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Abstract

:

The role of forests in mitigating climate change by acting as a carbon sink is becoming increasingly important. Forest management practices can either positively or negatively affect the ability of forests to mitigate climate change. The objectives of our study were to: (a) investigate the effects of natural disturbances on long-term carbon sequestration dynamics in forests and (b) identify opportunities to adapt current forest management practices to increase carbon sequestration in forests. The study focused on mixed mountain forests in the Slovenian Alps, dominated by Norway spruce, and used the SLOMATRIX model to simulate forest development. Three forest management scenarios were simulated: (1) no management, (2) business-as-usual and (3) an optimized scenario maximizing carbon sequestration in forests while achieving the required harvest. Our results indicate that both forest management practices and natural disturbances have an impact on carbon sequestration dynamics. Optimizing harvests resulted in changes in the diameter structure and species composition of the harvested trees. Although natural disturbances can hinder the mitigation of climate change impacts, they can also catalyze forest adaptation to climate change and reduce the time required to reach carbon equilibrium.
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1. Introduction


As climate change has progressed [1], forests have become increasingly important for carbon sequestration and storage [2], playing a crucial role in mitigating the effects of climate change. Carbon sequestration refers to the process of storing carbon in a carbon pool, while a sink is defined as a reservoir (natural or human, in soil, ocean, and plants) where a greenhouse gas, an aerosol or a precursor of a greenhouse gas is stored [1]. In addition to oceans, forests are the largest ecosystem acting mainly as a carbon sink.



Globally, forests have sequestered 35% of all emissions of greenhouse gases (hereafter referred to as GHGs) since the beginning of the Industrial Revolution [3]. Currently, Slovenian forests, which cover 58% of the country’s area, sequester about 30% of the GHGs produced in Slovenia each year [4]. Forests continuously store carbon in living tree biomass, deadwood, litter and forest soil [5], but as a whole, they can either act as a carbon sink or a carbon source. Forests act as a sink when the accumulation of carbon in woody biomass is greater than the summed losses due to biomass removal, decomposition, respiration [5] and gaseous and hydrologic fluxes of carbon from ecosystems [6]. In this case, a net increase in the forest carbon stock is observed. If a net decrease in the carbon stock is observed, the forest is a carbon source [7].



Two of the main observed impacts of climate change on European forests are: (i) increased forest productivity [8] and (ii) increased economic and ecological damage caused by natural disturbances. In addition, if climate change progresses, future modelling projections mainly agree on further increases in forest productivity [9], altered tree species composition [10], and a higher frequency and severity of natural disturbances [11]. However, forest productivity and disturbance are also strongly linked to forest management and should therefore be monitored, treated and/or projected simultaneously [12].



Active management can improve forest resilience and adaptation to projected climate change [13], but it can also reduce or enhance the mitigation role of forests. Forest management can promote growth, prevent early mortality and slow down decay, increasing the capacity of forest as a carbon sink and building the carbon stock in living and dead biomass, litter and forest soil (e.g., [7,14]). However, some forest management measures may also be in a trade-off relationship with carbon storage and carbon sequestration [15].



In Slovenia, for example, in the period 2014–2020, forests did not act as a carbon sink but instead emitted GHGs [16] due to high harvest rates as a response to natural disturbances. A significant proportion of forest area was affected by several successive disturbances, including large-scale windthrows in 2006–2008 [17], a severe ice storm in 2014 [18,19], several windstorms (2017, 2018) and a gradual increase in spruce bark beetle attacks throughout the period. Foresters were forced to harvest more wood than planned, resulting in net carbon emissions in the Slovenian forest sector [16]. This and several other findings [20,21,22] indicate the significant influence of natural disturbances on reducing carbon sequestration and the carbon stock in forests.



The carbon stock and carbon sequestration are two mutually exclusive forest ecosystem services that cannot be maximized simultaneously [2]. Forests with a high carbon stock have a high growing stock and high densities, resulting in low biomass increment. In contrast, managed (thinned) forests with a lower carbon stock have a more intensive growth and therefore a greater ability to accumulate woody biomass and sequester more carbon at a given time [7]. Increasing growing stock instead of increments can lead to the destabilization of stands and economic losses [2]. Furthermore, a study from Czech forests showed that carbon sequestration was the highest during the first years after disturbance, which is due to the accelerated growth of trees in the understory [23].



