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Abstract

:

Ecosystem-based adaptation (EbA) can potentially mitigate watershed degradation problems. In this study, various EbA measures were evaluated using a bio-physical model called the Soil and Water Assessment Tool (SWAT), in a small, forested watershed named Hui Ta Poe, in the northeastern region of Thailand. The developed watershed model was first used to investigate the effect of various degraded watersheds due to land-use changes on the sediment yield in the study area. The most degraded watershed produced an annual average sediment yield of 13.5 tons/ha. This degraded watershed was then used to evaluate the effectiveness of various EbA measures such as reforestation, contouring, filter strips, and grassed waterways in reducing the sediment yield. Under all individual and combined EbA scenarios analyzed, there was a significant reduction in sediment yield; however, the maximum reduction of 88% was achieved with a combined scenario of reforestation, grassed waterways, and filter strips. Reforestation alone was found to be the second-best option, which could reduce the sediment yield by 84%. Contouring alone was the least effective, with a reduction in sediment yield of only 23%. This study demonstrates the usefulness of implementing EbA measures for sediment management strategies to address watershed degradation, which is a severe problem across the globe.
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1. Introduction


Deforestation, changes in land use, and unsustainable agricultural management practices have been identified as the critical driving forces leading to high rates of watershed degradation in many parts of the world [1,2,3]. Encroachment of agricultural activity into natural ecosystems has led to significant losses in ecosystem services such as biodiversity conservation and carbon storage capacity [4,5,6,7]. Increased sedimentation due to watershed degradation has significantly reduced reservoir capacities [8]. About 2 billion people and 1.9 billion hectares of land are affected by land degradation globally [9]. For example, mining for minerals, coal, oil, and gas has caused severe land degradation in the United States and Canada [10]. In the European context, loss of biodiversity and habitat fragmentation are some of the significant impacts on ecosystems due to land degradation [11]. Moreover, the mean soil loss rate in the countries of the European Union’s erosion-prone lands (agricultural, forests, and semi-natural areas) was found to be 2.46 t ha−1yr−1 [12]. In sub-Saharan regions, the combined impacts of climate change and rainfall variability have further exacerbated the adverse impacts of land degradation, leading to lower rates of agricultural productivity, which has increased hunger and poverty levels in these regions [13,14].



Watershed degradation, which encompasses soil loss, increased sedimentation, and depletion of water resources [15], is a common problem in many developing countries, mainly due to the over-utilization of forest-related resources by rural people for their survival and well-being [16]. Many countries in Southeast Asia, including Cambodia, Laos, Malaysia, Vietnam, and Thailand, are facing intensive land degradation rates [17]. Increasing population levels [18], urbanization trends [19], unsustainable land conversion practices [20], and large-scale development projects [21] are some key reasons for land degradation in the region. Land degradation has increased the risk of floods and droughts and loss of ecosystem-related services. Climatic changes and environmental hazards have further exacerbated the risks associated with land degradation [22].



Higher rates of watershed degradation are likely to occur in the future with changes in precipitation patterns [23]. For instance, Borrelli et al. [24] pointed out that agricultural lands in Southern Brazil, Argentina, India, East China, Midwestern United States, Ethiopia, and Mediterranean Europe will face severe erosion due to extreme rainfall events expected in the future. These rates will further amplify due to global increases in the levels of nitrogen, phosphorus, and potassium as agricultural yields increase to cater to increasing population levels [25,26]. Deforestation rates were relatively low during the 1850s to the 1950s in Thailand, but intensive deforestation occurred after the 1960s. The expansion of commercial crops and land clearance for human settlements were the primary reasons for land degradation during the 1960s and 1970s [27,28]. Currently, deforestation and the misuse of land are the two main factors that have aggravated the watershed degradation issue, leading to the loss of watershed-related services in Thailand. The country’s rich reserves of biodiversity have also been threatened due to deforestation [2]. The conversion of forested lands to agricultural lands in the northeastern part occurred due to a rapid expansion in commercial crops’ cultivation and the need to provide subsistence food to an ever-increasing human population [16,29]. In addition, to satisfy increasing energy demands and minimize fossil fuel imports, the Government of Thailand has been promoting the cultivation of biofuel crops such as cassava and sugarcane in the region, thereby changing land-use patterns significantly. It is estimated that this will lead to more loss of forested areas in the future [29]. The deterioration of soil quality due to increased soil erosion rates also results in decreased agricultural productivity since nutrients present in the soils are washed away [30,31].



There has been growing interest in ecosystem-based adaptation (EbA), defined as measures or practices that utilize natural or managed biophysical systems (ecosystems) and processes to achieve adaptation objectives, as an effective tool to improve soil and water conservation strategies and agricultural development.



EbAs offer a wide range of benefits focusing on rehabilitation, conservation, and sustainable management of ecosystems. Field studies have proved that EbAs can increase crop yield and reduce soil erosion risks [32]. Successful cases of EbA implementation have been reported in different parts of the world by Cohen-Shacham et al. [33]. Given the importance of watershed services, the Government of Thailand enacted the forest plantation policy in 1992, under which several reforestation programs in the country were carried out, including in the northeastern part where deforestation is widespread [27].



EbA measures have a profound impact on maintaining surface water quality by limiting nutrient and sediment loading in rivers and streams [30]. Filter strips and field borders are edge-of-field EbA practices, while terracing, contouring, no-tillage, forage and biomass planting, cover crops, and detention basins are in-field EbA practices. In general, both edge-of-field and in-field measures reduce soil erosion and improve soil fertility. Structural EbAs refer to the installation of filter strips, sediment ponds, grassed waterways, grade stabilization structures, stream stabilization structures, and agricultural management practices such as terracing, strip cropping, contour farming, etc. Non-structural EbAs include no-tillage and nutrient management practices [34]. However, the main limitations faced when implementing EbA measures in the developing world are associated costs and farmers’ willingness to adapt to these new measures [35].



