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Abstract

:

Currently, Songkhla Province of Thailand has been recognized as a convenient hub of rubber industry development, accompanied by an attendant abundance of rubber tree plantations. A spatialized assessment of the rubber tree was carried out to estimate its aboveground biomass potentials using remote sensing techniques and ecosystem modeling procedures. Moderate Resolution Imaging Spectroradiometer satellite-based estimations of the net primary productivity were derived and complemented with a calculated generic model, to quantify the respective above ground biomass potentials para rubber. Above ground biomass assessment findings revealed a mean value of 82.1 tonnes C ha−1 and an aggregate of 31. 9 million tonnes C ha−1 which is the theoretical potential, this is segregated into energy usable, and other economic purpose biomass potentials, with corresponding value ranges of 1624.1 to 6,041,531.2 million tonnes C ha−1 and 85.5 to 317,975.6 thousand tonnes C ha−1 respectively. Besides the theoretical above ground biomass potential (entire biomass accumulation ratio) commonly evaluated, the other potentials, which include naturally obtainable biomass usable for energy generation and the remaining share of the feedstock for non-energy uses, have been brought to light. Songkhla province has the potential for good carbon sink and sustainable supply of different pools of feedstock from the rubber tree that reinforces each other in providing a comprehensive view of biomass in energy and non-energy opportunities. The socioeconomic production and value chain analysis of the identified biomass pools needs to be evaluated; this will consequently guide policy toward a comprehensive rubber sector sustainable development.
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1. Introduction


Rubber tree (Hevea brasiliensis (Muell. Arg.)) as a renewable resource has been recognized globally as one of the most efficient sources for commercial production of natural rubber as well as wood-derived products. The rubber tree is widely reported and extensively explored in the literature by many authors regarding its broader representation. In the year 2000, a total of about 6.8 million metric tons of natural rubber from para rubber was produced globally, which increased to over 12 million metric tons in 2013 [1]. The increased global demand for non-synthetic rubber due to population growth, coupled with related innovations may have helped to spur the expansion of rubber plantations in recent years. This resource was originally indigenous to the Amazonian basin but has become an economic gem in Southeast Asia within a few years. Currently, it is obvious that most of the global natural rubber comes from this region, in 2016, Thailand, and Indonesia account for 60 percent of the world’s natural rubber and Para—wood supply [2]. To this end, Thailand has been one of the world’s largest producers of natural rubber for many years, the country accounted for 34% of the world’s natural rubber output in 2013 [1].



Para rubber is an important vegetation land cover in Thailand, which cover the country’s land use, and most of the plantations occur in the southern region, which has the optimal conditions. Songkhla province has been identified as one of the southern Thailand provinces with high potential suitability of para rubber [3]. Para rubber is a fast-growing, medium to lanky tree that has a straight-thick trunk and, somewhat soft, light brownish gray bark. This tree can often reach a height of about 25 m in plantations, and even 40 m particularly in the wild [4], these characteristics are critical for effective biomass production potential. Para rubber, like any other tree, can contain several resource potentials including theoretical, technical, and economical that reinforce each other in providing a comprehensive view of biomass energy opportunities.



Generally, most existing studies typically only evaluated the multi-biome biomass with a limiting focus on vegetation-specific assessments, and para rubber on a large-scale, receives the least attention. Para rubber is an important agricultural plantation in the tropics. Its abundance is obvious in southern Thailand, where large areas of natural forest, degraded forest, and field croplands rarely exist due to replacement by rubber plantations. Recently, the tree seems to emerge as the most widespread smallholder tree crop in Songkhla in particular. However, even though the Royal Forest Department has provided figures on the state of the nation’s forests every year for decades [5], there is a lack of information on rubber tree management or the yield from rubber trees in the future, the degree of spatial variation in rubber tree use, and competing uses of crop residues among provinces, these are some problems that have not been dealt with. There is limited knowledge about the current and probable share of the biomass potential for other products, and how the future biomass potential ties in with the estimated growth of para rubber-based plastics, chemicals, and energy without risking food and feed production.



Currently, Thailand plans to produce around 8 million tons of rubber pellets annually and plans to secure domestic demand for rubber pellets by signing a memorandum of understanding with the Electricity Generating Authority of Thailand (EGAT). By this understanding, “EGAT plans to build biomass power plants across the country, with each plant having the capacity to generate around 10 megawatts” [6]. Therefore, biomass assessments can guide industrial development strategies and help make decision-making processes more efficient. The biomass of plants such as para rubber is attractive for use as a renewable energy source with a high potential for renewable chemicals as well as other alternative fuels. Para rubber plantations in addition to main socio-economic benefits, can offer ecosystem services like land recuperation, soil conservation, carbon sequestration, and water quality improvement. Furthermore, the rubber industry is influenced by social, political, economical, and ecological factors, which require a multidisciplinary approach for sustainable exploration. In recent years, there has been an increased interest in exploring approaches for a holistic evaluation of rubber tree abundance and its biomass estimations which is beyond the field investigations performed in plantations which have limitations because the traditional method of acquiring rubber plantation data, such as field surveys, over large areas can be time consuming, costly, and labor intensive.



Remote sensing technologies are increasingly being used to account for aboveground biomass spatial variability and to predict future land use scenarios in many vegetation environments [7]. Although this technology has been relatively infrequently applied to management activities in Thailand, it is widely used in temperate and boreal regions [8]. Satellites such as MODIS and Sentinel are an effective technology for addressing these issues in large-scale assessments, with associated advantages as: (1) The ability to estimate biomass for small and large areas [9,10], which is highly crucial in forest systems where field work is challenging to conduct due to topography, climate, and/or forest structure [11]; (2) gathering data in short time cycles, which enables time-series data [10], that is not possible with ground plot data for periods shorter due to labor and cost constraints [11]; and (3) collecting data at a range of scales, from regional to local, connected with the spatial resolution of imagery [9,10].



