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Abstract:

 Enhancement of forest growth through silvicultural modification of stand density is one strategy for increasing carbon (C) sequestration. Using the Fire and Fuels Extension of the Forest Vegetation Simulator, the effects of even-aged, uneven-aged and no-action management scenarios on C sequestration in a southern Appalachian red spruce-Fraser fir forest were modeled. We explicitly considered C stored in standing forest stocks and the fate of forest products derived from harvesting. Over a 100-year simulation period the even-aged scenario (250 Mg C ha−1) outperformed the no-action scenario (241 Mg C ha−1) in total carbon (TC) sequestered. The uneven-aged scenario approached 220 Mg C ha−1, but did not outperform the no-action scenario within the simulation period. While the average annual change in C (AAC) of the no-action scenario approached zero, or carbon neutral, during the simulation, both the even-aged and uneven-aged scenarios surpassed the no-action by year 30 and maintained positive AAC throughout the 100-year simulation. This study demonstrates that silvicultural treatment of forest stands can increase potential C storage, but that careful consideration of: (1) accounting method (i.e., TC versus AAC); (2) fate of harvested products and; (3) length of the planning horizon (e.g., 100 years) will strongly influence the evaluation of C sequestration.
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1. Introduction

As global awareness of the effects of climate change increases [1], so will the importance of management strategies for terrestrial ecosystems that maximize atmospheric/global CO2 mitigation [2]. Though there is some debate over how managed forests sequester carbon (C) relative to their old-growth counterparts [3,4,5], managed forests have been shown to make valuable contributions to C sequestration efforts [6,7,8]. While managed forests are not expected to contain as much standing C as old-growth forests on similar sites, managed forests could potentially sequester more C when both live biomass and harvested biomass are considered, and depending on the fate of harvested biomass (e.g., biofuel versus structural wood products, [6,9]). Furthermore, if the rate of growth for live biomass is increased by active management for wood products, the potential C sequestration rates in managed forests might be increased. This begs the question, what role can silviculture play in the long-term C sequestration potential of forests?

Numerous factors influence growth and biomass accumulation as well as potential standing C pools in forested systems. These factors include site quality [10], stage of stand development [11] and stand composition [12], forest type and disturbance regime [2]. Realistically, one cannot control site quality; however, silviculturists can modify stand structure, species composition, and stand density. This allows the direct control of stand developmental stage and growing stock potential, and therefore rates of C sequestration. By maintaining stand stocking within a desired range of relative stand density associated with various levels of growth potential (i.e., maximum tree growth versus maximum stand growth, [13]) silviculturists can potentially influence the rate of C sequestration.

In the southeastern United States, southern Appalachian red spruce (Picea rubens Sarg.)–Fraser fir (Abies fraseri Pursh.) forests were historically heavily cut over [14] and, although productive (7.7 Mg biomass ha−1 yr−1, [15]), these spruce-fir forests can either be C sinks or C sources depending on the management regime, the dynamics of snags or coarse woody debris [15,16,17], or natural disturbance regimes. Historically, hurricane-induced windthrow and ice storm damage were common disturbances resulting in gap-phase dynamics in these forests [18]. In the last two decades southern Appalachian spruce-fir forests have been heavily influenced by a catastrophic insect outbreak of the non-native balsam wooly adelgid (BWA; Adelges piceae (Ratzeburg)). As a result of the BWA the high elevation spruce-fir forests of the southern Appalachians have experienced higher disturbance-related mortality and, have been set back to an earlier stage of stand development. In recent years the aboveground components of this system have shown a substantial increase in standing biomass [16].

The vast majority (74%; [19]) of southern Appalachian spruce-fir forests are within the boundaries of Great Smoky Mountains National Park, where active forest management has been precluded since National Park designation in 1943. It is therefore impossible to directly determine the effect of various management scenarios on C sequestration. However, modeling approaches provide an excellent vehicle to estimate the effects of hypothetical management treatments on C sequestration (sensu [4,9]). There are several C accounting tools available to land managers and researchers and guidelines have been established to assist with field data collection and C accounting methods [20,21]. Smith et al. [22] provided estimates of standing C stocks for several forest types as a function of stand age and included a methodology for assessing the effects of harvesting on C sequestration. Although these estimates cannot incorporate stand-specific data, they are readily available and easy to use. The Carbon Online Estimator relies on USFS Forest Inventory and Analysis (FIA) data and can produce standing C pool as well as growth and yield estimates at the county scale and larger [23]. The US Forest Carbon Calculation Tool also relies on FIA data and can provide state and national estimates of stored C [22]. The most recent version of the US Forest Carbon Budget Model also relies mainly on FIA data. This model generates easily interpretable and useful outputs but the data input process can be complicated and may require a user with advanced programming or FORTRAN skills.

The Forest Vegetation Simulator (FVS) is an individual-tree distance independent growth and yield model that is widely used by managers and researchers to model forest change and stand dynamics over time in response to management activities [24]. FVS allows the input and analysis of user-collected stand data and produces easily interpretable output through the Suppose graphical user interface. In addition, FVS can track the simulation of various management scenarios at the tree- or stand-level for a user-specified time interval. Recently, C accounting has been incorporated into FVS through the Fire and Fuels Extension (FFE) [25,26]. Although publicly available and easily implemented, relatively few studies have utilized FVS-FFE to assess the long-term temporal dynamics of C sequestration at the stand-level (but see [27,28]).

