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M. DEL RÍO, I. BARBEITO, A. BRAVO-OVIEDO, R. CALAMA, I. CAÑELLAS, C. HERRERO, F. BRAVO



CARBON SEQUESTRATION IN MEDITERRANEAN PINE FORESTS



1. INTRODUCTION Quantifying the carbon balance in forests is one of the main challenges if carbon fixation is to be considered amongst the objectives of forest management (Montero et al., 2005). Carbon is accumulated in forests through an increment in biomass, dead organic matter and soil carbon, and is released through respiration and decomposition. In the Mediterranean area, forest fires are also an important way of releasing CO2 to the atmosphere. Due to the complexity of making a global evaluation of all these processes, studies of sub-processes are necessary to better understand the processes involved. Carbon stored in vegetation is of great interest from a management point of view since, on one hand, carbon storage is easily modified through silvilcultural practices (e.g., rotation length, thinning, etc.), while, on the other hand, the amount of carbon affects the mean lifespan of wood products. Aboveground biomass is usually estimated from forest inventories through biomass equations and expansion factors at different spatial scales (e.g. Isaev et al., 1995; Schroeder et al., 1997; Fang & Wang, 2001; Barrio-Anta et al., 2006), whereas belowground biomass is often indirectly estimated from the aboveground biomass. Information for other biomass components such as litter, dead organic matter or soil carbon is less available, because these elements are more difficult to measure and in many cases are more spatially variable than other components. However, our knowledge with regard to these components has increased over the last decade (i.e. Isaev et al., 1995; Lofroth, 1995; Schelesinger & Andrews, 2000). More research is required into the effects of forest management on the carbon (C) cycle so that C storage can be integrated into management strategies. In this respect, historical records are useful for analysing the effects of past management activities on C stocks and models can be developed to estimate future C stocks under different management alternatives (Kolari et al., 2004; Balboa-Murias et al., 2006). Furthermore, it is important to consider global change, since a modification in growth rates is expected for many species under forecasted changes in temperature and rainfall (Cao & Woodward, 1998; Schroeter et al., 2005). Most empirical growth and yield models are
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based on historical data under different climatic conditions than those forecasted and are not able to account for these possible climatic changes (Pretzsch, 2002). Because of expected climate changes, long-term forest management in some Mediterranean areas will require the development of locally adapted sustainable forest management practices in the form of new silvicultural strategies to improve the resilience of the ecosystem and thus enable the continued provision of goods and services, including C storage (Scarascia-Mugnozza et al., 2000). These new strategies should be based on historical analyses as well as on ecological knowledge in order to determine the extent to which the current condition of the forest is defined by traditional forest management practices. In Mediterranean forests, species of the Pinus genus play a prominent role due to their widespread distribution and their ecological and socio-economical importance. Five species compose Mediterranean pine forests in Spain: Pinus halenpensis Mill. (aleppo pine), P. nigra Arn. (European black pine), P. pinea L. (Italian stone pine), P. pinaster Ait. (Maritime pine) and P. sylvestris L. (Scots pine). These species cover more than 4 million ha as dominant species (Table 1), representing about 15% of the national forest surface and 37% of forests with canopy coverages above 20% (Cañellas et al., 2006). Table 1. Area of pine forests in Spain by species according to the second National Forest Inventory (in thousands of hectares).



Species



Occuring as the Dominant species



Co-dominant with



Total



other species



Pinus halepensis



1,365



135



1,500



Pinus nigra



525



338



863



Pinus pinea



223



147



370



Pinus pinaster



1,058



626



1,684



Pinus sylvestris



840



370



1,210



Because of the variability in forest typologies as well as in ecological and socioeconomic conditions, the management objectives in Mediterranean pinewoods are diverse, although protection is a key function of many pine forests. In this respect, pine species are most frequently used in afforestation programmes and therefore, are of particular interest in terms of carbon sequestration. According to Montero et al., (2005), carbon accumulation in Spanish pine forests was over 535 million of Mg in 1990, based on the second National Forest Inventory. The annual amount of biomass extracted as a result of pine harvesting is considerably less than that produced by the annual carbon sequestration through forest growth of around 22 million of Mg (Table 2). More than half of the total CO2 stored in the pine forests is stored in Pinus pinaster and P. sylvestris forests.
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Table 2. CO2 Balance (million of Mg) for Mediterranean pine forests in Spain according to Montero et al. (2005)



Species



CO2 (1990)



