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Abstract

:

The increasing pressure from land cover change exacerbates the negative effect on ecosystems and ecosystem services (ES). One approach to inform holistic and sustainable management is to quantify the ES provided by the landscape. Using the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model, this study quantified the sediment retention capacity and water yield potential of different land cover in the Santee River Basin Network in South Carolina, USA. Results showed that vegetated areas provided the highest sediment retention capacity and lowest water yield potential. Also, the simulations demonstrated that keeping the offseason crop areas vegetated by planting cover crops improves the monthly ES provision of the landscape. Retaining the soil within the land area prevents possible contamination and siltation of rivers and streams. On the other hand, low water yield potential translates to low occurrence of surface runoff, which indicates better soil erosion control, regulated soil nutrient absorption and gradual infiltration. The results of this study can be used for landscape sustainability management to assess the possible tradeoffs between ecological conservation and economic development. Furthermore, the generated map of ES can be used to pinpoint the areas where ES are best provided within the landscape.
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1. Introduction


Improvements in human well-being and landscape sustainability heavily depend on the continuous provision of ecosystem services (ES). These services are direct and indirect benefits that humans receive from ecosystems [1]. Different ecosystems provide a wide array of ES, including supporting services (e.g., carbon cycle, nutrient cycle and water cycle), provisioning services (e.g., food, water and raw materials), regulating services (e.g., climate regulation, water filtration and storm protection from forests and wetlands) and socio-cultural services (e.g., traditions and nature-based recreational activities). However, despite these multiple benefits, ecosystems are under constant threat of degradation, primarily because of climate change and land-use change [2,3]. For example, freshwater ecosystems are among the most affected and extensively altered ecosystems on earth [1,4] as a result of increasing pressure from land conversion.



Land use change is a major driver of climate change across the world but it can be managed at a local or regional scale when ecosystem services are considered. However, land use-land cover changes are often in conflict between two opposing models—economic expansion and ecological conservation [5]. Oftentimes, one is favored over the other resulting in imbalanced resource management, causing a negative effect to either aspect of development—economic or ecological. For example, agricultural and forest lands near urban areas and industrialized complexes are prioritized for intense development for their high value for residential areas and urban expansion. This intensified development could result in numerous ecological issues such as habitat fragmentation and biodiversity losses [6,7], changes in carbon balance and nutrient flows [8,9], landscape and water quality degradation [3,10] and reduced protection from extreme events [11,12,13]. To balance economic expansion and ecological conservation, the adoption of practices that focus on sustainable land management [5,14] are important to provide both economic and ecological benefits, aiding in climate change mitigation [15,16].



The planting of cover crops in intensive agriculture systems is one example of sustainable land management in the United States. Cover crops deliver significant benefits for soil and water quality by providing soil cover when cash crops are not in season [17]. There are myriad ecological benefits that can be gained from implementation, including reduction in nitrogen and topsoil leaching, increased water infiltration and managing soil temperature [18]. The reduction in topsoil loss and the use of legumes that fix nitrogen often help reduce fertilizer inputs and reduce costs [19,20,21]. Furthermore, cover crops can build soil organic matter; which is crucial to sustaining microbial activity and, ultimately, a sustainable agriculture system [22,23]. Increasing soil health and decreasing synthetic inputs can reduce the negative impact large scale agriculture has on water quality. Combining no-till agriculture with cover crops may even yield more profit for farmers than conventional agriculture systems [24] and this type of operation closely mimics natural systems and increases resilience [18].



Unfortunately, the perception that implementing cover crops can be a significant added cost for many farmers has resulted in implementation among only around 5% of farmers in the United States [25,26]. Most of the time, farmers do not know or understand how using these conservation practices can improve productivity and monetary returns [24]. As climate change mitigation has become more focused on agriculture systems, cover crops are being increasingly described as a major part of climate change mitigation strategies, while land managers and extension specialists are working to help increase cover crop usage [27]. Therefore, quantifying and analyzing changes on the landscape is an essential tool for information dissemination and public awareness [28], landscape and natural resource management [29], policy-making and optimization [30] and incentives to implement conservation programs strategically [2,31]. With science and technology continuously improving, new methodologies for quantifying and assessing land-use change and its effects are becoming available.



