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Abstract:

 We evaluated even- and uneven-aged silvicultural options for slash pine (Pinus elliottii Engelm.) using empirical data and the Forest Vegetation Simulator (FVS) model. Data were collected from a mature unthinned slash pine plantation in a flatwoods site in Florida, and used to simulate six scenarios of even- and uneven-aged silvicultural regimes applied to slash pine stands, including a no-action option. These alternative silvicultural regimes were evaluated for multiple benefits including timber production, carbon storage and stand structural diversity over a period of 100 years. None of the silvicultural regimes maximized all the benefits. While even-aged management options were more efficient in total merchantable timber production (9.78 to 11.02 m3·ha−1·year−1) and overall carbon stocks (3.05 to 3.47 metric tons·ha−1·year−1), uneven-aged management options created overall more complex stand structure (Stand Structural Diversity (computed from Shannon’s Indices values) = 1.92) and maintained a steady flow of yields, particularly sawtimber (34.29 to 58.46 m3·ha−1 every 10 year) and aboveground carbon stocks (56.9 to 77.2 metric tons·ha−1). Optimal achievement of multiple benefits across the landscape, therefore, may require maintaining an assortment of management strategies. Both even- and uneven-aged management options have the potential to improve production and carbon storage of pine forests and are a substantial improvement over no action.
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1. Introduction


Silvicultural options to manage forest stands broadly fall into one of two contrasting approaches, namely even-aged or uneven-aged management [1,2,3]. Even-aged management, as its name infers, involves managing forest stands with trees of a single age-class, which is typically regenerated either naturally or artificially following a clearcut or seed cut. Uneven-aged management, on the other hand, is implemented by maintaining multiple (three or more) age-classes through different kinds of selection cuttings, creating continuous tree cover in a stand at all times. Both even-aged and uneven-aged methods may employ different intensities and frequencies of harvests over time depending on rotation lengths or cutting cycles set in their management plans [1,2]. Both types of forest management have numerous economic, ecological, social, and cultural implications [4,5].



Beginning in the mid 1900s, the southern United States saw a dramatic shift in acreage of pine forest ecosystems managed using even-aged approaches. The simplicity of operations and logistics and means to efficiently plant pure stands of desirable species led to huge popularity of even-aged management among industrial and non-industrial landowners, especially for economically important timber species such as loblolly and slash pine [6]. Many naturally regenerating structurally complex uneven-aged forest stands in the southern United States were clearcut and managed using even-aged silviculture [6], resulting in the southern United States having the most intensively managed forests in the country [7]. In fact, over the last 50 years, the area of planted pine in the southern United States grew from virtually nonexistent to 15 million hectares or about 19% of forests, and timber production more than doubled [8]. Over the same period, the area under uneven-aged forest stands reduced from an estimated 1.3 million hectares to less than 80,000 hectares [6]. Forecasts suggest that the area of planted pine could further increase from the current 19% to between 24% and 36% by 2060 [7].



This trend of management, with a single focus on timber production has led to large-scale stand conversion, and raised concerns about its adverse ecological effects on biodiversity and wildlife habitat, among other ecosystem properties [5,6,9,10]. In addition, it is also projected that the population in the southern United States will increase by 40%–60% by 2060, leading to increased demand for forest products, ecosystem services, and recreational forests in the region [7]. These considerations have led many public agencies and some private landowners to reconsider their management options [10,11,12]. However, forest managers and practitioners find themselves in an uninformed situation, and their difficulty is compounded by lack of studies that comprehensively evaluate the tradeoffs between production and ecosystem services in choosing either even- or uneven-aged management systems in southern pines.



In fact, there are a number of questions to consider when choosing between management options. What are the implications of practicing intensive even-aged forestry versus maintaining structurally diverse uneven-aged stands for long-term timber production, ecosystem services such as carbon sequestration and provision of wildlife habitat, and other social benefits such as aesthetics and recreation? Is even-aged management really more productive in the long-term? Is even-aged management better at producing both small- and large-sized timber? How do these two management options compare for carbon storage? How will wildlife habitat, aesthetics and other ecosystem services associated with forest structural attributes be affected? We try to answer and discuss these questions by evaluating these alternative management options using empirical data and simulation modeling. Simulation modeling is especially helpful in such cases in lieu of evidence that generally takes several decades to develop with experimental field trials [13,14].