Pinus halepensis Pinus nigra Pinus pinea Pinus pinaster Pinus sylvestris Total



78.96 91.50 41.62 159.47 165.10 536.65



CO2 sequestration (biomass growth/year) 3.65 5.04 1.88 8.41 9.41 28.39



CO2 extractions (harvest/year) 0.52 0.48 0.35 4.20 0.91 6.46



In this chapter, estimates of carbon sequestration in Mediterranean pine forests from a number of studies and areas are presented along with associated information on how forest management influences this process. The estimates come from a number of sources including carbon stock estimates under different management plans using a chronosequence trial, under different thinning regimes or age structures using growth models, and from a model for estimating coarse woody debris. 2. CARBON STOCKS OVER TIME FOR TWO SCOTS PINE FORESTS Carbon stocks are known to vary greatly during stand development and depend upon the site and the type of management employed. Previous studies in Mediterranean Scots pine forests suggest that the total amount of biomass varies greatly between woodlands because of site differences (Gracia et al., 2000). Most carbon budget estimates are based on measurements from middle-aged or mature stands, and little data are available for different stages of forest succession (Kolari et al., 2004). In this section, we evaluate the relationship between carbon storage and different types of management over the length of the harvest rotation in Scots pine stands. 2.1.Dataset A chronosequence trial was established in Pinar de Valsain and Pinar de Navafria managed Scots pine (Pinus sylvestris L.) forests located in the Central Mountain Range of Spain. In Valsain, a uniform shelterwood system has been applied, opening the stand gradually and allowing regeneration to take place naturally over a 40-year period. A moderate thinning regime was applied from the stem-exclusion stage onwards. In Navafria, soil preparation was generally required for natural regeneration to occur, although when this does not succeed, seedlings were planted. An intensive thinning regime was applied from the early stages. Data were collected on eight 0.5 ha rectangular permanent research plots installed in Valsaín and five in Navafria (Table 3). These plots cover all the current age classes in both forests: from 1-120 years in Valsain, where rotation length is 120 years, and from
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1-100 years in Navafria, where rotation length is 100 years. Two additional plots were installed at Valsain in uneven stands at the upper and lower limits of the Scots pine elevation gradient where few silvicultural interventions are carried out. At the lower limit (1300 m), Scots pine appears mixed with Pyrenean oak (Quercus pyrenaica Willd.) while at the upper limit (1800 m), the pinewood is mixed with high mountain shrubs, mainly with Juniperus communis L. ssp alpina. Table 3. Stand level variables in the experimental plots at Valsain and Navafria: Plot size (m x m); Age class (years); N, number of trees per ha; D, mean diameter outside bark at 1.3 m above ground (cm); BA, basal area (m2/ha); H, mean height (m).



Forest Plot Plot size V1



10x50



Age class 1-20



N



N



D



D



BA



H



H



≥10cm ≤10cm ≥10cm ≤10cm ≥10cm ≤10cm 584 7468 20.2 2.4 34.4 13.6 3.1



V2 85x58.8



21-40



1668



936



16.0



4.6



41.0



14.3



6.3



V3 100x50



41-60



1322



0



20.5



-



48.5



16.4



-



V4 100x50



61-80



686



0



30.5



-



5.3..3 23.5



-



V5 70.7x70.7 81-100



550



0



34.6



-



54



22.1



-



V6 100x50



334



318



38.3



1.5



41.4



24.0



2.1



V7 70.7x70.7 Uneven



608



964



18.8



1.6



25.2



11.5



2.4



V8 100x50 Uneven



578



244



19.9



3.6



22.7



10.0



3.3



N1 70.7x70.7 1-20



0



6522



-



6.9



27.8



-



5.9



N2 110x45.5 21-40



4488



0



41.1



-



41.8



12.0



-



Navafria N3 70.7x70.7 41-60



680



0



32.9



-



60.6



22



-



N4 70.7x70.7 61-80



364



0



40.6



-



48.2



20.4



-



N5 70.7x70.7 81-100



304



0



42.5



-



44.2



22.1



-



Valsain



101-



2.2. Biomass equations and Carbon estimations Oven dry biomass for the whole tree was estimated as the sum of aboveground and belowground biomass components estimated using the equations developed by Montero et al. (2005) for Scots pine and for Pyrenean oak (Table 4).
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Table 4: Biomass equation parameters for different species and biomass fractions according to Montero et al. (2005)



Biomass equation parameters Species



Scots pine Pyrenean oak Mediterranean maritime pine



Stone pine



( Bˆ = a × DBHˆ b )



Biomass fraction a



b



Bt



0.0844



2.4119



Br



0.0109



2.6284



Bt



0.0768



2.5345



Br



0.0885



2.1335



Bt



0.0504



2.4964



Bs



0.0327



2.5664



Br



0.0215



2.3759



Bs



0.0352



2.5249



Bb2



0.0574



1.9394



Bb2-7



0.0171



2.3969



Bb7



0.0151



2.5999



Bn



0.0184



2.1586



Br



0.0183



2.4702



where Bt,Bs,Bb2, Bb2-7, Bb7, Bn and Br are total aboveground, stem, branches under 2 cm diameter, branches between 2 and 7 cm diameter, branches above 7 cm diameter, needles and root biomass in kg respectively.



From the data provided by CREAF (Ibañez et al., 2001), the estimated percent of biomass that is carbon for P. sylvestris and Q. pyrenaica trees was 50.9% and 47.5% respectively. Using these percents and the relationship between carbon and carbon dioxide molecules, a value for CO2 accumulation could be estimated. 2.3. Carbon stocks in the two forests Differences between the two managed forests as well as between the even and unevenaged stands can be seen in Table 5. Both forests follow a similar trend, reaching the maximum carbon dioxide fixation when the mean diameter for trees of more than 10 cm diameter outside bark at breast height (1.3 m above ground; DBH) reaches 30 cm and the density exceeds 500 trees per ha. The stand is then gradually opened up to facilitate



M. DEL RÍO ET AL.



220



seedling establishment. The mean DBH at this point reached approximately 40 cm and the densities in both forests is reduced to approximately 300 trees per ha with the resultant decrease in C. Table 5. Aboveground,, belowground,,and total carbon dioxide fixation in Valsain and Navafria stands.



