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Abstract

:

The carbon storage value of forest restoration, by the framework species method (FSM) in northern Thailand, was assessed for trees (using a partial harvesting technique) and soil and compared with restoration costs. Forest carbon accumulation amounted to 143.08 tC/ha in trees and 8.56 tC/ha in soil over 14 years, with a combined value of USD 27,173.63 (net present value (NPV), discounted at 2.85%/year)) (at the current European carbon credit (EUA) price of 55.98 EUR/tCO2 = 242.21 USD/tC). Restoration costs increased from 2190.27 to 5680.72 USD/ha with declining pre-existing natural regeneration or 3.99–10.34 USD per ton of sequestered CO2. Profits over 14 years ranged in NPV from 22,215.45 to 25,157.04 USD/ha, breaking even from just over 4 years to just under 7, respectively. In contrast, profits from maize cultivation (a major regional deforestation driver) averaged 96.25 USD/ha/year, or just 1347.53 USD/ha over 14 years. Consequently, forest restoration could become a financially attractive alternative land use, provided an open, transparent, carbon market is created. Therefore, this study supports creation of a forest-carbon trading system in Thailand, to incentivize forest restoration and fire prevention, increase farmers’ incomes, reduce smoke-related public health problems, protect watersheds, and conserve biodiversity.
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1. Introduction


Interest in the major role that forest restoration could play in mitigating climate change, through carbon sequestration, has grown substantially in recent years [1]. From 1960 to 2015, total anthropogenic carbon emissions amounted to 408 PgC [2], with tropical forest destruction contributing about 8%. Conservation, restoration, and improved management of tropical forests, mangroves, and peatlands could provide 23% of the mitigation action needed to limit global warming to 2 °C by 2030 [3].



Global recognition of the importance of forest restoration for climate change mitigation emerged in 2007, when “enhancement of carbon stocks” was included in the UN’s REDD+ scheme (policies and incentives, developed under the UN Framework Convention on Climate Change, to finance forest conservation and restoration, by placing a value on the capacity of forests to absorb atmospheric carbon dioxide and thus mitigate global climate change) [4]. Four years later, the Bonn Challenge was launched, to restore forest to 350 million hectares of degraded land globally by 2030 [5], prompting a surge in large-scale tree-planting initiatives around the world. Lewis et al. [6] reported that natural forest restoration is the most effective land-use change technique for climate change mitigation, being 6 times more efficient at sequestering carbon than agroforestry and 40 times more efficient than conventional tree plantations. However, they also reported that only about one third of the area, pledged under the Bonn Challenge, and other national “restoration” efforts (for which planned methods are known), will be managed for natural forest regeneration; the rest will become plantations and agroforests. Clearly, greater financial incentives are needed, to support natural forest restoration.



REDD+ has encouraged the development of various funding mechanisms, to support large-scale forest restoration, e.g., the Green Climate Fund, carbon credit trading, etc. For example, in 2016, carbon trading, related to forestry and land use, accounted for 46% of total transactions on voluntary carbon markets (USD 67 million) [7].



Emission Trading Schemes (ETS) are the market mechanism used to reduce greenhouse gas emissions by the cap-and-trade system; “cap” being the upper limit of allowed greenhouse gas emissions. Under such schemes, one allowance unit, or carbon credit, grants the holder the right to emit 1 ton of CO2 (or its equivalent) [8]. Unused carbon credits can be traded. The European Union’s Emissions Trading Scheme (EU ETS) is the world’s largest, accounting for over three-quarters of international carbon trading [9]. Carbon credits under the system are termed EUAs.



Since causes of deforestation and forest degradation differ among countries, the success of REDD+ relies on cooperation among government agencies (at both national and local levels), forest communities and NGOs [10]. To qualify for REDD+, forest restoration must conform to UN safeguards, which include “full and effective engagement of indigenous peoples and local communities”. This implies that restored forests should provide the full range of products and services, as the original forest once did. Secondly, actions must be “consistent with the conservation of natural forests and biological diversity and incentivize the protection and conservation of natural forests and their ecosystem services and enhance other social and environmental benefits” [11]. Consequently, tree planting for REDD+ initiatives must not displace existing forest nor infringe on the rights of local people. Neither of these conditions can be achieved by conventional, commercial plantations of fast-growing tree species [12,13]. Consequently, forest restoration must recreate the “look and feel” of old growth forest ecosystems, with the maximum biomass, structural complexity, biodiversity, and ecological functioning that are sustainable, within the limitations imposed by the prevailing climatic and edaphic conditions at any particular site [14]. However, evaluating carbon uptake of multi-species systems and analyzing the flows of costs and benefits are considerably more complex than they are for conventional tree plantations.



Our previous study [15] showed that average above-ground carbon (AGC), sequestered during restoration of tropical evergreen forest in northern Thailand by the framework species method (FSM), exceeded that of alternative land uses. A total of 5, 10 and 14 years after tree planting, AGC amounted to 13.2, 44.3, and 105.8 tC/ha, respectively. In contrast, Bridhikitti [16] reported much lower above-ground carbon stocks in sugarcane standing crops, degraded rain forest, mixed deciduous forest and mature rubber plantations of 11.1, 56.6, 60.5, and 91.5 tC/ha, respectively.



The study, reported here, calculated the potential profits from carbon, accumulated during forest restoration by the FSM (Figure 1) in northern Thailand, by modeling the costs and the potential income that could be derived from such restoration, if the carbon sequestered could be monetized as carbon credits, paid for by carbon emitters.