Consequently, remote sensing as a technique is readily available for the assessment of para rubber biomass resources at the local, regional, and global scales. This technique complimented with modeling is a highly appropriate measure for greater insight into evaluating para rubber biomass and would yield useful information about the dynamics of the rubber sector. The objective of the present exploration is to estimate the theoretical above ground biomass potentials of para rubber using the net primary productivity in the study area. This will bring to light the distribution trend and potential shares of rubber tree biomass across the province, and it is hoped that this study will lead to new insights of investigations on the identified biomass fractions.




2. Materials and Methods


2.1. Study Area


Songkhla province is situated in southern Thailand at 7.1756° N and 100.6143° E, with an area of 7393.9 km2 (Figure 1). The climate of the region is described as a tropical monsoon in the Köppen-Geiger climate classification scheme. The average temperature in Songkhla ranges between 22 and 35 °C depending on the season, and the total yearly rainfall is 1782.4 mm [12]. The dominant soil type is Udults (47%) which is a clayey-skeletal (freely drained, poor hums, and non-fertile light soils) according to the Land Development Department’s classification [13]. Para rubber (Hevea brasiliensis (Muell. Arg.)) plantations occupy 1.8 million hectares in southern Thailand [14] and, in Songkhla Province covering virtually 300,000 hectares [13]. Economic evolution and a large population have led to enormous energy consumption in the area. Songkhla Province is an important energy hub, earning 3.1 billion USD each year from gas separation and energy supply facility which supplies companies like the Electricity Generating Authority of Thailand (EGAT) [15]. The prolific biomass resources, economic growth, and enormous human population associated with the study area make biomass potential assessment an important research area for sustainable development.




2.2. Land Cover and Landuse Assessment


Land cover is more referred to as the vegetation either natural or established, water, bare rock, sand, and related surface including man-made features on the earth surface. Land use includes the numerous human activities on land, which are intended to obtain goods and benefits from the land’s resources (soil and vegetation). Vegetation indexes (VIs) such as the normalized difference vegetation index (NDVI) and the enhanced vegetation index (EVI) are a numerical value that measures the biomass and/or vigor of vegetation for each pixel in a remote sensing image. For example, the NDVI value for each pixel in an image, which ranges from −1.0 to 1.0, helps distinguish vegetation regions of varying levels of plant biomass/vigor, upper values suggest high biomass and vigor [16]. Moreover, phenology-based seasonal VIs such as NDVI is often used as a proxy for biomass production, and a model using the NDVI by [17] has successfully predicted biomass annually. For this research, key remotely sensed land cover and VIs datasets were extracted from Sentinel-2 satellite for 2019, downloaded at the Google Earth Engine Explorer (GEE) link (https://earthengine.google.com/, accessed on 16 August 2020), which is an efficient data visualizer for precise land cover classification and analysis of the study area. The GEE is a web-based portal offering global time-series satellite imagery and vector data, cloud-based computing, and access to software with the algorithms for processing such data [18]. On this platform, some pre-processed datasets can convert raw digital numbers to make up for the atmosphere reflectance, surface reflectance, making such fit for further analysis with no need for specialized software for solar and atmospheric corrections procedures. ArcMap 10.3.1 was used for maximum likelihood classification of land cover and VIs image editing and analysis. Following image classification of land cover classes which includes natural forest, plantation, agriculture, built-up area, water body, bare land and miscellaneous land, an accuracy assessment was performed using a Google online confusion matrix tool in accordance with Sarkar’s, [19] procedures. The tool employs algorithms to calculate the important parameters (Table 1). The para rubber (Hevea brasiliensis (Muell. Arg.)) land use vector datasets were acquired from Geo-Informatics and Space Technology Development Agency (GISTDA), Thailand. These were used as important inputs to estimate the biomass from Net Primary Productivity (NPP) using a generic model.




2.3. Net Primary Productivity Assessment and Validation


Net primary productivity (NPP) describes the degree to which plants within an ecological unit yield net valuable biochemical energy. It is equivalent to the variance concerning the amount at which plants produce beneficial biochemical energy in an ecosystem and the degree to which they consume roughly of that energy on behalf of respiration to produce all tissue that make up their biomass [20], thus NPP is closely related to biomass. The NPP datasets that were retrieved from the MODIS satellite of the Land Processes Distributed Active Archive Center (LP DAAC), available at the link (https://lpdaac.usgs.gov/products/mod17a3hgfv006/, accessed on 17 August 2020), were downloaded and processed in ArcMap 10.3.1. The MOD17A3HGF version six (MOD17A3HGFv006) product offers data of NPP at 500-m pixel resolution, and the annual NPP is derived from the sum of all 8-day Net Photosynthesis product (MOD17A2H of a given year, which is expressed in KgC/m2/year [21]. This product has passed the three-stage validation of accuracy using small independent measurements, wide distributed location sets, and systematic as well as statistically strong means that represent worldwide conditions. However, in the study, these retrieved MODIS NPP values were compared to an operational science data network called FLUXNET to validate the medium resolution estimations. FLUXNET is a worldwide network of micrometeorological tower sites that use eddy covariance procedures to quantify the exchanges of carbon dioxide, water vapor, and energy amongst terrestrial ecosystems and the atmosphere. The FLUXNET NPP data were downloaded from the Oak Ridge National Laboratory Distributed Active Archive Center (ORNL DAAC) available at the link (https://modis.ornl.gov/data.html, accessed on 31 December 2019), these are pre-processed subsets for a wide field and flux tower sites for validation of models, also remote sensing products [22]. This work leveraged the NPP data from the FLUXNETS profiled and described in Table 2 to validate MODIS NPP and previous field surveys data coupled with tree AGB-related characteristics (more details Table 5) as ground reference data for AGB evaluation.