Site



Valsain



Navafría



Age class Years 1-20 21-40 41-60 61-80 81-100 101-120 Uneven Upper limit Uneven, Lower Limit 1-20 21-40 41-60 61-80 81-100



Aboveground CO2(Mg/ha) 276.91 279.82 359.72 456.89 479.69 431.44



Belowground CO2(Mg/ha) 77.00 69.63 93.01 126.91 135.49 124.75



Total CO2 (Mg/ha) 353.91 349.46 452.73 583.80 615.18 556.19



226.19



70.15



296.34



182.31 135.26 263.51 529.32 451.85 422.48



49.66 28.03 62.31 148.33 131.25 123.99



231.97 163.28 325.82 677.65 583.10 546.47



The lowest values for aboveground and belowground carbon dioxide fixation at Valsain were those for the uneven-aged plot situated at the upper limit of the pinewood. The only plot returning lower values was at Navafria, situated in a stand at an initial stage of development. The low CO2 accumulation values for the uneven-aged plot situated at the upper limit of the pinewood are explained by the slow growth and low density in high-altitude environments. In the mixed oak and pine stand located at the lower limit of Scots pine distribution area, CO2 accumulation values were found to be much lower than in almost all of the pine stands, except for age class 1-20 years, due to the smaller basal area per ha. The comparison of the two silvicultural systems revealed a similar carbon dioxide uptake over the length of the rotation, although the storage rate was gradual in Valsain and more abrupt in Navafria (Fig.1). However, greater differences between the silvicultural systems applied in the two forests may become evident if the dead wood is taken into account (Montes & Cañellas, 2006). Previous studies suggest that lengthening the rotation length increases the carbon stocks in Scots pine forests (Kaipainen et al.,
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2004; Liski et al., 2004), although the results of the present study point towards a decrease in carbon stocks during the later stages. 200 180 160 C 0 2 ( M g/ha )



140 120 100 80 60 40



Valsain



20



Navafria



0 1-20



21-40



41-60



61-80



81-100



101-120



Age (years)



Figure 1. Carbon stock of Scots Pine in Valsaín and Navafría



The results for these forests cannot be readily compared with those of other studies because of differences in forest types, management systems and monitoring methodology. Another obstacle to such comparisons is that some studies only include parts of the carbon cycle. However, previous research concerning CO2 values in the same geographical area (Bogino & Bravo, 2006) also highlighted the difference between pure (482.63 Mg CO2/ha) and mixed Scots pine stands (327.73 Mg CO2/ha). When estimating the carbon stocks in Scots pine forests in Southern Finland, values of 216 Mg CO2/ha for a 40-year old plot and 281 Mg CO2/ha for a 75-year old plot were found for stands with a similar density (Kolari et al., 2004). These authors estimated the amount of carbon dioxide stored in soils to be similar to that stored in trees. Although we have no empirical evidence on which to base this statement, it may be reasonable to assume that the soils in the studied stands would be able to store an amount of carbon similar to that of the trees. In addition to the disturbance caused by commercial harvesting, an increase in natural disturbances such as fires or plagues of insects might be expected as a result of climatic changes. The direct result of such disturbances is a decrease in the carbon stocks stored in vegetation, while the age-class distribution of the post-event forest tends towards the younger age classes which contain less carbon. Therefore, suitable strategies must be employed to mitigate these disturbances at stand level and to prevent forests from becoming sources of net carbon. Partial cover systems such as those currently employed in these forests, help retain biomass and therefore contribute positively
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towards the proposed objective. Reducing the delay in regeneration and avoiding slash burns would also help to strengthen the role of these forests as carbon sinks. Another option, which might be feasible in mixed stands such as the one included in this study, would be to promote those species which have a higher carbon storage potential (e.g., in this case, Scots pine). However, for appropriate management decisions to be made, further research is required into the effects of climate change on these carbon sinks and the variation in carbon budgets over the course of the rotation. 3. MANAGEMENT ALTERNATIVES AND CO2 FIXATION IN MEDITERRANEAN MARITIME PINE Forest management can help mitigate the effect of climate change through biomass accumulation. One way to increase CO2 fixation in existing forests is to modify the strategies for harvesting and thinning. Dynamic growth models are useful tools for simulating different thinning alternatives and, when used in conjunction with biomass equations, these models allow us to determine carbon storage under different management alternatives (Kaipanen et al., 2004; Balboa-Murias et al., 2006). Montero et al. (2003) tested two silvicultural alternatives in Pinus sylvestris L. stands and found that the annual rate of carbon fixation was higher with more intensive management. Similar results were found by Bravo et al. (2007) when comparing different rotation lengths and site qualities in Pinus sylvestris L. and Pinus pinaster Ait. stands in Spain. The alternatives compared in most of the studies include some form of silvicultural intervention. In this study, we attempt to identify the most appropriate silvicultural regime for carbon fixation in Mediterranean maritime pine stands, using a growth model to compare different thinning alternatives, including an un-thinned scenario. 3.1.Growth and yield model A dynamic growth and yield model was used to simulate the different silviculture alternatives at the stand level. The model consists of a compatible system of growth equations which estimates the current stand volume and predicts the future basal area and volume of the stand based on the site index and length of the projection. An equation for predicting top height growth (mean height of the 100 thickest trees per hectare) is also included in the model. Finally, a control function is used to simulate the response of the stand to thinning by estimating the quadratic mean diameter after thinning from the pre-treatment diameter and the thinning intensity. Parameterization was carried out using data from the permanent sample plot network belonging to the Forest Research Center (CIFOR-INIA) in Spain. For further details on the model see Bravo-Oviedo et al. (2004). In these simulations, natural mortality was considered to be null as this was controlled by thinnings, except for an un-thinned scenario.
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3.2. Carbon estimations Carbon dioxide estimates were obtained using the equations described by Montero et al. (2005) (Table 4). The carbon in each fraction was calculated from oven-dry biomass by multiplying each value by 0.5 according to Kollmann (1959) and the Intergovernmental Panel on Climate Change (IPCC) recommendations (Penman et al. 2003). According to Guindeo et al. (1997), a mean basic density of 0.54 Mg/m3 was assumed in Maritime pine stands in order to estimate the biomass of merchantable stems. Changes in the carbon stock were computed for two (i.e., aboveground biomass and belowground biomass) of the five carbon pools usually considered in the land-use category “forest land remaining forest land” (Penman et al., 2003. Carbon stocks associated with dead wood, litter, and soil organic matter were not modelled. 3.3.Silvicultural alternatives The Mediterranean maritime pine stand simulated in this study approximates a real stand in the Central Mountain Range of Spain located on granite bedrock, with an annual precipitation of 1400 mm and a drought period in summer (data from permanent plots). The initial stand characteristics for the simulation were: density of 1,500 stems per hectare, quadratic mean diameter (QMD) of 15.85 cm, basal area of 21.6 m2/ha and site index of 21 m at 80 years according to the Bravo-Oviedo et al. (2004) site index curves for the species. Using the model, eight thinning regimes were tested to evaluate potential carbon fixation (Table 6). All regimes included three thinning events, 10 years between thinning events, and all thinning events were from below, removing the smaller DBH trees. The age at which the first thinning was carried out varied among the alternative regimes from 20 to 30 years of age, and the percentage of basal area removed in each operation ranged from 20% (light thinning) to 35 % (heavy thinning). Table 6 presents the characteristics of the regimes evaluated, separating the alternatives into those where a constant basal area was removed versus those where variable amounts of basal area were removed at each thinning event. For the scenario without thinning, natural mortality accounted for basal area reduction between 0.50% and 0.11%. These values were obtained by applying the mean mortality rate found for the species and a quadratic mean diameter for dead trees of 15 cm (Bravo-Oviedo et al., 2006). The best thinning regime was identified by comparing the total carbon fixed in each regime, taking into account all thinning events and final harvest, assuming a rotation length of 80 years. The mean annual carbon sequestration was calculated as the mean annual biomass increment.
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Table 6. Thinning regimes tested for carbon fixation. Three thinnings were applied for each alternative.