Several studies have examined the effects of different management practices on carbon sequestration and storage, for example, by comparing unmanaged and managed forests [5,15], different intensities of forest management [24,25], clear-cutting and selective felling [7,26] and areas with varying tree species diversity [27]. There are various approaches to carbon optimization, each pursuing diverse objectives such as forest carbon stock, carbon stock in wood products, revenues from wood products, the emission substitution effect, soil carbon and economic value [28]. Most studies concur that active forest management is necessary to optimize carbon sequestration over the long term [5,28,29,30,31]. Strategies for increasing carbon sequestration in forests include increasing the proportion of broadleaved species [29], expanding the rotation period [32] and increasing the stability and resilience of forests [11,33]. Most importantly, strategies and actions must be adapted to the specific stand and vegetation characteristics [28]. However, to our knowledge, no studies have focused on identifying the optimal harvest structure for maximizing carbon sequestration.



Following this, the question arose as to whether current forest management could be adjusted to maintain or even increase carbon sequestration in forests while considering the risk of natural disturbances. Our study focused on carbon sequestration in forests, including the carbon in live trees, deadwood and harvest residues, but excluding the carbon stored in wood products, substitution for non-timber products and fossil fuels, litter and forest soil, and the carbon in other flora and fauna. Active management through harvesting promotes the growth of trees remaining in the forests [7,8,14], while wood products from harvested trees prolong the duration of carbon stored in wood for short to long periods [34]. If carbon storage in wood products is considered, managed and unmanaged forest stands provide a similar amount of carbon storage [5]. Harvest rates and changes in forest growth can have far-reaching implications for the role of forests as a carbon sink or source [7], with natural disturbances playing a substantial role. Thus, the objectives of our study were to: (a) identify the possibilities of adapting current forest management practices to increase carbon sequestration in these forests and (b) examine the effects of natural disturbances on the long-term carbon sequestration dynamics in mixed montane forests. Our overarching goal was to maximize carbon sequestration while preserving active forest management through attaining the demanded levels of harvest while disregarding the need to provide all other ecosystem services.




2. Materials and Methods


2.1. Study Area


The study area represents one of the main forest types in Slovenia, namely mixed mountain forests of Norway spruce (Picea abies (L.) Karst.), silver fir (Abies alba L.) and European beech (Fagus sylvatica L.) on carbonate bedrock with strong spruce dominance. The Jelovica study area is located in the Alps in northwestern Slovenia and covers 4788 ha of forests. The area extends from 500 m to 1600 m a.s.l., with the majority of forests situated at altitudes between 900 and 1300 m. The average annual temperature is 9.3 °C, with a mean monthly maximum of 21.6 °C in July and a mean minimum of −4.1 °C in January, and the average annual rainfall is between 1600 and 2200 mm [35]. Due to its location and altitude, the study area experiences an alpine and pre-alpine climate. Strong mountain winds may occasionally blow in some parts of the plateau.



In the study area, there is a mixture of uneven-aged and even-aged forests, with Norway spruce dominating the tree species composition (74% of the total stand volume), but European beech (13%), silver fir (11%) and other broadleaved and coniferous tree species (2%; e.g., sycamore maple Acer pseudoplatanus, rowan Sorbus aucuparia, European larch Larix decidua) are also present. The study area has undergone major changes in forest management over the past two decades. Natural disturbances in the period 2006–2021, especially windthrow and bark beetle attacks, have forced forest managers to harvest more timber than planned. The harvest has been dominated by the sanitary felling of dead or dying trees, predominately spruce. The proportion of beech in forest stands has increased due to the large amount of spruce timber harvested. The frequency of small clear-cuts has increased; previously they were not present at all, as close-to-nature silviculture has been practiced since the 1970s [36].