2. Materials and Methods


2.1. Study Site and Forest Restoration Method


Quantities of carbon, sequestered in both above- and below-ground pools (tC/ha) during forest restoration, were derived from two previously published studies by the current authors: Kavinchan [17,18] and Jantawong [15]. These studies were located in a chrono-sequence of experimental restoration plots, where the FSM had been tested, to restore seasonal upland evergreen forest in northern Thailand at elevations of 1200–1400 m above sea level. Plots had been established annually from 1997 to 2013 (spanning 16 years), by planting various combinations of 20–30 candidate framework tree species, mixing both pioneer and climax tree species [19] in the Upper Mae Sa Valley (18°51′46.62″ N, 98°50′58.81″ E). For full details of the study site and plot system, see Elliott et al. [20] and restor.eco (restor.eco/map/site/chiang-mai-vcnt3-4).



The FSM is used to restore forest ecosystem biomass, structure, biodiversity and ecological functioning, where management priorities include environmental protection, wildlife conservation and the provision of ecosystem services and a wide range of forest products (Figure 1). It involves planting mixtures of 20–30 indigenous tree species (both pioneer and climax species) that are characteristic of the target forest ecosystem, and are carefully selected for the following characteristics: (i) high survival and growth rates in exposed, deforested sites; (ii) broad, dense crowns that inhibit weeds and (iii) attractiveness to seed-dispersing animals (by producing fleshy fruits or other wildlife resources at a young age). The number of trees planted is that required to raise initial stocking density to 3100 trees/ha, considering the density of any natural regenerants (tree saplings >50 cm tall, coppicing tree stumps and remnant mature trees) already present on the restoration site. This density ensures that canopy closure starts to occur at the end of the second rainy season after planting and is more or less complete by the end of the third rainy season. The FSM therefore complements “assisted natural regeneration” (ANR) with tree planting. Maintenance, of both the planted trees and natural regenerants, includes weeding and fertilizer application, 3 times per year for the first 2 years. Therefore, costs of implementing the FSM vary, depending on the initial density of natural regenerants (Figure 2). See Goosem and Tucker [21] for the origins of the technique in Australia and Elliott et al. [19] for its development in Thailand.




2.2. Carbon Accumulation in Trees and Soil


Derivation of above-ground tree biomass (AGTB) was described in Jantawong [15], using a partial harvesting method [22] applied to 11 framework tree species (Table 1). Detailed measurements of tree parts, including sample branches cut from each tree, was used to calculate tree volume and wood density. Total carbon stored in each tree was derived by multiplying tree volume by wood density and percent carbon content. Branches were categorized as primary, secondary, tertiary and so on. Primary branches were those growing out from the main trunk; secondary branches were those that grew out from primary branches, whilst tertiary branches grew out from the secondary branches. Primary branches were counted, and one was cut from each sample tree to measure length and circumference. Trunk diameter was measured at the base and top and the trunk volume was calculated, using the formula for a frustum cone (Equation (1)).


   trunk   volume  =    π h   3  ×  (   R 2  + Rr +  r 2   )   



(1)




where h = height, R = lower girth and r = upper girth.



The density of wood samples was determined and their percent carbon content was measured with a carbon (C), hydrogen (H), nitrogen (N) elemental analyzer. Samples were processed through flash combustion, separated by a chromatographic column and components detected by a Thermal Conductivity Detector [23].



AGTB data were collected for 11 tree species (3 replicates each) in plots aged 5, 10, and 14 years old, since tree planting (the R5, R10, and R14 plots, planted in 2007, 2002, and 1998; each plot had 3 replicated subplots measuring 40 × 40 m2) and adjacent control plots, left to regenerate naturally. Carbon in tree roots was estimated by multiplying above-ground tree carbon by 0.37, as recommended by the IPCC [24] for tropical evergreen forests. Field data from restoration and control plots were fitted to a logistic model (with CurveExpert Basic).


Tree carbon (tC/ha) = a/(1 + be(−cY))



(2)




where a = the upper asymptote (measured carbon in nearby mature forest at 60 years), e = Euler’s number, b and c are empirically derived parameters and Y = the number of years since start of restoration interventions. The equation was used to generate the annual carbon revenue figures for calculation of NPV within the 14-year time span of the field data.



Although Kavinchan et al. [17] measured soil carbon (SC) in the same plots in 2009, she did so at different ages (2, 7, and 11 years old) to those sampled for AGTB. Therefore, the R5, R10, and R14 plots were re-sampled in 2017. Soil samples were taken at depths of 10, 20, 30, 40, and 50 cm, using a soil auger in 50 cm deep pits (n = 3). Soil samples were oven-dried and sieved to exclude roots. Organic matter was determined, using the method of Walkley and Black [25], and a Van Bemmelen value of 0.58 was used to convert soil organic matter into soil organic carbon [26]. Kavinchan et al.’s original published equations [17] were then used to extrapolate soil carbon down to a depth of 2 m from the measurements made in the upper 50 cm. The increase in soil carbon between 2009 and 2017 in plots of three different ages was then calculated.



In addition, soil-carbon accumulation was modeled from net inputs of carbon into the soil via litterfall, measured with litterfall traps, minus the decomposition rates for plots of 3 different ages, measured using litter bags, as published by Kavinchan et al. [18] for the same plots. For that study, plastic litter traps, 1 × 1 m2, were suspended 15 cm above the ground in each study plot. Subsamples of about 10% of the litter from the traps were collected at the start of the experiment (April) and subsequently in the mid-rainy season (August), cool season (November) and cool-dry season (February) for moisture content determination. Each time, the litter bags were weighed, and the remaining dry mass of litter was used, to derive decomposition rates (Equation (3)).