Thinning regime group Un-thinned Constant basal area Removed Variable basal area removed



Alternative 0 1 2 3 4 5 6 7 8



Age of first thinning 20 30 20 30 20 30 20 30



Basal area removed in each thinning (%) No thinning 35 35 20 20 35 / 20 / 20 35 / 20 / 20 20 / 20 / 35 20 / 20 / 35



3.4. Simulation results The main results of the simulations expressed in Mg of CO2 fixed are shown in Table 7. The maximum annual sequestration was obtained with an early thinning (20 year), regardless of thinning regime group, and was slightly higher with at least one heavy thinning. The thinning regime which resulted in the greatest amount of fixed carbon was an early, heavy thinning (Alternative 1); the un-thinned alternative produced the lowest amounts of CO2 fixed. A light, early thinning (Alternative 3) resulted in more carbon fixed than later thinning alternatives, although the results of the 30-year option improved with heavy initial thinning (Alternatives 2 and 6). The lowest amount of carbon fixed, apart from the un-thinned alternative, corresponded to Alternative 8, where the initial age at thinning was 30, and two light thinnings followed by a final heavy thinning were applied. These results suggest, firstly, that the first intervention should be carried out early and, secondly, that the response to heavy thinning is larger at younger ages. Furthermore, with a rotation length of this magnitude, intensive silviculture seems to be the most appropriate in terms of CO2 fixation for the species.
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Table 7. Carbon dioxide fixed (Mg/ha) at rotation age (80 years old) and mean annual Carbon fixed (Mg/ha and year)



Thinning group regime No thinning Constant basal area removed Variable basal area removed 1



Alterna tive



QMD (cm)



CO2 extracted in thinnings (1)



CO2 fixed in stand (2)



Total CO2 fixed (1)+(2)



Mean Annual CO2 fixed



0



32.28



4.661



688.1



692.8



8.7



1 2 3 4 5 6 7 8



51.47 41.52 40.24 37.17 43.56 37.91 40.64 35.17



245.4 321.7 154.5 207.0 171.5 237.4 207.5 264.8



532.2 409.2 586.9 507.4 590.0 495.3 542.2 453.8



777.6 730.9 741.4 714.4 761.5 732.7 749.7 518.6



9.7 9.1 9.3 8.9 9.5 8.8 9.4 8.9



This value corresponds to mortality



The values presented in Table 7 were for the total biomass production including stem, branches, needles and roots. In all the alternatives, the amount of CO2 sequestrated by the merchantable section of the main stem was always over 60% of the total (values not shown). This fact is important as wood products form another carbon sink, lengthening the duration of the carbon fixation and delaying its release to the atmosphere. Unfortunately, the model does not allow the diameter distribution to be calculated at the end of the rotation. However, Montero et al. (2003) found that intensive rather than extensive management in Scots pine stands leads to larger diameters. The different alternatives were compared by calculating the differences in the increment of carbon fixed for the merchantable section of the stem. Table 8 shows these comparisons where columns are the selected alternatives versus rows which are discarded alternatives. All the alternatives fixed from 2.85 % to 12.47% more carbon than unthinned stands. Alternative 1 was found to be best thinning regime of those included for the stand conditions simulated and as previously defined. Delaying the first thinning until the 30th year involved a loss of at least 4% for all thinning intensities. Similarly, when a light thinning was simulated, the loss in comparison to heavy thinning ranged from 2.5 to 4.7%. The application of any of the alternatives proposed was always preferable to no intervention at all in terms of the carbon fixed by the merchantable stem.
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Table 8. Percentage of carbon fixed by stem. Selected, alternatives in columns are compared with discarded alternatives in rows