Since most of the pine forestlands in the southern United States currently exist under intensively managed plantations, we evaluated what the fate of a slash pine (Pinus elliottii Engelm.) plantation stand would be if (1) it continued to be managed as an even-aged plantation following the currently common management regimes; (2) if it were converted to and managed as an uneven-aged stand; or (3) if no action was taken. We used stand inventory data from a mature even-aged plantation and the United States Department of Agriculture (USDA) Forest Service’s Forest Vegetation Simulator (FVS) model [15] to assess these alternatives for their long-term benefits in terms of structural diversity, carbon stocks, and merchantable timber production over a 100-year period. We chose slash pine as an example species for the study as it is one of the commercially most important species in southeastern United States with total acreage including mixed stands with longleaf pine (Pinus palustris Mill.) of 5.3 million hectares in 2007 [16] as well as being a significant component of natural wet and hydric pine flatwoods of the Gulf Coastal Plain area.




2. Materials and Methods


2.1. Simulation Input Data


We collected diameter at breast height (dbh) and species data for all the trees greater than 10 cm dbh from a 32-year-old unthinned slash pine plantation on a flatwoods site at Tate’s Hell State Forest, FL (29.83, −84.79) from five randomly established sample plots of 25 m × 25 m. Within the 25 m × 25 m plot, we measured all trees smaller than 10 cm dbh in two 5 m × 5 m plots at diagonally opposite corners. These data were input to FVS to initiate the growth simulation (Figure 1).


Figure 1. Inventory stand data input to Forest Vegetation Simulator to simulate alternative management regimes in managing slash pine (Pinus elliottii Engelm.). Dense stand conditions and absence of any hardwood control measures in the past few years had resulted in dense shrubby undergrowth. A few large overstory hardwood trees left uncut at the end of last rotation also existed. Stand basal area was approximately 35 ± 3.7 m2·ha−1.
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2.2. Model Description


We used FVS Model Version 1108—Southern U.S. PROGNOSIS RV: 11/20/13, developed by the USDA Forest Service (Fort Collins, CO, USA). FVS is a distance-independent, individual-tree forest growth model that uses individual stands as the basic units of projection. The required input key variables of each tree are its species and diameter, but information on height, crown ratio, diameter growth, and height growth may also be entered. The key variables for each sample point, or plot, include slope, elevation, aspect, density, and a measure of site potential. The self-calibration feature of FVS allows its internal growth models to adjust and match the measured growth rates of a particular location consistent with the source of the input data, thereby enabling the model to adapt to the local conditions [15,17].



FVS has the ability to simulate many types of harvest and other silvicultural activities, and can be applied to a variety of forest types and stand structures ranging from even-aged to uneven-aged and single to mixed species [15,17,18,19]. The user has the option to specify how many trees or the basal area from which size-classes should be retained at the end of any simulation cycle, along with other activities such as shrub removal or artificial planting. Typical growth and mortality rates are predicted as functions of postharvest conditions (residual densities/basal area, etc.). Broadly, the FVS model has four primary components: diameter growth, height growth, mortality, and crown change. Diameter growth, height growth, and crown change models are further divided into submodels that pertain to “small” trees (≤7.6 cm dbh) and those that pertain to “large” trees (≥7.6 cm dbh). The small tree growth relationships are driven by tree height from which diameter growth is then estimated. On the other hand, the large tree growth relationships are driven by diameter first, and then height growth is estimated from diameter growth and other tree and stand variables. The growth cycles in the simulator are set to 5- or 10-year time steps with up to 40 cycles allowed per simulation [15,17].



The southern variant of FVS, however, does not have a full regeneration model. The user must schedule regeneration (natural or planting) events by specifying input values for density and age and/or size of seedlings. The FVS model is widely used [10,20,21,22,23,24] and more details about its contents, description, structure, and applications can be found in Crookston and Dixon [15], Dixon [17], Donnelly et al. [18], Keyser [19], McGaughey [25], and van Dyck and Smith [26].



