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Abstract

:

The recent decade has witnessed an increase in irrigated acreage in the southeast United States due to the shift in cropping patterns, climatic conditions, and water availability. Peanut, a major legume crop cultivated in Georgia, Southeast United States, has been a staple food in the American household. Regardless of its significant contribution to the global production of peanuts (fourth largest), studies related to local or regional scale water consumption in peanut production and its significant environmental impacts are scarce. Therefore, the present research contributes to the water footprint of peanut crops in eight counties of Georgia and its potential ecological impacts. The impact categories relative to water consumption (water depletion—green and blue water scarcity) and pesticide use (water degradation—potential freshwater ecotoxicity) using crop-specific characterization factors are estimated for the period 2007 to 2017 at the mid-point level. These impacts are transformed into damages to the area of protection in terms of ecosystem quality at the end-point level. This is the first county-wise quantification of the water footprint and its impact assessment using ISO 14046 framework in the southeast United States. The results suggest inter-county differences in water consumption of crops with higher blue water requirements than green and grey water. According to the water footprint analysis of the peanut crop conducted in this study, additional irrigation is recommended in eight Georgia counties. The mid-point level impact assessment owing to water consumption and pesticide application reveals that the potential freshwater ecotoxicity impacts at the planting and growing stages are higher for chemicals with high characterization factors regardless of lower pesticide application rates. Multiple regression analysis indicates blue water, yield, precipitation, maximum surface temperature, and growing degree days are the potential factors influencing freshwater ecotoxicity impacts. Accordingly, a possible impact pathway of freshwater ecotoxicity connecting the inventory flows and the ecosystem quality is defined. This analysis is helpful in the comparative environmental impact assessments for other major crops in Georgia and aids in water resource management decisions. The results from the study could be of great relevance to the southeast United States, as well as other regions with similar climatic zones and land use patterns. The assessment of water use impacts relative to resource availability can assist farmers in determining the timing and layout of crop planting.
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1. Introduction


In simple terms, a water crisis is the scarcity of freshwater resources resulting in not being able to meet the demand of the environment of a given area. The World Economic Forum has identified the water crisis as among the top five risks for the last eight years. In the recent Global Risk Report, the water crisis remains nested under a cluster of other high impact risks, such as extreme weather events, natural disasters, anthropogenic environmental disasters, biodiversity loss, and ecosystem collapse [1]. The competition for water across different societal sectors depends on climatic changes and population growth [2,3]. This creates a necessity to reconsider water management planning and decisions in water-limited regions [4,5]. The southeast United States (SEUS) is such a region, which experiences moderate to severe drought [6] or even flash droughts [7] in recent decades. The recurring short and long-term drought conditions considerably shifted the rainfed agriculture region to irrigated acreage to mitigate drought risk [7]. Peanut, a legume crop used as a food, confectionery snack, and oil, is a primary crop cultivated in Georgia in the SEUS. Even though it is a drought-tolerant crop, the developmental stages of peanut vary according to the rainfall variability. As peanuts are compliant with other types of food [8], more crop production is required to meet the emerging markets [9]. Peanut cultivation, like other crops, has undergone greater fertilizer use and mechanization, creating environmental impacts, such as water use, land use, and ecotoxicity. There is a dearth of information on peanut water consumption and its effect on the environment. Therefore, there is a need for systematic assessment of the water consumption of peanut crops and their environmental impacts.