1



Discarded alternative



2 3 -6.24 -4.72 6.65 1.62 4.95 -1.59 9.35 2.53 4.19 2.03 -4.33 -2.79 6.41 -0.22 1.39 3.77 -2.7 -1.13 8.69 1.91 3.56 12.47 5.46 7.16



1 2 3 4 5 6 7 8 0



Selected Alternative 4 5 6 7 8 0 -8.55 -1.99 -6.03 -3.64 -7.99 -11.1 -2.47 4.53 0.22 2.77 -1.87 -5.17 -4.02 2.87 -1.37 1.14 -3.44 -6.68 7.18 -1.37 5.38 0.61 -2.77 -4.12 -1.68 -6.13 -9.28 -6.7 -2.69 4.29 2.54 -2.09 -9.28 -4.52 -7.74 -5.1 1.77 -2.48 -3.36 -0.61 6.52 2.14 4.77 2.853 10.23 5.69 8.38 3.48



Figure 2 shows the total carbon fixed by the stem under the best thinning regime, the worst thinning regime, and the un-thinned stand over time (Alternatives 1, 8 and 0, respectively). These alternatives resulted in similar carbon storage up to an age of 50 years. At this age, just after the final thinning, Alternative 1 led to a larger amount of stored carbon than the other alternatives. More intense management appears to increase the carbon stored in the case of a long rotation period. However, if the rotation length was shortened, a less intensive alternative would probably lead to better results. For example Alternative 5 at age 50 yr fixed 538 Mg CO2 ha-1 , whereas Alternative 1 (more intense) at age 50 fixed .533.9 Mg CO2 ha-1



Carbon fixed (t/ha)



250 200 150 100



Alternative 1 Alternative 8



50



Alternative 0 0 0



20



40 60 Age (years)



80



100



Figure 2. Total carbon fixed in stems for three alternatives (see Table 6)
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Other studies have found the opposite tendency, with favourable carbon sequestration occurring when lower intensity intervention was applied (Balboa-Murias et al., 2006, Pohjola & Valsta, 2006). Losses in carbon sequestration are to be expected if intensive management exceeds the ‘marginal thinning intensity’ causing a loss in volume production (Hamilton, 1971). Silvicultural experiences provide useful information for making decisions in relation to sustainable forest management. When such experiences are scarce or expensive, a modelling approach may help to identify the best alternative under different scenarios. Although the simulation described in this section did not include all factors involved over the course of the carbon cycle such as ground litter or carbon sequestration in the soil, the results confirm the importance of sustained silvicultural intervention over no intervention in terms of carbon fixation. 4. CARBON SEQUESTRATION IN EVEN AND UNEVEN AGED STONE PINE STANDS Stone pine stands have traditionally been managed as even-aged with low stocking densities, facilitating crown growth and increasing light resulting in greater cone production. However, uneven-aged stands also exist as a consequence of factors such as advanced recruitment, failure of natural regeneration, the impacts of animal grazing, and the preservation of older, large, cone-producing trees. Today, some of these stands are maintained and managed as uneven-aged to protect soils (especially, dune ecosystems), in landscaping, as recreational areas, or for fruit production. There are some local records on the management of these stands (Finat et al., 2000; Montero et al., 2003) as well as some studies comparing growth and cone yield in even and uneven-aged stone pine stands (Río et al., 2003; Calama et al., 2007). However, no studies on the inclusion of carbon sequestration were found. In this section we analyse the influence of age structure on carbon sequestration in stone pine stands. For this purpose, an individualtree growth model and biomass equations were used. 4.1 Growth and yield model The PINEA2 model is an integrated single-tree model, oriented towards multiple use management of stone pine stands. This model allows the growth and yield of a stand to be simulated under different management schedules and thinning regimes. The simulations are carried out in five-year steps, defining the state of every tree within the stand at each stage of simulation. The model consists of three different modules: site quality, transition and state. The state module includes, among others, a taper function which allows end-use classification of timber volume according to size, a discriminant function for predicting probability of stem rot by Phellinus pini, and an equation for estimating annual cone production. The PINEA2 model was initially constructed and validated for even-aged stands. Given the single-tree character and the stochastic
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formulation of the functions included in the model, it was possible to calibrate it for a multi-aged complex forest structure. Further details regarding the PINEA2 model can be found in Calama et al. (2005) and Calama et al. (2007). 4.2 Biomass equations and carbon estimations Tree biomass (by component) was estimated from DBH) using the biomass equations proposed by Montero et al. (2005) for stone pine (Table 4). Carbon for each component was calculated from oven-dry biomass by multiplying each value by 0.508 according to Ibáñez et al. (2001). Those carbon stocks associated with dead wood, litter, and soil organic matter were not modelled for this assessment. 4.3. Even and uneven-aged alternatives The growth and development of a 1 hectare stand of stone pine located in the Northern Plateau of Spain was simulated under both even-aged and uneven-aged management structures over a 100-year period. In both cases, a site index of 17 m at a total age of 100 years was assumed. Typical silvicultural programs applied in this region for multiple use management of stands with even and uneven-aged structures were compared: 1. In the even-aged stand, it was assumed that trees belong to the same age class, that the initial density is 500 stems/ha at age 20, and that three thinnings are applied during the cycle: one systematic at age 30, reducing stand density to 350 stems/ha; and two selective low thinning events at ages 45 and 60, reducing the density to 250 and 150 stems/ha respectively. Regeneration cuts were carried out at 100 years. 2. In the uneven-aged structure, it was assumed that the stand displays the uneven equilibrium state (Table 9) proposed by Calama et al. (2005). Selective cuttings were applied every 25 years, removing non-vigorous and non fruit-producing trees in order to maintain a balanced representation of vigorous trees within the different age classes. A constant recruitment of 150 trees (DBH>5cm) per hectare and period was also assumed.
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Table 9. Proposed structure for uneven-aged stands of stone pine, rotation period 25 years