The inventory data collected from the slash pine plantation were used to initialize the simulations in FVS model using specific control variables (Table 1). Parameter inputs (e.g., location, ecological codes etc.) were selected which best represented the site conditions at our study area [19].



Table 1. Control variables inputs specified to FVS-southern variant to control the simulation for the study.



	
Parameter or Attribute

	
Input Setting






	
Location Code

	
80501 (Apalachicola National Forest in Florida, Latitude: 30.44 N, Longitude: 84.28 W)




	
Ecological Unit codes

	
232Dd (Gulf coastal lowlands)




	
Slope (%)

	
0




	
Aspect

	
0




	
Elevation(m)

	
9.15




	
Site Species Codes (Alpha code)

	
SA, PC, MV,OH, WT




	
Site Index(m) for slash pine

	
25.91




	
Number of projection cycles

	
20




	
Projection cycle length

	
5




	
Volume equations

	
National Volume Estimator Library




	
Volume Specifications:




	
Minimum Diameter at Breast Height/Top Diameter Inside

	
Pulpwood

	
Sawtimber




	
Bark (cm)

Stump Height (cm)

	
10.2/10.2

30.5

	
25.4/17.8

30.5




	
Sampling Design




	
Large trees (fixed area plot)

	
−6.5




	
Small trees (fixed area plot)

	
81




	
Breakpoint Diameter at Breast Height (cm) 1

	
10.2








1 Trees equal to or larger than the breakpoint diameter were measured in large fixed area plots (25 m × 25 m), and trees with diameters below the breakpoint were measured in two small fixed area plots (5 m × 5 m each) within the large plots. 








The outputs generated from FVS were used to calculate structural diversity, carbon stocks, and merchantable timber production as described in Section 2.4.




2.3. Description of Management Regimes


We simulated multiple even- and uneven-aged management scenarios representing alternative management regimes for pine flatwoods in Florida, as well as a no-action option.



2.3.1. Even-Aged Management Scenarios


A range of even-aged silvicultural regimes are currently practiced to manage pine stands in the southern United States that vary depending on species, management objectives, site conditions, planting densities, and desired rotation length among other factors [27]. For our study, we chose four different regimes of intensive plantation forestry practiced in the southern United States. In three of these even-aged scenarios, stands were established at initial planting densities of 1236 (Low Density, LD), 1780 (Moderate Density, MD) or 2224 (High Density, HD) seedlings per hectare. These three scenarios were then thinned at stand age of 20 years to residual basal areas of 16.1 m2·ha−1, clearcut at rotation of 35 years, and again planted the following year to repeat the rotation for the rest of the simulation period. These scenarios represented common regimes for multiple products (sawtimber and pulpwood) in southern pines. The fourth even-aged scenario represented an intensively managed pulpwood plantation (PP) regime. In this scenario, a stand was established at initial density of 2224 seedlings·ha−1 and clearcut at 25 years without any thinning, and again planted the next year to repeat the rotation for the duration of simulation period. We named these four scenarios EAM-LD (Even-Aged Management-Low Density), EAM-MD (Even-Aged Management-Medium Density), EAM-HD (Even-Aged Management-High Density), and EAM-PP (Even-Aged Management-Pulpwood Plantation), respectively (Table 2). All the scenarios were implemented following clearcutting of the existing mature stand.



Table 2. Scenarios representing common even- and uneven-aged silvicultural regimes for slash pine in flatwood sites as simulated in the study.



	

	
Scenarios 1




	
No Action

	
UAM

	
EAM-LD

	
EAM-MD

	
EAM-HD

	
EAM-PP






	
Description

	
No silvicultural intervention

	
Uneven-aged management

	
Even-aged management with low initial planting density

	
Even-aged management with moderate initial planting density

	
Even-aged management—high initial planting density

	
Even-aged management forpulpwood production with high initial planting density and no thinning.