Remote sensing and Geographic Information Systems (GIS) technology are commonly used in data gathering and analysis of land use-land cover by classifying an area of the land and mapping its distribution [2,32,33]. The availability of this technology has paved the way for quantifying ES using ES-based models. One of the widely used ES-based models is the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST). The InVEST is a suite of spatially explicit models for quantifying various ES [34,35]. The model can be applied over different spatial scales depending on the resolution of the data inputs, making it flexible for post-processing of land use-land cover (LULC) change analysis and ES tradeoff analyses. The main feature of the model is that it uses biophysical equations for estimating an ES in a particular area within the landscape. The model yields a map where pixels hold the ES information and can be used to identify the areas with high ES provisions and show which land cover produces specific ES. Since InVEST has readily available training materials, documentation, data repositories and a support team, this model has gained popularity and has been widely adopted for quantifying landscape ES-based models [35].



The Santee River Basin Network (SRBN) is a major river basin network in South Carolina (SC) (Figure 1). It originates from the mountains in southern North Carolina and traverses the upstate South Carolina to the coast [36]. The majority of the SRBN’s land cover is classified as vegetated, with forest land covering 51% of the landscape; wetland covers 12%, grassland 11%, shrubland and agriculture 8%, water bodies 4%, developed or urban areas covering 14% and barren land at less than 1% of the total landscape [37]. The SRBN is a 7.54 million-acre network of river basins and is further subdivided into four major basins: Broad, Catawba, Saluda and Santee-Cooper. The SRBN landscape hosts approximately 79% of SC’s total population across 30 counties [38]. The basin is home to 3.5 million people with a concentration of residents in major cities such as Charlotte, N.C., Greenville-Spartanburg, Columbia and Charleston, S.C. South Carolina has become a popular place to relocate, own a second home, or invest in real estate. As urban areas continue to grow, changing land cover from forested and agriculture to urban and developed land also increases. This change in land use affects the provision of ES in SRBN. For example, growing residential areas and urban land also increases the use of pesticides and fertilizers on lawns and landscapes, as well as the area covered by impervious surfaces. This increases the possibility of flooding and the transportation of contaminants through runoff, ultimately degrading water quality [36].



This paper investigated the contribution of different land cover to the provision of water quality related ES within the SRBN using InVEST. We used the Sediment Delivery Ratio and Water Yield models of the InVEST package to quantify the amount of sediments retained and potential water yield across the landscape. Through the combined results of these models, we were able to identify which land cover provides more ES benefits in terms of water quality regulation. Moreover, we also estimated the per unit area ES contribution by land cover type. The study hypothesized that different land cover types, combined with climate factors, directly impact the quality and quantity of water. Therefore, each land cover type has a different capacity to provide water-related ES. Specifically, following the previous studies [39,40,41], we hypothesized that vegetated areas provide higher ES compared to non-vegetated areas. Alternatively, increasing urbanized and non-vegetated areas decreases the ES provision.




2. Materials and Methods


2.1. Sediment Delivery Ratio (SDR) Model


The InVEST Sediment Delivery Ratio (SDR) model estimates the amount of sediments being exported to the streams and retained by the land cover within a watershed boundary. It computes for the amount of sediment exported and the ratio being retained on a pixel scale level. The model assumes that sediments go to the stream, regardless of location and will eventually reach the end of the stream [42]. Hence, we can evaluate the total sediment being exported by the landscape and can be sorted by land cover type contribution.



To compute for the Sediment Export, the SDR uses the Revised Universal Soil Loss Equation (RUSLE) and a sediment delivery ratio (SDRi) factor to estimate the amount of sediments contributed by each pixel (Figure 2).