0 – 25 25 – 50 50 – 75 75 – 100 100 – 125 125 – 150



Before selective felling (Nº trees/ha) 110 90 35 20 10 5



Removed in selective felling (Nº trees/ha) 60 55 15 10 5 5



After selective felling (Nº trees/ha) 50 35 20 10 5 0



TOTAL



270



150



120



Age-class



4.4. Carbon sequestration in even and uneven-aged stands The CO2 fixed in stands of both age structures over the course of one rotation period (100 years) is presented in Figure 3. The CO2 fixed in the even-aged stand reached 386 Mg/ha by the end of the rotation period, while the simulated uneven-aged stand resulted in a maximum of 250 Mg/ha and a minimum of 150 Mg/ha. It should be pointed out that the uneven-aged stand maintained a constant amount of fixed CO2 at around 150 Mg/ha which was never extracted from the forest.
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Figure 3. CO2 fixed by even and uneven-aged stands of stone pine over a period of 100 years.
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If we take into consideration the annual growth of above and belowground biomass as well as annual cone production, the even-aged stand fixed 1.2 Mg/ha/year more CO2 than the uneven-aged stand (Table 10), which means a difference of 120 Mg/ha over the 100 year period. Table 10. Annual increments of above and belowground biomass, annual cone production and their equivalents in CO2 fixed in even and uneven-aged stands of stone pine



Biomass (kg/ha/year) CO2 fixation (Mg/ha/year)



even-aged uneven-aged even-aged uneven-aged



Aboveground 2447.4 1832.4 4.6 3.4



Belowground 451.5 348.7 0.8 0.7



Cones 75.3 105.4 0.1 0.2



Total 2974.1 2286.4 5.5 4.3



Biomass extractions totalled 540 Mg/ha of fixed CO2 in the case of an even-aged structure, which was removed in three thinning interventions and at the final harvest at an age of 100 years (Figure 4). Around 300 Mg/ha of this CO2 was fixed in stems and large branches, which would be used as pulpwood and saw timber, while the rest belongs to tree components which would remain in forest and decompose. In unevenaged stands, four thinning treatments were applied over the 100 years (every 25 years), removing 416 Mg/ha of fixed CO2, 243 Mg/ha of which would be destined for the timber industry (Figure 4). In terms of productivity, the uneven-aged structure favours cone production (Table 10), which is one of the main objectives in the management of stone pine forests. However, cone production does not contribute to CO2 fixation, since most of the cones are collected each year to obtain edible pine nuts and any that remain are usually burned. With respect to timber production, the even-aged structure is more favourable, although in both cases, due to frequent stem rot, much of the timber production ends up as pulpwood or firewood. These two uses result in the short term return of carbon to the atmosphere.
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Figure 4. CO2 fixed in extracted biomass by component over the 100-year period in even and uneven-aged stands of stone pine. Bs, Bb2, Bb2-7, Bb7, Bn and Br correspond to: stem, branches under 2 cm diameter, branches between 2 and 7 cm diameter, branches larger than 7 cm diameter, needles and roots. Saw wood includes stem timber free from rot affection obtained from sections with diameter > 30 cm; fuel wood includes the rest of the stem timber as well as branches larger than 7 cm