	
Residual Basal Área (B) (m2·ha−1)

	
NA 2

	
Low thinning (seed cut) at first cutting cycle reducing basal area to 11.5 m2·ha−1; Second cutting cycle (thinning across the diameter classes) and successive cutting cycles implementing BDq cut reducing basal area to 11.5 m2·ha−1

	
16.1 m2·ha−1

	
16.1 m2·ha−1

	
16.1 m2·ha−1

	
NA




	
Maximum Diameter (D) (cm)

	
NA

	
>61

	
NA

	
NA

	
NA

	
NA




	
Diminution Quotient (q)

	
NA

	
1.4

	
NA

	
NA

	
NA

	
NA




	
Cutting Cycle (years)

	
NA

	
10

	
NA

	
NA

	
NA

	
NA




	
Rotation (years)

	
NA

	
NA

	
35

	
35

	
35

	
25




	
Thinnings

	
NA

	
NA

	
Third row thin at 20 year, reducing basal area to 16.1 m2·ha−1

	
Same as EAM-LD

	
Same as EAM-LD

	
None




	
Regeneration 3 (seedlings/ha)

	
NA

	
1250

	
1236

	
1780

	
2224

	
2224








1 UAM, Uneven-Aged Management; EAM-LD, Even-Aged Management-Low Density; EAM-MD, Even-Aged Management-Medium Density; EAM-HD, Even-Aged Management-High Density; and EAM-PP, Even-Aged Management-Pulpwood Plantation; 2 Not Applicable; 3 Regeneration was input in Forest Vegetation Simulator’s partial regeneration establishment extension as number of seedlings of (a) average age of four years observed four years after clearcuts in even aged scenario; and (b) average age of three years observed after four years of regeneration cuttings in each cutting cycle for uneven-aged scenario.








We consider scenario EAM-MD to represent the most common even-aged management prescription followed by the state and other agencies and private landowners on slash pine flatwood sites where the input data were collected.




2.3.2. Uneven-Aged Management


There are numerous suggested methods to convert a plantation and manage it using uneven-aged silviculture [10,11,28,29]. We chose a strategy that involved implementing a “thinning from below” during the first cutting cycle, followed by thinning across diameter classes at the second cutting cycle, and then following with selection cuts (based on the BDq approach) from the third cutting cycle onwards [10] (Table 2). The uneven-aged stand under this scenario developed and maintained a typical reverse J-shaped diameter distribution [1,2] with residual basal area (B) of 11.5 m2·ha−1, a maximum dbh (D) of 61 cm, and q-factor of 1.4 for diameter class width of 5 cm. Cutting cycle harvests were scheduled every 10 years, with the first cut at the beginning of the simulation. For regeneration purposes, we assumed that 1250 slash pine seedlings of the average age of 3 years per hectare were regenerated 4 years following the harvest in each cutting cycle. In a previous study [10], we found that the slash pine stand structure and growth was not very sensitive to higher or lower regeneration levels compared to 1250 slash pine seedlings per hectare. In practice, pine regeneration, in both uneven-aged and even-aged stands, is often concurrent with considerable amounts of hardwoods and other competing vegetation that could limit regeneration survival without adequate site preparation. For modeling purposes, we assumed that the competing vegetation in the stands was kept under control using mechanical means, fire and/or herbicides.




2.3.3. No-Action


This scenario represented a case when the existing stand was allowed to grow without any silvicultural intervention during the simulation period. That is, no harvest or regeneration events were scheduled.



In all scenarios, simulation outputs included a tree list, a carbon report, a stand summary, and a cut list [17]. Individual trees in the tree list were then classified into diameter classes and height classes. We used a total of 14 diameter classes with class widths of 5.1 cm, ranging from size 0 (less than 2.54 cm) to 71.1+ cm (equal to or greater than 68.6 cm). For height, we used a total of 13 height classes with class widths of 3 m, ranging from 0 (less than 1.5 m) to 39.6+ m (equal to or greater than 38.1 m). In both the cases, the classes represented the mid points of the class widths.





2.4. Evaluation of Management Regimes


Each scenario was evaluated based on the resulting stand structural diversity, carbon stocks and merchantable timber.