The USLEi computes for the total sediment export per pixel as a function of rainfall erosivity (Ri), soil erodibility (Ki), slope length-gradient factor (LSi), crop-management factor (Ci) and support practice factor (Pi) [34]. This equation is widely used and accepted for estimating soil loss. The SDR factor for each pixel is a function of the connectivity index (IC) [9] which is affected by upslope factors, represented by Dup [10] and downslope factors, represented by Ddn [11]. The InVEST SDR model follows the original approach developed by Borselli et al. (2008) in applying the RUSLE. The SDR model’s main improvement is that it considers the hydrologic connectivity and land cover changes within the landscape in estimating the total amount of sediments being exported to the streams. Furthermore, this is possible by using parameters IC0 and kb, which define the relationship between the connectivity index and the SDR [34]. Therefore, the SDR model estimates the amount of sediment being exported to the stream considering the current land cover.



A byproduct of the SDR model is an estimate of the total sediment exported in a scenario where the land cover are not considered, also known as a bare ground scenario. Therefore, while the SDR model focuses on estimating the sediments being exported to the stream, this can also be used to compute the amount of sediment being retained by the land cover. The difference between the sediment export with the land cover and the sediment export with the bare ground scenario, results in the amount of sediments retained by the land cover. This contributes to the water quality regulation which was the focus of this study.




2.2. Water Yield (WY) Model


The InVEST Water Yield (WY) model is the module for estimating the potential volume of water that a land cover can capture from rain events. While the model is originally intended for hydropower production, the information for quantifying the amount of water is still useful for analyzing the land cover contribution to surface water [34,43].



The WY model framework (Figure 3) is based on the Budyko curve and average precipitation to estimate the amount of potential water yield per pixel [34]. The model estimates the actual evapotranspiration, AET(x) and subtracts it from the total amount of water from precipitation, P(x), that a pixel receives. The AET is derived based on the Budyko curve [44,45] using the parameters potential evapotranspiration, PET(x) and w(x), which is a non-physical parameter for climatic-soil properties [34]. The w(x) is a function of the volumetric plant available water capacity of the soil, AWC(x); the average precipitation, P(x); and an empirical constant Z which captures the local precipitation pattern and hydrogeological characteristics [34,43,46].



The WY model estimates can provide different information about the landscape’s water yield potential. Depending on the spatial scale of the analysis, the estimates can be interpreted differently. For example, estimating the total water yield that can be gathered by the overall area can be interpreted as the potential contribution of the landscape to the water supply. Therefore, a higher overall water yield potential will result in a benefit and an improvement of the ES [46,47]. However, if the WY potential estimate is assessed per land cover or per unit area, the amount of water that each pixel retained after a rain event is expected to be released to the streams through surface runoff [34,39,41,48]. Hence, a higher WY potential per unit area will indicate a higher likelihood of surface runoff. Consequently, in a per area and per land cover analysis, a lower WY potential will indicate in a lower possibility of surface runoff, thus implying an improvement of ES.




2.3. Data Requirements


The data requirements of the InVEST models are mainly spatially explicit files and a tabular dataset that corresponds to the biophysical characteristics per land cover. Table 1 lists the details of the data inputs for the SDR and WY models.



Since the output of the InVEST model is highly dependent on the resolution of the inputs, particularly of the DEM, we used a LiDAR-based DEM of South Carolina counties with a resolution of 3 m × 3 m per pixel mosaiced into a state DEM [49]. The DEM sets the standard for the pixel resolution of the InVEST model’s output [34]. For models that do not require the DEM, the land cover raster file was the secondary basis of the output resolution [34]. Since both models used the land cover files, we resampled the land cover file into 9 m × 9 m pixel resolution to capture a more accurate analysis of the ES.



For the land cover map raster file, we used the CropScape Cropland Data Layer from the United States Department of Agriculture National Agricultural Statistics Service (USDA-NASS) [37] downloaded from USGS through the National Land Cover Database (NLCD). We utilized the Cropland Data Layer for 2018 to include a detailed breakdown of the agriculture land cover into specific crops. This allowed us to account for crop management factors and support practice factor for the SDR model. For the WY model, we also included a crop coefficient for predicting evapotranspiration [34,56].