While conducting the validation process, the root mean square error (RMSE) was used as a conventional standard statistical approach of quantifying the error of a model in predicting quantitative data to correlate the MODIS-NPP, and FLUXNET-NPP, NDVI, and EVI. This analysis aims to quantify and infer how accurately the MODIS NPP values match vegetation parameters across the Songkhla province. The formula for the (RMSE) is given as:


  R M S E =     Σ       P i – O i    2   n       



(1)




where Σ is the summation symbol. Pi refers to the projected value meant for the ith observed dataset. Oi refers to the experimental value meant for the ith experiment dataset. n refers to the sample dimension.




2.4. Above Ground Biomass Potentials Estimation


Estimating a yearly biomass increment is a regular reporting requisite in the Inter-Governmental Panel on Climate Change (IPCC) recommendations, implying that aboveground biomass can be estimated conventionally with remote sensing techniques and ecosystem modeling procedures [23]. Remote sensing-based estimation of terrestrial primary production has come along away within a few decades ago presenting datasets relating to biomass at regional, continental, and global scales. In addition to remote sensing-based assessments, it is possible to combine these methods with the ones using models. Moreover, satellite-based estimations have been complemented with calculated models to quantify the carbon fluxes globally [24].



In this work, it is assumed that all para rubber plantations across Songkhla province are at least 25 years old since rubber trees have a 20–30-year economic existence [5,14,25]. The trees usually have an asset life of 25 years [26], this is long enough for significant carbon sequestration from the atmosphere. The above ground biomass (AGB) potentials were derived from NPP through a generic model approach proposed by [27]. Conventionally, NPP comprises both above-ground and below-ground production and it is quantified as the quantity of carbon per unit area (kgC/m2). However, only the above-ground biomass is mostly considered relevant for energy production, therefore conversion is required to find the aboveground NPP value from the overall volume. The entire process of assessing the above-ground biomass from para rubber is schematically presented in a flow chart (Figure 2), the figure provides an overview of the framework methodology employed in this work.



The following equation was used to translate NPP from MODIS/Terra product data to dry theoretical biomass.


  T = N P P ×  α β   



(2)




where T is theoretical AGB, α is the share of above-ground biomass in the aggregate biomass, and β is carbon concentration in dry biomass. For cultivated crops and grass, α is 0.8 and β is 0.45 [27], while for forest and other woody vegetation, α is 0.235 and β is 0.47 [28].



Worthy of note is that: not all theoretical biomass can be used for energy production due to restraints, such as soil carbon maintenance, pulping, and other economic purposes. Therefore, energy usable biomass parameter is introduced to reveal the part of naturally obtainable biomass that is used for energy generation, and this is calculated thus.


  E = T × r ×   1 – e – l    



(3)




where E is energy usable biomass; T is biological biomass; r is the portion of T that is not primarily produced. For crops, only the residues like straw and stems are used for energy production. However, for fast-growing grasses or trees that are dedicated to energy production, r can be equal to or approximately 1 [29]. e is the portion of omitting the biomass used for other economic purposes other than energy production. l represents the loss during the entire procedure, for instance, the loss taking place through the harvest. For forest biomass, l is 0.05 [27]. Other uses biomass share were computed from the difference between the theoretical AGB and energy AGB potentials.





3. Results


3.1. Land Cover, NDVI, and EVI Distribution in Songkhla Province


The land cover and vegetation composition of Songkhla is multifaceted, therefore it was deemed necessary in this study to map out and provide the spatial distribution of major local vegetation land cover. As a result, a land cover analysis map became appropriate to provide an insight into the Para Rubber (Hevea brasiliensis (Muell. Arg.)) distribution across the study area. A portrait and a representation of the land cover categories are shown in Figure 3, while Figure 4 shows the summary of interpreted pixels based on maximum likelihood supervised classification technique consistent with the land development department system.



As a result of correctly classifying 420 ground truth points, the overall accuracy is 68.81 percent and the Kappa coefficient is 0.63, as shown in Table 3. According to Google Earth’s classification of Kappa coefficient value strength of agreement, the accuracy is good (0.61–0.80).



The analysis revealed natural forest, plantation, agriculture, built-up area, waterbody, bare land, and miscellaneous land (Land with highly dynamic land uses, may include soil pits, landfills, laterite, and ornamental sites) to be the land cover types in Songkhla province. The trend across the classified land cover classes indicates that plantations occupy as much as 33% of the total land cover, while only 1% of the total land cover is bare land.



In this work, the vegetation indices were used as a reinforcement to the vegetation status, which could be a reflection of the vegetation distribution throughout the province. Figure 5 and Figure 6 are indications of the NDVI and EVI status, respectively. From these figures, NDVI and EVI mean distribution across the province are 0.4 and 0.6 with corresponding standard deviations of 0.18 and 0.24, respectively.




3.2. Net Primary Productivity Distribution in Songkhla Province


The net primary productivity (NPP) distribution in Songkhla province for 2019 is presented in Figure 7. The NPP pixels value ranges from 10 to 32,766 kgC/m2/year, the pixel histogram statistics revealed a mean value of 8804.8 kgC/m2/year, and a standard deviation of 8174.30 kgC/m2/year.



Using the NPP data from the FLUXNETS profiled and described in Table 2, MODIS NPP was validated as seen in Figure 8a. Some important correlations are also illustrated in Figure 8b–d to demonstrate the relationship between MODIS NPP and the vegetation indexes and buttress the vegetation and biomass distribution pattern in Songkhla province. The relationship between FLUXNETS-NPP and MODIS-NPP revealed R2 and RSME as 0.8804 kgC/m2/year and 0.0896 kgC/m2/year, respectively. From the relationships between MODIS NPP and the vegetation indices, the RSME values of 0.15141 and 0.115488 were found for NDVI and EVI, respectively. A correlation between FLUXNETS-NPP, and EVI showed the RSME value to be 0.101366.