2.4.1. Stand Structural Diversity


At every cycle of the simulation period, we calculated Shannon’s diversity index for both the diameter class and height class distributions with respect to the basal area constituted by them. Shannon’s index was calculated as equal to −∑pi ln pi, where “p” is the proportion of basal area constituted by a diameter class “i” [30]. Stand structural diversity was then obtained as the average of Shannon’s diversity index values for both diameter and height classes [10]. Values were plotted over time and the average of stand structural diversity values at all cycles during a simulation was calculated as average stand structural diversity under a given scenario. To estimate variability around the average stand structural diversity, we determined the coefficient of variation (CV) for each scenario.




2.4.2. Carbon Stock


The outputs of the carbon reports obtained from the model were grouped into aboveground stored carbon (consisting of aboveground live tree, standing dead trees, down dead wood, forest floor, and understory), belowground stored carbon (consisting of belowground live tree, and belowground dead tree), and total carbon removed in harvest at each year during the simulation period [31]. The total stand carbon at a given time was the sum of above and belowground stored carbon at that time. The following additional variables were calculated:

	(a)

	
Total stand carbon at the beginning of the simulation (year 0) = Total aboveground stored carbon in year 0 + Total belowground stored carbon in year 0,




	(b)

	
Total stand carbon at the end of the simulation (year 100) = Total aboveground stored carbon in year 100 + Total belowground stored carbon in year 100, and




	(c)

	
Total additional carbon stored during the simulation period = (Total stand carbon at the end of simulation (year 100) + sum of carbon harvested during different cycles in simulation period) − Total stand carbon in the beginning of simulation (year 0).









Average annual carbon stock for each scenario was obtained by dividing the total additional carbon stored by 100.




2.4.3. Timber Production


From the FVS summary output generated in the simulations, we calculated values of the following variables:

	(a)

	
Total merchantable timber produced during the simulation period = Total merchantable timber removed during simulation + Total merchantable timber left standing after year 100 − Total merchantable timber in year 0, and




	(b)

	
Total sawtimber produced during the simulation period = Total sawtimber removed during simulation + Total sawtimber left standing after year 100 − Total sawtimber in year 0.









Average annual production of these variables was then obtained by dividing the totals by 100.





2.5. Statistical Analyses


As recommended by Hamilton [32] for the application of FVS, we ran 3 simulations for each scenario reseeding the random number generator. Means were then calculated for average annual values of stand structural diversity, carbon stocks, merchantable timber, and sawtimber for each scenario. Analyses of variance (ANOVA) were carried out and Tukey’s HSD (Honestly Significant Difference) test was performed at α = 0.05 to test for significant differences in the means for all the scenarios.





3. Results


3.1. Stand Structural Diversity


Clear differences were found in the patterns of stand structural diversity among the scenarios. Uneven-aged management resulted in significantly higher stand structural diversity (1.92) than no-action (1.82) and even more so over all the even-aged scenarios averaged over the simulation period. Average stand structural diversity for even-aged management scenarios ranged from just 0.48 for EAM-LD and EAM-MD to 0.38 for EAM-PP. EAM-PP resulted in the least average stand structural diversity, significantly lower than other even-aged scenarios managed for multiple sawtimber-pulpwood products (Figure 2). The even-aged scenarios also resulted in substantially higher variability in stand structural diversity than those of uneven-aged or no-action scenarios over the simulation period. The pulpwood plantation regime (EAM-PP) resulted in the highest coefficient of variation (CV) of 100%, while uneven-aged and no-action scenarios had the lowest CVs of 17.9% and 3.0%, respectively. Other even-aged management scenarios EAM-LD, EAM-MD, and EAM-HD had CVs of 82.5%, 81.4%, and 82.7%, respectively.