Furthermore, it is challenging to quantify the effectiveness EbA measures on a larger scale due to the complex bio-physical processes involved. Measuring sediment loads in a watershed and assessing the effectiveness of EbAs through field monitoring approaches is a resource-intensive, time-consuming, and often impractical process. However, currently available modeling tools that have been successfully used to simulate watersheds on multiple spatial-temporal scales, including hydrological processes [36,37,38], fate and transport of sediment and nutrients [39,40,41], land-use change [42], climate change [43,44,45,46,47,48,49], and others, can be used to evaluate the EbA measures.



Many watershed models have been developed over the years, and each has its defined strengths and weaknesses. The Soil and Water Assessment Tool (SWAT) [50], the Vegetation Filter Strip Model [51], the Hydrologic Simulation Program-FORTRAN [52], the Riparian Ecosystem Management Model [53], the Annualized Agricultural Non-Point Source Model [54], and the Agricultural Non-Point Source Model [55] were developed for watershed modeling.



The SWAT model simulates flow, sediments, and nutrients from the field scale to a larger river basin scale [50]. Many studies that used SWAT to simulate watershed hydrologic processes, representing both structural and non-structural EbA measures, have been carried out worldwide [30,34,56,57,58,59,60,61,62]. This indicates that the SWAT model is robust and suitable for evaluating the effectiveness of land-use changes and land management practices as well as best agricultural management practices on small and large watershed scales. Several studies carried out in Thailand and in other regions have similarly reported the success of SWAT in evaluating the impact of land management practices on streamflow and sediment [16,63,64,65,66,67,68].



Despite the increasing global acceptance of EbAs, the efficiency and effectiveness of these measures have not yet been studied in developing countries like Thailand. This study developed a scenario-based approach to simulate and evaluate healthy and degraded watersheds through a modeling approach. Therefore, the objective of the study is to build a hydrological modeling framework for Huai Bang Sai watershed in northeastern Thailand and assess the usefulness and extent of impact and effectiveness of implementing EbA measures on soil erosion and sedimentation. The modeling framework integrates a bio-physical model, SWAT, and various input databases as well as the Geographical Information System (GIS) interface to simulate (through calibration and validation) the watershed hydrology and sediment accurately to investigate watershed degradation and the effectiveness of EbAs in the study area. Furthermore, and more importantly, the present work exemplifies how EbA measures can be adopted in a degraded watershed to conserve and possibly restore it to its original state. The findings of the present study will be useful for river basin managers and planners, and stakeholders including farmers, to understand best management practices with regard to soil erosion and sediment management practices to cope more effectively with the problems of land degradation and its associated impacts.




2. Materials and Methods


Figure 1 provides an overall framework of the study and the various components (study area, datasets, watershed model development, degraded watersheds, and ecosystem-based adaptation measures). These components are described below.



2.1. Study Area


Several regions in northeastern Thailand are prone to soil erosion [69,70]. The main reason for the increasing rates of soil erosion is the replacement of upland forests and lowland paddy cultivation with cash crops such as cassava and sugarcane. This land-use change increases surface runoff and causes more soil erosion [71]. Lack of conservation practices has also contributed to high erosion rates in the traditionally agricultural regions in this part of Thailand [16]. Nontananandh et al. [72] demonstrated that 80% of the land area in the Songkhram River Basin in northeastern Thailand is subjected to an annual average soil erosion rate of 12.5 tons/ha.



The Huai Bang Sai River Basin is a sub-catchment of the Mekong River. The study watershed, the Huai Ta Poe, is a sub-basin of the Huai Bang Sai, with a drainage area of approximately 1340 km2. The Huai Ta Poe watershed lies within 16°37′30′′–16°42′30′′ N and 104°15′30′′–104°20′30′′ E and drains an area of 48 km2 (refer to Figure 2). This watershed receives an average annual rainfall of 1200 mm [73]. Figure 3 and Figure 4 illustrate the topography (represented through the Digital Elevation Model or DEM (a)) and land-use (b) and soil types (c) in these two study areas. The dominant land-use type in the Huai Ta Poe is deciduous forest, which covers nearly 97% of the watershed (Figure 4b). The remaining land cover comprises cassava, sugarcane, and rubber cultivation. The altitude of the small watershed ranges from 289 m to 519 m above mean sea level (Figure 4a). The dominant soil type is Hang Chat, which has a loamy sand texture as per the United States Department of Agriculture (USDA) soil classification system.



To increase water availability during dry spells, the Royal Irrigation Department (RID) of Thailand recently constructed a dam at the outlet of the Huai Ta Poe watershed. The dam at the full-supply level will facilitate storage of 20 million m3. The normal pool surface area is expected to be 3.44 km2. Through the development of this dam, nearly 320 households are expected to benefit. The reservoir area is home to nearly 109 species. Before the dam’s construction, 380 hectares of the land area were under cultivation during the dry season. It is expected that after the dam becomes operational, this area will increase to 1755 hectares [74].




2.2. Data


Table 1 presents the spatial and temporal data used in this study with their sources. The daily temperature data at Sakon Nakhon, Nakhon Phanom, and Nakon Phanom Agromet meteorological stations (2004–2014) were obtained from the Thai Meteorological Department (TMD).