3.3. Para Rubber Land Use and Biomass Characteristics


The land use distribution patterns of rubber tree plantations, sizes, number of plantations and cultivation communities throughout the districts of Songkhla province are presented in Table 4. The result indicates that the proportion of land area devoted to para rubber plantation ranges from 0.1 to 90.2%, with Ranot and Na Mom districts having the lowest and highest proportions, respectively. The plantation sizes range from 20.8 hectares to 77,441.5 hectares, with Sadao and Sathing Phra districts as the highest and lowest sizes, respectively.



Moreover, the trend revealed a range of 8 to 1149 para rubber plantations spanning across the province. The largest number was within the Hat Yai district while the lowest number of plantations were in the Sathing Phra district. To describe the biophysical features connected with AGB, some biomass-related profiles of para rubber are summarized and presented in Table 5.




3.4. Different Pools of Para Rubber above Ground Biomass Potentials in Songkhla Province


In this study, three important pools of para rubber AGB potentials were identified as shown in Figure 9. These pools include theoretical AGB potential, energy—usable AGB potential, and other uses AGB potential. The results revealed that in Songkhla province, theoretical AGB ranges from 1709.6 to 6,359,506.9 million tonnes C ha−1, energy usable AGB ranges from 1624.1 to 6,041,531.2 million tonnes C ha−1, and economic purpose AGB ranges from 85.5 to 317,975.6 thousand tonnes C ha−1, all pools were found highest and lowest in Sadao and Sathing Phra districts respectively.





4. Discussion


Land cover result trends show an increase of vegetation land cover thickness from the northern peninsula to the southern part of the province. Natural forest, plantation, water body, and agriculture all have user accuracy values greater than 70%, while built up field, miscellaneous land, and bare land all have user accuracy values less than 70%, indicating that time pixels have been substituted for adjacent land cover groups. This may be attributed to poor image visibility caused by cloud interference in the study area. However, the trend is consistent with the findings of Srichaichana et al. [40], who reported an increase in plantation land use land cover within the area between 2010 and 2017. The existence of a wide expanse of paddy fields in the north relative to the scanty ones in the south supports this pattern. Land suitability considerations might be responsible for this trend, and this may be attributed to land availability occasioned by seasonal flooding of the peninsula resulting in plains suitable for rice in the north. Whereas the forested vegetation scenario in the south where afforestation and urbanization being likely the major driving forces for land-use change in the area. The distribution trends of vegetation indices conformed to the spatial patterns in the study area. However, several works of literature [7,17,41] indicate a robust relationship between vegetation indices and biomass, thus suggests that vegetation indices can serve as a phantom guide for presumably quantifying plant community composition and biophysical properties.



The distribution of the NPP pattern is characteristic of tropical environments in Southeast Asia, South America, and Africa, with sufficient solar radiation, warmth, and precipitation. A popular explanation of NPP is that it is the difference between the gross productivity and the rate of energy lost due to metabolism and maintenance, hence refer to as the rate of plants’ energy storage as biomass. Normally, NPP distribution varies with the ecosystem, warmer and wetter climates encourage and increase the proportion of gross productivity being exhausted in respiration. These observations are consistent with existing studies on NPP, and the findings agree well with the results reported by Potter et al., [41], who used the Carnegie-Ames-Stanford Approach (CASA) model to predict the mean annual NPP from for Southeast Asian countries. They reported Thailand’s NPP by evergreen broadleaf forest, evergreen needle leaf forest, mixed forest, and open wood savanna land cover classes as 862 gC/m2/year, 704 gC/m2/year, 647 gC/m2/year, and 718 gC/m2/year respectively. They further affirmed that particular forest regions in these countries having the highest assessed NPP at more than 1100 gC/m2/year included southern Thailand. The consistent trend of NPP estimates in Songkhla province could be a function of the abundance of highly productive tropical forests in the southernmost part and saline marshes in the northern districts, in addition to the prevailing warm and humid climate coupled with nutrient availability induced by agriculture among other factors across the province.



MODIS has become one reliable tool for tracking modifications in the productivity of the terrestrial ecosystem, it has sensors capable of collecting surface spectral signatures to measure the fluxes in terrestrial GPP/NPP on larger scales. The sophistication of this technology does not authenticate it, considering its tendencies to errors from interactions with atmospheric components [42], hence the need to validate remotely sensed NPP against ground measurements. By way of validation, the MODIS NPP outputs were compared to eddy covariance flux towers to assess the consistency and coherence in MODIS product estimations. This work demonstrates a good agreement between MODIS NPP and the flux tower NPP. The pattern is consistent with the findings of Pan et al., [43] who found a significant correlation (R2 = 0.82) and suggested that the underestimation by MOD 17 product was due to the influence of the leaf area index. Similarly, a comparison of cropland flux towers—NPP to MODIS-NPP in China by [44], showed that MODIS has considerably undervalued a cropland NPP, which may partially explain the lower NPP recorded from paddy-fields-dominated areas in this study. Using MOD17A3HGFv006 which is an improved version to obtain similar trends consistent with previous works, suggests that MODIS products tend to be biome sensitive hence can be influenced by their composition.



The use of NDVI in the past decades to quantify vegetation biophysical properties like the net primary productivity is still prevalent. However, it is more reliable to estimate the above-ground biomass from EVI than from NDVI because it is capable of moderating atmospheric and canopy-related effects. This study has shown a strong correlation between EVI and CASA estimated NPP. This trend is consistent with the results of Potter et al. [45], who found a substantial correlation (R2 = 0.90) between EVI and CASA NPP and attributed the low EVI counts to the function of human interference with natural vegetation. In this work, an effort was made to confirm the interference of landuse that might have influenced the EVI by comparing it with FLUXNET NPP, since tower footprints are relatively less prone to vegetation disturbances due to agricultural and urban development activities. The analysis demonstrated a good relationship between EVI and FLUXNET NPP, a low EVI was observed relative to the FLUXNET NPP, which suggests that urbanization, seasonal agriculture, deforestation, and related land-use systems may be responsible for NPP fluctuations across Songkhla province. Generally, it is assumed that the prevailing climate and vegetation determine the distribution of NPP within a region, NPP trends are well-ordered by a blend of rapidly warming temperatures and EVI patterns over the same period [46]. Naturally, when one moves to warmer and wetter areas that promote respiration, the percentage of gross productivity used up in respiration rises, consequently, tropical rainforests have very high respiration rates hence huge variation between gross and net primary productivity values are obtained.