   %   mass   loss  =  (  W 1 − W 2  )  / W 1 × 100  



(3)




where W1 = the original dry mass of litter, W2 = the dry mass of litter after time t, and % mass remaining = 100 − % mass loss. Collected litter was oven-dried at 80 °C [27], and then analyzed for organic carbon, using the standard technique of Walkley and Black [25].




2.3. Financial Modeling


Restoration costs were those calculated by FORRU-CMU (unpublished), for the year 2021. They included the total local field costs of all tasks and materials, required to restore forest to a closed-canopy condition over 2 years, including: site preparation, planting stock production (from local seed collection and germination, to delivery of containerized saplings, 30–50 cm tall, of required species), planting, maintenance (weeding and fertilizer application) and monitoring for 2 rainy seasons after planting (by which time canopy closure usually negates the need for further weeding). Field labor costs were local costs for Chiang Mai Province (9.65 USD/day), assuming no voluntary labor.



The costs also included management inputs, including a baseline site survey for project planning, training, overseeing maintenance and monitoring, as well as reporting and accounting. Since some management costs were independent of area restored (e.g., reporting, accounting, etc.), costs per hectare decline slightly as the area restored increases. Therefore, all costs were standardized, assuming an area of 10 ha was restored. Management inputs were costed at 28.79 USD/person/day; standard local rate for a Bachelor’s-level graduate.



The financial model assumes that farmers borrow the full amount, needed to cover the establishment costs of forest restoration, from the Bank for Agriculture and Agricultural Cooperatives (BAAC), paying back the interest and principal from carbon income, until break-even. The bank has a long history of investing in agriculture and forestry projects, providing loans specifically for “forest planting, including land preparation, planting seedling and supplies for forest planting” [28] at a rate of 4.875% (effective since 1 June 2020) [29].



Since Thailand has yet to establish a central carbon market, carbon value was calculated as the combined tree- and soil-carbon increment (above initial control) multiplied by EUA price—the carbon price on the EU Emissions Trading System (EU-ETS)—55.98 EUR/tCO2 = USD 66.06 [30], at 1.18 USD/EUR (as of August 2021) [31]. Readers may update the carbon value and adjust the calculations accordingly, at the time of reading, by referring to https://ember-climate.org/data/carbon-price-viewer/ (accessed on 14 September 2021).



Since income from carbon accumulation is initially low, rising rapidly in later years, a discount rate was applied, to arrive at a net present value (NPV) of future carbon income. The discount rate combined the interest rate that money would earn if left in a bank with depreciation due to inflation (Equation (4)).


   Discount   rate  =  (  1 +  real   interest   rate   )  ×  (  1 +  inflation   rate   )  − 1  



(4)







Total NPV of the carbon value of restoration was calculated as the sum the NPVs of profits for each year, over the 14 years after initiation of restoration (Equation (5)).


  NPV =  ∑  t = 0  n    FV      (  1 + r  )   t     



(5)




where NPV = net present value (USD), FV = future value (USD), r = discount rate, t = year (value of 0 to “n”) and n = project period.





3. Results


3.1. Tree- and Soil-Carbon Value


Over the first 14 years, following initiation of restoration interventions (tree planting, maintenance, and assisted natural regeneration (ANR)), tree carbon increased by 143.08 tC/ha (Table 2) above control level.



The tree-carbon field data in Table 2 were combined with measured tree carbon in nearby disturbed primary forest (248.60 tC/ha, at 60 years) to determine the parameters in the logistic forest-growth model (Equation (2)), resulting in the following equation (Equation (6)).


Tree carbon (tC/ha) = 248.6712 ÷ (1 + 95.7167 × 2.7183(−0.3483Y))



(6)




where Y = years since tree planting.



The logistic model (Figure 2) had a very high co-efficient of determination (R2 = 0.99) and was therefore used to calculate annual cash flows and derive NPVs of potential carbon profits in the cash flow model below. At the time of writing (September 2021), the trading price of 1 ton of CO2 on the European Emission Allowance (EUA) market was 55.98 EUR/tCO2, which converted to 242.21 USD/tC (CO2 × 44/12 (ratio molecular weight CO2 to C), at 1.18 USD/EUR, as of August 2021). Therefore, 143.08 tC/ha at 14 years had a calculated (non-discounted) cash value of 34,654.95 USD/ha.



Comparison of soil-carbon stock among plots of different ages in different places could not be used to calculate carbon accumulation, since land use history (rather than time since initiation of restoration) had a legacy effect that overwhelmed changes expected from forest restoration. For example, soil-carbon measurements, reported by Kavinchan et al. [17] and repeated during the present study, confirmed much lower soil carbon in the oldest plots, compared with the youngest plots (Table 3). This was probably due to intensive cultivation for cabbages in the older plots, resulting in soil erosion, over many years prior to restoration (interview with Mr. Kasem, former farmer of the site).



Annual soil-carbon accumulation rates were estimated from increases in measured soil carbon over the 8 years, from Kavinchan’s original measurements in 2009 [17] to the re-survey performed in 2017 in plots of three ages. Measured soil-carbon increased in all plots surveyed, but the sizes of the increases were not related consistently with plot age. Increases over 8 years were 7.37 tC/ha (plot 2007), 4.61 (plot 2002), and 8.57 (plot 1998), averaging 0.92, 0.58, and 1.07 tC/ha/year, respectively (Table 3).