Daily rainfall data (for 2004–2014) at three stations with the station IDs 640112 (A. Dong Luang), 640122 (A. Wan Yai), and 640150 (A. Huai Ta Poe) were collected from the Royal Irrigation Department (RID) of Thailand. Daily streamflow data at Station kh.92 (Ban Kan Luang Dong, Dong Luang), draining an area of 1118 km2 (for 2007–2014), were also obtained from the RID. The daily suspended sediment data for Station 023505 (Ban Na Lak), with a drainage area of 918 km2 (for 2007–2014), were obtained from the Department of Water Resources (DWR). The drainage map of the Huai Bang Sai was collected from the Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ) office in Thailand. The Digital Elevation Model (DEM) of 30 m × 30 m resolution was downloaded from the United States Geological Survey website accessible through https://earthexplorer.usgs.gov/ assesed on 15 August 2017. Land-use data of 500 m resolution and scale of 1:50,000 and soil cover maps with 1 km resolution and scale of 1:100,000 for 2015 were obtained from the Land Development Department (LDD) of Thailand. Land-use data were reclassified according to SWAT land-use classification. To evaluate the effectiveness of EbAs for a longer period, the rainfall dataset was extended to 30 years using Asian Precipitation–Highly-Resolved Observational Data Integration Towards Evaluation of Water Resources (APHRODITE) [75]. Monthly observed precipitation data (from rain gauges) were compared with APHRODITE data for 2004–2014 (11 years). APHRODITE rainfall data were comparable with observed rainfall (R2 = 0.55) from 2004 to 2014, barring a few months in 2004. Overall, a strong correlation (R2 = 0.72) exists between APHRODITE and observed rainfall data for 2005–2014 (refer to Figure A1 in Appendix A).




2.3. SWAT Model


SWAT [50] was developed by the Agricultural Research Services of the USDA. Its availability in the public domain, as well as its robust algorithms used to simulate hydrologic processes, sedimentation, and nutrient-simulating mechanisms, and its user-friendly GIS interface, have increased the use of SWAT worldwide [76,77]. This physically based and semi-distributed model is operated on daily time scales. Unique features of topography, land use, and soil are lumped into spatial units called hydrological response units (HRUs), which are the finest level of simulation in SWAT. The main underlying equation of the model is the water balance of the system given by Equation (1),


    SW  t  =   SW  0  +   ∑   i = 1  t     R i  −  Q i  −   ET  i  −  P i  −   QR  i     



(1)




where     SW  t    is the final water content (mm),     SW  0    is the initial water content (mm), t is time in days,    R i    is the amount of precipitation on day i (mm),    Q i    is the amount of surface runoff on day i (mm),     ET  i    is the amount of evapotranspiration on day i (mm),    P i    is the amount of water entering the vadose zone from the soil profile on day i (mm), and     QR  i    is the amount of return flow on day i (mm) [78].



In the SWAT model developed in this study, surface runoff was predicted by the Soil Conservation Service Curve Number (SCS-CN) method, sediment yield was calculated by the Modified Universal Soil Loss Equation (MUSLE), and potential evapotranspiration was calculated by the Hargreaves method [78]. The current version of the SWAT model uses a simplified version of Bagnold’s stream power equation to route sediment in the channel [79]. The maximum amount of sediment that can be transported from a reach segment is a function of the peak channel velocity. Sediment transport in a channel network is a function of two processes, degradation and aggradation (i.e., deposition), operating simultaneously in the reach [78]. The MUSLE equation is given by Equation (2).


   Sed = 11.8   (  Q  surf   ×  q  peak   ×   Area   HRU    )  0.56       (  K  USLE     ×  C  USLE     ×  P  USLE     ×   LS   USLE   × CFRG )   



(2)




where Sed is the sediment yield (in metric tons) on a given day,    Q  surf     is the surface runoff volume in mm/ha,    q   peak        is the peak runoff rate in m3/s,      area      hru     is the area of the HRU (ha),    K  USLE     is the soil erodibility factor,    C  USLE     is the cover management factor,    P  USLE     is the support practice factor,     LS   USLE     is the topographic factor, and CFRG is the coarse fragment factor [78]. The values of    C  USLE     and    P  USLE     were directly imported by the model from the built-in crop database in the SWAT modeling framework, as presented in Table 2. The soil erodibility factor (   K  USLE    ) of the soil types in the study watershed was obtained from Paiboonsak et al. [80]. The slope length and gradient factor (    LS   USLE    ) was calculated by the model using the Digital Elevation Model (DEM) of the Huai Bang Sai.




2.4. Watershed Model Development


The SWAT 2012 version was used to develop the watershed model in this study. The Huai Bang Sai was delineated into 7 sub-watersheds, and a total of 797 HRUs were created. The Huai Ta Poe was delineated into 25 sub-watersheds, and a total of 215 HRUs were generated. The SWAT model was calibrated and validated for the Huai Bang Sai Basin. The first three years (2004–2007) of the simulation period were treated as a warmup period to equilibrate various water storages in the hydrological cycle. The model was calibrated for streamflow at Station kh.92 and sediment yield at Station 023505 (refer to Figure 2). Due to a shorter data availability period, the calibration period was 2007–2010 (4 years), and the validation period was 2011–2014 (4 years) for streamflow. Similarly, sediment yield was calibrated for 3 years (2007–2009) and validated for 4 years (2011–2014). Calibration was carried out by following the guidelines provided by Neitsch et al. [78] and Jha et al. [81]. The analysis of the land-use maps of the Huai Bang Sai between 2004 and 2015 shows that land use and land cover remained relatively unchanged. In the current study, the model’s parameters were varied within acceptable ranges to match observed and simulated runoff. The SWAT Calibration and Uncertainty Procedures (SWAT-CUP) [82] were used initially to conduct a sensitivity analysis of the model’s parameters in the study area, followed by manual calibration and validation of the model for runoff and sediment yield. In the manual procedure, the calibration of the watershed’s water balance components on a long-term basis was performed, followed by annual and monthly comparisons of simulated and observed streamflow. The variations in CN and SOL_AWC with respect to default values are comparable to Homdee et al. [29], who calibrated the SWAT model for a neighboring sub-basin in northeastern Thailand. The values obtained in this study during the calibration of the groundwater parameters, including ALPHA_BF and GW_REVAP, are similar to the calibrated values for the Chi-River Basin in northeast Thailand by Kheereemangkla et al. [16]. In the current study, the default values of SPEXP and SPCON were kept unchanged, since this combination gave the best match of simulated and observed suspended sediment. Phomcha et al. [67] obtained 0.0001 for SPEXP and 1 for SPCON for a tropical river basin in Northern Thailand. These values are also similar to the calibrated values obtained by the simulation of sediment in the current study.