The goal of this research is to simulate the possible effect of silvicultural activities on long-term C storage potential of managed forests compared to their unmanaged counterparts using a large comprehensive re-measurement data set from the Great Smoky Mountains. By pairing this data set with the readily available and easily used FVS, we attempt to provide a straightforward demonstration that active management may well be a better strategy for C sequestration than passive management. Current greenhouse gas accounting protocols require any management action intended to offset CO2 emission to exhibit “additionality”, i.e., to be additional to the “business-as-usual” scenario [29]. Carbon accounting protocols further require management-caused changes in carbon stocks to be assessed over a 100-year planning horizon [30]. The potential influence of silvicultural activities on the C sequestration potential of southern Appalachian spruce-fir forests was examined using FVS-FFE to simulate forest growth and associated C dynamics for 100 years under three scenarios: (1) a no-action scenario (i.e., business-as-usual); (2) an even-aged silvicultural system; and (3) an uneven-aged silvicultural system. Total C sequestration (TC) and the average annual changes in C sequestration (AAC, [26]) are calculated to compare the three scenarios. While TC demonstrates the overall difference in C sequestration between management practices over the life of a project or rotation, AAC can be used to demonstrate the additional C sequestered on an annual basis and has application in C accounting protocols such as the Regional Greenhouse Gas Initiative [31] We hypothesize the no-action scenario will exhibit the highest TC, but that the even-aged management scenario will exhibit the highest positive AAC.



2. Methods


2.1. Study Area

Data for the study were collected in the Noland Divide Watershed (NDW, 35°34’N, 83°29’W) a 17.4 ha, high elevation catchment within Great Smoky Mountain National Park. This catchment was chosen because of the broad elevation gradient (1700–1910 m) and resulting variability in overstory species composition thought to represent much of the range of forest conditions occurring within southern Appalachian spruce-fir forests. Access to previously collected data as well as a pre-existing plot infrastructure allowed improved modeling and interpretation of model results through control of some potentially confounding factors (parent material, aspect, and climate). The NDW is dominated by red spruce at lower elevations transitioning into Fraser fir at higher elevations with a component of yellow birch (Betula alleghaniensis Britton) and various other hardwoods distributed across the range of elevations. The NDW has not been impacted by logging or fire [32], but has been severely impacted by the BWA [33,34] and wind related events [15,18]. The soils are mainly Inceptisols, occasionally with spodic characteristics [35,36], are generally shallow, (<50 cm depth to bedrock) and have a silt loam to sandy loam texture [37]. Precipitation is >200 cm annually and is distributed evenly throughout the year [38]. Mean air temperatures range from −2 °C in February to 17 °C in August with a frost-free period from May through September [38,39].



2.2. Data Collection

Overstory forest inventories were performed in the NDW in 1993, 1998 and 2003 on a system of 50–400 m2 plots stratified along a series of nine elevation bands (1700, 1725, 1755, 1785, 1800, 1835, 1865, 1890 and 1910 m, Figure 1). For the analysis, these are divided into three elevation groups; low (1700, 1725 and 1755 m, 19 plots), medium (1785, 1800 and 1835 m, 19 plots) and high (1865, 1890, and 1910 m, 12 plots). All trees ≥5 cm diameter at breast height (DBH, 1.37 m) were measured using protocols described by [40], and tagged with a permanent and unique ID tag. Species, DBH, and status (live or dead) of each overstory tree were recorded. In 1998 and 2003, ingrowth was tagged as trees entering the 5-cm diameter class. Live trees that had fallen since the last inventory were considered windthrow. On each plot in 2003, all trees >2 cm and <5 cm DBH were sampled on a system of 4–16 m2 subplots in order to estimate saplings. Trees <2 cm DBH were sampled on a system of 16–1 m2 nested plots within each 16 m2 sapling subplot and averaged across elevation bands in order to estimate natural regeneration [16].

Figure 1. Map of the Noland Divide Watershed and the systematic network of 50 permanent plots.
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2.3. Data Preparation

Although the southern variant of FVS (SN-FVS) is capable of running simulations with very limited data (e.g., DBH, species [41]), additional tree and stand information can improve model estimates (e.g., height, diameter increment, site index [42]). Also, while included in the western variants, the eastern variants of FVS have not yet been modified to take into account forest dynamics under climate change (i.e., Climate-FVS). SN-FVS has not been explicitly evaluated for spruce, fir or yellow birch; however, it has been validated and analyzed for other species [43,44,45] that displayed its ability to effectively simulate stand dynamics. Trees in the NDW watershed are generally shorter than in other southern Appalachian (or nearby) spruce-fir forests [33]. To estimate tree height for red spruce, Fraser fir and yellow birch, we used site-specific allometric equations fit from the height-diameter data in Barker et al. [33]. This resulted in at least three modeled individual tree heights for each species, on any given plot, the minimum necessary for SN-FVS to modify height growth to reflect local conditions. In addition, SN-FVS will modify the large-tree (>7.6 cm DBH) growth model to reflect local conditions if the user specifies the diameter increment for 3 or more individuals of a given species on a particular plot in the input data [42]. We calculated 1998–2003 diameter increment for all live sampled trees measured during both the 1998 and 2003 inventories, assuming bark thickness was constant, and included them in our FVS input tree list. While assuming constant bark thickness potentially introduces bias, this will not affect comparisons between scenarios. In addition, five-year changes in bark are likely to be marginal. To incorporate natural regeneration into each management scenario, when appropriate, we calculated average understory stocking (stems/ha) for each of the dominant tree species in each of the three elevation groups from the 1 m2 subplots. SN-FVS uses site index (height in feet at base age 50, SI) to model the site productivity potential of individual stands. Because site index was not measured in the field, we incorporated the influence of site quality into the model simulations by identifying a range of SIs consistent with Nicholas et al. [46]. Simulations for each elevation band (low, medium, high) were run for each of three SIs. The SI range for each elevation group was: low elevation (60, 65 and 70); medium elevation (55, 60 and 65); and high elevation (55, 60 and 65).