To define the best age structure for a stand is a complex decision. Many forest products and services depend on age structure like wood production, CO2 fixation, soil protection, habitat function, etc. and some of them are difficult to quantify and to compare between different age structures. The estimation of the CO2 for even and uneven aged stands using growth models and biomass equations is a good option to include carbon sequestration in the decision making on selecting age structure. 5. MODELLING COARSE WOODY DEBRIS IN PINE PLANTATIONS Dead wood plays an important role in the ecological processes of forest ecosystems. Although it is recognised that decaying logs and snags play an important role in forest biodiversity (Harmon et al, 1986; Esseen et al., 1992; McComm & Lindenmayer, 1999), little is known about dead wood dynamics in Mediterranean forests, where factors such as biodiversity conservation and carbon sequestration are of great importance. The dynamics of this ecosystem is comprised of periods of undisturbed natural growth interrupted by natural disturbances produced by fire, wind etc, or human intervention such as thinning or pruning. These disturbances, either small-scale gap perturbations or stand replacing catastrophic events, continuously replenish and create coarse woody debris (CWD) (Hansen et al., 1991). Under the paradigm of sustainable yield forest management, dead trees have been minimised to avoid pest problems and other hazards. Trees which die as a result of insect damage, disease or fire are commonly harvested immediately where economy and accessibility permit (DeBell et al., 1997).
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Today, the increasing importance given to both biodiversity and the carbon stocks in forests has led to the preservation and promotion of dead wood in managed forests. Forest and wildlife managers have suggested that 5 to 10 snags per hectare are adequate to maintain the biodiversity (Hunter, 1990). Nevertheless, CWD and its relative contribution to the total ecosystem biomass vary greatly, depending on forest type, disturbance regime, topography and stand characteristics (Spies et al., 1988; Harmon & Chen, 1991). In practice, snag and log dynamics are important to define the appropriate quantity, density, size (both diameter and height or length), distribution and state of decay of CWD in different site conditions and forest types (Hart, 1999, Woldendrop et al., 2004; Christensen et al, 2005; Stephens & Moghaddas, 2005). Studies which focus on modelling the abundance of snags and logs in Mediterranean type forest ecosystems are scarce (Montes & Cañellas, 2006). In this section, a snag/log abundance model is presented along with a carbon content equation for Mediterranean pine plantations composed of Pinus sylvestris L., P. pinaster Ait. and P. nigra Arn. in northern Spain. 5.1.Database The study area, situated in the north of Spain constitutes a homogeneous transitional zone with altitudes ranging from 800 to 1000 m asl., and an area of about 186,617 hectares. The climate is Mediterranean with a slight Atlantic influence. Forests cover 59,471 hectares (31.9 % of total area) and are characterised by extensive stands of Quercus pyrenaica Wild., Q. ilex L. and Q. faginea Lam.. As a result of an extensive pine plantation program carried out during the 60’s, Pinus stands cover 49.4% of the total forested surface of this area. The three main species composing the Pine plantations are Pinus sylvestris (23%), P. nigra (21%) and P. pinaster (5%). The soil in this region is mainly acidic, although there are also some limestone and neutral soils (Oria de Rueda et al., 1996). Sixty six plots were installed in the study area in Pinus spp. planted stands (34 with a predominance of Pinus sylvestris, 24 of P. nigra and 8 of P. pinaster). The plots were composed of four subplots joined by two perpendicular transects. One of these subplots was a National Forest Inventory (NFI) plot with four concentric radii (Bravo and Montero, 2003) and the three other subplots were situated at the three vacant extremes of the two transects. An inventory of snags was performed in the four subplots while an inventory of logs was taken using the transects. The snags inventory was carried out by sampling 20 trees, spiralling out from the centre. Starting with the trees that were closest to the centre of the plot and moving progressively away, the condition of the trees was recorded, i.e. whether they were alive or dead. For large dead trees (DBH ≥ 7.5 cm), the variables recorded were: species, snag height, DBH, state of decomposition, presence of excavated cavities, and azimuth and distance to the centre of the plot. The log inventory was carried out in the two perpendicular transects of 50 m in length which joined the four subplots. Fallen dead trees with a diameter greater than 7.5 cm and a length greater than 1 m were considered logs. The following variables were measured: species,
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diameter at the point of intersection with the transect, length, state of decomposition and wildlife characteristics. Decomposition classes were followed the criteria by Sollins (1992). The snag basal area (m2) and log volume (m3) were calculated for each plot. The individual basal area for each tree was totalled for each plot and the values scaled up to give a basal area per hectare. The volume of logs was estimated through the equation (Warren and Olsen, 1964; Van Wagner, 1968): V= sum over all logs((π 2di2)/ 8L), where V: log volume (m3/ha), d: diameter of each log (cm), L: length of the transect, which in this case was 100 m. An intensive inventory of logs with a diameter greater than 1 cm was carried out in 32 out of the sixty seven study plots. This inventory was performed in the 10 m closest to the intersection of the two transects. The variables recorded for each log were: species, diameter at the interception point, length, weight, state of decomposition and wildlife characteristics. The mean diameter, mean length and mean weight were calculated by each plot. The total carbon content in samples of woody debris from each plot was measured through the instantaneous combustion of fragment samples in an oven at 550ºC. A description of the main stand variables is presented in Table 11. The following characteristics were also recorded for each plot: number of non-inventoried (i.e., submerchantable) stems, site conditions (soil texture, soil organic matter, pH, soil type, altitude, stoniness, slope, exposure and radiation), climate characteristics (rainfall, maximum, mean and minimum temperature, dry month rainfall obtained through a digital climatic atlas (Ninyerola et al., 2005)) and forest management history (harvests and thinning over the previous 15 years). Table 11. Database characteristics used to develop the snag and log models for pine plantations in Northern Spain. N, trees per ha; BA, basal area; QMD, quadratric mean diameter; BAsnags, basal area of snags; Vlogs, volume of logs



Variable N (trees/ha) BA (m2/ha) QMD (cm) BAsnags (m2/ha) Vlogs (m3/ha)



Mean



Minimum



Maximum



Standard deviation



802.8 23.2 22.21 1.7 3.3



25.5 5.6 13.17 0.2 1.4



1584.5 39.3 58.27 14.9 11.8



341.3 8.2 6.29 3.6 3.9



5.2.Modelling approach 5.2.1. Two step regression approach A two step regression approach (Woollons, 1998; Alvarez-González et al., 2004; Bravo et al., 2006) was used to model the presence of CWD in pine plantations. In the first
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step, a logistic model was fitted to predict the probability of CWD presence, and in the second step, linear models were used to predict the basal area of snags and the volume of logs. In the logistic model (Eq. 1), P is the probability of the presence of CWD, which is bound between 1 (presence) and 0 (absence), α is the intercept term, ΣbiXi, is the linear combination of parameters bi and independent variables X i , and e is the natural logarithm base.