The parameters calibrated for the Huai Bang Sai Basin were then transferred to the Huai Ta Poe watershed. This was done because of the non-availability of data for the smaller watershed for calibration and validation. Furthermore, since this small Huai Ta Poe watershed is within the Huai Bang Sai watershed, it is assumed that the calibrated model for Huai Bang Sai will perform well within the calibration accuracy across the whole watershed. This watershed (the Huai Ta Poe) was selected to further analyze various watershed degradation scenarios and EbA-based options and their impacts on soil and water resources in the watershed. The calibrated model was executed for 30 years (1985–2014) to conduct a long-term assessment of the impacts. Rainfall data from APHRODITE for 19 years (1985–2003) and from rain gauges for 11 years (2004–2014) were used in the analysis.




2.5. Watershed Degradation (Land-Use Change) Scenarios


The government of Thailand has been promoting bioethanol and biodiesel through the Alternative Energy Development Plan 2015–2036 [83]. Oil palm, cassava, and sugarcane are the most favored crops in the rain-fed areas of northeast Thailand and are used to produce bioethanol and biodiesel [29,84]. To meet the rubber demand in the world market and increase farmers’ income, the Thai government has initiated several projects [85]. Hence, for this study, we developed seven watershed degradation (land-use change) scenarios replacing forested land with cassava, sugarcane, and rubber plantations individually and in combinations, considering the prevailing and expected trends in the country. The watershed degradation scenarios are presented in Table 3.



These land-use change scenarios were designed according to the crop suitability criteria (available in literature) based on land slope, soil depth, and soil texture. The minimum soil depth required for rubber plantations is 1 m [86,87,88]. Rubber plantations can be carried out on slopes up to 20% [88]. The soil types preferred to grow rubber are clayey characteristics such as clay loam and sandy clay loam. Sugarcane favors loamy soils in slopes less than 5% and soil depths of more than 1 m [89,90,91]. The minimum soil depth required for cassava plantation is 1.5 m, and the suitable soil type is loamy sand soil. Similarly, the most suitable slope for cassava plantation is less than 15% [92]. Table A1 in the Appendix A provides land areas under different watershed degradation scenarios.




2.6. Ecosystem-Based Adaptation (EbA) Measures


Five sediment-focused management practices, including reforestation, filter strips, contouring, terracing, and grassed watersheds, were used (individually or in combinations) to develop seven EbA scenarios, as presented in Table 4.



The selected EbA measures are feasible and applicable in the study area. Table 5 provides the list of adaptation measures with the modeling approach adopted in the study. Brief descriptions of the adaptation measures are presented in the Appendix A.





3. Results and Discussion


3.1. Watershed Model Calibration and Validation


3.1.1. Streamflow


Manual calibration was performed, which included the calibration of the watershed’s water balance on a long-term basis, followed by annual and monthly comparisons of simulated streamflow with the observed data. The CN was adjusted within the range of ±5% to the model’s default values. The SOL_AWC factor, which controls the available soil water capacity, was adjusted between ±0.04 from the model’s default values. The ESCO factor, a parameter that controls depth distribution to meet the soil evaporative demand to account for the effects of capillary action, was adjusted within 0.7 to 0.95. Groundwater flow-related sensitive parameters were GW_REVAP, ALPHA_BF, GW_DELAY, and GWQMN. GW_REVAP allows water to move to the overlying saturated/vadose zone from the underlying aquifer. Similarly, the model parameter GW_DELAY controls the delay between water entering the soil profile and the underlying aquifer. GWQMN is the threshold depth of water in a shallow aquifer required for return flow to occur [78]. Table 6 lists the flow-related parameters, varied within their acceptable ranges, with their final calibrated values.



The annual average values of water balance over 30 years (1985–2014) suggest that the developed SWAT model was capable of simulating hydrologic processes accurately in the Huai Bang Sai River Basin. The evapotranspiration simulated in the current study accounts for 49% of the total rainfall, which is consistent with a previous study conducted by Babel et al. [99] using the SWAT model for the Khlong Phlo Watershed in Thailand. Surface runoff accounts for 18% of the water balance in the Huai Bang Sai, similar to the study conducted by Sudjarit et al. [100], which used the SWAT model in Northern Thailand.



Overall, the model developed in the current study can simulate hydrologic responses very well and thus can be used confidently to simulate water balance components under various scenarios in the study basin. Figure 5 shows the comparison of simulated and observed monthly runoff at Station kh.92 (refer to Figure 2) during the calibration (2007–10) and validation periods (2011–2014).



Visual observation also confirmed a good match between the simulated and observed runoff, but with some discrepancies. A statistical evaluation was performed using the coefficient of determination (R2) and Nash-Sutcliff’s Efficiency (NSE). The R2 and NSE values of 0.83 and 0.82 during the calibration period and 0.78 and 0.77 during the validation period, respectively, were obtained. These strong correlations suggest that the model is capable of tracking monthly runoff with an acceptable accuracy [101].




3.1.2. Sediment


Soil erosion is driven by the amount and intensity of rainfall and sediment yield from surface runoff in HRUs. Since the model was already calibrated, as presented earlier, for base-flow and surface runoff, the calibration of sediment mainly focused on the routing process. The literature suggests two sensitive parameters—the linear parameter (SPCON) and the exponent parameter (SPEXP)—for calculating sediment re-entrained in the channel [78]. Sediment routing was used to match the observed suspended sediment load and simulated sediment loads [67,102,103]. The model’s default values of SPCON (=0.0001) and SPEXP (=1) were found to provide the best match between observed and simulated monthly sediment yields. These two parameters govern the maximum amount of sediment that can be re-entrained during channel sediment routing [79]. Figure 6 compares simulated and observed sediment loadings on the monthly scale at Station 023505 (refer to Figure 2).



Statistical evaluation yielded R2 and NSE values of 0.82 and 0.68, respectively, during calibration and 0.80 and 0.74, respectively, during the validation period (2011–2014). The performance statistics are within an acceptable range [101]. The relatively inadequate prediction of sediment yield can be attributed to several factors, including inaccuracies in DEM when calculating the topographic factor [99] and inaccuracies in predicting peak runoff, which was used in Bagnold’s equation for sediment prediction [78].