2.2. Data Provisioning and Analyses


2.2.1. Data Provisioning


In Slovenia, a forest inventory is regularly performed every 10 years for the same forest area, and the data are collected by the Slovenian Forest Service. Our study is based on data from three consecutive forest inventories in 2001, 2011 and 2021 in the study area [37]. The forest inventory was conducted on permanent sample plots (N = 1040) distributed in a 200 × 200 m grid. On each circular plot (0.04 ha), all trees with dbh ≥10 cm were measured (N = 37,820). Consecutive measurements enabled the identification of all ingrown trees, natural mortality and harvested trees on the plot.




2.2.2. Matrix Model


Forest development was simulated using the SLOMATRIX model [38], which is a density-dependent matrix population model. Compared to other models, the SLOMATRIX model was designed to simulate the development of uneven-aged stands by accounting for growth variations between individual trees [38]. In addition, it enables the direct use of forest inventory data [39]. The model had already been parameterized for the period 2002–2011 and validated in the Jelovica study area [38].



The model consists of four main modules, each of which simulates one of the crucial processes in uneven-aged forests, namely (i) the ingrowth of young trees (also called recruitment), (ii) harvest, (iii) natural mortality and (iv) growth, simulated as the transition of trees to higher diameter classes due to their diameter growth. Each module incorporates an empirically derived tree species-specific and stand-density and dbh-dependent nonlinear function that simulates a particular process concurrently with other processes. All modules are species-specific, and trees of each species are divided into three growth classes according to their diameter increment in the last forest inventory period [39]. Growth classes are represented by trees that exhibited diameter growth of (i) 0–2 cm 10 y−1, (ii) 2–4 cm 10 y−1 and (iii) ≥4 cm 10 y−1 during the last forest inventory period. Forest development was simulated for five species or groups of species, namely silver fir, European beech, Norway spruce, other conifers and other broadleaves. The simulation run was 100 years long with time steps of 10 years.



Data from forest inventories were used to parametrize the SLOMATRIX model and to initialize the simulations. The collected data were inspected, edited and prepared for further analysis and modeling. Consecutive tree measurements at intervals of 10 years enabled the parametrization of mortality and harvesting functions. We used binary logistic regression to parametrize species-specific factors in equations for simulating harvest and mortality. Other parameters were taken from [38].




2.2.3. Scenarios


Three basic forest management scenarios were simulated, namely (1) no management (NOM), (2) the business-as-usual scenario (BAU) and (3) the optimized scenario (COPT) for maximizing carbon sequestration in the next century. The NOM scenario imitated natural forest development as if there was no active management; therefore, the harvest was set to 0. The BAU forest management scenario imitated forest development under forest management as conducted in the penultimate management period 2002–2011. The probability functions for harvest, growth, ingrowth and natural mortality were calculated using the data from the period 2002–2011; they were developed, and the model performance had been validated on an independent dataset beforehand by Ficko et al. [38]. These functions were used in the model scenarios BAU, NOM and COPT. The COPT scenario represented the optimized scenario, the methodology of which is described in detail in Section 2.2.4. The input data on stand structure were derived from the latest forest inventory data and were used in all scenarios.



To model the effect of disturbances, we also developed a variation of the BAU and COPT scenarios, called DIST and COPT_DIST, respectively. The main difference between the two scenario variants was in the data used to parametrize the harvest and natural mortality equations. The parameters used in the NOM, BAU and COPT scenarios were previously parametrized by [39], using the data from the forest inventory period 2002–2011 (i.e., the period before extensive natural disturbances). Consequently, the simulated BAU scenario represented forest management in the penultimate management period 2002–2011. To develop the DIST and COPT_DIST scenarios, we reparametrized the model using the most recent data from the period 2012–2021. This enabled us to simulate forest development including severe disturbances that have impacted management over the latest 10-year period. During this period, forests in the study area experienced several snow-breaks (2008, 2020–2021), an ice-storm (2014) and two severe windstorms (2016, 2017), all followed by extensive spruce bark beetle outbreaks (Ips typographus L.), which caused a great deal of damage between the two inventories. A large proportion of dead trees were removed from forests and recorded as ‘harvested’ instead of ‘naturally dead’ trees (i.e., natural mortality). Based on the assessment of local forestry experts, we assumed that one-third of all trees marked as harvested died naturally. Therefore, in the 2021 inventory database, we recoded one-third of the trees marked as ‘harvested’ (randomly selected from the database) to trees marked as ‘natural mortality’. The recoded data were used to parameterize the harvest and mortality equations for the DIST and COPT_DIST scenarios; in the latter, only the equation for natural mortality was used.