2.4. Silvicultural Scenarios

We used the 2003 data as the starting point for each of the silvicultural scenarios and ran 100-year simulations (2003–2103). For each scenario the CarbCalc keyword was used to set C accounting parameters. Parameters selected included the base FVS biomass equations, default decay rates, and model output in Mg ha−1. The CarbRept keyword was used to generate a C report every 5 years for 100 years while the CarbCut keyword was used to generate a harvested C report every 5 years, and finally the SiteCode keyword was used to vary the SI above for each elevation group.

In the no-action scenario, stands were able to develop without the effect of management activities. Stand density index (SDI) maximum was constrained at 460. All calculations of SDI were done within FVS, which uses a summation method [42]. Standing dead trees fell and decayed according to default model parameters. Although in this scenario the measured understory data from the 2003 inventory were included during the 2003 time step, no additional understory trees were added during the simulation period. Theoretically, fully stocked stands would not promote the establishment of understory trees, or allow their ascension to the canopy [47]. While in actuality some regeneration is likely to occur over a 100-yr scenario, we made the simplifying assumption that no disturbance or gaps promoting establishment would occur over the scenario in lieu of arbitrarily adding regeneration.

Under the even-aged scenario we sought to control stand density so as to maintain “full-site occupancy” and avoid substantial density-related mortality [13]. Plot level SDI was maintained between 45% (207) and 60% (276) of maximum SDI through simulated harvesting using a conditional statement in the ThinSDI keyword. Although in this scenario we included the measured understory data from the 2003 inventory during the 2003 time step, we did not add any additional understory during the simulation period. This scenario simulates a series of commercial thinning, which should not typically result in establishment of understory trees, or allow their ascension to the canopy [47].

For the uneven-aged scenario, we relaxed the constraint to maximize stand growth, while simultaneously seeking to build the structural attributes of an uneven-aged or late successional spruce-fir forest exhibiting gap-phase dynamics. In this scenario, the Uneven-aged Management Action option in FVS was used to implement an individual tree selection system that constrained SDI between 45% and 60% of maximum SDI (207–276). Residual stocking was distributed, expressed as SDI, relatively evenly across the DBH classes. Simply thinning within each DBH class to the desired SDI may excessively reduce stocking over time because some DBH classes may be initially deficit. The Uneven-aged Management Action adjusts for this by detecting deficit size classes and allowing additional trees to remain in the adjacent lower DBH classes in order to achieve the target SDI for the plot. A Liocourt or diminution coefficient (q) of 1.3 between each of the 8–12.7 cm DBH classes was used to push the stand DBH distribution toward a negative exponential or reverse J-shape over time. Our initial estimates of understory stocking were input into FVS on a 5-year cycle.



2.5. Carbon Accounting

Carbon pools were estimated from the Stand Carbon Report and the Harvested Carbon Report generated by FFE. These two reports include C pools consistent with the Intergovernmental Panel on Climate Change Good Practice Guidance [48] for national greenhouse gas inventories [26]. FFE C estimates are produced by multiplying standard FVS dry weight biomass estimates for all pools by 0.5 (assumed 50% C) except for the forest floor pool which is converted using 0.37 [22,26]. Soil C is not accounted for in FFE. TC was calculated as the sum of all reported forest carbon from the Stand Carbon Report. This includes dynamic predictions for the following C pools: total aboveground live, merchantable aboveground, standing dead, belowground live, belowground dead, down dead, duff, litter herbs and shrubs using methods described in Reinhardt et al. [25]. Calculation methods for C pools were held constant across all scenarios in order to more fairly test the effects of silvicultural manipulation on C sequestration. Any C removed during thinning is reported in the Harvested Carbon Report including the following C pools: forest products in use, products in landfills, and C emitted from combustion with and without energy capture. These pools were accounted for following the decay fates for harvested products in Smith et al. [22]. Although protocols exist to explicitly monitor the products and their inefficiencies (e.g., the CO2Fix model [49]) the FFE accounting system is built-in to the FVS framework, follows international C sequestration protocols [25] and is most likely to be used by forest managers.

To compare TC between silvicultural scenarios we added total standing carbon to harvested carbon in wood products for each plot and each 5-year time step before averaging over plots in each elevation and SI group. By only including the harvested carbon in wood products we effectively remove C that is only stored short-term or is released as emissions due to the decay of forest products and energy required to transport the C out of the forest. Average annual change in C sequestration (AAC) was calculated as the 5-year difference in total C (calculated above) for the 100-year simulation [26]. Results for TC and AAC were plotted over time to compare potential C sequestration by management scenario. To account for additionality (e.g., [50]), we compared the AAC for the two management scenarios relative to the no-action scenario. This gives an indication of the patterns of relative increases (positive) or decreases (negative) in potential C sequestration when deviating from the no-action, or “business-as-usual” scenario.




3. Results


3.1. Total Carbon Sequestration

Although we modeled a range of SIs within each elevation group to test the influence of site quality on C sequestration, the effect was minimal (coefficient of variation = 12.9–17% by the end of the 100-year simulation) and the variation occurred in an expected manner. That is, between elevation bands productivity increased with decreasing elevation, and within each elevation band, productivity increased with increasing SI, as expected. Therefore, results are only presented for the middle SI value in each elevation group.

TC in the no-action scenario increased rapidly during the first part of the simulation period for each elevation group before leveling off towards the end of the simulation (Figure 2). This value increased from 174, 152 and 132 Mg ha−1 in the low, medium and high elevation band, respectively, and approached a maximum in 2103 of 242, 227 and 198 Mg ha−1 in the low, medium and high elevation band, respectively.