Using plot-age-specific measurements of litter fall and decomposition rates, published by Kavinchan [18], a model was constructed to estimate the accumulation of litterfall carbon in the soil over time. The model underestimated soil-carbon accumulation for young plots and overestimated it for older plots (Table 3). Annual net litter carbon accumulation in the soil (taking into account decomposition) amounted to 1.5–2.5% of tree- carbon stock (including roots). The mean ratio of measured soil-carbon accumulation to modeled leaf-litter-carbon accumulation was 2.88. Therefore, a multiplication factor of 2.88 was applied to the leaf litter model, to arrive at a rough estimate of soil-carbon accumulation, related to forest age and independent of site history. Thus, estimated soil carbon accumulated at 14 years was 8.56 tC/ha, with a (non-discounted) cash value of 2073.10 USD/ha.



Therefore, the combined increase in tree and soil carbon, resulting from forest restoration by the FSM over the first 14 years, amounted to 151.64 tC/ha, with a (non-discounted) value of USD 36,728.05 (94.36% from trees and 5.64% from soil). Applying a discount rate of 2.85% to carbon revenue each year, over 14 years, (Equation (4)), which combined the Thai bank annual deposit rate of 1.66% (averaged from 2011 to 2020 [32]) with the Thailand annual inflation rate of 1.18% (averaged from 2011 to 2020), resulted in an NPV of 27,173.63 USD/ha for potential carbon revenue. The next step was to subtract restoration costs to arrive at overall potential profit.




3.2. Restoration Costs


Since caring for pre-existing natural regenerants entails neither nursery production costs nor planting costs, overall restoration costs decline with their increasing initial density (Figure 3).



Table 4 presents a detailed breakdown of the costs of implementing the FSM in northern Thailand, following well-tested standard procedures [14], where the density of pre-existing natural regenerants is minimal, or high enough to close canopy within two rainy seasons (>3100/ha) or mid-way in between (1550/ha). The figures assume an area of 10 ha is restored and that all labor is paid for (i.e., no voluntary labor).



Basic field costs (materials, labor, and known transaction costs), spread over the first 2 years, ranged from 1732.61 USD/ha, for 100% ANR (no trees planted) to 4109.21 USD/ha, where maximum tree planting (3100/ha) is required. To basic field costs a 10% contingency was added, to cover unanticipated transaction costs. Known transaction costs (planning, training, monitoring, reporting and accounting) were already included in basic field costs. Interest payments were also added, assuming that farmers would borrow the full amount required to implement restoration (including a 10% contingency), at interest rates that are currently offered by the Bank for Agriculture and Agricultural Cooperatives (BAAC) for forestry purposes (4.875% per year). We further assumed that income from carbon sequestration would first be used to pay back both the interest and principal. Therefore, total costs ranged from 2190.27 to 5680.72 USD/ha, depending on the initial state of forest regeneration (Table 4) or 3.99 to 10.34 USD/tCO2 sequestered.




3.3. Financial Modeling


Figure 4 shows potential cash balance over 14 years, starting at three different levels of natural forest regeneration (using Equation (6) for tree carbon). The model includes restoration costs (including 10% contingency), interest payments on the remaining principle each year, and the potential carbon credit value, if carbon were traded at the EUA market price. Predicted undiscounted net profits at year-14 ranged from 30,598.20 to 34,088.65 USD/ha (from most to least degraded initial conditions), resulting in NPVs of 22,215.45 to 25,157.04 USD/ha, respectively. Establishment costs are high and are incurred in the first 2 years, whilst carbon accumulation (and the potential income derivable therefrom) is initially slow. Consequently, loan repayments are low over the first few years resulting in debt. The model predicts that it would take about 4 years to break-even on the least degraded sites, increasing to just under 7 years on the most degraded sites. After that, profits would accrue rapidly.




3.4. Comparison with Maize Farming


According to the Office of Agricultural Economics, Ministry of Agriculture and Cooperatives [33], the average maize yield in northern Thailand (2019) was 4.4 t/ha, with a national, average, farm-gate, price of 232.58 USD/t, (January–August 2020; 7.81 THB/kg at 33.58 THB/USD, exchange rate as of 01/09/21 [34]). Therefore, average revenue was about 1023.35 USD/ha/year. Average production costs in 2019 were 884.00 USD/ha [33]. Adding the costs of borrowing to fund inputs, using the same BAAC interest rate of 4.875% as for forest restoration costs, brings total maize farming costs to 927.10 USD/ha, leaving a net profit of just 96.25 USD/ha/year, which amounts to 1347.53 USD/ha over the same 14-year cycle period, as used for the forest carbon model.



Abandoned maize fields support little, if any, natural forest regeneration. Therefore, conversion back to forest, using the FSM, would require planting the full complement of 3100 trees per hectare and incur the highest costs (5680.72 USD/ha (Table 4)) but would yield a profit over 14 years with an NPV of USD 22,215.45—that is more than 16 times higher than the profit from maize cultivation. Such a large difference in potential profits would constitute a powerful financial incentive for farmers to switch from maize cultivation to forest restoration for carbon.



The carbon price would have to drop to below 60.14 USD/tC (i.e., an EUA of <13.9 EUR per ton CO2) before maize cultivation would become more profitable than forest carbon, at current maize prices and yields. Conversely, at the current carbon price, the maize price would have to increase to 571 USD/t before maize became more profitable than carbon. In general, carbon would be more profitable than maize production, when the carbon price (USD/tC) is higher than (0.5412 × maize price (USD/t) − 67.14) (the equation for the solid black line in Figure 5).