Specifically for the SDR model data requirements, the Iso-erosivity map was derived using Renard and Freimund (1994) equation for Coterminous US [50] which was converted from US customary units into metric units (MJ/ha) to adhere to the model specifications [34]. Furthermore, the soil erodibility map, downloaded through ArcGIS Online [51], was also converted into metric units ((tons * ha * hr)/(ha * MJ* mm)) as per model specification [34]. Finally, a comma-separated value (.csv) file containing the crop management factor and support practice factor per land cover was used for the RUSLE computation obtained from the Food and Agriculture Organization (FAO) [56].



For the WY model, the precipitation and reference evapotranspiration raster files were obtained from Climatology Lab [53] and the National Oceanic and Atmospheric Administration (NOAA) [54]. The depth to root restricting layer and plant available water fraction raster files were obtained through the Soil Survey Geographic Database (SSURGO) [55]. Lastly, a comma-separated value (.csv) file containing the crop coefficient (Kc) by land cover was used as a constant multiplier for computing w in the WY model.



All spatial data inputs were delineated using the Hydrologic Unit Classification 12 (HUC 12) obtained from the watershed boundary dataset (WBD) [52] and aggregated as Santee River Basin Network.




2.4. Modifying for Crop Seasonality


One of the limitations of the InVEST model is that it is a single-time analysis. Therefore, it quantifies the ES on an annualized temporal scale using mean values of data inputs. This could be a challenge, particularly for analyzing monthly and seasonal changes to ES. To address this, we ran the InVEST models using parameters that simulated monthly events in the landscape, focusing on the changes in the agriculture land cover.



Using a cropping calendar, we identified which crops are offseason per month. We assumed that the offseason crops will have similar values to idle cropland; hence changing its crop management factor, support practice factor, crop coefficient and its interacting effects with the monthly climate variables. This allowed for quantifying the monthly ES within the SRBN. Furthermore, to account for the effect of the sustainable farming intervention, we ran the models for each month while modifying the crop management factor, support practice factor, and crop coefficient factor of the offseason crops into values based on cover crops.




2.5. Model Limitation and Calibration


The InVEST models are widely applied in the quantification of ES, particularly on a landscape scale [57]. One of its main assets is the model’s spatial characteristics and versatility using GIS as a platform. However, the models are not without their limitation. It can only quantify for a single time period; hence, losing the effect of the temporal changes [35,43,58]. Furthermore, the results of the InVEST model are heavily dependent on the quality of inputs that are used. Inputs with refined spatial resolution yield more accurate and precise results, while coarse spatial resolution datasets are more prone to overestimation and focused more on regional landscape analyses [35,43,59,60,61].



Moreover, there is limited literature that compared the InVEST model results with observed data, making it difficult to validate [46]. The InVEST models simplify the application of hydrology and geomorphology equations on a landscape scale. Depending on the amount of details present in the spatial dataset, the models are prone to standardizing and averaging of parameters across the landscape. This means that the parameters used in one region will be the same across all the regions as long as they are of similar land cover type, which in reality is not true. For example, the crop coefficients of a specific crop can differ between an upland and lowland area. However, due to the standardization of parameters, the model uses the same multiplier on that particular crop regardless of geographic location. Therefore, to address this, the model must be calibrated against actual observed flow and sediment values from monitoring stations [43,57,58].



Finally, for the water yield model, the estimated water yield potential accounts for the total volume of water that can be captured by the land cover [34,41,47]. Part of this volume will infiltrate and contribute to the water supply but a substantial amount will become a runoff [34]. The current WY model does not have the capacity to separate between the volume that infiltrates and becomes a surface runoff. While the aggregated water yield potential across the watershed can be interpreted as a total contribution to water supply, the per unit area estimation can be construed more likely as a surface runoff.




2.6. Calibrating the Model


For calibration purposes, we ran the InVEST models with the same catchment size as the benchmark stations. We adjusted the model parameters until they produced similar quantities as with the benchmark. The actual flow rate readings were used for the WY calibration benchmark, while a sediment deposition estimate [62] was used for the SDR calibration. We based the calibration of the SDR model from the measurement of McCarney-Castle et al. (2017), while the WY model was based on the National Water Information System (NWIS). Both were conducted in the Lawsons Fork Creek, Spartanburg, South Carolina.