Songkhla province has conventionally been a hub of rubber industry development and innovation for some decades now; this study found that para rubber plantations occupy 389,562.1 hectares (52.7%) of the total land across the entire province. The para rubber abundance trend in this area could presumably be linked to a suitable humid tropical climate and edaphic factors, whereas its district-wise distribution largely depends on the land availability and prevailing land-use type. Other considerations may include labor supply and proximity to the market because many farmers live far away from the market, making it difficult to access rubber development information [47].



The present study revealed that para rubber AGB summed up to 31. 9 million tonnes C ha−1 across Songkhla province. The trend showed heterogeneity within locations, spatial variation in carbon stock aboveground is dependent on a variety of factors, including stand structure and composition, topography, altitude, and disturbance. As a result, it can be hypothesized that the density and structural complexity of certain forest types can have a significant effect on its AGB potential. Similar spatial variability in AGB has been reported by Jha et al. [48], at the landscape scale assessment of Khao Yai National Park in central Thailand. They discovered a high degree of spatial variability in AGB, with a noticeable bias in favor of low AGB values, attributing this to human activity in this region prior to the park’s creation. The inference drawn is that aboveground carbon differs within location across the study area, owing to the uneven distribution of rubber plantations, but also at the landscape level, attributable to topographic and edaphic heterogeneity, as well as land-use and natural disturbance background. This finding of AGB is slightly not consistent with Chun-man et al. [32] and Bridhikitti’s [37] above 20 years old para rubber AGB estimates using field procedures in China and Thailand, respectively. However, the findings fall within the range reported by [33], the default value range for Asia continental estimated biomass carbon (78–180 (continental)) tonnes C ha−1, stated in the 2006 IPCC guidelines for forest biomass [28], and the work of Charoenjit, et al., [49], who estimated para rubber AGB using a very high resolution satellite (Thaichote—2 m ) in northeastern Thailand, they reported value range of 66.89 to 228.58 tonnes C ha−1 for plantations ages of 18 to 25 years old. There may be several reasons for slight inconsistency in results, which conspicuously include differences in model and scale of assessment. It is noteworthy to mention that the biomass of a plantation could be influenced by the planting thickness, cultural practices, and age. Therefore, the inconsistency could in part be explained by this work leveraging on a novel dynamism of remote sensing coupled with the generic model which has the capacity for large-scale estimations, and the fact that the model was based on a large scale with the assumption that all plantations are 25 years old and are the same quality except sizes. Rubber tree plantations are widespread in Southeast Asia and have an impressive carbon storage capacity due to their rapid growth rates [50]. This, combined with optimal climatic conditions and plantation cultural practices such as fertilization and other good management practices adopted by farmers in Songkhla province due to the rubber tree’s economic value, could contribute to the area’s significant biomass potential. This finding suggests that this region is essentially a net carbon sink.



The generic model provides a useful framework for estimating how different pools of the above-ground feedstock can be obtained, and this technique affords a convenient outline comprising a range of biomass fractions. Therefore, important biomass potentials of this study were identified as theoretical biomass, energy usable biomass, and other economic purposes biomass. The theoretical AGB potential here refers to the biological biomass. It is the entire above-ground biomass in the aggregate biomass, since it is possible to express the ratio of biomass to productivity, which could be regarded as the biomass accumulation ratio, hence it reflects carbon concentration in dry biomass. Conversely, the para rubber tree synthesizes biomass in the entire above-ground parts ranging from the wood to seeds which have different quantities of harnessable values with diverse suitability for utilization. Although these were originally designed to suit commercial construction and furniture, the leaves and other wastes generated during harvesting may usefully be applied in soil conditioning and plantation land recuperation among other potential uses. The energy usable biomass potential is the share of the above-ground theoretical feedstock, entailing the part of naturally obtainable biomass that can appreciably be used for energy generation. This may insinuate the para wood and wood products which have the potential for energy generation-related merchandise like fuelwood, pellets, chips, charcoal, sheets, sawdust, and their derivatives. Nowadays, wood-burning has become the leading solid fuel biomass energy source. The applications foreseen are not only in heating systems but also in use to power steam engines and steam turbines to generate electricity. These energy merchandises may be used indoors or outdoors, and are perceived by sundry as an unconventional, viable source of renewable energy, cheaper, cleaner, and more proficient relative to other fuels. Other economic uses biomass potential entails the portion of omitting the biomass used for economic purposes other than energy production. This suggests any remaining share of the feedstock which may not exclude the latex and may account for even the leaves, seeds, and barks often left unconsidered. The natural latex and its derivatives that are the widely used materials from this fraction of the feedstock are being indicated in a wide range of uses in automobiles to packaging industries, seem to undermine the significance of the leaves, twigs, seeds, and barks left behind after harvest that could be useful for nutrient addition and soil amendments within the plantation, and other uses which may include composting for lawns or gardens. Rubber seed oil is used in the paint industry as a semi-drying oil, in the manufacture of soap for resin production, in medicine as an antimalaria oil, and in engineering as a crucial binding agent for factice preparation, while the cake remaining after oil extraction can be used to make fertilizer.




5. Conclusions


Songkhla province has an NPP distribution, which is consistent with the trend in most tropical environments where productivity was said to be due to adequate solar radiation, warmth, and precipitation. The climate and edaphic factors are all responsible for the adaptation of a range of crops including para rubber (Hevea brasiliensis (Muell. Arg.)) in the region. Based on the results, the para rubber plantations cover at least some 389,562.1 hectares (52.7%) of the total land across Songkhla, with a corresponding biomass volume of 31.9 million tonnes C ha−1.