2.2.4. Optimizing Carbon Sequestration


One of the study objectives was to identify forest management scenarios that would maximize carbon sequestration while maintaining the required harvest levels (COPT, COPT_DIST scenarios). To achieve this goal, linear programming (also called linear optimization [40]) was used to maximize the target variable (i.e., carbon sequestration) by changing the values of the adjustable variable (i.e., harvest), while at the same time, considering constraints of minimum and maximum amounts of harvested woody biomass per decade.



The optimization objective was to maximize the amount of carbon sequestered at the end of the 100-year simulation period by maximizing the summarized 10-year values of carbon sequestration. The adjustable variables were the species composition and diameter structure of harvested trees in each simulation period. To ensure forest management that meets the demand for timber and energy wood through active harvesting, we defined the constraints as the lower and upper limits of the simulated harvest. The planned harvest for the past management period [37] defined the minimal harvest constraint (17.1% of the growing stock). The maximum harvest limit was defined by the planned harvest for the next management period (22% of the growing stock). Optimization of the adjustable variable was carried out simultaneously with the growth simulation process. To perform the optimization, we used the What’sBest Excel add-in [41].



However, it should be noted that within the COPT and COPT_DIST scenarios, all other forest ecosystem services except carbon sequestration and timber production were ignored, which is in contrast to the forestry in the area that practices integrative multifunctional forest management [42].





2.3. Calculation of Carbon Sequestration


In the study, we focused on carbon sequestration in forests only, so it was calculated considering only the change in tree biomass and woody biomass of trees that have died naturally since they remained in forests (Equation (1)). We did not include harvested timber in the calculation because most of it is removed from the forest and does not represent direct sequestration. Nevertheless, it is important to note that in the long term, harvested wood can positively affect the carbon stock on a broader level (i.e., state or EU level) [43,44]. Equation (1) was used to calculate carbon sequestration in forests (adapted after [34]):


ΔC = Clive trees, t+n − Clive trees, t + Σ Cremaining deadwood, a



(1)




where ΔC is the change in carbon pool between time t and t + n (t C ha−1), Clive trees is the carbon in the above- and below-ground living tree biomass (t C ha−1) and is calculated according to Equation (S2) (Supplementary Material Section S1) and Table S1 (Supplementary Material Section S2) [43], Cremaining deadwood is carbon in the deadwood from natural mortality, stumps and harvest residues (t C ha−1) calculated according to Equation (S3) and Table S1, t is the start time of the simulation (years), n is the duration of the simulation (years) and a is the simulation interval (years).




2.4. Statistical Analyses


Differences in diameter structure and tree species composition of harvested trees between simulated forest management scenarios and in diameter distributions between growth classes were tested by the Kolmogorov–Smirnov test with a statistical significance flagged at p < 0.05.





3. Results


Our results show that both forest management practices and natural disturbances have an impact on the dynamics of carbon sequestration in mixed Alpine forests. All six simulations resulted in a steady increase in carbon stock for at least the next fifty years (Figure 1a). However, the results showed differences in the quantity of carbon sequestered and its dynamics. The NOM scenario simulated the highest values of sequestered carbon, as the entire volume increment was accumulated, all biomass remained in the forest, and the only carbon emissions came from the natural decomposition of the biomass. NOM carbon sequestration was simulated to reach 6.62 t C ha−1 y−1 over the 50-year simulation period.



In comparison, the BAU and COPT scenarios resulted in 55% less carbon sequestered after the same simulation period, with no significant differences between the BAU (2.99 t C ha−1 y−1) and COPT (2.96 t C ha−1 y−1) scenarios. The differences between the two scenarios were mainly in the first time step of the simulation, where carbon sequestration was 1.13 and 0.47 t C ha−1 y−1 under BAU and COPT, respectively.