Figure 2. Stand structural diversity (average Shannon’s index value) under alternative management scenarios for slash pine, averaged over a 100-year simulation period. The values of stand structural diversity with the same letter did not differ significantly.
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Over the simulation period in the uneven-aged management scenario, stand structural diversity decreased from an initial value of 1.71 to 1.02 during the initial conversion period (thinning from below) that resulted in fewer size-classes in the residual stand. Later in the simulation, stand structural diversity increased gradually with minor fluctuations to surpass the initial level and reach a maximum of 2.27 at the end of 100 years (Figure 3). The no-action scenario more or less maintained, or slightly increased stand structural diversity. In the even-aged stands, dramatic fluctuations were evident in the patterns of structural diversity, which corresponded to the rotations (Figure 3). In EAM-MD, for example, the stand structural diversity dropped from the initial value of 1.71 to 0 as a clearcut was implemented and planting was done in the beginning years of the simulation. The stand then grew and differentiated into an increasing number of size classes resulting in a gradual increase in structural diversity from 0 to as much as 0.79 during a rotation before falling to 0 again at the beginning of next rotation. Even at its highest level, structural diversity in any even-aged management scenario at any time during the simulation period was never at the same level as that of the uneven-aged or no-action scenarios.


Figure 3. Temporal dynamics of stand structural diversity during the 100-year simulation period under alternative management scenarios for slash pine.



[image: Forests 07 00086 g003 1024]







3.2. Timber Production


While all the scenarios significantly differed from one another in total merchantable timber production, all the even-aged management scenarios resulted in similar and significantly higher total merchantable timber production (9.78 to 11.02 m3·ha−1·year−1) than the uneven-aged management scenario (5.58 m3·ha−1·year−1), which, in turn, produced higher value than the no-action scenario (2.43 m3·ha−1·year−1) (Figure 4).


Figure 4. Timber production under alternative management scenarios for slash pine. Values with different letters within each of the two variables differed significantly from each other.
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However, the pattern of sawtimber production across the scenarios differed from that of total merchantable production. Not surprisingly, in the EAM-PP scenario that represented a pulpwood plantation regime, the least amount of sawtimber (1.38 m3·ha−1·year−1) was produced. Uneven-aged management produced a similar amount of sawtimber as two of the even-aged scenarios (EAM-MD and EAM-HD), though just slightly lower than the even-aged scenario with the lower initial planting density (EAM-LD).



Yields obtained from thinning across the even-aged management scenarios (excluding EAM-PP) at 20 years into each rotation were between 50.03 and 91.99 m3·ha−1 and consisted of almost entirely (>98%) pulpwood, and yields obtained from clearcutting at the ends of rotations (35 years) over the simulation period consisted of approximately 30% to 40% pulpwood (88.70 to 119.77 m3·ha−1) and 60% to 70% sawtimber (179.92 to 209.03 m3·ha−1) (Figure 5). Pulpwood production regime (EAM-PP) resulted in 83% to 89% pulpwood (213.1 to 224.1 m3·ha−1) out of the total production (255.80 to 258.37 m3·ha−1) for each 25-year rotation.


Figure 5. Timber yields at multiple cutting cycles during the 100-year simulation period under alternative management scenarios for slash pine. The “No Action” scenario in which no harvest was carried out did not yield (remove) any timber during the simulation period.
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Uneven-aged management, though not as productive overall in total merchantable production as even-aged management options, produced a steady and nearly similar output of sawtimber (34.29 to 54.86 m3·ha−1) compared to even-aged options. Sawtimber production during most cutting cycles constituted more than 80% of total merchantable timber (51.97 to 60.53 m3·ha−1) every 10 years. In the no-action scenario, growth added during the simulation period primarily led to increases in available sawtimber volume, although no yields were obtained as no harvests were carried out.




3.3. Carbon Stocks


Carbon stocks broadly followed the patterns of total merchantable timber in all scenarios, with all of the even-aged scenarios again resulting in significantly and substantially higher average annual carbon stocks (3.05 to 3.47 metric tons·ha−1·year−1) and the no-action scenario leading to the lowest quantity (0.93 metric tons·ha−1·year−1). Uneven-aged management resulted in moderate amounts of annual carbon stocks (1.80 metric tons·ha−1·year−1) (Figure 6).


Figure 6. Total carbon stock added annually in alternative management scenarios for slash pine. The values of carbon stock with the same letter did not differ significantly.
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About 70% of total carbon stocks consisted of the harvested timber in uneven-aged management and pulpwood production regime; this value increased to 75% in the rest of the even-aged scenarios (Figure 7). Not surprisingly, the no-action scenario in which no harvests were made consistently maintained the highest amounts of aboveground as well as belowground carbon stocks during the simulation period. Belowground carbon was the smallest constituent of total carbon stocks in all of the scenarios.