Figure 2. Total aboveground C sequestered (Mg ha−1) for three elevation groups as a result of no-action, even-aged management and uneven-aged management in a southern Appalachian forest.
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In the even-aged scenario, initial TC (total C sequestered in biomass and forest products) was slightly lower than the no-action scenario due to the effects of harvesting at the beginning of the simulation. This value increased from 161, 141 and 123 Mg ha−1 in the low, medium and high elevation bands, respectively, and continued with a positive slope throughout the simulation period, reaching a value of 250, 231 and 211 Mg ha−1 in the low, medium and high elevation bands, respectively, by the end of the simulation period (2103).

In the uneven-aged scenario, TC similarly began slightly lower than the no-action scenario due to the effects of harvesting at the beginning of the simulation. Sequestration increased from 163, 143 and 124 Mg ha−1 in the low, medium and high elevation band, respectively, through the simulation period with 220, 204 and 193 Mg C ha−1 sequestered by the end of the simulation period in 2103. These values were well below those obtained in the even-aged scenario, which resulted in highest TC values by the end of the simulation period.

Results from the even-aged scenario were further broken down into 3 major categories in order to demonstrate the fate of various C components in our accounting (Figure 3). The standing C category represented the C stored in the forest. The forest products category represented additional C stored in forest products produced from material removed from the forest over time. These two components together comprised the TC sequestration of the scenario. In addition, a cumulative emissions category represented C lost as emissions from the decomposition of the forest products category. Across the three elevation bands, standing C, products, and emissions accounted for approximately 51%, 34% and 15%, respectively, of the C accounted for over the simulation period.

Figure 3. Cumulative aboveground live C, C stored in forest products and C released as emissions (Mg ha−1) for three elevation groups under the even-aged management scenario.
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3.2. Average Annual Change in Carbon

The AAC (average annual change in C sequestered in biomass and forest products) during the no-action scenario immediately decreased from 3.4, 3.5 and 3.7 Mg ha−1 yr−1, approaching zero in all elevation bands (Figure 4). In the even-aged scenario, AAC began low (0–1 Mg ha−1 yr−1) due to the effect of reduced stocking, and reached a maximum at 1.6, 1.6, and 1.2 Mg ha−1 yr−1 in the 2053–2058 time period, before they stabilized towards the end of the simulation at 0.8, 0.7 and 0.6 Mg ha−1 yr−1 at the low, medium and high elevation bands, respectively. In the uneven-aged scenario, AAC also began low (−0.1 to 0.3 Mg ha−1 yr−1) due to the effect of reduced stocking, reached a plateau at 0.9, 0.9 and 1.3 Mg ha−1 yr−1 in the 2018–2033 time period, and stabilized at 0.4, 0.5 and 0.4 Mg ha−1 yr−1 at the low, medium and high elevation band, respectively.

Figure 4. Average annual change in aboveground C (AAC; Mg ha−1 yr−1) for three elevation groups as a result of no-action, even-aged management and uneven-aged management in a southern Appalachian forest.
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4. Discussion

Using a forest growth and yield model (FVS) we have demonstrated that silvicultural manipulation can yield improvement in C sequestration over the no-action (i.e., business-as-usual) scenario. By controlling stand density and stand development, it should be possible to increase C sequestration. The amount of predicted C sequestered varied by silvicultural scenario (i.e., even-aged or uneven-aged). It is especially noteworthy that whether a silvicultural scenario actually was predicted to have met the additionality objective (i.e., an improvement over no-action) over the mandatory 100-year planning horizon depended primarily on how additional C sequestration was assessed. For example, if just considering TC, i.e., C pool size, dense, older stands would likely be considered the largest C pools. On the other hand, if the focus was on AAC, i.e., the rate of C accumulation, young, rapidly growing stands are likely to accumulate C faster, even if their TC is lower [51]. Furthermore, accounting for the fate of harvested material (i.e., percent in long-term storage) will influence the assessment of managed and no-action scenarios with respect to long-term C sequestration.

In this study the even-aged scenario marginally outperformed the no-action scenario in TC sequestration over the 100-year time period for all three elevation bands. This demonstrated that silvicultural manipulation including commercial harvest can be an effective tool for sequestering C over time when wood harvested for long-term products is included in the analysis. Although the increased TC of this scenario over the no-action was manifest after nearly 100 years, it emphasizes the importance of timely implementation in order to achieve future results. The uneven-aged scenario did not outperform the no-action scenario during the simulation period in terms of TC sequestration. It did, however, come close, and would likely surpass the no-action scenario over a longer time period.

In terms of AAC, both the even-aged and uneven-aged scenarios outperformed the no-action scenario within 20–30 years and continued to outperform the no-action scenario for most of the simulation period. While decay fates of forest products will likely determine how long AAC will remain positive, the end-of-rotation harvest in the even-aged scenario would temporarily create a carbon source [51]. Unlike comparisons of TC, calculating AAC takes into account the fact that the silviculture scenarios include periodic reductions in stand stocking due to thinning schedules. In contrast with TC, comparisons of AAC between the no-action and the silvicultural scenarios highlight the potential benefits of management. The somewhat modest gains in TC, which did not occur until well into the 100-year simulation, mask what were actually important management-induced changes in sequestration (wood products) and growth rate (increased subsequent growth due to density regulation) that translated into much higher AAC for the managed stands. In other words, by calculating AAC, we accounted for the fact that the no-action scenario, although starting with higher TC, had a relatively slow rate of C increase over time in comparison to managed stands.