Both the DIST and COPT_DIST scenarios simulated lower carbon sequestration than the BAU, COPT and NOM scenarios; however, differences were almost equidistant throughout the first 50 years of simulations. After the first 10-year period, the COPT_DIST scenario exhibited carbon emissions, while the DIST scenario simulated minimal sequestration (−0.64 vs. 0.07 t C ha−1 y−1, respectively). However, in the second 10-year period of the simulation, carbon sequestration in both scenarios was already equal and positive. Thereafter, carbon sequestration under COPT_DIST was slightly higher than that under DIST.



The simulations showed a decrease in basal area under all scenarios, except under NOM (Figure 1b). Over the 50-year simulation period, the lowest decrease was observed in BAU (−15%), while it was reduced by 24%, 26% and 27% in COPT, DIST and COPT_DIST, respectively. In the optimized scenarios, the basal area was reduced due to increased harvesting, while in the DIST scenario, the simulated reduction was due to increased natural mortality caused by natural disturbances.



Overall, the highest mortality was simulated under NOM, followed by DIST, COPT_DIST, COPT and BAU (Figure 1c). The differences were most pronounced in the first decade of the simulation, when mortality was extremely high in the DIST and COPT_DIST scenarios.



Considering the annual amount of harvested timber, two groups of scenarios can be identified: (i) BAU and DIST and (ii) COPT and COPT_DIST (Figure 1d). In the first 50 years of the simulation, the optimized COPT scenario simulated an 18%–21% higher annual harvested timber volume than BAU, and COPT_DIST simulated a 27%–36% higher annual harvested timber volume than DIST. The largest differences were observed in the beginning of the simulation, with a decreasing trend afterward.



Optimized harvesting (COPT and COPT_DIST) resulted in a modified diameter structure and species composition of harvested trees compared to current harvesting (BAU and DIST). The BAU and DIST scenarios were characterized by right-skewed diameter distributions of harvested volume (Figure 2 and Figure 3), with peaks at 32–36 cm dbh in the first three 10-year simulation periods. The harvest under COPT significantly differed from that under BAU (KS test, p < 0.05; Table 1), while we did not discover significant differences in harvest under COPT and COPT_DIST scenarios. It was unequally distributed among the diameter classes and unique to each scenario and each 10-year simulation period. However, during the entire simulation period, the COPT and COPT_DIST harvest volume was concentrated in individual diameter classes rather than being normally distributed along the entire diameter distribution. In the first decade, however, the majority of harvested trees had a dbh of less than 30 cm, while the harvesting of trees thicker than 62 cm in dbh was almost absent in COPT and much greater in COPT_DIST.



The results also showed significant differences in diameter distributions of harvested trees between growth classes (KS test, all p < 0.05). In the first decade, the simulated harvest under COPT and COPT_DIST was dominated by slow-growing trees (84% and 87% of all harvested trees, respectively), whereas the distributions of harvested trees per growth class were much more homogeneous under BAU and DIST. This highlights the fact that slow-growing trees contribute less to carbon sequestration and that it is reasonable to harvest them first to allow the ingrowth of (faster growing) trees.



In the BAU and DIST scenarios, the species composition of harvested timber followed the composition of the stand volume (Figure 4). Furthermore, the diameter distribution of the harvested trees of individual species did not differ significantly between BAU and DIST (KS test; for spruce, beech and fir p > 0.05); in both scenarios, a significant dominance of spruce can be observed, followed by fir and beech in much smaller proportions. In contrast, COPT and COPT_DIST simulated the proportion of beech in the harvested volume to be around 30% in the first decade, while its share in the stand volume was only 11%. The proportion of beech in harvested timber decreased in the following 10-year periods, mainly at the expense of spruce, but also of fir. The latter was also simulated to be harvested at a much higher percentage in COPT and COPT_DIST than in BAU and DIST. This indicates that beech and fir are slower growing trees with lower volume increments than spruce.