Water Foot Print (WFP), analogous to ecological footprints, is an indicator of human appropriation of freshwater consumption and determines the impacts on water resources by individuals, communities, businesses, and production processes [10,11,12,13,14,15,16,17,18]. A first global estimate of crop water consumption based on the “virtual water” concept was performed by [13]. Later on, numerous studies [12,13,14,15] have emerged based on this concept that links the water crisis and the water intense agricultural production [16]. The Water Footprint Network (WFN), an international learning community that shares knowledge, tools, and innovations to implement the sustainable use of water resources published a concept called Water Footprint Assessment (WFA). It is a volumetric method that categorizes water into three types: green (the precipitation that does not contribute to runoff), blue (surface and groundwater resources for irrigation), and grey (water required to assimilate the pollutants based on natural background concentrations and existing ambient water quality standards). The classification of water into three categories paved the way for more specific agricultural crop production studies eventually. The authors of [13] explored the three-component WFP for the first time for an agricultural crop, cotton globally. In the subsequent years, numerous studies have quantified the water consumption of various crop categories, namely beverages [17], bio-energy crops [17,19,20], and contexts: future WFP of crops [14,21,22,23]. However, the volumetric WFA has been critiqued for environmental and socio-economic value [24]. The validity of WFPA to make comparative assessments for products and services in water-scarce regions and assessing its local impacts has been a topic of few studies [25,26]. Therefore, WFPA based on water scarcity indicators [18,19,25] for assessing the local impacts of water use on ecosystems [25,26], human health [25,27], and freshwater resources [28] emerged. Therefore, the development of WFPA from global to local impacts [14,29] motivated the International Standards Organization (ISO) to devise an impact-oriented WFPA ISO 14046, based on Life Cycle Assessment (LCA) principles [30]. The environmental impacts of agricultural productions can be assessed in their entirety with Life Cycle Assessment (LCA), a widely accepted tool for environmental impact assessment.



ISO 14046 is a stand-alone WFP impact assessment method that uses a range of potential water-related impact categories, such as water scarcity (consumption of water), eutrophication, toxicity, and acidification (degradation of water). Water degradation involves aquatic toxicity impacts that can affect multiple trophic levels in the ecosystem, compromising human water consumption and ecosystem biodiversity [24]. Pesticide emissions from agricultural fields constitute a significant source of ecotoxicity. Still, only a few studies [31,32,33,34] have considered the ecotoxicity impact assessment studies due to the lack of site-specific inventory data sets. In the United States, the most studied crops for ecotoxicity impacts are cotton and corn, both being high-input crops [35] from the major agricultural zone, the Midwest. Even though the southeast United States (SEUS) is also a prime contributor to agricultural production, studies on environmental impact assessment of crops are scarce in the region. Hence, the focus of this study is on the water use impacts of peanut production, a major crop cultivated in the coastal plains of Georgia in the SEUS, and its associated ecotoxicity impacts.



The objectives of this research are (i) to quantify the crop water use of the peanut crop in Georgia, in the SEUS for the selected counties based on the WFP assessment manual and (ii) to estimate the potential freshwater ecotoxicity impacts using ISO 14046. The significance of the present study lies in the use of crop-specific (county-wise) and region-specific characterization factors for water depletion and water degradation impact assessments. This forms the basis for local or regional scale sustainability assessment of water resources. Therefore, the contributions from the current research may assist water policymakers in enhancing water use efficiency (green and blue water), thereby contributing to the priorities of UN Sustainable Development Goals (SDG 6, “Clean Water and Sanitation” [36]. In a broader sense, the findings from the study are expected to improve the understanding of the water-food-ecosystem nexus for a sustainable future.




2. Materials and Methods


The study region is Georgia (Figure 1), close to the Gulf of Mexico, and also the Atlantic Ocean in the SEUS. According to Koppen, the climate varies from oceanic in northeast Georgia to humid subtropical in the rest of the state. Summers are humid and hot, with average high temperatures ranging from 90 to 100 °F [37,38]. The average annual rainfall is 1267 mm [39]. The primary crops grown in the state are peanut, cotton, and maize. The soil is predominantly well-drained, productive, and moderately pervious [30]. The peanut crop (Arachis hypogea L.) selected for the present study is a drought-tolerant legume. Even though peanut is drought-tolerant, its nutrient uptake, yield, nitrogen fixation, and water use efficiency depend on rainfall variability.



2.1. Defining Goal and Scope (Phase 1)


The present study adopts the impact assessment methodology from ISO 14046. For the water consumption inventory data, WFP assessment by [11] is followed. The ISO 14046 consists of four stages: (i) specifying goal and scope, (ii) accounting/inventory phase, (iii) sustainability assessment, and (iv) response formulation/interpretation phase. It is assumed that once water is lost, it is not re-used in the cycle.



The main goal of the present work is to quantify the county-wise peanut water use and the corresponding environmental impacts. The target audience of this goal are farmers, and water resource managers at both the local and national levels.