That we found potential increases in C sequestration as a result of silvicultural intervention is especially noteworthy, as the spruce-fir forest type is likely not the ideal candidate for C sequestration. For example, the large amounts of decaying organic matter created as a result of the BWA has been documented for this spruce-fir forest [37] and could lead to the release of CO2 into the atmosphere. Therefore, if incorporated into the analysis, forest response to a disturbance like BWA could potentially affect C sequestration trajectories when compared to an undisturbed spruce-fir ecosystem. Therefore, other forest types with lower amounts of decaying organic matter might exhibit a stronger C sequestration effect in response to silvicultural activities. In general, decadent forests with high levels of standing C but little net C accumulation may provide the greatest potential for C sequestration through silvicultural intervention [29,52]; however, implementing management in older forests of all types may be difficult given their potential old-growth status. Converting decadent stands to younger and more vigorous stands (i.e., below the zone of imminent density-dependent mortality, [53]), could potentially provide an increase in sequestered C, in the form of both forest products and increased growth, from many currently unmanaged forests. In addition, Keyser [10] determined that higher quality sites (high SIs) may sequester more C over time, which is consistent with our results. Therefore, potential C sequestration could be further maximized by focusing on higher quality sites; in this case high SIs and lower elevation sites (Figure 4).

In southern Appalachian spruce-fir forests, management which aims to reduce the occurrence or severity of disturbance can help moderate the fluctuation of C losses over time. For example, the probability for recurrence of the non-native BWA might be minimized by maintaining lower stocking levels of suitable host (Fraser fir) thereby lowering insect risk. Although the no-action scenario appears desirable in terms of TC, this comes with the increased probability of future BWA mortality and the associated C release that would ultimately threaten the long-term effectiveness of the no-action strategy for sequestering C. The same reasoning has been applied to southwestern forests threatened by wildfire. Hurteau et al. [27] suggested maintaining low ponderosa pine (Pinus ponderosa Dougl.) stand densities via thinning and prescribed fire to reduce the risk of wildfire and subsequent release of large amounts of C into the atmosphere. Indeed, large-scale disturbances, although they occur at longer intervals, have the potential to drastically change C dynamics in forested systems. In particular, the effect of climate change-induced shifts in forest stand dynamics or disturbance processes on Appalachian spruce-fir C dynamics is a topic for future study.

Historically, spruce-fir forests may have been C neutral or near-neutral as forest growth, mortality, and soil respiration fluctuated over time. Using in situ C estimates, van Miegroet et al. [37] found the NDW spruce-fir forest exhibited near-neutral ecosystem C over a 10-year period (1993–2003). The discrepancy between C neutrality observed by van Miegroet et al. [37] and these results, which suggest C is accumulating, is likely a result of precluding soil C dynamics in our modeling. Changes in soil C are very difficult to estimate and there are few studies that document soil C dynamics even though it is a large forest C pool [37,54], which might explain why soil C models such as Yasso [55] are not yet supported in FVS. Van Miegroet et al. [37] found soil C comprised >50% of ecosystem C in our study area. Changes in soil C dynamics due to management actions (e.g., thinning) might alter interpretations of C sequestration potential, especially considering possible differences between active harvesting and no-action scenarios [56]. However, based on reviews of various disturbance regimes, including forest management strategies, soils were found to be generally less responsive to disturbance compared to the forest floor [56,57]. In general, soil C changes tend to be large near the surface and diminish with depth depending on management-related disturbances to the soil [56]. With minimal soil disturbance both the no-action and uneven-aged scenario would reduce soil C loss over time compared to the even-aged scenario, which necessitates a regeneration harvest at the end-of-rotation. However, labile soil C after regeneration harvest under the even-aged scenario is likely to return to pre-harvest conditions in a relatively short time period [56].



5. Management Implications

To mitigate the effects of climate change a diverse set of strategies will have to be implemented. One very important and effective strategy is silvicultural intervention that enhances the rate of forest C sequestration by actively managing forest stands. We have shown that silviculture can increase C sequestration rates in a southern Appalachian spruce-fir forest, and suggest similar outcomes could be achieved in other forest types, particularly more productive types. In general, results from our simulations are consistent with Hoover and Heath [8], who proposed that stocking management could considerably increase C sequestration on a regional basis (northeast US). Our analysis further demonstrated the tools and carbon accounting protocol that any silviculturist could use to model the effect of silvicultural activities on aboveground C sequestration. FVS is easily accessible, readily available to land managers and is part of a nationally supported framework. We suggest that FVS-FFE could be used in a variety of applications to evaluate whether active management may be a better strategy than passive management for aboveground C sequestration. Finally, we have demonstrated that whether the objective of additionality can be met is potentially influenced by: (1) the C accounting method (i.e., TC versus AAC); (2) the carbon-community dictated planning horizon of 100 years; (3) whether or not long-term storage (i.e., solid wood products) is considered. Therefore, silviculturists wishing to evaluate C sequestration potential would do well to take into consideration these factors before evaluating the efficacy of their treatments.






Acknowledgments

We graciously thank Niki Nicholas, Alan Mays and Larry Shelton, from the Tennessee Valley Authority (TVA) for all of their logistical assistance; Chloe Tewksbury, Faye Tewksbury and Mike Mancusi for their help in the field. We also thank TVA and EPA for the use of the forest inventory data sets. Funding for data collection was provided by the USDA National Research Initiative Competitive Grants Program (Grant No.97-35101-4314 to Utah State University), the USGS Biological Research Division (Cooperative Agreement No. 1434 HQ97-RV-01555 RWO27 and RWO34 to the Utah Cooperative Fish & Wildlife Research Unit), and Tennessee Valley Authority’s Public Power Institute. This study was supported by the Utah Agricultural Experiment Station, Utah State University and approved as AES Publication No. 8414. This article was prepared in part by an employee of the US Forest Service as part of official duties and therefore is in the public domain.