Figure 7. Total carbon (standing + harvested during the simulation period) under alternative management regimes for slash pine.
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With regard to total standing carbon (aboveground plus belowground carbon in the stand at a given time excluding the harvested carbon), not surprisingly, the no-action scenario maintained gradually increasing amounts of total stand carbon that increased from 107.8 metric tons·ha−1 to 200.7 metric tons·ha−1 over 100 years (Figure 8). Uneven-aged management maintained steady carbon stocks ranging between 56.9 and 77.2 metric tons·ha−1. Even-aged management scenarios maintained carbon stocks that fluctuated widely between 25.9 and 129.9 metric tons·ha−1 over the simulation period. However, unlike timber production, carbon stocks in even-aged management scenarios never dropped to zero because of consistent belowground carbon stocks (Figure 8).


Figure 8. Temporal dynamics of total stand carbon (aboveground and belowground) during the 100-year simulation period under alternative management scenarios for slash pine.
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4. Discussion


4.1. Implications for Forest Management


Our study showed that even-aged management options were more efficient at total merchantable timber production while uneven-aged management created complex stand structure and maintained steady flow of yields, particularly sawtimber, and aboveground carbon stocks. Both even- and uneven-aged managements have the potential to improve production and carbon storage of pine forests and are substantial improvements over the no-action option.



Uneven-aged management resulted in higher average stand structural diversity and more consistent values over the simulation period than even-aged management. The structural diversity associated with uneven-aged stands is generally associated with enhancing species diversity and niche availability for both plant and animal species [33,34,35,36]. Maintaining consistent cover of large trees is also particularly important for some species, such as the threatened red-cockaded woodpecker (Picoides borealis Vieillot), which primarily utilizes longleaf pine species but will also nest in slash pine in hydric flatwoods [37]. Slash pine when managed using group selection system may also provide additional niche diversity by adding horizontally distributed, small even-aged gaps across the uneven-aged stand. On the other hand, in even-aged stands, greater variability in structure over time may provide for habitats to different species at different stages of stand development, particularly for those requiring early successional habitats [38,39].



As in our study, several studies on southern pines have also reported higher total timber production in even-aged stands [40,41,42]. Bragg and Guldin [43] simulated carbon sequestration in even- and uneven-aged loblolly and shortleaf pine dominated stands in the southern United States by accounting for live standing carbon as well as product pools with varying half-lives and reported that over a 100-year period the even-aged stands (naturally originated seed tree stand and short-rotation loblolly plantation) sequestered approximately 120 metric tons·ha−1 of carbon in live tree and product pools, or about 50% more than the uneven-aged stands. They also reported similar patterns of fluctuating aboveground biomass in even-aged stands and maintenance of steady aboveground carbon in uneven-aged stands as arose in our simulations. Averaged over the period, annual carbon sequestration in Bragg and Guldin [43] ranged from 0.38 to 1.11 to 1.16 metric tons·ha−1 for the uneven-aged, seed tree, and plantation, respectively. If Bragg and Guldin [43] considered only carbon accumulation via growth, and did not account for simultaneous losses (thus making their methods more similar to our methods), average annual carbon accumulation values of 0.81, 3.36, and 4.82 metric tons·ha−1·year−1 approximately were calculated for the uneven-aged stand, the seed tree stand, and the plantation in this study, respectively, which are comparable to the values generated in our simulation.