The observed annual average sediment yield in Lawsons Fork Creek amounted to 168 tons/km2 [62]. This served as a benchmark to calibrate the InVEST SDR model while adjusting the parameters IC0 and kb. Following the SDR model documentation, we set the IC0 to its default value (0.5) and adjusted the kb parameter [34]. We ran different model iterations using different kb parameter values to produce a closely similar estimate to McCarney-Castle et al. (2017). We determined that a kb value of 0.95–0.96 produced an estimate that was not statistically different from the observed value of McCarney-Castle et al. (2017).



In the same way for the WY model, we used the observed value of 22.53 m/m2/year or a total of 4.3 billion cubic meters per year [63] as a benchmark for calibration. The WY model uses an empirical constant Z, which represents the seasonal distribution of precipitation. We calibrated the Z value by comparing the modeled and observed data to show the sensitivity of the model to the empirical constant [34]. A higher Z value suggests that the sensitivity of the model to the constant is lower [45]. One way to estimate the Z parameter is by multiplying the number of rain events per year to 0.2 constant [40,64]. Therefore, we determined an appropriate Z value of 22 for the Lawsons Fork Creek. In addition, since the WY model is also highly sensitive to variability in precipitation, it is expected that there will be a difference between the observed water yield and the model result [40]. Following the results of the sensitivity analysis, we increased the value of the precipitation data inputs by 9%. Using these calibrated parameters, the model estimated a water yield that was not statistically different from the observed value.





3. Results


3.1. Land Cover Change in SRBN


A land cover change analysis between 2016 and 2001 land cover maps (Figure 4) showed that around 200,000 acres (2.5%) of the vegetated land cover in SRBN—including forest land, agriculture, grassland and wetlands—was converted to developed or urban land cover classification [65]. While the percent change of the vegetated land cover seems to be relatively small, the effect on the ecosystems can still be significant.




3.2. Sediment Retention Capacity


The geographic distribution of the SDR (Figure 5) showed that areas with high sediment retention capacity were mostly located upstream or in the upper regions of the basin. As sediments traveled to lower regions, the amount of sediments being retained decreased. This could be because the land cover upstreams retained and trapped most sediments before reaching the lower regions; hence, fewer sediments were captured in the lower regions.



Figure 6 revealed the overall annual sediment retention capacity and the average sediment retention capacity per acre by land. Results showed that forest land cover provided 80% of the overall annual sediment retention ES across the SRBN. Considering that forest land cover is around 50% of the SRBN landscape, this implies that 1% of forest cover across the landscape contributes 1.5% worth of the total sediment retention capacity. The remaining 20% sediment retention provision was split between other vegetated areas—grasslands (7%), woody wetlands (3%), shrublands (2%), and agriculture (1%); and non-vegetated areas—urban (6%) and barren land (1%). This showed that vegetated areas deliver high retention capacity per unit area.



Accounting for Seasonality and the Effect of the Sustainable Farming Intervention to Sediment Retention Capacity


While land cover maps do not change significantly within an annual period, the utilization of some land cover is highly dependent on season, particularly for agricultural land; hence, changing the ES provision every month.



Figure 7 revealed that, if without intervention, areas with offseason crops can have higher sediment retention capacity as compared to agricultural land areas with planted in-season crops. Since the model treated the offseason cropland as idle cropland, the soil characteristics are still compact and permeable due to the regular cropping activities within the area. Furthermore, since the offseason cropland was originally part of the overall agriculture land cover, the cleared area due to the offseason crops created patches of open areas adjacent to other in-season crop areas. These cleared patches tend to hold the sediments that were not retained by the adjacent planted areas.



However, when we assumed that offseason cropland was planted with cover crops, its sediment retention capacity slightly improved. More importantly, the sediment retention capacity of the agriculture land areas increased substantially since patches of open areas were filled. The agricultural land cover improved from a monthly average of 0.5 tons per acre to 2.7 tons per acre. In comparison, the offseason cropland improved from a monthly average of 2.9 tons per acre to 3.1 tons per acre retention capacity with cover crops (Table S1).