2.2. Scope (System Boundary)


The scope consists of setting the system boundaries for WFP assessment. The system boundary specifies the unit processes involved in the study [40]. In other words, it tells what to include and what to exclude [11] in the analysis, setting spatio-temporal boundaries and where to truncate the analysis along a supply chain. For the present study, the system boundary is the “cultivation stage”, which consists of planting, growing, and harvesting the crop. The agricultural regions in southwest Georgia were chosen for the analysis (Figure 1). The assessment was performed daily during the crop growing period. A cumulative estimate for the crop growing period for a given year was used.




2.3. Functional Unit


The functional unit gives the measure of a reference unit in which the outputs are reported. For the present study, the functional unit is m3/ton.




2.4. WFP Accounting/Inventory Phase (Phase 2)


WFP accounting consists of the quantification of freshwater use and the mapping of three different types of water, namely blue, green, and grey. The quantification involves the methodology, data sets used, and the software used to implement the methods, as detailed in Figure 2. Here, the green, blue, and grey components are considered for the analysis. The WFP inventory is based on the functional unit. The daily effective rainfall is computed based on the USDA soil conservation method [38], as it is one of the most popular methods for estimating effective rainfall in agricultural water management [41,42].


   P e  =       P ×  (    4.17 − 0.2 × P   4.17    )  ,       P < 8.3   mm       4.17 + 0.1 × P ,             P ≥ 8.3   mm      



(1)




where Pe is the effective rainfall, and P is the total daily precipitation in mm.



2.4.1. Crop Water Requirement


The Crop Water Requirement (CWR) is taken as the amount of water required to compensate for evapotranspiration loss from the field (ETc, mm/day, [11]. The potential evapotranspiration data (ET0) is taken from the United States Geological Survey, calculated based on the Penman–Monteith equation [43,44,45]. The CWR is given by


  E  T c   (  C W R  )  =  K c  × E  T 0   



(2)




where Kc is the crop coefficient, ET0 is the reference evapotranspiration, and ETc is the crop evapotranspiration. The peanut crop coefficients for the different stages of its growth are taken from the FAO website, as given in Table S1. The effect of crop transpiration and soil evaporation are integrated while characterizing the crop coefficients.




2.4.2. Blue, Green, and Grey Water Footprint


CWR can be divided into green evapotranspiration (ETg) and blue evapotranspiration (ETb). Green water use is defined as the effective rainwater required to evaporate from the soil surface, including transpiration from crops and the water incorporated in the product. If the Pe is larger than CWR, the ETg is equal to CWR, since a crop uses as much water as possible but never exceeds the water required for optimal plant growth [46]. Therefore,


  E  T g  = min  (  C W R ,    P  e      )   



(3)




where ETg is the green evapotranspiration, Pe is the effective rainfall, and CWR is the crop water use. The total green water use during the growing period is computed by


  C W  U g  = 10 ×   ∑   d = 1   l g p   E  T g   



(4)




where CWUg is the green crop water use and lgp is the length of the growing period. The conversion factor is 10 for the green evapotranspiration from mm to m3/ha/day.



The corresponding water footprint is given by


  W F  P g  =   C W  U g   Y   



(5)




where WFPg is the green water footprint, and Y is the yield of the crop in tonnes/hectare. The yield data is obtained from the USDA/NASS website.



The blue water evapotranspiration is the sum of water required to evaporate from the soil surface, transpiration by plants, and the water incorporated in plants. It is calculated by


  E  T b  = m a x  (  0 , C W R −  P e   )   



(6)




where ETb is blue evapotranspiration, CWR is the crop water requirement, and Pe is the effective rainfall. The total blue water use is estimated by summing up the blue water evapotranspiration over the growing period.


