrows are expected to occur more and more frequently as forest stands grow older and taller. For the standard and the high-density scenarios, the rotation lengths exceeded 130 years. For the high-density scenario, in particular, the final cut occurred almost 40 years past this age (Figure 3), which means that almost a quarter of the planned rotation length is in the “danger zone”. Furthermore, as red heart proportion increases with age in beech [35], a decreasing yield of long-lived HWPs can be assumed, further reducing the carbon storage balance of the high-density scenario with its long rotation.

However, even when windstorm damage is taken into account in the simulations, the high-density scenario still stores more carbon on the average than the other two (Figure 5). Actually, we expected the existence of an asymptotic trend: at some point, increasing the rotation length would result in no gain in terms of carbon balance. Identifying this threshold would provide forest managers with a useful guideline if their objective was to maximize the carbon balance in managed forest stands. Although the trend was clearly linear when windstorm damage was not considered, a slight quadratic trend appeared when it was taken into account. The gain from the low-density scenario to the standard scenario was estimated at 49 Mg ha−1 of C for an increase of 33 years in rotation length. The gain from the standard to the high-density scenario was 40 Mg ha−1 for an increase of 30 years in rotation length.

Even though a slight quadratic trend was observed as expected, our simulations were still far from the expected asymptotic trend. Clearly, at the stand level, identifying the rotation lengths beyond which there is no gain in terms of carbon balance implies simulating rotation lengths longer than 168 years for beech. From a practical standpoint, such long rotation lengths are neither common management nor are they considered as state-of-the-art silviculture. However, even though there is a gain associated with longer rotation lengths, the marginal gain is likely to decrease. If improving the carbon balance of this stand was the sole objective, the results of our study indicate that the high-density scenario is still advantageous.

In this study, coupling a growth model, a CAT and a windstorm damage model was not straightforward, and some assumptions had to be made. The growth model we used, FAGACEES, was designed to work with 1-ha plots, whereas the windstorm damage model is based on plots with an average area of 0.25 ha. The probability of complete damage is consequently the probability of observing a complete blow-down on 0.25 ha and not 1 ha. Nevertheless, we decided to use 1-ha plots in our simulations. This choice was motivated by the fact that we wanted the simulations to be representative of a forest stand. This being said, we assumed that the damage on 0.25 ha could be extrapolated to the full hectare. The validity of this assumption remains to be evaluated. In addition to this, the rotation lengths we studied here are clearly driven by relative density for a constant target dominant diameter. Scenarios based on different target diameters have not been tested here and should be investigated.



5. Conclusions

In the light of the results of this study, we can conclude that:


	Omitting windstorm damage in growth simulations may result in an overestimation of the carbon balance, given that the stand is vulnerable or will eventually become vulnerable to windstorm damage. For European beech, short and standard rotations keep the stands relatively resistant to this damage and, consequently, the overestimation is negligible.


	Increasing the rotation length leads to a larger overestimation. In our simulations, the carbon balance was overestimated by 8% when windstorm damage was not considered in the scenario with the longest rotation length. As the rotation length and stand height increase, the stand becomes more vulnerable and remains vulnerable for a longer period of time. Consequently, the damage is more frequent and the impacts on the carbon balance are greater.


	The rotation length beyond which the carbon balance would level off could not be identified in this study. According to our simulations, this rotation length is likely to be way off the chart of common sense in silviculture. For the moment, longer rotation lengths in pure even-aged beech are still the most advantageous in terms of carbon balance. However, the marginal gain is lower than that which was expected from deterministic simulations. Considering that forest management is a trade-off between different (and sometime incompatible) goals, this lower marginal gain may reduce the attractiveness of long-rotation management strategies for improving the carbon balance.
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