3.3. Water Yield Potential


For this study, we focused on the WY potential per area by land cover. This implies that a lower water yield potential is desirable and will improve the water quality regulation. Results showed that the land cover with the highest water yield potential occurred in the upstate region and in some parts of the coastal and midland regions (Figure 8).



The blue areas coincide with the urban/developed areas of the land cover map. This is supported by the results in Figure 9 showing that urban/developed land cover accounted for most (46%) of the estimated total annual water yield potential. However, considering that urban/developed land cover accounted for only 13% of the overall land cover, the ratio of the amount of water yield potential per area was around three times more than a forested land cover area.



Similarly, urban/developed land cover areas had the highest mean water yield potential among the different land cover types. Likewise, other non-vegetated areas such as barren land and idle cropland recorded a high mean water yield potential per area. While these land cover types are not impervious, there is little vegetation that can consume and hold the water.



In contrast, areas with vegetation such as forest, grassland, shrubland and agriculture land cover types dominate the green areas (Figure 8), indicating low water yield potential. Since forest covers majority of the SRBN (Figure 9), it recorded the second highest overall water yield potential (32%). However, the per unit area computation revealed that the forest land has a low water yield potential per pixel. Similarly, other vegetated areas such as wetland, grassland, shrubland and agriculture, also indicated a low water yield potential per unit area.



Accounting for Seasonality and the Effect of the Sustainable Farming Intervention on the Water Yield Potential


The water yield potential is largely affected by evapotranspiration and plants’ water uptake. Since the model accounted for the overall analysis throughout the year, it does not consider the effects brought by the changes from the seasonality of the crops. Therefore, we looked at its impact by running the model on a monthly timeline while using monthly parameters.



Figure 10 showed that without intervention, the offseason cropland has a high amount of mean water yield potential that was almost similar to non-vegetated areas such as barren and idle cropland. With intervention, the monthly water yield potential per unit area of offseason cropland significantly decreased by 83% on the average (Table S2).



Furthermore, the non-vegetated areas (i.e., urban/developed, barren and idle cropland) has the highest water yield potential per unit area, particularly in the upper region, followed by the coastal or low country region and lastly by the midland region. On the other hand, vegetated areas (i.e., forest, grassland, shrubland and agriculture) have low water yield potential per unit area due to the uptake of water by the vegetation.






4. Discussion


The land cover change analysis showed that the land conversion of vegetated areas to non-vegetated areas is continuing. Notably, a substantial amount of forest, wetland and shrubland are being converted into urban/developed areas. A similar pattern was also observed in a land cover analysis of contiguous US from 2001–2011 [66]. These land conversions affect the ecosystems and ES produced within the landscape. Therefore, if the trend of urban areas continuously expands while vegetated areas continue to decline, this can lead to irreversible damage to the ecosystems and their services.



The forest land cover has the highest sediment retention capacity across the landscape. Since forested areas host a diverse composition of plants and trees, this holds together soil organic matter and contributes to the retention of sediments and prevention of soil erosion. Therefore, keeping the forest land intact ensures the continuous provision of ES. A similar observation was also found in a previous study about the sediment retention by natural landscapes in the US [67]. This reinforces the need for more forest conservation and management practices such as conservation area development [68,69,70,71], incentivizing ES conservation such as Payments for Ecosystem Services (PES) [72,73,74,75,76] and engaging in carbon markets [77,78,79].



In terms of the mean sediment retention capacity by land cover type, vegetated areas provided higher ES per unit area as compared to non-vegetated areas [67]. By keeping the offseason cropland vegetated with cover crops, the sediments that are originally dispensed by the agricultural land cover are held in place, increasing the agricultural land’s sediment retention capacity. Since both of these areas were initially part of the agricultural land cover, the offseason cropland’s sediment retention capacity is intertwined with the in-season crop areas. Because of spatial continuity, planting cover crops improved the ES provision of both the in-season crop areas and the offseason-cover crop planted areas. Without cover crops to fill in the cleared area patches, the agricultural land captured less sediments. However, with cover crops, offseason crop areas become vegetated, resulting in an improvement in sediment retention capacity for both land cover types.