  C W  U b  = 10 ×   ∑   d = 1   l g p   E  T b   



(7)




where CWUb is the blue crop water use, and ETb is the blue water evapotranspiration. The blue water footprint is as follows:


  W F  P b  =   C W  U b   Y   



(8)







The grey WFP is calculated as


  W  F  g r e y   =    (  α × A R  )  /  (   C  m a x   −  C  n a t      )   Y   



(9)




where   W  F  g r e y     is the grey WFP of the crop, AR is the quantity of nitrogen applied in kghm−2,    C  m a x     is the maximum allowable concentration of nitrogen in ground-water (https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations, accessed on 20 February 2021),    C  n a t       is the natural concentration of nitrogen, and Y is the crop yield. The natural concentration of nitrogen is usually taken as zero, and α is the leaching-runoff fraction of nitrogen fertilizer. Finally, the total crop water use is calculated as the sum of green, blue, and grey components.





2.5. Sustainability Assessment/Impact Assessment (Phase 3)


2.5.1. Water Scarcity Impact Assessments (Mid-Point)


The WFP impact assessment was performed to estimate the potential environmental impacts related to water depletion and water degradation using ISO 14046. The procedure for the impact assessment is to multiply the inventory with the local characterization factor for the corresponding impact category [47]. This study considers the impact assessment at the mid-point and end-point levels. The mid-point impact categories water scarcity/depletion (blue, green) and water degradation (freshwater ecotoxicity) are selected for the study. The crop-specific blue water scarcity characterization factor for peanut crops, 6.87 m3 world-eq/m3, for the United States [48], was utilized for the present study. The crop-specific green water characterization factor is estimated based on [49].




2.5.2. Freshwater Ecotoxicity Impact Assessments (Mid-Point)


The freshwater ecotoxicity impact assessment is estimated based on the environmental fate and transport model theory [50,51]. It is formulated as:


  F E P  (    C T U   e c o    )  =  m  i      (  Kg  )  × C  F  i     (   C T U   e c o   / Kg )  








mi is the mass of the substance (pesticide) emitted to compartment I, and CFi is the characterization factor for the potential toxicity impacts; mi is approximated using Yang, 2013. CFi is taken from the Tool for the Reduction and Assessment of Chemical and other environmental Impacts Version 2.1 (TRACI 2.1), USEPA [52].




2.5.3. Effects on Ecosystem Quality (End-Point)


The end-point impact assessments for the inventory flows (water consumption) were assessed based on [25]. The freshwater consumption impacts on ecosystem quality are expressed as units of a possibly disappeared fraction of the species, assessing the vulnerability of vascular plant species biodiversity. It is estimated as the fraction of water-limited net-primary production as a proxy for the number of vascular plant species [53]. Vascular plants provide primary food products to the food chain and are a vital factor in the functioning of an ecosystem. Therefore, an ecosystem damage factor (region-specific) is selected from [25] for the Georgia region to translate the mid-point impacts to end-point impacts. The trade-off between human appropriation of green water over natural ecosystems has a dominant role in losing ecosystem service values. Therefore, to account for the end-point impacts of green water, it is reasonable to assume that the reallocation of green water will also finally damage the ecosystem. Therefore, the same characterization factor for ecosystem damage for blue water obtained from [25] was utilized in the study. Finally, the effect of freshwater ecotoxicity on ecosystem quality was quantified according to [54]. This method represents one-half of the species affected by chronic stress due to ecotoxicity resulting in the damage of the species. The framework for the ISO 14046 impact assessment is depicted in Figure 2.





2.6. Statistical Analysis


Previous studies have shown that pesticide usage varies across regions due to climate and soil properties [55,56]. A multi-regression analysis is performed using R software to check the influential factors for the potential environmental impacts due to pesticide usage. Peanut crop yield, nutrient, and water efficiency is dependent on climate variables.



Selection of Independent Variables


The independent variables are selected based on a meta-analysis from the previously published literature (Figure 12 and Tables A1, B1, C1 and C2 in [57]). It is noticed from the literature that the rate of pesticide leaching and runoff that contributes to ecotoxicity may vary concerning local topography, climate, and soil conditions [33,50,58,59,60] (and the references therein). The interannual variability in rainfall and temperature can lead to extremes, such as flood/drought. The dependence of drought on peanut phenology by [61,62] is used for selecting PDSI (Palmer Drought Severity Index (PDSI) as an independent variable. The base temperature is taken as 13 °C (56 °F). The effect of temperature on peanut yield, denoted by Growing Degree Days (GDD), is selected based on [63] (revised version 2018). Moreover, the increase in temperature can affect pesticides’ chemical and physical properties and change the fate and transport in the soil [64,65]. Drought reduces soil moisture, altering the PH level [59]. At the same time, excess rainfall may lead to the spread of epidemics in crops [66]. These can, in turn, lead to a decrease in crop yield. Accordingly, water consumption (blue, green), yield, precipitation, surface maximum and minimum temperature, growing degree days, soil moisture, and Palmer Drought Severity Index (PDSI) are employed as independent variables for the analysis, and potential freshwater ecotoxicity impacts is considered as a dependent variable.