4. Discussion


4.1. Carbon


The financial model is based on original carbon data, collected by the authors [15,17,18], from a long-term, replicated, controlled, restoration, field-plot system, also designed and established by the authors and published in peer-reviewed journals [20]. Results were specific for upland, seasonally dry, tropical evergreen forest, undergoing restoration by the FSM in northern Thailand. Fundamental to the FSM is the selection of tree species, with high rates of survival and growth, when out-planted on exposed deforested sites and are typical of the target forest ecosystem. Furthermore, the method raises the initial stocking density to a high level (3100/ha) by complementing natural regenerants with planted trees [14]. Thus, rapid carbon accumulation is achieved by design.



Not surprisingly, therefore, rates of carbon accumulation, using the FSM, were higher than those reported for natural regeneration of similar forest systems. In terms of above-ground tree biomass (AGTB), we estimated an average gain of 237 t/ha (106 tC/ha) in framework species trial plots, over 14 years [15], almost double the pan-tropical average, estimated by Silver et al. [35] 124 t/ha (58 tC/ha), over the first 20 years of natural forest succession. It is also much higher than Jha et al.’s [36] report of a mean gain in above-ground biomass of 143 t/ha (67 tC/ha) over the first 20 years of natural regeneration in Khao Yai National Park, Central Thailand (with similar climatic conditions as the present study), derived from remote-sensing data. In addition, it contrasts starkly with the AGTB of 17-year-old teak plantations in western Thailand—just 34 t/ha (16 tC/ha) [37]. Furthermore, tree-carbon stocks in the restoration plots in the present study, exceeded those in nearby old growth forest remnants 16–17 years after initiating restoration interventions [15]. Therefore, our findings indicate that deliberate selection of indigenous forest tree species for high rates of survival and growth, as framework tree species, could substantially increase the carbon storage potential of forest restoration projects and maximize potential carbon income, during at least the first two decades after initiating restoration interventions.



The model is specific for the early establishment phase of forest restoration (first 14 years), during which annual carbon increment increases almost exponentially—a pattern also reported by Jha et al. [36] for young forest. Obviously, this will not continue indefinitely. The data already show signs of decelerating growth; the ratio of increment to standing crop data in Table 2 declined with increasing plot age from 0.90 (1–5 years) to 0.70 (5–10 years) and 0.58 (10–14 years), hence our use of a logistic model to generate annual estimates of carbon accumulation (Equation (6), Figure 2).



This is expected since, as trees age, carbon respired by non-photosynthetic, structural, tree organs increases disproportionately more than that fixed by photosynthesis [38]. Brown and Lugo [39] and Silver et al. [35] reported that carbon accumulation rates, in recovering tropical secondary forests, decrease after 50–60 years and Chayaporn et al. [37] also presented a logistic growth model for teak trees in Thailand, which trends towards an asymptote at 80–90 years. Clearly, additional data on the carbon balance in the later stages of logistic growth are needed, to compare carbon revenue, with other land uses over a longer time span. In the present study, we do not speculate beyond the age range of our field data (14 years).



Soil-carbon stocks ranged from 162 to 262 tC/ha across the plot system (Table 3). Therefore, the percent of total ecosystem carbon in the soil ranged from 94%, when the trees were very young, to 54% at 14 years. The latter is very close to the 50:50 division of carbon stocks between vegetation and soils, typical of tropical moist forests (1000–2500 mm annual rainfall) [40]. In contrast, our modeled rates of soil-carbon accumulation, which averaged 0.61 tC/ha/year over the first 14 years, were below typical values (e.g., pan tropical average of 1.30 tC/ha/year over the first 20 years of forest regeneration on abandoned agricultural land [35]). This may have been due to underestimation of litter production or overestimation of decomposition rates (from the litter bag experiments [18]) and requires further investigation. However, it does mean that estimates of revenue from soil carbon, in the financial model, were most likely conservative.




4.2. Costs and Revenue


Restoration costs (Table 4) depended on the original extent of natural regeneration (Figure 3), since the FSM complements ANR with tree planting [14]. Stocking density of natural regenerants per hectare is first surveyed, using circular sample plots [14]. If their estimated density is higher than 3100/ha, no trees need be planted, since restoration can be achieved by ANR alone. However, if the density is below 3100/ha, then framework trees are planted, to raise the average density to 3100/ha. This results in an initial average spacing of approximately 1.8 m between trees and natural regenerants. At this density, canopy closure begins by the end of the second rainy season after planting and is more or less complete by the end of the third rainy season. This gradually shades out light-demanding herbaceous weeds within 3 years, thus minimizing weeding costs [14].



The importance of taking natural regeneration into account, to achieve cost-effective restoration at large scales, is now widely recognized. For example, Crouzeilles et al. [41] reported that using assisted regeneration, where appropriate, reduces restoration implementation costs by up to 77%, compared with conventional tree planting.



Costs of carbon sequestration per ton by the FSM—3.99–10.34 USD/tCO2—compared well with previously published costs. For example, Nabuurs et al. [42] reported costs of 0.64–9.03 USD/tCO2 (adjusted for cumulative inflation at 29%, since 2007) for reforestation projects in developing countries, whilst Deerai [43] estimated total costs for REDD+ implementation in Thailand, solely by forest protection, at 9.87 USD/tCO2 (adjusted for cumulative inflation at 17%, since 2011).