4. Discussion


Our results indicate that the forest management regime significantly influences carbon sequestration and the overall carbon balance in the forest ecosystem, which is consistent with other studies [7,45,46]. Excluding the carbon stored in harvested wood products and the substitution effects of wood use, the no-management scenario (NOM) was found to be the optimal scenario for achieving maximum carbon sequestration over a 100-year period. However, it should be noted that this scenario is not feasible in the study area since active forest management is anticipated due to the high demand for timber and other woody products in the studied forests [37].



By maximizing carbon sequestration in forest biomass while limiting the minimum amount of timber harvested, we did not find much difference between the BAU and COPT scenarios in terms of long-term carbon sequestration (21.18 t C ha−1 100 y−1 and 25.37 t C ha−1 100 y−1, respectively). This seems odd at first glance, as a (much) higher carbon sequestration was expected under the optimized COPT scenario. However, this can be easily explained by the much higher amount of timber harvested in the COPT scenario. The BAU scenario was parametrized with data from the period 2002–2011, and thus this scenario simulated the total amount of wood harvested in that period. Considering the projected increase in forest productivity (e.g., [9]) and especially the higher demand for wood in the last decade and a half [24], the COPT scenario assumed that the target total amount of timber harvested would be 5% higher than planned in the period 2002–2011 [37,47], i.e., a total of 109,454 m3 per 10 years (2.2 m3 ha−1 y−1). Nevertheless, COPT is a plausible scenario that shows that a lower management adjustment can allow more timber to be harvested while simultaneously maintaining a positive carbon balance in the long term. In the COPT scenario, the model simulated a lower basal area, suggesting that younger and middle-aged forests with higher growth potential may better ensure and increase carbon sequestration [7]. In low-density forests, stand volume increment and stand volume accumulation, which are the main drivers of carbon sequestration in forests, are typically the highest [8].



Harvesting is the crucial factor influencing the amount and dynamics of carbon sequestration in managed forests [7,22]. A trade-off relationship between timber harvesting and carbon sequestration [28] was observed in our study, as the NOM scenario exhibited the highest carbon sequestration. Therefore, when optimizing carbon sequestration, the optimization tool always searched for the lowest possible harvesting amount, which in our case was the constraint on the minimal harvested timber required. If the limit were to be lowered, the amount of harvested timber would also decrease. However, it is crucial to satisfy the demands of forest owners for sufficient timber production in their forests. The simulation results might differ if carbon stored in wood products were included in the calculation as an additional long-term carbon storage [36,37]. In that case, harvested timber would not represent carbon emissions, resulting in a considerably higher carbon sequestration and possibly a different scenario of harvested timber. However, our focus was carbon sequestration in forests, and thus we did not include carbon stored in wood products in our calculations.



The main difference between the BAU and COPT scenarios was in the diameter structure of harvested trees. In COPT, the diameter distribution of harvested trees was mainly irregular, with the majority of simulated harvested trees being medium-sized (20–40 cm in dbh), no larger than 60 cm in dbh. In contrast, the BAU harvest exhibited a close-to-normal distribution, but with a substantial proportion of large trees. However, the main difference was that the COPT scenario simulated harvesting primarily within slow-growing trees in the first two decades to make room for young, faster-growing trees that would sequester more carbon. If foresters want to increase carbon sequestration in forests, they need to be able to identify slow-growing trees that should be harvested first. Therefore, a simple “tool” to differentiate slow-, medium- and fast-growing standing live trees based on easily recognizable tree parameters would be extremely useful in forestry practice.



In addition to the amount and diameter structure, the tree species composition of harvested timber is also an important feature in carbon sequestration dynamics [27]. According to our results, beech seems to be the slowest-growing tree species in the area, so the COPT and COPT_DIST scenarios simulated its high proportion in harvested timber. Furthermore, this proportion was higher than its proportion in the growing stock, indicating its gradual removal from forests. A similar but less pronounced effect was simulated for silver fir. However, we know that both species have many positive influences in mixed mountain forests, but even more so when these forests are secondary spruce-dominated forests. Beech improves forest soil properties (e.g., [48,49]), both increase forest flora and fauna diversity (e.g., [50]), and growth in mixed stands is usually higher than that in pure stands (e.g., [51,52]). Therefore, these aspects also have to be strongly considered when applying the modelling results to forest management practice.