2.7. Data Sets Used


This study evaluated the environmental impacts of peanut crop cultivation in the southeast United States, Georgia, from 2007 to 2017. The counties selected for the analysis include Seminole, Irwin, Early, Miller, Mitchell, Worth, and Colquitt, which are the major peanut-producing counties (Figure 1). This study utilized both primary (from USDA surveys, fertilizer application) and secondary data sets (precipitation, potential evapotranspiration, harvested acreage, yield, pesticide application, land cover) utilizing GIS software ArcGIS Pro for data processing. The crop coefficients for the different crop stages are from Food and Agricultural Organization [43], as provided in Table S1. The crop planting dates are taken from the USDA [67], and the peanut yield data (Table S2) from the USDA NASS website. The county-wise fertilizer application for peanut crops is obtained from the USDA NASS website. The green water impact assessments are quantified based on the National Land-cover database [68,69]. For freshwater ecotoxicity assessments, the USDA state-wise pesticide data for peanut were available only for the years 2013 and 2018. In order to make the temporal scale of analysis uniform, the United States Geological Survey (USGS) state-wide pesticide data [70,71] are used. The pesticide’s chemical properties are taken from https://pubchem.ncbi.nlm.nih.gov/. accessed on 4 March 2021.





3. Results


3.1. WFP of Peanut Crop from 2007 to 2017


The WFP values are represented in Figure 3 by means of box and whisker plots and line plots. Irwin, Early, and Worth counties show higher dispersion in blue WFP values, Seminole and Decatur counties for green WFP, and Seminole, Irwin, and Colquitt for grey WFP (Figure 3a). Among the three components, green WFP has the least spread, describing less variability throughout the years. Considering the temporal variability (line plots) in Figure 3b, one can notice that blue WFP has higher values between 2009 and 2012. While for green WFP, Irwin County show variations in 2009 and 2011 (Figure 3c), and for grey WFP, during 2007, 2009, and 2011 (Figure 3d), respectively. Green WFP values also show a similar pattern, but the magnitudes are much less compared to blue WFP. The years from 2015 to 2017 witnessed less variation in green WFP. The grey WFP values depict a decrease from 2007 to 2017 except the Irwin County, with higher values in 2011 (591 m3/ton). Colquitt county represents higher values (923 m3/ton) in 2007 compared to all others. This is due to the higher amount of nitrogen fertilizer application (~34 Kg/ha) in contrast to all other counties. The majority of the counties witness a dip in WFP values during 2013. This can be attributed due to the higher yield in 2013 compared to other years. The average WFP values for the counties are provided in Table A1. Irwin (1103 m3/ton), Early (105 m3/ton), and Worth (1113 m3/ton) counties represent higher values of blue water consumption. The blue WFP values for all counties decreased from 2007 to 2009 and later increased with a drastic decrease in 2012 and 2013.



The county-wise mean and standard deviation of the three components of WFP from 2007 to 2017 are given in Table A1. It can be concluded that there are inter-county differences in water consumption during peanut crop production. These differences in water consumption cause local/regional impacts to the water resources over the region according to the resource availability. Accordingly, the quantification of water consumption impacts (blue and green water) is described in the following section. Grey WFP is involved in water degradation through the impact category eutrophication. Since the focus is on freshwater ecotoxicity as described in Section 2, the two components, green and blue, are considered in the remaining sections of this paper.