Conflict of Interest

The authors declare no conflict of interest.



References


	1. 
Metz, B.; Davidson, O.R.; Bosch, P.R.; Dave, R.; Meyer, L.A. Contribution of Working Group III to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: New York, NY, USA, 2007. [Google Scholar]

	2. 
Ryan, M.G.; Harmon, M.E.; Bridsey, R.A.; Giargina, C.P.; Heath, L.S.; Houghton, R.A.; Jackson, R.B.; McKinley, D.C.; Morrison, J.F.; Murray, B.C.; et al. A synthesis of the science on forests and carbon for U.S. forests. Ecol. Soc. Am. Issue Ecol. 2010, 13, 1–16. [Google Scholar]

	3. 
Skog, K.; Nicholson, G. Carbon cycling through wood products: The role of wood and paper products in carbon sequestration. For. Prod. J. 1998, 48, 75–83. [Google Scholar]

	4. 
Harmon, M.E.; Marks, B. Effects of silvicultural practices on carbon stores in Douglas-fir-western hemlock forests in the Pacific Northwest, USA: Results from a simulation model. Can. J. For. Res. 2002, 32, 863–877. [Google Scholar] [CrossRef]

	5. 
Luyssaert, S.; Schulze, E.D.; Borner, A.; Knohl, A.; Hessenmoller, D.; Law, B.E.; Philippe, C.; Grace, J. Old-growth forests as global carbon sinks. Nature 2008, 455, 213–215. [Google Scholar]

	6. 
Van Deusen, P. Carbon sequestration potential of forest land: Management for products and bioenergy versus preservation. Biomass Bioenergy 2010, 34, 1687–1694. [Google Scholar] [CrossRef]

	7. 
Miner, R. The 100-year method for forecasting carbon sequestration in forest products in use. Mitig. Adapt. Strateg. Glob. Change 2006. [Google Scholar]

	8. 
Hoover, C.M.; Heath, L.S. Potential gains in C storage on productive forestlands in the northeastern United States through stocking management. Ecol. Appl. 2011, 21, 1154–1161. [Google Scholar] [CrossRef]

	9. 
Sorenson, C.D.; Finkral, A.J.; Kolb, T.E.; Huang, C.H. Short- and long-term effects of thinning and prescribed fire on carbon stocks in ponderosa pine stands in northern Arizona. For. Ecol. Manag. 2011, 261, 460–472. [Google Scholar]

	10. 
Keyser, T.L. Thinning and site quality influence aboveground tree carbon stocks in yellow-poplar forests of the southern Appalachians. Can. J. For. Res. 2010, 40, 659–667. [Google Scholar] [CrossRef]

	11. 
Long, J.N.; Smith, F.W. Relation between size and density in developing stands: A description and possible mechanisms. For. Ecol. Manag. 1984, 7, 191–206. [Google Scholar] [CrossRef]

	12. 
Long, J.N.; Shaw, J.D. The influence of compositional and structural diversity on forest productivity. Forestry 2010, 83, 121–128. [Google Scholar] [CrossRef]

	13. 
Long, J.N. A practical approach to density management. For. Chron. 1985, 61, 23–27. [Google Scholar]

	14. 
Korstian, C.F. Perpetuation of spruce on cut-over and burned lands in the higher southern Appalachian. Ecol. Monogr. 1937, 7, 125–167. [Google Scholar] [CrossRef]

	15. 
Moore, P.T.; van Miegrot, H.; Nicholas, N.S. Relative role of understory and overstory in carbon and nitrogen cycling in a southern Appalachian spruce-fir forest. Can. J. For. Res. 2007, 37, 2689–2700. [Google Scholar] [CrossRef]

	16. 
Moore, P.T.; van Miegroet, H.; Nicholas, N.S. Examination of forest recovery scenarios in a southern Appalachian Picea-Abies forest. Forestry 2008, 81, 183–194. [Google Scholar] [CrossRef]

	17. 
Fahey, T.J.; Woodbury, P.B.; Battles, J.J.; Goodale, C.L.; Hamburg, S.P.; Ollinger, S.V.; Woodall, C.W. Forest carbon storage: Ecology, management, and policy. Front. Ecol. Environ. 2010, 8, 245–252. [Google Scholar]

	18. 
Nicholas, N.S. Stand Structure, Growth and Mortality in Southern Appalachian Spruce-Fir. Ph.D. Thesis, Department of Forestry, Virginia Polytechnic Institute and State University: Blacksburg, VA, USA, 1992..

	19. 
Dull, C.W.; Ward, J.E.; Brown, H.D.; Ryan, G.W.; Clerke, W.H.; Uhler, R.J. Evaluation of Spruce and Fir Mortality in the Southern Appalachian Mountains; USDA Forest Service Southern Region(R8): Atlanta, GA, USA, 1988. [Google Scholar]

	20. 
Pearson, T.R.H.; Brown, S.L.; Birdsey, R.A. Measurement Guidelines for the Sequestration of Forest Carbon; Gen. Tech. Rep. NRS-18; USDA Forest Service: Newtown Square, PA, USA, 2007. Available online: http://www.treesearch.fs.fed.us/pubs/13292 (accessed on 21 February 2012).

	21. 
Hoover, C.M. Field Measurements for Forest Carbon Monitoring: A Landscape-Scale Approach; Springer: New York, NY, USA, 2008. [Google Scholar]

	22. 
Smith, J.E.; Heath, L.S.; Skog, K.E.; Birdsey, R.A. Methods for Calculating Forest Ecosystem and Harvested Carbon with Standard Estimates for Forest Types of the United States; Gen. Tech. Rep. NE-343; USDA Forest Service Northeastern Research Station: Newtown Square, PA, USA, 2006; p. 216. Available online: http://www.treesearch.fs.fed.us/pubs/22954 (accessed on 21 February 2012).