(



P = 1+ e



− (α +



∑ bi X i )



)



−1



(1)



Several predictor variables were used: QMD (cm); Ho, dominant height (m); N number of trees (trees/ha); BA, basal area of stand (m2/ha); BA_msp, basal area of dominant plot’s species (m2/ha); N_msp the number of trees of dominant species in the plot (trees/ha); n, number of submerchantable stems (trees/ha); S, slope (%); Alt, altitude (m); Exp, exposure; R, rainfall (mm), particularly, R_june, R_july, R_august for these months (mm); MaxT, maximum temperature (ºC); MeanT, mean temperature, (ºC); MinT, minimum temperature, (ºC); and Rad, radiation (10 kJ/(m2*day*µm). Final logistic regression equations included only significant variables (p 


yˆ = a0 + ∑ a j X j



(2)



yˆ is estimated BAsnag or Vollogs,; X i are predictor variables, as in the logistic model; and a 0 and a j are parameters to be estimated. Where



The precision of the two-step models were analyzed by comparing residual variance and dependent sample variance (Eq. 3) and by fitting a straight line between actual and predicted values (Huang et al., 2003), where slope and intercept should be equal to 1 and 0, respectively. ⎛ S2 ⎞ (3) R 2 = 100 * ⎜1 − e2 ⎟ ⎜ S ⎟ y ⎝ ⎠ Where



S e2 and S y2 are estimates of the residual sample variance and the dependent



variable variance, respectively.
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5.2.2 Carbon Content model A linear model was also used to estimate the carbon content of logs in the stands, where their presence was predicted using the logistic model. In this model, y is Clogs (carbon content in logs in %), and possible predictor variables (Xi ) were: species (1=Pine and 0=Otherwise) and decomposition classes as dummy variables mean diameter, mean length and mean weight of logs, stand variables (QMD, dominant height, number of trees per ha, basal area per ha, basal area per ha for the dominant species in the plot, stems per ha for the dominant species in the plot, number of small stems (trees < 7.5cm DBH)), physiographic variables (slope, altitude, exposure) and climatic variables (rainfall, rainfall in the months of June, July, and August, maximum, mean and minimum temperature, radiation). Interactions between species and stand variables were also included as possible predictive variables. The goodness of fit for the carbon model was assessed using the coefficient of multiple determination. Graphical and numeric analyses of the residuals (ei) were performed to check assumptions of linearity, normality, and homogeneity of variance. Predictor variables were retained in the models if p0.5817) revealed no lack of fit. To determine the presence of CWD, a 0.60 threshold value was used, resulting in 68.2 % of Pinus plots with CWD classified correctly (sensitivity equal to 51.5 % and specificity equal to 84.8%). The area under the ROC curve was 0.7087.



(



)



−1 Pˆ = 1 + e−( −43.2715+ 2.5501Alt + 0.3939MinT + 4.6453 ClayText+ 2.4439SiltText+ 2.5136Harvesting



(4)



where ClayText and SiltText are dummy variables for clay and silt textured soils, respectively, with both equal to 0 for sandy soils; and Harvesting is a dummy variable with 1 for harvest and 0 for no harvest. All other variables were previously defined. The final linear models for snag basal area and log volume resulted in adjusted coefficients of determination of 17.47% for snags (Eq. 5) and 46.05% for logs (Eq. 6). The figure for snags increases with a decrease in the basal area of the main species in the stand, whereas the volume of logs increases with an increase in the basal area of the stand and when the dominant height decreases.



Bˆ Asnags = 2.18462 − 0.0038 × P _ june



Voˆllog s = 0.88211 + 0.20459 × BA − 0.40278 × Ho



(5) (6)
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where Bˆ Asnags is the predicted basal area of snags in m2/ha and Voˆllog s is the predicted volume of logs in m3/ha. All other terms were previously defined. The resulting two-step model achieved joint model accuracy equal to 39.25% and 62.75% for snags and logs, respectively. Graphic presentations of actual versus predicted values indicated that the joint model showed no lack of fit. The results of this empirical study may serve to understand more clearly the processes associated with an abundance of snags and logs. 5.3.2 Carbon content model The final carbon content model obtained for logs (Eq. 7) resulted in a coefficient of multiple determination of 53.33% (adjusted coefficient of multiple determination was 47.50%). The carbon content of logs increased with an increase in the diameter of the logs, secondly, when the basal area of the stand increases, and finally, in the presence of small Pinus sp. trees. However, as the mean log diameter, basal area per ha, and number of stems per ha may be correlated variables, these coefficients should be interpreted with caution. The presence of small Pinus sp. trees is indicative of stands in early stages of development, where no management intervention has yet been carried out. For this study area, management appears to impact on the amount of carbon in logs.



Cˆ log s = −54.57405 + 0.65940 × m log diam + 0.03457 × BA − 0.00032779 × Sp × n (7) where mlogdiam is the mean diameter of the logs (cm); BA is the basal area of all live trees in the stand (m2/ha), and Sp*n is an interaction between the species dummy variable and the number of small stems (trees with diameter< 7.5cm) (trees/ha). Forest management decisions are based on information regarding current and future forest conditions. Therefore, it is often necessary to project changes in the system over time. The CWD estimation equations can be used to predict the presence of CWD and to quantify the quantity of snags and logs in pine plantations in northern Spain. The equations were developed for this area where Pinus plantations are managed for wood production, thinning is carried out over the course of the rotation, and the rotation is normally 40-50 years. However, the functions indicate that management practices affect both the amount of snags and logs, and also, the carbon percentages in logs. 6. CONCLUSIONS We presented results of studies on how carbon sequestration changes over time, under different management regimes in Mediterranean pine forests. Chronosequences in Scots pine stands showed increasing carbon stocks with age, but differences were not found between the two compared forests. Growth models and biomass equations were used to estimate the amount of carbon fixed in forests under different management alternatives,
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