Carbon stocks and total timber production, although significantly higher under even-aged management scenarios, consisted of disproportionately higher amount of pulpwood as compared to those in uneven-aged management. This may be an important consideration because higher productivity or stored carbon does not necessarily infer higher long-term carbon benefits as carbon sequestration may depend on the end products (such as sawtimber or pulpwood derived products), which have varying half-lives [43]. Understandably, pulpwood will have a shorter half-life as compared to sawtimber [44]. Therefore, carbon benefits may not be proportional to the total timber production in each management scenario [45]. As such, it is possible that management of southern pines geared toward quality sawlog production may sequester more carbon over the long-term than short-rotation pulpwood plantations [43]. In our study, sawtimber production was just slightly higher in the even-aged scenario with low initial planting density than the uneven-aged scenario but was similar when initial planting density in even-aged scenarios increased to moderate and high levels on a 35 year rotation. When the rotation length was reduced and the planting density increased as in the pulpwood plantation scenario, sawtimber production was significantly reduced to the lowest level among all the scenarios, including the uneven-aged and the no action scenarios. The relative amount of sawtimber and pulpwood produced in a management system, therefore, can also have significant impact on the long-term carbon sequestration. Additionally, managing uneven-aged stands on a more irregular basis with longer cutting cycles, as we found in Sharma et al. [10] and other studies [43,46], may also result in carbon accumulation similar or higher to those in even-aged stands.



Although we did not do any economic analysis, several other studies have compared these two management alternatives, albeit primarily focused on timber. While Cafferata and Kemperer [47] and Axelsson and Angelstam [48] reported even-aged management to be financially superior, some other comprehensive studies [3,9,33,49,50,51,52,53] have found uneven-aged stands to be equally or more financially attractive. Uneven-aged management, unlike even-aged management, also offers the opportunity of regular, continuous income from the southern pine forests [9]. However, even-aged plantation forestry offers the potential to significantly increase productivity over time through the use of improved genetic material, seedling production technology, site preparation, and other intensive operations such as fertilization and vegetation control, which would lead to increased financial returns over time [54]. While some suggest that these advantages will result in increased timber productivity on a smaller land-base, others still have concern about the potential ecological impacts of intensive plantation management if used solely for financial objectives, particularly since wide-scale land-use change from natural forests to forest plantations has resulted in significant loss of biodiversity and habitat in the past [55].



Our study has shown the tradeoffs of forest structure and productivity for alternative management systems for southern pine forests. None of the management scenarios will maximize production, carbon storage and structural complexity simultaneously. The projected increase in population and demand for diverse forest products and services in the southern United States may not be met with any single management system dominating over vast expanses of regional landscapes. Therefore, optimal achievement of multiple benefits may require maintaining an assortment of alternative management strategies over the landscape [4]. Other management options may include a compromise between the two alternatives in which the land managers may devise strategies that maintain uneven-aged stands with a little longer cutting cycle to balance the objectives of production and carbon storage along with services associated with complex forest structure.




4.2. Limitations of the Study


This study used a simple set of the alternative even- and uneven-aged management options to evaluate outcomes for a southern pine species. In practice, management regimes would be complex and highly variable involving different combinations of cutting cycles or rotations and residual basal areas along with many confounding factors or additional intensive operations like fertilization, herb and shrub control, etc. Fire, which is an important ecological disturbance as well as management tool in these ecosystems, was also not modeled. A number of other factors related to management such as continuously improving genetic stock of artificially regenerated slash pine, or changing climatic conditions, which could lead to stochastic events such as hurricane-induced mortality, etc., have the potential to drastically affect the performances of the management options. FVS carbon reporting also did not include carbon fluxes such as management related emissions (e.g., carbon emitted from equipment use when harvesting and transporting timber, transporting nursery stock for planting, etc.). A complete carbon footprint analysis would include life-cycle assessment of all aspects of forest management, such as the emissions associated with the production, transportation, and application of fertilizers [31]. Economic analyses in terms of costs and benefits of activities and products in different management scenarios will have a huge impact in management decision-making.





5. Conclusions


The challenge to forest management on many lands is to optimize the provision of both commodity and non-commodity services. No single management alternative will lead to maximization of all products and services. There are always tradeoffs involved. While even-aged systems will tend to maximize total merchantable timber production, uneven-aged systems will maximize structural diversity and related ecosystem services requiring such diversity. Uneven-aged management also produces sawtimber and carbon stocks comparable to even-aged management, on a shorter and more regular interval. Thus, uneven-aged management of forest may represent a good balance of meeting multiple objectives for environmental services and habitats as well as sawtimber on a stand level, while even-aged management may be preferred by land managers when a high amount of timber and primarily pulpwood production is of paramount importance. On a landscape scale, optimal achievement of multiple benefits may require maintaining an assortment of management strategies.
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