Transaction costs are the administration costs of implementing forest-carbon trading schemes, e.g., capacity building, planning, legal fees, management, monitoring and enforcement, etc. [44]. Our cost calculations included reasonable payments for a local NGO to provide inputs on planning, training, overseeing maintenance and monitoring, reporting and accounting (Table 4), assuming a 10-ha planting area, based on FORRU-CMU’s current costs of implementing small-scale forest restoration projects in northern Thailand. The magnitude of transaction costs that may be required under a future ETS in Thailand will not be known until such a system is realized. Therefore, we included a 10% contingency in costs to allow for unanticipated transaction costs, even though such costs are often independent of the amount of carbon traded. In reality, some of them are one-off, “soft” costs (e.g., training and capacity building, funded by government agencies or by NGOs from development grants), which do not draw directly on the revenue from carbon credits.



However, third parties that profit from the provision of various services to forest-carbon initiatives (particularly monitoring and verification) often charge exorbitant fees, which could substantially reduce the profitability of carbon-financed forest restoration. For example, Pearson et al. [45] reported transaction costs of up to 270% of anticipated income, for four tropical forestry case studies. Clearly, the regulation of such ridiculously high transaction costs will be essential, if local communities are to derive a reasonable profit from carbon credits.



Investment in capacity building, which enables local people to plan, manage and monitor their own forest restoration initiatives, independently of highly paid outside experts, would therefore contribute much to the long-term viability of forest-carbon trading [46,47]. Furthermore, the indigenous knowledge of local people is of great value to such tasks [48].



Another way to reduce monitoring and evaluation costs, might be to use drone-based photogrammetry to perform monitoring. Since conventional monitoring systems are slow, labor intensive and costly, they are usually applied to small sample plots, from which site-wide estimates of carbon are estimated, using allometric equations (often of dubious reliability). Within a few minutes, drones can capture images, from which 3D forest models can be constructed for entire sites, providing a much more complete assessment of carbon stocks, which does not rely on extrapolation from small samples. Use of such technologies may help to reduce the transaction costs of forest carbon in the near future and increase market confidence in the quantity and value of forest carbon credits [49,50,51]. Drones may also encourage greater community involvement in monitoring forest restoration. Paneque-Gálvez et al. [52] reported that use of drones encourages community involvement in forest monitoring and empowers local communities in the tropics to better conserve their forests, particularly for biodiversity conservation and climate change mitigation.



The financial model assumes that farmers, implementing forest restoration for carbon income, borrow money to cover establishment costs at the current BAAC interest rate for agricultural loans. Farmers who have sufficient capital would not need to borrow from the bank, thus substantially reducing costs. Their profits would therefore be much higher than indicated above, and break-even points would be achieved sooner (since carbon credit revenue would not be spent on prolonged interest repayments).



For farmers who would have to borrow money to start forest restoration, interest rates would be a crucial factor that would determine their decision to embark on forest restoration for carbon income. Fortunately, the concept of low-interest loans, which use trees as collateral, is well-established in Thailand, particularly to encourage planting of high-value timber trees, i.e., BAAC’s tree-bank scheme [53]. Consequently, modification of such existing financial instruments might be the most feasible way to generate low-interest loans, to support locally managed, carbon financed, forest restoration projects.



One way to reduce reliance on borrowed money in the first few years (and increase the financial attractiveness of forest restoration) might be to intermix crops amongst the trees in the first two growing seasons (provided tree stocking density was maintained at 3100/ha). Whilst the trees are small, competition between the crops and trees would be minimal. Furthermore, lines of crops between the trees would further encourage farmers to carry out weeding, fertilizer application and fire prevention/suppression, which are essential for successful forest restoration. However, once canopy closure occurs (usually in the third rainy season), high carbon capture rates depend on tree seedling recruitment and understory development for long-term maintenance of forest dynamics. Therefore, subsequent cultivation would be counter-productive, since it would inhibit tree seedling regeneration, thus reducing carbon uptake.



Whilst it is reasonable to assume that companies would pay the same to offset 1 ton of CO2 via forest restoration as by any other means, the eventual price of carbon credits under any ETS that may develop in Thailand may differ from the international market price. At present, the TGO has embarked on a purely voluntary carbon valuation system (TVER), with prices dependent on one-to-one negotiations between sellers and buyers. There is no open market for trading carbon credits and no cap-and-trade or ETS system, hence our use of the EUA price for the financial modeling in this paper. Ultimately the strength of a carbon-based financial incentive, to encourage forest restoration, depends on the carbon credit price, relative to the profitability of deforestation drivers, as exemplified by our comparison with maize cultivation.




4.3. Comparison with Maize Farming


Maize cultivation has been a major driver of deforestation, and associated decline in biodiversity, watershed services, and soil fertility, in northern Thailand for decades [54]. Furthermore, fire is used in the dry season, to burn off maize crop residues and clear weeds, ready for sowing the subsequent crop. Every year, from February to April smoke pollution results in hundreds of thousands of hospital visits across Thailand’s northern region, due to acute respiratory ailments [55]. It has also been linked to more serious chronic conditions, such as stroke, myocardial infarctions, and lung cancer [56]. Furthermore, maize farming does little to enrich local communities. Soil erosion on maize fields is often very high, so many farmers often fall into a poverty trap created by declining yields, increasing production costs (particularly fertilizer to address declining soil condition) and low market prices [54]. Therefore, financial incentives, to encourage farmers to switch from maize cultivation to forest restoration, could bring about dramatic improvements in rural livelihoods, environmental quality and public health. The analysis, illustrated in Figure 5, shows that the carbon value alone of forest restoration is likely to remain much higher than that of maize cultivation. In fact, the disparity between the profitability of maize vs. forest restoration is growing, as increasing demand for carbon credits drives the EUA price higher.