3.2. Analysis of Degraded Watersheds


Land slope conditions, soil texture, and soil depths are the bio-physical factors considered to allocate land for the three most commonly grown crops (rubber, sugarcane, and cassava) in the region (refer to Table 3). Table 7 presents the SWAT-simulated sediment yield and the calculated deposition of sediment in the Huai Ta Poe watershed under different land-use scenarios. The sediment yield was lower in LU S1 than LU S0 even though the LU S0 has a higher forested area. The crop database used in the model has the same cover management factors (C) for forests and sugarcane. However, the change of forest area into sugarcane was based on slope and the soil type, which adopted different soil erodibility factor (K) and length slope (LS) factors. So, the combination of these complex changes may have contributed to a slightly lower sediment yield of 2.1 tons/ha/year in LU S1 compared to 2.3 tons/ha/year in LU S0.



High erosion rates were found under scenarios LU S2, LU S5, LU S6, and LU S7, with cassava cultivation as one of the land uses. Cassava may have caused high soil erosion rates due to its low leaf area index. The low soil coverage during the first three months and during peak growth can cause high erosion rates when exposed to direct rainfall [104,105]. Through experimental observations, Putthacharoen [106] and Putthacharoen et al. [107] demonstrated that, under the soil and climatic conditions of Thailand, cassava causes threefold erosion as compared to maize, sorghum, and peanut. In another modeling study in the Khlong Phlo watershed in Thailand, Babel et al. [99] found that the highest soil erosion rates occurred with 40% of total land used for cassava cultivation. Scenario LU S5 (42% land used for cassava and 22% for sugarcane) and LU S6 (44% for cassava and 33% for rubber) had similarly significant erosion rates of about 56 thousand tons annually. Scenario LU S7 includes all land types (23% for sugarcane, 42% for cassava, 41% for rubber, and 21% for forest) depending on suitable land slopes and other factors. This scenario gives rise to the most degraded watershed, with an annual average erosion rate of 13.5 tons/ha.



Field experiments have shown that the leaf area index (LAI) of sugarcane in tropical regions is around 4.50 [108]. Previous studies have demonstrated that, on average, the LAI of young and old rubber trees is 2.2 and 3.1, respectively [109]. In the early stages of a cassava plant’s life cycle, its LAI is 0.2 [110]. In Thailand, Chanthorn et al. [111] reported that the LAI for very young forests is around 3.80. A higher value of LAI in sugarcane compared to forests might be attributed to the lower amounts of sediment yield produced through LUS1 than LU S0, as depicted in Table 7.



Figure 7 provides the spatial distribution of the severity of soil erosion under different land-use scenarios analyzed. Additionally, Table A2 in the Appendix A provides the land area (in %) under different soil erosion severity classes as defined by [112]. LU S7, in which areas under sugarcane, cassava, and rubber cultivation are expanded, and the minimum area is kept for the deciduous forest, generates the maximum amount of erosion, with 93% of the land area falling under medium and high erosion severity classes. These upland crops enhance soil erosion and sediment transport. As expected, the least erosion happens in LU S0 and LU S1 (maximum area under deciduous forests in these two land-use scenarios), and the total land area in the Huai Ta Poe comes under a very low (0–5 tons/ha/year) erosion severity class (refer to Figure 7).




3.3. Evaluation of EbA Measures


Land-use scenario LU S7 has the highest erosion rate. Several individual and combined EbA measures, as described earlier, were applied to this degraded watershed to examine the potential impacts of these adaptation measures. Scenario EbA S0 (same as LU S7) was used as the baseline to compare other EbA-based scenarios. Table 8 presents the results in terms of soil erosion and sediment yield for the scenarios considered.



In Scenario EbA S1, reforestation was applied to the entire watershed area. The erosion rate reduced from 13.5 to 2.2 tons/ha/year (84% reduction), similar to 2.3 t/ha/year under the original watershed scenario (LU S0) with 97% forest cover. Similarly, filter strips alone (EbA S2) reduced erosion from 13.5 to 9.8 tons/ha/year (28% reduction). Contouring alone (EbA S3) reduced erosion from 13.5 to 10.4 tons/ha/year (23% reduction), and terracing alone (EbA S4) reduced it to 5.4 tons/ha/year (60% reduction). Combined EbA scenarios (EbA S5, EbA S6, and EbA S7) also seem to have caused significant reductions in erosion rates as well as in sediment yields. Scenario EbA S5, a combination of reforestation, filter strips, and grassed waterways, was found to have the highest reduction in erosion—from 13.5 to 1.6 tons/ha/year (88% reduction)—among the scenarios considered in this study. The possible reason for this high reduction in soil erosion might be the canopy cover, which reduces the impacts of direct rainfall. In addition, the deep roots of trees provide mechanical reinforcement for soil stabilization [78,113].



When comparing the sediment yield produced in EbA S4 and EbA S3, the higher reductions in sediment due to terracing (EbA S4), as compared to contouring (EbA S3), could be attributed to the increased amount of reduction in runoff when incorporating terracing practices [96,97]. Terracing uses shorter slope lengths, and the adjusted support practice factor reduces erosion better than contouring, which only incorporates changes in the support practice factor. The implementation of grassed waterways significantly reduces sediment yield because sediment yield gets trapped along the waterway as there is increased channel roughness (through increased vegetation cover). The changed model parameters reflect the effects of EbA measures in terms of runoff, soil erosion, and sediment load well. This indicates that the SWAT model can be implemented to evaluate EbA measures at the watershed level in this region. Figure 8 illustrates the spatial distribution of erosion due to implemented EbA measures categorized using the soil erosion severity classes.