The outputs of this study support this conclusion that Songkhla province is a key para rubber feedstock source, that can supply other potential sinks around, for utilization in a wide range of applications that includes energy production, auto parts, household items, industrial packaging, and medical supplies, among others. Moreover, there is a need to research the value chain of the found feedstock pools concerning the socio-economic status of the province, the region, and the country at large in the long run. The outcome will help direct the policy domain toward a comprehensive sustainable development from the rubber sector.
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Figure 1. A map of Songkhla province showing the various districts locations. 
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Figure 2. A Flowchart of procedures and data variables used in para rubber biomass estimation. Moderate Resolution Imaging Spectroradiometer (MODIS) MODIS (MOD), fluxes network (FLUXNET), Normalized Difference Vegetation Index (NDVI), Enhanced Vegetation Index (EVI), and Net Primary Productivity (NPP). 






Figure 2. A Flowchart of procedures and data variables used in para rubber biomass estimation. Moderate Resolution Imaging Spectroradiometer (MODIS) MODIS (MOD), fluxes network (FLUXNET), Normalized Difference Vegetation Index (NDVI), Enhanced Vegetation Index (EVI), and Net Primary Productivity (NPP).



[image: Sustainability 13 09344 g002]







[image: Sustainability 13 09344 g003 550] 





Figure 3. Land cover distribution in Songkhla province based on supervised classification. 
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Figure 4. Analysis of land cover classes in Songkhla province. 
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Figure 5. Spatial distribution of Normalized Difference Vegetation Index in Songkhla province. 
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Figure 6. A distribution map of Enhanced Vegetation Index in Songkhla province. 
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Figure 7. A map showing the distribution of net primary productivity in Songkhla province. 
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Figure 8. (a) Validation of MODIS NPP distribution in Songkhla Province. (b) Correlation between MODIS NPP and EVI distribution in Songkhla province. (c) Correlation between MODIS NPP and NDVI distribution in Songkhla province. (d) Correlation between FLUXNET NPP and EVI distribution in Songkhla province. 
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Figure 9. Rubber Tree above Ground Biomass Potential Pools Distribution across Songkhla Province. 
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Table 1. Algorithms for land cover accuracy assessment, Songkhla Province.
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	Parameter
	Algorithms





	Overall Accuracy
	(Total number of correctly classified pixels (diagonal))/(Total number of reference pixels) × 100



	Users Accuracy
	(Number of correctly classified pixels in each category)/(Total number of classified pixels in that category (the row total)) × 100



	Producer Accuracy
	(Number of correctly classified pixels in each category)/(Total number of reference pixels in that category (the column total)) × 100



	Kappa Coefficient (T)
	((TS × TCS)-∑ (column total × row total))/(TS2-∑ (column total x row Total)) × 100

TS (Total Sample)

TCS (Total Corrected Sample) = Total Number of Correctly Classified Pixels
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Table 2. Profile and description of FLUXNETS used.
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	Site Name
	Site ID
	Coordinates
	Network
	Biome Type





	Trang Khao Chong
	th_trang_khao_chong
	99.7980 E, 7.5435 N
	FORESTGEO
	EBF



	Songkhla
	th_songkhla_songkhla_met_sta
	100.6046 E, 7.1844 N
	AERONET
	EBF



	Sukhothani
	th_sukhothai_mixed_vegetation_site
	99.4299 E, 16.9399 N
	ASIAFLUX
	DLC



	Ubon Ratchathani
	th_ubonratchathani_ubon_ratchathani
	104.8710 E, 15.2455 N
	AERONET
	DLC



	Ratchaburi
	th_ratchaburi_dry_dipterocarp_forest_flux
	99.5000 E, 13.5833 N
	ASIAFLUX
	DDF



	Nakhon Pathom
	th_nakhonpathom_silpakorn_univ
	100.0412 E, 13.8193 N
	AERONET
	EBF



	Nakhon Nayok Mo
	th_nakhonnayok_mo_singto
	101.3500 E, 14.4333 N
	FORESTGEO
	EBF



	Kanchanaburi Mae
	th_kanchanaburi_mae_klong
	98.8333 E, 14.5667 N
	ASIAFLUX
	MDF



	Chiang Mai Omkoi
	th_chiangmai_omkoi
	98.4317 E, 17.7983 N
	AERONET
	EBF



	Chachoensao Rubber Flux
	th_chachoengsao_rubber_flux_chachoengsao
	101.4414 E, 13.6656 N
	ASIAFLUX
	RFC



	Singapore Bukit Timah
	sg_bukit_timah
	103.7800 E, 1.3500 N
	FORESTGEO
	EBF



	Negeri Sembilan Pasoh Forest Reserve
	my_negerisembilan_pasoh_forest_reserve
	102.3062 E, 2.9730 N
	ASIAFLUX

FORESTGEO
	EBF



	Nong Khai Rubber Flux Bueng Kan
	th_nongkhai_rubber_flux_bueng_kan
	103.3201 E, 18.2391 N
	ASIAFLUX
	RFC



	Lampang Mae Moh
	th_lampang_mae_moh
	99.7167 E, 18.4167 N
	ASIAFLUX
	DBF



	Mandalay MTU
	mm_mandalay_mtu
	96.1861 E, 21.9729 N
	AERONET
	DLC



	Bac Lieu Bac Lieu
	vn_baclieu_bac_lieu
	105.7300 E, 9.2800 N
	AERONET
	DLC







The meaning of abbreviations is given as follows: Evergreen Broadleaf Forest (EBF), Rubber Forest Cover (RFC), Mixed Deciduous Forest (MDF), Dry Dipterocarp Forest (DDF), Diverse Land Cover (DLC), Deciduous Broadleaf Forest (DBF).
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Table 3. Accuracy assessment results based on the confusion matrix computations.
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Land Cover