Our study adds to the growing body of evidence that forest restoration for carbon sequestration can often be more profitable than alternative land uses. For example, Bradbury et al.’s [57] review of 62 restoration projects concluded that “restoration benefits (for example, greenhouse gas regulation) tend to outweigh private benefits (for example, profits from agriculture) driving change to the alternative state”. Furthermore, they state that “monetization of additional services would further increase the difference”. These include payments for other ecosystem services (PES), particularly watershed functions (e.g., more reliable dry season water supply, irrigation for downstream crop production and prevention of floods, droughts, soil erosion and landslides etc.). A PES scheme, which generated payments linked to the supply of clean water to a local water-bottling company, recently proved successful near the study site of this paper [58]. Other potentially monetizable outputs include non-timber forest products and ecotourism. As with carbon, realization of all these revenue streams would require considerable capacity building and the development of effective marketing strategies [1].





5. Conclusions


This study provides a sound technical basis, to justify and underpin creation of a forest-carbon trading system in Thailand. The study, presented here, shows that the carbon value of forest restoration is sufficient to warrant such a policy. It further shows that providing farmers with easy access to carbon markets would incentivize forest restoration and fire prevention, and diversify landscapes, whilst also reducing rural poverty. The creation of a powerful financial incentive for forest restoration, by converting forest-carbon value into cash income, depends on several socioeconomic and political factors, the most crucial of which is the creation of a transparent carbon market, easily accessible to farmers, with reasonable transactions costs. Thailand still has some way to go to create such a market. The Thailand Greenhouse Gas Management Organization (TGO) is working on an ETS implementation roadmap and legal framework. Trials of voluntary emissions trading system (TVER), which established a legal framework and identified critical “readiness gaps”, began in 2015 [59]. Initially, the system focused solely on the energy sector, which contributes most (72%) towards the country’s total greenhouse gases (GHG) emissions [60]. However, in August 2021, TVER was expanded to include forestry. The Royal Forest Department launched a policy, by which forests under its jurisdiction could be registered for TVER, with private- or public-sector entities as project “developers”. Carbon credits would be registered and certified by the TGO, with 10% of credits belonging to the government and 90% belonging to the project developers [61]. Hopefully such a system may start to provide some financial support for forest restoration, but it will depend on finding “customers” willing to pay voluntarily for carbon credits, the price they are willing to pay, and certification costs. If the true value of forest carbon credits is to be achieved, an ETS based on enforceable cap-and-trade will be needed, with the carbon price determined by an open market.



In addition to climate-change mitigation, benefits would include diversification of rural economies, substantial increases in farmers’ income and financial security, reduced smoke-related public health problems, watershed protection and biodiversity conservation, all of which would have positive knock-on effects on the tourism industry (Figure 1).



In addition to policy considerations, the macroeconomic consequences of converting cropland back into forest must be considered. A surge in carbon-financed forest restoration, over large areas, could oversupply the carbon credit market, causing credit prices to fall. It could also impact food production, leading to increased food prices and reduced food security. Modeling and evaluation of such potential macro-economic effects are therefore an essential next step.
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Figure 1. How the framework species method works. Wide grey arrows indicate progress of restoration; narrow black arrows indicate “origin affects destination”, whilst dotted lines indicate positive feedback. 
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Figure 2. Modeled tree-carbon accumulation during forest restoration by the framework species method, including above- and below-ground parts. 
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Figure 3. Forest restoration costs decline with increasing density of pre-existing natural regenerants (assuming 10 ha restored) (includes field costs, interest on loans, and 10% contingency for unanticipated transaction costs) (data from FORRU-CMU, August 2021). 
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Figure 4. Modeled cash flows during forest restoration by the framework species method for carbon sequestration—assuming full establishment costs are borrowed and carbon could be marketed at the EUA price. 






Figure 4. Modeled cash flows during forest restoration by the framework species method for carbon sequestration—assuming full establishment costs are borrowed and carbon could be marketed at the EUA price.



[image: Forests 13 00144 g004]







[image: Forests 13 00144 g005 550] 





Figure 5. Relative profitability of maize or carbon with various price ratios. (The star indicates the current price ratio). 
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Table 1. Tree species included in this study.
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	No.
	Species
	Successional Status
	Leafing





	1
	Bischofia javanica
	Pioneer
	Deciduous



	2
	Erythrina subumbrans
	Pioneer
	Deciduous



	3
	Gmelina arborea
	Pioneer
	Deciduous



	4
	Heynea trijuga
	Climax
	Semi-deciduous



	5
	Hovenia dulcis
	Climax
	Deciduous



	6
	Melia toosendan
	Pioneer
	Deciduous



	7
	Nyssa javanica
	Pioneer
	Evergreen/

semi-deciduous



	8
	Prunus cerasoides
	Pioneer
	Deciduous



	9
	Sapindus rarak
	Climax
	Deciduous



	10
	Sarcosperma arboreum
	Climax
	Evergreen



	11
	Spondias axillaris
	Pioneer
	Deciduous
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Table 2. Potential value of incremental tree carbon, during restoration of upland evergreen forest in northern Thailand by the framework species method.
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Forest Age (Since Start of Restoration)

	
Tree Carbon Stock 1

	
Increment

	
Increment Potential Cash Value 2




	
(Year)

	
(tC/ha)