As can be observed from Table 8, while the soil erosion values reflect the effects of various EbA scenarios, sediment outflux at the watershed outlet is not correspondingly sensitive. The SWAT model’s sediment transport component includes both overland and channel components. The overland component uses MUSLE to calculate sediment yield, which is then routed through the channel using the empirical approach. The calibration efforts adopted in this study used total sediment transport at the watershed outlet, which implicitly includes both components (sediment yield and routing through degradation and deposition). When analyzing the various scenarios, EbA measures were found appropriately effective at the field level (HRU) but less sensitive at the watershed level, which is linked to excessive deposition in the channels. Without proper knowledge of the channel’s degradation/deposition in the region, the effect of EbAs on sediment outflux at the watershed outlet remains uncertain and needs further investigation. However, the percentage reduction in sediment yield from land areas due to EbA adaptation was found to be consistent with the results of Mwangi et al. [97], Gassman et al. [114] and Schmidt et al. [115]. Table 9 below provides the annual average water balance components under the different EbA scenarios considered.



When comparing EbA S0 (LU S7) and reforestation (EbA S1), it can be seen that the groundwater flow decreased significantly. This might be due to higher evapotranspiration rates from forested lands leading to reduced infiltration and decreased groundwater flow. The groundwater components in EbA S0 and EbA S2 are similar, indicating that filter strips do not alter the water balance components [78]. Interestingly, EbA S3 and EbA S4, representing contouring, demonstrate a reduction in surface runoff and an increase in infiltration, and thus also an increase in groundwater, similar to the results of Arabi et al. [96] and Arabi et al. [116]. Furthermore, Arabi et al. [96] and Fiener et al. [98] also found that grassed waterways do not change water balance components. However, these do affect sediment transport and, ultimately, sediment yield.



Since uncertainties exist due to simplified hydrological processes, limited process knowledge, and representation of EbAs in developed hydrological models, experimental and pilot studies should be conducted before implementing recommended EbA measures at the watershed level to validate modeling results and demonstrate the usefulness of the EbA measures on the ground. The study presented herein has limitations regarding several assumptions and simplifications inherent in the modeling to represent real-world complexities of hydrological processes and responses of watersheds, as also noted by Abbaspour [82]. Further, it is suggested that future studies related to EbAs should consider the concept of “Payment for Ecosystem Services” as adopted by Taffarello et al. [117].





4. Conclusions


The developed SWAT model can simulate the monthly flow and sediment yield of the studied watershed very well. The study’s results demonstrate how land use changes by introducing commercial and energy crops, and how their cultivation could degrade the watershed in terms of soil erosion and sediment yield, thereby causing other environmental problems downstream. The study also shows how EbA measures could reverse the process of land degradation. The combined EbA scenario comprising reforestation, filter strips, and grassed waterways was most effective and resulted in the greatest reduction in sediment yield. It can be concluded that watershed restoration programs should consider implementing combined EbA measures with filter strips and grassed waterways as they are most effective in controlling soil erosion and sediment transport.



At the local level, the study’s results will assist river basin managers, stakeholders (including farmers), and government agencies in evaluating and implementing EbAs to control sediment yield in the Huai Ta Poe watershed and other watersheds in the region that have similar agro-climatic conditions. Furthermore, the study demonstrates the usefulness of implementing EbA measures for sediment management strategies to address watershed degradation, which is a common problem across the globe. Further studies need to be conducted to evaluate the costs and benefits of implementing EbAs under current and projected climatic variability and change, as the EbA options can offset the negative impacts of climate change. Despite these limitations in the eco-hydrological modeling approach, it still provides important insights because the evaluation and post-monitoring of EbAs at an experimental scale is still quite expensive.
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Appendix A


The two points surrounded by triangles are outliers in Figure A1.
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Figure A1. (A) Scatter plot between APHRODITE and observed rainfall between 2004 and 2014. (B) Same as the above, but during 2005–2014. 
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Table A1. Land area under different land-use change scenarios.
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Land-Use Change Scenario

	
Sugarcane

	
Cassava

	
Rubber

	
Deciduous Forest




	
km2

	
%

	
km2

	
%

	
km2

	
%

	
km2

	
%






	
LU S0

	
0.12

	
0.20

	
0.42

	
0.86

	
0.64

	
1.34

	
46.9

	
97.6




	
LU S1

	
10.6

	
22

	
-

	
-

	
-

	
-

	
37.5

	
78




	
LU S2

	
-

	
-

	
30.8

	
64

	
-

	
-

	
17.3

	
36




	
LU S3

	
-

	
-

	
-

	
-

	
38

	
79

	
10.1

	
21




	
LU S4

	
11

	
23

	
-

	
-

	
27

	
56

	
10.1

	
21




	
LU S5

	
10.6

	
22

	
20.2

	
42

	
-

	
-

	
17.3

	
36




	
LU S6

	
-

	
-

	
21.5

	
44.6

	
16.0

	
33.3

	
10.6

	
22.1




	
LU S7

	
11

	
23

	
20.2

	
42

	
6.7

	
14

	
10.1

	
21
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Table A2. Land area under different soil erosion severity classes.






Table A2. Land area under different soil erosion severity classes.





	Land-Use Scenario
	Very Low

(0–5 t/ha/yr)
	Low

(5–10 t/ha/yr)
	Medium

(10–20 t/ha/yr)
	High

(>20 t/ha/yr)





	LU S0
	100%
	-
	-
	-



	LU S1
	100%
	-
	-
	-



	LU S2
	-
	5%
	95%
	-



	LU S3
	1%
	84%
	15%
	-



	LU S4
	5%
	83%
	12%
	-



	LU S5
	-
	22%
	78%
	-



	LU S6
	-
	24%
	76%
	-



	LU S7
	-
	7%
	84%
	9%








Reforestation: Conservation of biodiversity, conservation of soil by preventing erosion, and preserving water quality through sediment and nutrient entrapment are among the most valuable services provided by forested riparian lands. Falling leaves increase the organic content of the soil, leading to an increase in the soil’s water-holding capacity [118]. In this scenario, the entire land use was changed into forest land for simulation.