3.2. Blue and Green Water Impacts


The potential blue water scarcity impacts are characterized as box and whisker plots and line plots in Figure 4. The dispersion of blue water impacts is higher in Irwin (5168 to 10,246 m3-world-eq/ton), Early (3278 to 9585 m3-world-eq/ton), and Worth (1927 to 9179 m3-world-eq/ton) counties (Figure 4a). This is inconsistent with the blue water consumption for the corresponding counties. Even though the same crop-specific characterization factor is used to assess the impacts, there are inter-county differences. It points to the spatial variability in water resources differentiating regions of higher water scarcity from lower scarcity regions. Therefore, these impacts can be called blue water scarcity footprints, as specified by ISO 14046. Considering the green water impacts, a larger spread of values is observed for Irwin (292 to 734 m3/ton) and Miller (287 to 594 m3/ton) counties. These impacts are dependent on the crop’s demand for water and the green water availability (for other ecosystem services, crops, and grasslands). On the other hand, the temporal variability (Figure 4b) depicts very low impacts for blue water during 2009, which means peanut water consumption was less than its availability, indicating lower impacts over the region. Irwin county has maximum impacts (9569 m3/ton in 2007), with the minimum (1656 m3/ton) for Decatur (Figure 4b). The temporal variability of green water impacts (Figure 4c) demonstrates that the majority of the counties show higher values of impacts, so is the case with green water requirements. The green water availability is the product of the two fractions, crop evapotranspiration to effective rainfall and the harvested area to pervious area in the region. The crop evapotranspiration is the net water use of a specific crop. The crop water demand is sourced from either green or blue water. Therefore, the study examines the total evapotranspiration to the effective rainfall in a crop, a green water resource, to derive the demand. This fraction was much less in 2007, ranging from 12% to 27%. The harvested acreage of peanut was also higher in 2007, which drives the reduction of green water availability leading to higher impacts. This area-based analysis may give an insight into the potential land-use changes and green water availability. Moreover, the evaluation of water appropriation for crop production and other ecosystem services can provide an insight into the water-food-ecosystem nexus.




3.3. Potential Freshwater Ecotoxicity Impacts: Emissions to Water


Freshwater ecotoxicity potentials for the years 2007 to 2017 for Georgia are depicted in Figure 5. The impacts are categorized into three groups of pesticides: fungicides, herbicides, and insecticides. The variability in the impacts of fungicides is more prominent than in other categories. The ecotoxicity impact due to fungicides was very low in 2007 and 2017. In order to determine the reason for the decrease, the amount of pesticide application (fungicide) is given in Figure A2a in the Appendix A. It is found that the three fungicides’, flutolanil, chlorothalonil, and fludioxonil, application were less in 2007 and 2017 compared to the other years. The amount of these fungicides in other years is higher. These chemicals are less soluble in water (Table 1), while it is soluble in fat-like solvents or fatty tissues of organisms. Therefore, bioaccumulation of these chemicals is high, resulting in higher fate factors (higher characterization factors, Figure A1), which, in turn, results in higher freshwater ecotoxicity impacts.



The herbicide ecotoxicity impacts are less in almost all the years. Herbicides, such as Bentazone, Ethalfluralin, and Pendimethalin (Figure A2b), are applied in higher amounts. Bentazone is highly soluble in water with a half-life of less than 24 h. It is susceptible to runoff and has a very low Octanol–Carbon partition coefficient (https://iris.epa.gov/static/pdfs/0134tr.pdf access on 4 October 2021) While the other herbicides, ethalfluralin and pendimethalin, are less soluble in water (Table 1), but highly soluble in organic solvents. On the other hand, they have high Koc values, indicating their high adsorption to soil particles with a very high half-life in soil (https://nepis.epa.gov/Exe/ZyPDF.cgi/91024KRK.PDF?Dockey=91024KRK.PDF accessed on 4 October 2021). Pendimethalin is influenced by runoff and photolysis. Ethalfluralin is more susceptible to photolytic degradation and erosion. The low water solubility of Ethalfluralin and Pendimethalin leads to low fate and effect factors and, consequently, less impacts.



In contrast, insecticides show alternate increasing and decreasing values for the impacts. The potential impacts from the insecticides demonstrate higher impacts in some years. Chlorpyrifos and Phorate fungicides are applied in higher amounts, as evident from Figure A2c in the Appendix A. Chlorpyrifos is less soluble in water (Table 1) and binds to soil, which influences its mobility (soil sorption coefficient is high), implying erosion or leaching can directly pave the way to water.