When examining the effects of natural disturbances on carbon sequestration in the studied forests, our results were only partially consistent with other studies. Our simulations showed a strong effect of disturbances on carbon sequestration dynamics, which is consistent with most studies (e.g., [12,20,21]), but contrary to some studies, including some that compared disturbance severity and management effects on forest carbon sequestration potential, which indicated the dominance of forest management over the effect of natural disturbances [22,45]. There are several possible explanations for this inconsistency. First, the impact of disturbances depends on the time window examined after their occurrence. Lindroth et al. [20] and Knohl et al. [53] found negative effects on carbon sequestration immediately after windthrow, while others [21,22,45] reported that windthrow did not have a strictly negative impact on carbon sequestration over a longer period of time. Our results indicate both a noticeable negative effect in the first 10-year period and a much smaller negative effect in the long term. The influence of natural disturbance events depends on many additional factors related to the disturbance itself, such as the size, severity and type of disturbance [22], and to the condition of the forest before the disturbance, including its age, diameter structure, tree species composition [54], quality and number of trees in the understory [23], which determine how quickly the forest will recover and reestablish a positive carbon balance.



Second, the optimized scenarios had a relatively narrow window for finding the optimal solution, i.e., the number and structure of trees harvested, because we set the minimum required harvest level relatively high. This ensured that we simulated a scenario that adequately met timber needs, but left less room for management optimization. Based on other simulations, we can assume that optimization would result in harvesting at or near zero if the amount of harvesting was not limited.



The next reason could be the fact that Slovenia has a long history of near-natural, multifunctional and sustainable forest management aimed at maintaining vital, productive forests that already ensure high carbon sequestration. Slovenia is currently already at the upper limit of forest potential with respect to the carbon stock [2,55], and therefore it is more important to keep forests vital and resilient to all possible threats that could jeopardize this capacity than to further increase the carbon stock through carbon sequestration.



The last, but in our opinion crucial, reason is whether or not defective and dead trees were harvested due to damage caused by natural disturbances. This was also highlighted in Lindroth et al. [20] and Pilli et al. [26]. In the DIST and COPT_DIST scenarios, it was assumed that one-third of the harvested trees were already dead when harvested, so we redefined these trees as naturally dead when developing the model functions. However, in Slovenia, forest owners are obliged to remove spruce trees that have been attacked by bark beetles or damaged by windthrow or snow break from forests within a certain (short) period of time after the damage has been detected. If it is assumed that all trees that have been killed or severely damaged by natural disturbances are removed from the forest (13% of this woody biomass was still left in the forest as harvest residues [44]), the results suggest an even stronger negative impact of natural disturbances on forest carbon sequestration (Figure 5). In large-scale natural disturbance events, where a large proportion of damaged and dead trees are of good quality, it is not uncommon for most or even all of the downed wood to be removed from the forest [56]. In our case, the model indicated that it would take 30–40 years after the disturbance event for the forest to recover sufficiently to be a carbon sink. If the woody biomass of damaged and dead trees, especially of large trees, were to remain in the forest, the carbon would be stored there for some decades and would substantially increase the carbon storage in the forest and forest soils [2]. However, due to the high priority of economic goals of forest owners, timber extraction of naturally dead trees is common in Slovenia as well as in Europe (e.g., [57]).



However, natural disturbances can also have positive impacts on forests experiencing the influences of climate change. Disturbances may catalyze the adaptation of forests to climate change [58], and forests adapted to climate change may ensure larger carbon sequestration [12]. They may also have a positive effect on forest biodiversity [23], especially if low- to medium-severity disturbances occur [21], and on other forest ecosystem services and components of and processes in forest ecosystems.