Filter strips: A filter strip is an area of herbaceous vegetation that removes contaminants from overland flow [95]. The vegetation could be trees, shrubs, or a combination of trees or shrubs established at the edge of the watershed along the stream. The flow from the cropland is passed through these buffer strips with reduced velocity (promoting infiltration), whereas nutrients (nitrogen and phosphorus) and sediments are retained due to the increased roughness cover of the vegetation [58] (filter strips were simulated on both sides of the river with a filter strip width of 10 m). Filter strips were simulated in areas with less than 10% slope, because higher slopes increase gullies and rill erosion [93].



Contouring: Contouring is a practice where farming is done along contours rather than up and down slopes. This practice leads to enhanced infiltration, which reduces surface runoff and, in turn, reduces soil erosion risks [98]. Contouring was simulated in agricultural lands of slopes less than 10% [95]. The SWAT model simulated contouring by changing USLE_P [50] and reducing the curve number (CN) by three units from the calibrated value for a specific land-use type [96]. The USLE_P factors for different slopes for contouring were taken from Wischmeier et al. [119].



Terracing: Terraces divide and shorten a long slope into a series of shorter and relatively more level steps. Terraces reduce sheet and rill erosion in agriculture-dominated areas. The reduced slope steepness and length allow water to soak into the ground and, as a result, reduce surface runoff and thus reduce soil erosion [97]. Terracing is followed in areas of slopes higher than 10%. The SWAT model simulated terracing by adjusting the SLSUBBSN (average slope length of sub-basin), changing the USLE_P, and reducing the CN by six units from the calibrated value for a specific land-use type following the criteria adopted by Arabi et al. [96]. The USLE_P factor to represent terracing under different slope conditions was taken from Wischmeier et al. [119]. The model parameter, SLSUBBSN, was adjusted using the following equation:


  SLSUBBSN =     x × SLOPE + y   ×   100   SLOPE    



(A1)




where x is a dimensionless variable that varies from 0.12 to 0.24 depending on the rainfall received. A value of 0.21 was assigned to x in this study, following the guidelines set out by Mwangi et al. [97]. The value of y depends on soil erodibility and crop management. It was adjusted based on USDA [120].



Grassed waterways: Grassed waterways are channels of water with grass established along drainage paths to reduce surface runoff velocity and sediment yield. The peak flow rate in the channel segment can be reduced by increasing Manning’s roughness, which thereby reduces sediment transport and yield at the outlet. The value of CH_N2 (Manning’s value for channel roughness) at 0.3 CH_COV (channel cover) and CH_EROD (channel erodibility factor) at 0.01 were used in this study to represent fully covered channel conditions following the guidelines of Arabi et al. [96] and Fiener et al. [98].
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Figure 1. The framework of the study. 
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Figure 2. Location map of Huai Bang Sai (HBS) and Huai Ta Poe watersheds and rainfall, streamflow, and sediment gauging stations. 
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Figure 3. (a) DEM, (b) land-use, and (c) soil cover maps of the Huai Bang Sai. 
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Figure 4. (a) DEM, (b) land-use, and (c) soil cover maps of the Huai Ta Poe. 
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Figure 5. Monthly hydrograph for calibration (2007–2010) and validation (2011–2014) at Station kh.92. 
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Figure 6. Monthly sediment calibration (2007–2009) and validation (2011–2014) at Station 023505. 
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Figure 7. Soil erosion severity in the Huai Ta Poe under different land-use scenarios. 
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Figure 8. Soil erosion severity in the Huai Ta Poe under different EbA scenarios. 
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Table 1. Description of temporal and spatial data used in this study.
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Data Type and Station

	
Temporal Resolution

	
Spatial Resolution

	
Period

	
Source






	
Temporal data




	
Temperature

Sakon Nakhon

Nakhon Phanom

Nakon Phanom Agromet

	
Daily

	
Point data

	
2004–2014

	
TMD




	
Rainfall

640150

640112

640122

	
Daily

	
Point data

	
2004–2014

	
RID




	
Gridded rainfall

	
Daily

	
0.5 × 0.5°

	
1985–2014

	
APHRODITE




	
Streamflow

kh. 92

Drainage area: 1118 km2

	
Daily

	
Point data

	
2007–2014

	
RID




	
Suspended Sediment

023505

Drainage area: 928 km2

	
Daily

	
Point data

	
2007–2014

	
DWR




	
Spatial data




	
DEM

	
-

	
30 × 30 m

	
-

	
USGS




	
Soil cover

	
-

	
1 × 1 km

	
-

	
LDD




	
Land use

	
-

	
500 × 500 m

	
-

	
LDD








TMD: Thai Meteorological Department; RID: Royal Irrigation Department; APHRODITE: Asian Precipitation—Highly-Resolved Observational Data Integration Towards Evaluation of Water Resources; DWR: Department of Water Resources; USGS: United States Geological Survey; and LDD: Land Development Department.
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Table 2. Land-use type and corresponding    C  USLE     and    P  USLE     values from the SWAT model database [78].
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	Land Use Type
	

      C    U S L E       








	

      P    U S L E       













	Deciduous forest
	0.01
	1



	Cassava
	0.20
	1



	Rubber
	0.44
	0.35



	Sugarcane
	0.01
	1



	Rangeland
	0.03
	1



	Rice
	0.03
	0.10



	Water
	0
	0



	Urban areas
	0
	0.001



	Eucalyptus
	0.01
	1
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Table 3. The Huai Ta Poe watershed degradation scenarios.
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	Scenario
	Description





	LU S0
	Baseline: Existing land use



	LU S1
	Sugarcane on land areas with slope less than 5%



	LU S2
	Cassava on land areas with slope between 0% and 15%



	LU S3
	Rubber on land areas with slope between 0% and 20%



	LU S4
	Sugarcane on land areas with slope from 0% to 5%,

Rubber on land areas with slope from 5% to 20%



	LU S5
	Sugarcane on land areas with slope from 0% to 5%,

Cassava on land areas with slope from 5% to 15%



	LU S6
	Cassava on land areas with slope from 0% to 10%,

Rubber on land areas with slope from 10% to 20%



	LU S7
	Sugarcane on land areas with slope from 0% to 5%,Cassava on land areas with slope from 5% to 15%,