	23. 
Van Deusen, P.; Heath, L.S. COLE Web Applications Suite; NCASI and USDA Forest Service, Northern Research Station: Newtown Square, PA, USA, 2012. Available online: http://www.ncasi2.org/COLE/ (accessed on 21 February 2012).

	24. 
Crookston, N.L.; Dixon, G.E. The forest vegetation simulator: A review of its structure, content, and applications. Comput. Electron. Agric. 2005, 49, 60–80. [Google Scholar] [CrossRef]

	25. 
Reinhardt, E.D.; Crookston, N.L.; Rebain, S.A. The Fire and Fuels Extension to the Forest Vegetation Simulator; RMRS-GTR-116; USDA Forest Service, Rocky Mountain Research Station: Ogden, UT, USA, 2007; p. 220. Available online: http://www.fs.fed.us/rm/pubs/rmrs_gtr116.html (accessed on 21 February 2012).

	26. 
Hoover, C.M.; Rebain, S.A. Forest Carbon Estimation Using the Forest Vegetation Simulator: Seven Things You Need to Know; Gen. Tech. Rep. NRS-77; USDA Forest Service, Northern Research Station: Newtown Square, PA, USA, 2011; p. 20. Available online: http://www.treesearch.fs.fed.us/pubs/37449 (accessed on 21 February 2012).

	27. 
Hurteau, M.D.; Koch, G.W.; Hungate, B.A. Carbon protection and fire risk reduction: Toward a full accounting of forest carbon offsets. Front. Ecol. Environ. 2008, 6, 493–498. [Google Scholar] [CrossRef]

	28. 
Hurteau, M.; North, M. Fuel treatment effects on tree-based forest carbon storage and emission under modeled wildfire scenarios. Front. Ecol. Environ. 2009, 7, 409–414. [Google Scholar] [CrossRef]

	29. 
Malmshimer, R.W.; Bowyer, J.L.; Fried, J.S.; Gee, E.; Izlar, R.L.; Reid, R.A.; Munn, I.A.; Oneil, E.; Stewart, W.C. Managing forests because carbon matters: Integrating energy, products, and land management policy. J. For. 2011, 109, S7–S50. [Google Scholar]

	30. 
Broekhoff, D.; Nickerson, J.; Raven, H. Forest Project Protocol, version 3.1; Climate Action Reserve: Los Angeles, CA, USA, 2009. [Google Scholar]

	31. 
Regional Greenhouse Gas Initiative Home Page, Available online: http://www.rggi.org (accessed on 21 February 2012).

	32. 
Pyle, C. The type and extent of anthropogenic vegetation disturbance in the Great Smoky Mountains before National Park Service acquisition. Castanea 1988, 53, 183–196. [Google Scholar]

	33. 
Barker, M.; van Miegroet, H.; Nicholas, N.S.; Creed, I.F. Variation in overstory nitrogen uptake in a small, high-elevation southern Appalachian spruce-fir watershed. Can. J. For. Res. 2002, 32, 1741–1752. [Google Scholar] [CrossRef]

	34. 
Pauley, E.F.; Clebsch, E.E.C. Patterns of Abies fraseri in a Great Smoky Mountains spruce fir forest. Bull. Torr. Bot. Club 1990, 117, 375–381. [Google Scholar] [CrossRef]

	35. 
McCracken, R.J.; Shanks, R.E.; Clebsch, E.E.C. Soil morphology and genesis at higher elevations of the Great Smoky Mountains. Soil Sci. Soc. Am. Proc. 1962, 26, 384–388. [Google Scholar]

	36. 
Van Miegroet, H.; Johnson, D.W.; Todd, D.E. Foliar response of red spruce saplings to fertilization with Ca and Mg in the Great Smoky Mountains National Park. Can. J. For. Res. 1993, 23, 89–95. [Google Scholar] [CrossRef]

	37. 
Van Miegroet, H.; Moore, P.T.; Tewksbury, C.E.; Nicholas, N.S. Carbon sources and sinks in high-elevation spruce-fir forests of the southeastern US. For. Ecol. Manage. 2007, 238, 249–260. [Google Scholar] [CrossRef]

	38. 
Johnson, D.W.; van Miegroet, H.; Lindberg, S.E.; Todd, D.E. Nutrient cycling in red spruce forests of the Great Smokey Mountains. Can. J. For. Res. 1991, 21, 769–787. [Google Scholar] [CrossRef]

	39. 
Shanks, R.E. Climates of the Great Smoky Mountains. Ecology 1954, 35, 353–361. [Google Scholar]

	40. 
Zedaker, S.M.; Nicholas, N.S. Quality Assurance and Methods Manual for Forest Site Classification and Field Measurements; EPA/600/3-90/082; U.S. Environmental Protection Agency: Corvallis, OR, USA, 1990; pp. 44–45. [Google Scholar]

	41. 
Keyser, C.E. Southern (SN) Variant Overview Forest Vegetation Simulator; US Forest Service, Forest Management Service Center: Fort Collins, CO, USA, 2008; p. 68. Available online: http://www.fs.fed.us/fmsc/ftp/fvs/docs/overviews/FVSsn_Overview.pdf (accessed on 21 February 2012).

	42. 
Dixon, G.E. Essential FVS: A User’s Guide to the Forest Vegetation Simulator; US Forest Service, Forest Management Service Center: Fort Collins, CO, USA, 2002; p. 208. Available online: www.fs.fed.us/fmsc/fvs/documents/userguides.shtml (accessed on 21 February 2012).