Retaining sediments within the land area results in better soil erosion control which prevent degradation of rivers and streams [62,80,81]. Additionally, retaining the sediments on the landscape also allows more time for the soil to absorb the nutrients rather than being dispensed to the streams, hence improving soil quality [23,26]. Cover crops provide these services and eventually enhance agricultural land, building back soil organic matter and increasing the viability of agricultural land for both ES and cash crop yields. This suggests that using cover crops as sustainable farming practice improves water quality regulation across the landscape.



In terms of the geographic location, results of the InVEST SDR model showed that the upstate region of SRBN has a high sediment retention capacity. The upstate region has mountainous and densely vegetated areas; therefore, sediments are retained primarily in those areas. Since sediments are captured and trapped in the upstate region, fewer sediment travels downstream, hence expecting lower sediment retention capacity from the lower regions.



When it comes to water yield potential, urban/developed areas recorded the highest estimates among different land cover types. This high potential water yield can be due to the characteristics of the urban land since it has many impervious areas. These areas have low to no evapotranspiration and infiltration capacity; hence, the water yield from these areas will move across the landscape as surface runoff. This result is consistent with the previous studies on the impact of urbanization on surface runoff [66,82].



Similar to non-vegetated areas like idle cropland and barren land cover, urban/developed areas have little or no plant water uptake. Hence, when an agricultural land is not in use such as the case of offseason cropland, its potential water yield per unit area also increases, as well as the possibility of runoff, erosion and sediment export. This will eventually affect the water quality of nearby streams, rivers and other water bodies.



In contrast, vegetated land cover types such as forest, grassland, shrubland and in-season agriculture land recorded low water yield potential per unit area because of the plants’ water uptake. The decrease in the water yield potential per unit area implies a reduction in surface runoff. Since vegetative root systems hold soil in place, the vegetation’s presence also improves soil organic matter within the area. In addition, low runoff implied from a low water yield potential can mean a reduced possibility of flooding. Overall, this improves the water quality of nearby water bodies and enhances soil quality, which ultimately can reduce the farm input costs and improve contribution to flood control [61,83,84]. Therefore, the implementation of cover crops as a sustainable farming practice can improve the ES across the landscape. In contrast, the decline of vegetated land cover can result in decreased ES.



Finally, although the water yield potential per unit area indicates a surface runoff, the overall water yield estimate shows the potential water that can be available for the region. The upstate region of SRBN recorded the highest water yield potential across the landscape. Since most of the headwaters are typically found in this region, it serves as a precipitation catch basin. On the other hand, most streams and rivers eventually converge in coastal areas, thus accumulating a substantial amount of water yield potential for this region. Lastly, the midland region recorded to have the lowest overall water yield estimate.




5. Conclusions


This study quantified the ES, particularly the sediment retention capacity and water yield potential of the different land cover types of the Santee River Basin Network (SRBN). The InVEST Sediment Delivery Ratio (SDR) model was used to estimate the amount of sediments being retained per unit area by each land cover type. Additionally, the InVEST Water Yield (WY) model quantified the potential volume of water yield per unit area. Since the per unit area analysis represents the volume that can be a potential surface runoff, this implies that areas with low water yield generate higher ES.



In both models, results supported the hypothesis that different land cover types provide varying levels of water-related ES. Vegetated areas provide higher ES, particularly the forest land cover type. This means that keeping the forest intact and conserved is critical in continuous ES provision. Also, since areas with offseason cropland perform as idle cropland, monthly changes in agricultural systems that create cleared area patches adversely affect the delivery of ES. This increases landscape susceptibility to erosion and decline in water quality. This finding supports the hypothesis that increasing urbanized and non-vegetated areas decreases the ES provision. In contrast, application of sustainable practices such as planting of cover crops in offseason cropland ensures the continuous provision of the ES. This can eventually translate into cost savings for farmers as it will retain the nutrients needed for planting the next season crops, avoiding unnecessary costs of additional fertilizers.