	
User’s Accuracy (%)

	
Producer’s Accuracy (%)

	
Overall Accuracy (%)

	
Kappa Coefficient






	
Classified data

	
Natural Forest

	
87.5

	
71.18

	

	




	
Plantation

	
80.51

	
68.88

	

	




	
Agriculture

	
75.29

	
49.61

	

	




	
Built Up Area

	
51.56

	
73.33

	

	




	
Water Body

	
91.37

	
92.98

	

	




	
Bare Land

	
35.41

	
89.47

	

	




	
Miscellaneous Land

	
45

	
85.71

	

	




	

	

	

	
68.81

	
0.63
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Table 4. Rubber Tree Plantation sizes and proportion of land use across the districts in Songkhla Province.
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	District
	Number of Rubber Planting Communities
	Number of Rubber Plantations per District
	Plantation Size (Hectares)
	Proportion of Rubber Land Use to Total Land Area (%)





	Ranot
	7
	11
	48.1
	0.1



	Sathing Phra
	6
	8
	20.8
	0.2



	Singhanakhon
	7
	17
	80.3
	0.4



	Krasae Sin
	3
	28
	1602.8
	16.6



	Sadao
	9
	644
	77,441.5
	75.3



	Hat Yai
	13
	1149
	36,313.1
	42.6



	Saba Yoi
	9
	843
	52,790.3
	61.9



	Na Thawi
	10
	700
	53,199.7
	85.8



	Thepha
	7
	570
	43,952.3
	44.9



	Chana
	14
	975
	35,657.2
	70.9



	Na Mom
	4
	221
	8340.9
	90.2



	Mueang Songkhla
	5
	197
	5453.0
	31.7



	Khlong Hoi Khong
	4
	411
	18,781.4
	68.3



	Bang Klam
	4
	318
	12,819.9
	86.7



	Khuan Niang
	4
	410
	10,148.9
	48.8



	Rattaphum
	8
	1077
	31,631.9
	53.5
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Table 5. Biomass-related characteristics of the rubber tree and field AGB estimations of para rubber plantations.
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Para Rubber Tree Description

	
Para Rubber Plantation AGB Estimations (Ground Assessments)




	
Parameter

	
Trait

	
Source

	
Location

	
Estimated Biomass Carbon, Tonnes C ha−1

	
Source






	
Name

	
Hevea brasiliensis ((Willd. ex Juss.) Muell) Arg. (Rubber tree)

	
[30]

	
Mato Grosso (Brazil)

	
153

	
[31]




	
Leaf Morphology

	
Broad

	
[30]

	
Western Ghana

	
135

	
[31]




	
Leaf Complexity

	
Compound

	
[30]

	
Hainan Island, China

	
90.51

	
[32]




	
Leaf Sheddability

	
Deciduous

	
[30]

	
Cambodia and Laos

	
25–143

	
[33]




	
Evergreen

	
[34]




	
Life Cycle habit

	
Perennial

	
[30]

	
Agricultural lands in the eastern Coast of Thailand

	
103.1

	
[35]




	
Plant lifeform

	
Terrestrial Plant

	
[30]

	
Northeastern Thailand

	
83.7

	
[35]




	
Primary Growth form

	
Single Stem

	
[36]




	
Woodiness

	
Woody

	
[30]

	
The Rubber Research Center

Buriram Thailand

	
62.6 ± 27.4

	
[37]




	
Vegetative plant height

	
23 m

	
[30]

	
The PSU Research and Training

	
91.5 ± 23.8

	
[37]




	
Wood density

	
0.49 g/cm3

	
[38]




	
Diameter

	
21.7 cm

	
[30]

	
Thepa Station, Songkhla Thailand

	
62.6 ± 27.4

	
[37]




	
Leaf mass per area

	
100 g/m2

	
[30]




	
Carbon biomass

	
125 kg (average)

	
[39]

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
=

A
0510 20 30 40

Legend (keC/mlyr)






media/file4.png
MODI17A3 FLUXNET Sentinel -2 Land Cover
Data Data Data Data
\ \ 4 \ 4
MODIS- NPP Flux tower EVI NDVI Land cover
(500 m) NPP (10 m) (10 m) classes

v

\ 4

NPP Validation

Vegetation Indices Land Use Analysis
\ 4
Rubber Tree Land
_ Generic Model
» cover/use
\ 4

Rubber Biomass Pools

Rubber Tree Biomass Potentials >

i
|






nav.xhtml


  sustainability-13-09344


  
    		
      sustainability-13-09344
    


  




  





media/file18.png
AH-NE D uuo) m—u—-ﬂm-zz—.m.v sseunoiq sosN .12q410O

QS e e <

o o o o o 2 4
S v S v S o <
N AN = = O
:

P b teer e b bl

- 350.0

Ll

BI(J SUIRS
Jouey]

uoeuRy3 WIS
IS QBsery

B[(P[3UOS SuBINN

WO BN

SURIN UBNY
wey sueg

istricts

U0y 10H 3UOUY

D

wnydeney
BURY)