	
(tC/ha)

	
(USD)






	
0

	
1.73

	
-

	
-




	
5

	
18.04

	
16.31

	
3950.39




	
10

	
60.75

	
42.71

	
10,344.65




	
14

	
144.81

	
84.06

	
20,359.90




	
Total (0–14 Y)

	

	
143.08

	
34,654.95








1 Mean above-ground tree carbon (across species) × 1.37 (to add roots [24]) × measured numbers of surviving trees per hectare [15]. 2 Assuming EUA price of EUR 55.98 per ton CO2, converted to USD/tC: multiplied with the proportion of molecular weight of CO2 to C (44/12) at 1.18 USD/EUR = 242.21 USD/tC (as of August 2021).
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Table 3. Changes in measured soil carbon between two surveys 8 years apart.
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Year Plots Planted>

	
2007

	
2002

	
1998






	
Plot age (years since restoration initiated)

	
2

	
10

	
7

	
15

	
11

	
19




	
Kavinchan et al. (2015a) (tC/ha)—down to 2 m depth (in 2009)

	
254.40

	

	
251.14

	

	
161.82

	




	
This study (tC/ha)—0–50 cm depth extrapolated down to 2 m using Kavinchan et al. [17] equations (in 2017)

	

	
261.77

	

	
255.75

	

	
170.39




	
Soil-carbon accumulation over 8 years (tC/ha) (measured)

	

	
7.37

	

	
4.61

	

	
8.57




	
Average annual soil-carbon increase (measured) (tC/ha/year)

	

	
0.92

	

	
0.58

	

	
1.07




	
Litter-carbon accumulation over 8 years (modeled)

	

	
1.11

	

	
3.84

	

	
10.73




	
Average annual litter-carbon increase (measured) (tC/ha/year)

	

	
0.14

	

	
0.48

	

	
1.34




	
Ratio soil-carbon:litter-carbon

	

	
6.65

	

	
1.20

	

	
0.80
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Table 4. Costs of the framework species method (USD/ha) by standard procedures [14] (Elliott et al., 2013), with initial stocking densities of 0, 1543, and 3100 regenerants/ha (0, 50% and 100% of that required to initiate canopy closure within two rainy seasons), for a 10-ha site (data from Chiang Mai University’s Forest Restoration Research (FORRU-CMU), August 2021). ANR = assisted natural regeneration.
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Field Establishment Costs

	
100% Tree Planting

	
Tree Planting: ANR 50:50

	
100% ANR






	
By budget items

	
Y1

	
Y2

	
TOTAL

	
Y1

	
Y2

	
TOTAL

	
Y1

	
Y2

	
TOTAL




	
Planting stock

	
1838.00

	
0.00

	
1838.00

	
919.00

	
0.00

	
919.00

	
0.00

	
0.00

	
0.00




	
Materials and equipment

	
315.37

	
129.03

	
444.40

	
253.80

	
129.03

	
382.83

	
192.23

	
129.03

	
321.26




	
Transportation

	
145.50

	
23.94

	
169.44

	
99.55

	
23.94

	
123.49

	
53.60

	
23.94

	
77.54




	
Labor

	
1033.30

	
549.05

	
1582.35

	
874.00

	
546.56

	
1420.56

	
714.71

	
544.07

	
1258.78




	
Quantifiable transaction costs

	
54.42

	
20.61

	
75.03

	
54.42

	
20.61

	
75.03

	
54.42

	
20.61

	
75.03




	
Total field costs by budget item

	
3386.59

	
722.63

	
4109.22

	
2200.77

	
720.14

	
2920.91

	
1014.96

	
717.65

	
1732.61




	
By task

	

	

	




	
Pre-planting site survey

	
13.07

	
0.00

	
13.07

	
13.07

	
0.00

	
13.07

	
13.07

	
0.00

	
13.07




	
Site preparation

	
297.40

	
0.00

	
297.40

	
244.10

	
0.00

	
244.10

	
190.80

	
0.00

	
190.80




	
Tree planting (+initial ANR tasks)

	
2346.20

	
0.00

	
2346.20

	
1218.59

	
0.00

	
1218.59

	
90.98

	
0.00

	
90.98




	
Maintenance (weeding, fertilizer) 2 years

	
693.97

	
704.38

	
1398.36

	
693.97

	
704.38

	
1398.36

	
693.97

	
704.38

	
1398.36




	
Monitoring—2 years

	
35.94

	
18.24

	
54.19

	
31.04

	
15.75

	
46.80

	
26.14

	
13.27

	
39.41




	
Total field costs by task

	
3386.59

	
722.63

	
4109.21

	
2200.77

	
720.14

	
2920.91

	
1014.96

	
717.65

	
1732.61




	
10% contingency for unanticipated transaction costs

	
338.66

	
72.26

	
410.92

	
220.08

	
72.01

	
292.09

	
101.50

	
71.77

	
173.26




	
SUBTOTAL

	
3725.25

	
794.89

	
4520.14

	
2420.85

	
792.15

	
3213.00

	
1116.45

	
789.42

	
1905.87




	
INTEREST

	

	

	
1160.59

	

	

	
672.39

	

	

	
284.40




	
GRAND TOTAL (USD)

	

	

	
5680.72

	

	

	
3885.39

	

	

	
2190.27




	
Costs per tC sequestered (USD/tC)

	

	

	
10.34

	

	

	
7.07

	

	

	
3.99




	
Costs per tree established (USD/tree)

	

	

	
1.83

	

	

	
1.25

	

	

	
0.71
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