	43. 
DeRose, R.J.; Shaw, J.D.; Vacchiano, G.; Long, J.N. Improving longleaf pine mortality predictions in the Southern Variant of the Forest Vegetation Simulator. In Third Forest Vegetation Simulator Conference; RMRS-P-54; USDA Forest Service, Rocky Mountain Research Station: Fort Collins, CO, USA, 2008. [Google Scholar]

	44. 
Vacchiano, G.; Shaw, J.D.; DeRose, R.J.; Long, J.N. Inventory-based sensitivity analysis of the large tree diameter growth submodel of the Southern Variant of FVS. In Third Forest Vegetation Simulator Conference; RMRS-P-54; USDA Forest Service, Rocky Mountain Research Station: Fort Collins, CO, USA, 2008. [Google Scholar]

	45. 
Herring, N.D. Sensitivity Analysis of the Forest Vegetation Simulator Southern Variant (FVS-SN) for Southern Appalachian Hardwoods. M.S. Thesis, Virginia Polytechnic Institute, Blacksburg, VA, USA, 2007..

	46. 
Nicholas, N.S.; Zedaker, S.M. Expected stand behavior: Site quality estimation for southern Appalachian red spruce. For. Ecol. Manag. 1992, 47, 39–50. [Google Scholar] [CrossRef]

	47. 
Smith, D.M.; Larson, B.C.; Kelty, M.J.; Ashton, P.M.S. The Practice of Silviculture: Applied Forest Ecology, 9th ed; John Wiley & Sons: New York, NY, USA, 1997. [Google Scholar]

	48. 
Penman, J., Kruger, D., Galbally, I., Hiraishi, T., Nyenzi, B., Emmanul, S., Buendia, L., Hoppaus, R., Martinsen, T., Meijer, J., Miwa, K., Tanabe, K., Eds.; Intergovernmental Panel on Climate Change. Guidance Good Practice Guidance and Uncertainty Management in National Greenhouse Gas Inventories; IPCC National Greenhouse Gas Inventories Programme, Institute for Global Environmental Strategies: Hayama, Kanagawa, Japan, 2000. Available online: http://www.ipcc-nggip.iges.or.jp/public/gp/english/index.html (accessed on 21 February 2012).

	49. 
Perez-Cruzado, C.; Mohren, G.M.J.; Merino, A.; Rodriguez-Soalleiro, R. Carbon balance for different management practices for fast growing tree species planted on former pastureland in southern Europe: A case study using the CO2Fix model. Eur. J. For. Res. 2012. in press.. [Google Scholar]

	50. 
Huang, C.-H.; Sorenson, C. The economic value of sellng carbon credits from resotred forests: A case study from the navajo Nation’s tribal forests. West. J. Appl. For. 2011, 26, 37–45. [Google Scholar]

	51. 
Kolari, P.; Pumpanen, J.; Rannik, U.; Hanni, I.; Hari, P.; Berninger, F. Carbon balance of different aged Scots pine forests in southern Finland. Glob. Change Biol. 2004, 10, 1106–1119. [Google Scholar] [CrossRef]

	52. 
Odum, E.P. The strategy of ecosystem development. Science 1969, 164, 262–270. [Google Scholar]

	53. 
Drew, T.J.; Flewelling, J.W. Some recent Japanese theories of yield-density relationships and their application to Monterey pine plantations. For. Sci. 1977, 23, 517–534. [Google Scholar]

	54. 
Birdsey, R.A. Carbon Storage and Accumulation in United States Forest Ecosystems; USDA Forest Service, Washington Office (GTR-WO-59): Washington, DC, USA, 1992; p. 51. [Google Scholar]

	55. 
Liski, J.; Palosuo, T.; Peltoniemi, M.; Sievanen, R. Carbon and decomposition model Yasso for forest soils. Ecol. Mod. 2005, 189, 168–182. [Google Scholar] [CrossRef]

	56. 
Jandl, R.; Lindner, M.; Vesterdal, L.; Bauwens, B.; Baritz, R.; Hagedorn, F.; Johnson, D.W.; Minkkinen, K.; Byrne, K.A. How strongly can forest management influence soil carbon sequestration? Geoderma 2007, 137, 253–268. [Google Scholar] [CrossRef]

	57. 
Van Miegroet, H.; Olsson, M. Ecosystem disturbance and soil organic carbon—A review. In Soil Carbon in Sensitive European Ecosystems: From Science to Land Management; Jandl, R., Rodeghiero, M., Olsson, M., Eds.; John Wiley & Sons: West Sussex, UK, 2011. [Google Scholar]





© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  forests-03-00300


  
    		
      forests-03-00300
    


  




  





media/file3.png
860C

— 880¢

— 8.0¢C

— 890C

@ Uneven-aged

=== No-action
e Even-aged

— 850¢

— 8v0c

— 8€0C

— 8¢0c

Low-elevation
Mid-elevation
HiQh—eIeVation

— 810¢C

8002






media/file0.png
N

Cartographic Section, Geography Dept., UWO, 2001/95-00

150 metres mA Contour interval in metres






media/file1.png
Mg Cha’

260
240
220
200
180
160
140
120

240
220
200
180
160
140
120
240
220
200
180
160
140
120

Low-elevation

e No-action
e Even-aged
@ Uneven-aged

Mid-elevation

T

High—elevatioh

——

2003

2013
2023
2033
2043
2053

2063
2073
2083
2093
2103





media/file2.png
€0le
£€60C
£€80¢C
€.0C
€90T
€50C
£¥0C
€€0C
€c0c
€102
€00T

Standing C
Products

rrrr T T T T

Mid-elevation
High-elevation

Low-

T

50 —
0

300
250 | m