Tex JeH
eyday I,
10X eqes
IMEYT N
oepes

-eu
) UUO0) SUONIJAI) SSBUIOI( AS.IIUF PUL[EIN[JI0Y L

Other uses AGB

@ Theorethical AGB ~ Energy AGB






media/file16.png
1.20

MODIS NPP (KgC/m?¥/year)
©c o o o o
S & 2 B8

=

)

i
=
B o o o b
o o o & o

MODIS NPP (KgC/m?/year)
b
=

il e i

=
-

(.00

0.00

_—
Z

y=10133x+0.0268

R*=038804
100 RSME =0.0896 (KgC/m2/year) »*

0.20

y=05497x+0.1713

0.40

0.60
FLUXNET NPP (KeC/m?/yr)

R-=028931
RMSE =0.15141

0.80

1.00

0.20

0.40

0.60

0.80
Normalized Different Vegeattion Index

1.00

1.20

y=0.6551x+ 02788
R*=0_8688
RMSE=0.115488

1.00

™
e
2,
< 0.80
=
]
g 0.60
= 040
7.
£ 020
=)
-
=~ 0.00
(b) 0.00 0.20 0.40 0.60 0.80 1.00 1.20
Enhanced Vegetation Index
_ 120
_==.r' v=14873x - 03638 .
= 1.00 R*=0.9369
So0s0 ~ RMSE=0101366
2 0.60
Ery
-~ 0.40
=
2020
=
= 0.00
- 000 020 040 060 080 100 120
d) ,
Fluxnet NPP (keC/m~/vear)





media/file2.png
i

TRANG

M

Smore f““ ]
Source : GEO lnfomlaucs
Research Center
for Natural Resource and
Environment,
Prince of Songkla University,
Thailand.

u—--”/

Gulf of Thailand

o N

Legend MALAYSIA ;
o g ; - Source : GEO-Informatics Rescarch Center
"\ District Boyndary = U1 1 Tkm for Natural Resource and Environment,
Songkhla province 0510 20 30 40

Prince of Songkla University, Thailand.






media/file5.jpg
Legend
Auriculre

Barc and

il p arca

W Miscellenous land

W Naunl forest

W planiation
Watesbody

ARk
0310 20 30 40






media/file3.jpg





media/file1.jpg
Gulfof haitans

bonet
S G tnrmates
R o
ey
v,
[ProccorSogha Usivesin
[T






media/file7.jpg
uoneluig

15010, [BNIEN

Land Cover Type

amynousy
3
Poplg, | Mo
IEEEERE
REER R
EREREE
N . eay dneng
3 %
; i
§ e snouspoosig
£
g | puwiana
sgsssg®-°

spusnoy L, (eH) 821y





media/file10.png
99°30'0"E 100°0'0°E 100°30'0"E 101°0'0°E 101°30'0°E
] ] l | ]

7°30'0"N

7°0'0"N

6°30°0"N

N
Legend
B <-0.038
[ -0.038-0.24
[30.25-0.40
B 0.41-052
052

U L—r 1 km
0510 20 30 40

| | | | |
99°30'0"E 100°0'0"E 100°30'0"E 101°0'0"E 101°30'0"E

7°30'0"N

?oolouN

6°30'0"N






media/file12.png
7°30'0"N

7°0'0"N

6°30'0"N

99°30'0"E
|

100°0'0"E
|

100°30'0"E
]

101°0'0"E
]

101°30'0"E
|

N

U L—J1 1km
0510 20 30 40

Legend

EVI

B <0.08

7 0.08-0.36
[30.37-0.56
M 0.57-0.72
=072

|
99°30'0"E

|
100°0'0"E

|
100°30'0"E

|
101°0'0"E

|
101°30'0"E

7°30'0"N

7°0'0"N

6°30'0"N





media/file9.jpg
Legend
-<ons
-0.035-024
025-0.40
o105
-5

ARk
0510 20 30 40






media/file0.png





media/file14.png
7°30'0"N

7°0'0"N

6°30'0"N

99°30'0"E 100°0'0"E 100°30'0"E 101°00"E 101°30'0"E
| | ] ] |

Legend (kgC/m?yr)
B 104200
42006110
[16110-9146

B 9146-13331

M 1333232766

U L—1r 1km
0510 20 30 40

| | | | I
99°30'0"E 100°0'0"E 100°30'0"E 101°0'0"E 101°30'0"E

7°30'0"N

TGO‘O.IN

6°30'0"N





media/file8.png
Area (Ha) Thousands

300
250
200
150
100

50

6%“

24%

Bare land I

Miscellenous land I

33%

= Natural Forest
- Plantation

- Agriculture

- Built-Up Area
- Water Body

= Bare land

= Miscellenous land

=)
Q
M
-
2
<
=

Built-Up Area .

Land Cover Type

2
=
5
=
50
<

Natural Forest

Plantation





media/file11.jpg
-

Legend
EVI
<008
B005-036

A
0510 20 30 40






media/file6.png
7°30'0"N

7°0'0"N

6°30'0"N

99°30'0"E 100°0'0"E 100°30'0"E 101°00"E 101°30'0"E
| l | | |

Legend

[ Agriculture

I Bare land

I Built up area

B Miscellenous land
I Natural forest

B Plantation

I Water body

U L—J 1km
0510 20 30 40

| I 1 1 |
99°300"E 100°0'0"E 100°30'0"E 101°0'0"E 101°30'0"E

7°30'0"N

7a0i0n N

6°30'0"N





media/file15.jpg
¥=10133x+ 00268 120

R ; yeosssixoms
RS = o acmdren i e
; H s
Zom
Goo
£ od0
Zox

02 0w 0w 05 L0 12 000

"FLUXNET NPP (KeChatir) ® 0% 0% 00 0@ om 100 12
‘Enhanced Vegetation Index

120
ye148mx- 03638
10 R=09365

s RMSE=0101366

i
¥

Eox
Zom

000 02 040 06 080 100 120
© ‘Normalized Diflevent Vegeattion Index Flusnet NPP (KgCim¥year)

0% 00 0@ 0% 10 12






media/file17.jpg
(1 U0} SpUESIONT) SSEIONq 535 1O

g2

- 3500

2

E

2

vnig B

oy

oS

s ausery

S0 Sueanjy

wo N

Sy vy
wpy Sug

S0y 10H oMy

ey

)

R

wudays

X ws

oL eN

omes

Districts

ceccccas

e

2 9uu0) SuoIK) ssewojq B puEIENWIIOINL

Other uses AGB

== Theorethical AGB Energy AGB