Rubber on land areas with slope from 15% to 20%
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Table 4. Description of EbA scenarios.
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	Scenario
	Description





	EbA S0
	baseline scenario (same as LU S7)



	EbA S1
	reforestation of all land areas



	EbA S2
	filter strips to land areas with slope less than 10%



	EbA S3
	contouring to land areas with slope less than 10%



	EbA S4
	terracing to land areas with slope more than 10%



	EbA S5
	reforestation + filter strips + grassed waterways



	EbA S6
	contouring + filter strips + grassed waterways



	EbA S7
	terracing + filter strips + grassed waterways
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Table 5. Representation of EbAs in the SWAT model.
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	EbA Measure
	SWAT Parameter(s)
	Application Criteria
	Reference





	Reforestation
	Land-use code
	Any land use
	[60]



	Filter strips
	FILTER_W = 10 m
	Slopes less than 10%
	[60,93,94]



	Contouring
	Reduce CN by 3 units and adjust USLE_P based on slope
	Agricultural lands of slopes less than 10%
	[30,95]



	Terracing
	Reduce CN by 6 units and adjust USLE_P based on slope
	Agricultural lands of slopes higher than 10%
	[96,97]



	Grassed waterways
	Adjust Manning’s roughness coefficient (n), channel erodibility factor (CH_EROD) and channel cover factor (CH_COV)
	Main channel and tributary reaches
	[96,98]
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Table 6. Adjusted range of parameters for streamflow calibration and their final values in the Huai Bang Sai River Basin.
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	Rank
	Parameter
	Description
	Initial Values
	Fitted Value





	1
	CN
	SCS-CN

Deciduous forest

Cassava

Sugarcane

Rice

Rubber

Rangeland

Water

Urban
	73–92

77

85

85

81

77

79

92

90
	73

83

83

81

77

79

92

90



	2
	ESCO
	Soil evaporation compensation factor
	0.95
	0.70–0.95



	3
	SOL_AWC
	Available soil water capacity

Hang Chat/Loamy sand

Slope Complex/Loamy sand

Miscellaneous soil

San Sai/Sandy loamy

Phon Phisai/Sandy loamy

San Patong/Loamy sand
	0.14

0.14

0.14

0.10

0.10

0.10
	0.10

0.10

0.10

0.13

0.14

0.15



	4
	ALPHA_BF
	Base-flow alpha factor
	0.048
	0.99



	5
	GW_DELAY
	Ground water delay
	31
	2



	6
	GW_REVAP
	Groundwater “revap” coefficient
	0.02
	0.19
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Table 7. Simulated sediment yield in HRUs, sediment outflux at the outlet, and calculated sediment deposition under different land-use change scenarios.
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Scenario

	
Description

	
Simulated Sediment Yield in HRUs

(103 tons/ha/year

	
Simulated Sediment Outflux at Outlet

(103 tons/ha/year)

	
Calculated Sediment Deposition (103 tons/ha/year)

(Erosion-Outflux)




	

	

	
(1)

	
(2)

	
(3) = (1) − (2)






	
LU S0

	
97.52% forest, 1.34% rubber, 0.86% cassava, 0.28% sugarcane

	
2.3

	
0.5

	
1.8




	
LU S1

	
78% forest, 22% sugarcane

	
2.1

	
0.6

	
1.5




	
LU S2

	
36% forest, 64% cassava

	
12.7

	
0.7

	
12




	
LU S3

	
21% forest 79% rubber

	
7.7

	
0.7

	
7




	
LU S4

	
21% forest, 56% rubber, 23% sugarcane

	
7.3

	
0.7

	
6.6




	
LU S5

	
36% forest, 42% cassava, 22% sugarcane

	
11.7

	
0.8

	
10.9




	
LU S6

	
22% forest, 33% rubber, 45% cassava

	
11.6

	
0.8

	
10.8




	
LU S7

	
21% forest, 14% rubber, 42% cassava, 23% sugarcane

	
13.5

	
0.8

	
12.7
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Table 8. Simulated sediment yield of HRUs, simulated sediment outflux at the outlet, and calculated sediment deposition under different EbA scenarios.
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	Scenario
	Description
	Simulated Sediment Yield of HRUs (103 tons/ha/year)
	Simulated Sediment Outflux at the Outlet (103 tons/ha/year)
	Calculated Sediment Deposit (103 tons/ha/year)





	EbA S0
	Baseline Scenario

(Degraded watershed LU S7)
	13.5
	0.8
	12.7



	EbA S1
	Reforestation (R)

(Forest to all lands)
	2.2
	0.5
	1.7



	EbA S2
	Filter Strips (FS)

(All lands with slope < 10%)
	9.8
	0.7
	9.0



	EbA S3
	Contouring (C)

(All lands with slope < 10%)
	10.4
	0.8
	9.3



	EbA S4
	Terracing (T)

(All lands with slope > 10%)
	5.4
	0.8
	4.6



	EbA S5
	R+FS+GW
	1.6
	0.1
	1.5



	EbA S6
	C+FS+GW
	8.3
	0.1
	8.2



	EbA S7
	T+FS+GW
	5.2
	0.1
	5.1
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Table 9. Average annual water balance components under different EbA scenarios.
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	Scenario
	Precipitation (mm)
	Surface Runoff (mm)
	Lateral Flow (mm)
	Evapotranspiration (mm)
	Groundwater Flow (mm)





	EbA S0
	1218
	221
	283
	492
	222



	EbA S1
	1218
	133
	277
	636
	172



	EbA S2
	1218
	221
	282
	494
	221



	EbA S3
	1218
	201
	284
	495
	238



	EbA S4
	1218
	205
	288
	495
	230



	EbA S5
	1218
	133
	277
	636
	172



	EbA S6
	1218
	201
	284
	495
	238



	EbA S7
	1218
	205
	288
	495
	238
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