The study also showed that conservation programs and sustainable farming practices, such as cover crop implementation, provides benefits such as soil health improvement, water quality regulation and continuous provision of water-related ES by keeping the land vegetated. This reinforces the need for more conservation programs and sustainable financing mechanisms to enhance soil conservation in agriculture systems and forest protection, such as the Payments for Ecosystem Services (PES).



The methods applied in this study could potentially be used to design a PES framework within the basin. Since the willingness-to-pay (WTP) or financing support of ES buyers is tied up to the product that they expect to receive [73,76,85,86], quantifying the ES provided by the land cover gives clear information on what ES sellers should deliver. On the other hand, knowing the ES benefits helps the ES sellers choose the appropriate intervention that would maximize the ES. Therefore, quantifying the amount of ES improvement provided by sustainable agricultural practices and conservation programs also estimates the potential value of the benefits of these practices.



Finally, the map of ES generated from this study can provide spatial information about the hotspots of prime areas for ES conservation. For example, integrating the geographic location and the effect of land cover types on ES quantification showed that urban/developed areas in the upper region provided low sediment retention capacity and high water yield potential. This could pose a threat to ecosystem conservation and landscape sustainability planning. However, threats could be mitigated with proper management and conservation of forest land, especially those surrounding the urban/developed land. Furthermore, the quantification of ES can also be used to analyze the effect of sustainable practices on ES delivery. The continuous provision of ES is critical to society’s well-being. Therefore, the results of this study can provide inputs and information towards landscape sustainability planning and conservation management practices.
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Figure 1. Santee River Basin Network (SRBN) Study Site. 
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Figure 2. The conceptual approach of Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) Sediment Delivery Ratio (SDR) for calculating the estimated sediment export per pixel. (adapted from InVEST Natural Capital Project) [34]. 
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Figure 3. Visualization of the InVEST Water Yield (WY) framework for computing water yield potential per pixel (adapted from InVEST Natural Capital Project) [34]. 
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Figure 4. The land cover percent gains/loss shows that vegetated areas such as forest, grassland and herbaceous wetland decreased; while developed/urban areas increased from 2001 to 2016. 
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Figure 5. The results of the SDR model showed the geographic distribution of the areas with high and low capacity for sediment retention. 
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Figure 6. The annual total sediments retained per land cover in SRBN showed that the forest land provide the most Scheme 6. Results indicated that forest land cover has the highest retention capacity with a mean of 3400 tons of sediments per acre annually. Furthermore, the overall mean sediments retained per acre of other vegetated areas amounted to 3980 tons per acre, while the non-vegetated areas amounted to 3480 tons per acre. 
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Figure 7. Results showed that the mean sediments retained (tons per acre) by land cover type with and without intervention varied per month. 
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Figure 8. The results of the InVEST WY model showed that the highlighted blue areas have the highest water yield potential per pixel, while the green areas have the lowest. 
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Figure 9. The urban/developed land cover has the highest annual total water yield potential, while the non-vegetated areas (i.e., developed/urban, barren, idle cropland) recorded the highest mean water yield potential per area. 
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Figure 10. Results showed that the monthly mean water yield potential in meters per square meter with and without cover crops varied per month. 
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Table 1. List of required data inputs for the InVEST models.
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	Data
	Data Type
	Applicable Model
	Sources





	Digital Elevation Model (DEM)
	Raster file (.tif)
	SDR
	[49]



	Iso-erosivity map (R factor)
	Raster file (.tif)
	SDR
	[50]



	Soil erodibility map (K factor)
	Raster file (.tif)
	SDR
	[51]



	Boundary shapefile (watershed)
	Vector file (.shp)
	SDR, WY
	[52]



	Land cover map
	Raster file (.tif)
	SDR, WY
	[37]



	Precipitation
	Raster file (.tif)
	WY
	[53,54]



	Reference evapotranspiration
	Raster file (.tif)
	WY
	[53,54]



	Depth to Root Restricting Layer
	Raster file (.tif)
	WY
	[55]



	Plant available water fraction
	Raster file (.tif)
	WY
	[55]



	Biophysical table
	Non-spatial data matrix (.csv)
	SDR, WY
	[56]
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