Our study has some limitations that should be considered when generalizing the results. In the study, we only focused on two ecosystem services, namely timber production and carbon sequestration, while all other services were ignored. It is crucial, however, to consider all ecosystem services simultaneously [59], but we intentionally focused on only these two studied services. We are aware that for the integrative sustainable forest management [42], it is of utmost importance to provide all forest ecosystem services simultaneously and continuously. This may be the next challenge as such decision support systems are already available [44], but have not yet been developed for the Slovenian forestry sector. The next important limitation was that only the carbon sequestration in forests was considered and not the carbon sequestered in wood products. It is crucial to consider that in the long term, wood products from harvested timber can positively affect carbon balance on a broader level (i.e., state, Europe) [43,44]. The carbon stored in such products represents short- to long-term carbon storage [34] and is only gradually emitted to the atmosphere. In addition, the substitution of non-timber products and fossil fuels are also important issues of carbon balance and dynamics [60], but were also not considered in our study. Finally, we used the SLOMATRIX model [31,32] to simulate forest development under different forest management scenarios. There are many models that could have been used for this study, but many of them are not parametrized for our study area. Several studies (e.g., [61]) have shown that models can simulate diverse forest development for the same study area using the same input data. Therefore, using several models for such studies can be advantageous.




5. Conclusions


Our results suggest that it is possible to optimize current forest management to maintain or even increase the level of carbon sequestration in forests and that natural disturbances have both positive and negative effects on the role of forests in regard to climate change. While disturbances can hinder mitigation efforts through decreased carbon sequestration, they can also catalyze adaptation and reduce the time needed to reach equilibrium. In our study area, the frequent natural disturbances resulting from the altered tree species composition to almost pure spruce forests have led to economic losses. However, these disturbances may accelerate the change to a more climate change-adapted (mixed) tree species composition, which is important for our study area, the entire area of the Alps, and a large part of Central and Eastern Europe where secondary spruce forests cover a significant proportion of the forest area. Further research is needed to better understand the trade-offs and synergies between different forest management objectives and ecosystem services.
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Figure 1. Simulated dynamics of (a) carbon sequestration, (b) stand basal area, (c) natural mortality and (d) harvested timber over the 100-year simulation period under different forest management scenarios, namely business-as-usual management in the pre-disturbance period 2002–2011 (BAU), management in the disturbance period 2012–2021 (DIST), an optimized scenario using the functions from the pre-disturbance period 2002–2011 (COPT), an optimized scenario using the functions from the post-disturbance period 2012–2021 (COPT_DIST) and a no management scenario (NOM). 
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Figure 2. Diameter distributions of the volume of harvested trees under the BAU and COPT forest management scenarios. 
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Figure 3. Diameter distributions of the volume of harvested trees under the DIST and COPT_DIST forest management scenarios. 
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Figure 4. The dynamics of tree species composition (in the stand volume) of (A) remaining living trees and (B) harvested trees under different forest management scenarios. 
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Figure 5. Simulated dynamics of the net carbon sequestration under DIST and COPT_DIST scenarios if all trees that have been killed or severely damaged by natural disturbances are left in the forest (DIST, COPT_DIST) or removed from forests (DIST_mort, COPT_DIST_mort) (in both scenarios, 13% of total woody biomass remained in forests as harvest residues). 






Figure 5. Simulated dynamics of the net carbon sequestration under DIST and COPT_DIST scenarios if all trees that have been killed or severely damaged by natural disturbances are left in the forest (DIST, COPT_DIST) or removed from forests (DIST_mort, COPT_DIST_mort) (in both scenarios, 13% of total woody biomass remained in forests as harvest residues).



[image: Forests 14 00947 g005]







[image: Table] 





Table 1. p-values indicating the significance of differences in the diameter distributions of harvested trees between forest management scenarios for the first two simulated periods using the Kolmogorov–Smirnov chi-square test.
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Period 0–10 Years

	
Period 11–20 Years




	

	
BAU

	
COPT

	
DIST

	
BAU

	
COPT

	
DIST






	
COPT

	
0.0079

	

	

	
0.0031

	

	




	
DIST

	
0.9952

	
0.0079

	

	
0.9180

	
0.003

	




	
COPT_DIST

	
0.3027

	
0.3027

	
0.3027

	
0.0887

	
0.493

	
0.08872
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