Moreover, the air–water partition coefficient of Chlorpyrifos (4.2 × 10−6 atm.m3/mol, http://npic.orst.edu/factsheets/archive/chlorptech.html accessed on 4 October 2021) is less, with volatilization from water with a half-life of 21–28 days. The impacts are dependent on the half-life of the chemical in water. Phorate undergoes rapid hydrolysis when in contact with water through run-off. It has less residence time compared to Chlorpyrifos (Figure S1d). The total potential freshwater ecotoxicity impacts from pesticides are depicted in Figure 5b. The variation of impacts directly follows the area of the crop planted.




3.4. End-Point Impacts


The blue and green water consumption end-point impacts are depicted in Figure 6. Irwin (1024 m2 year/ton), Worth (921 m2 year/ton), and Early (963 m2 year/ton) counties show maximum values for blue end-point impacts (Figure 6b). It is found that the potential ecosystem impacts are higher for lower yields. On the contrary, the blue water consumption is higher for lower yields.



The end-point impacts for green water flows are not direct when compared with blue water. For example, blue water has a direct influence on river flows, groundwater levels, and interconnected ecosystems [25,28,72]. Green water is re-allocated from supporting the biodiversity to human food supply due to the land-use management strategies [72]. As we have seen in the previous section, the green water impacts are less than blue impacts; the same pattern follows in the end-point impact assessment, as shown in Figure 6a. The green water end-point impacts are also dependent on yield, inferring better management practices in green water utilization for optimal yields. Moreover, the regional or local availability of green water also has a bearing on the green water impacts.



The potential freshwater ecotoxicity impacts (Figure 6c) are quantified based on Jolliet, 2003. It assumes that one-half of the potentially affected fraction of the ecosystem species will disappear due to severe impacts. The potential freshwater ecotoxicity impacts depend on the green water consumption and peanut yield (p-value: 0.001827).




3.5. Sensitivity Analysis


Sensitivity analysis (SA) is a systematic approach for estimating the major contributions from the inventory flow to the outputs in a WFP accounting/Life-Cycle Impact assessment. It is the last phase of WFP/LCA, also known as the interpretation/response phase. SA helps to understand the quality of input data used in the analysis. Uncertainties in the output results arise from the methodical choices and data sets (primary, secondary, or tertiary). In the present study, the sensitivity analysis for freshwater ecotoxicity is performed by implementing 5% variation in the inventory flows (water consumption, pesticide use) following [73]. It is found that the variation in water consumption gives rise to a 5% change at the mid-point and end-point levels, while for ecotoxicity impacts, 5% variation in pesticide usage leads to enormous changes in the impacts. This may be due to the higher characterization factor (chemical properties of the pesticides) for typical chemicals and the amount of application (e.g., Chlorothalonil, Cyfluthrin, and Tebuconazole). Sensitivity analysis is repeated by applying 1% change in the input, yielding still higher values in some years that vary with the amount of pesticide application. Furthermore, one cannot assume that the increase/decrease in pesticide input varies linearly with the chemical’s exposure concentration in freshwater ecosystems. Therefore, for reducing the pesticide impacts, the substances with less impact (low characterization factor) can be effective as the original is recommended. In addition, the best management practices in pesticide application and irrigation can influence the fate factor of the pesticide in soil, which, in turn, affects the range of ecotoxicity impacts.



A multiple regression model is used to identify the potential predictor variables for freshwater ecotoxicity potential of peanut crop production. Water consumption (blue, green), yield, precipitation, surface maximum and minimum temperature, growing degree days, soil moisture, and Palmer Drought Severity Index are employed as independent variables and freshwater ecotoxicity potential as the dependent variable. It is observed that yield (p-value: 0.000184), precipitation (p-value: 0.000727), and surface maximum temperature (p-value: 0.000253) are highly significant. While blue WFP and growing degree days are significant at the 95% significance level, soil moisture and surface minimum temperature are significant at the 90% level. The details are provided in Table 2.





4. Discussion


The present research deals with a regionalized impact-oriented WFP analysis using ISO 14046. Accordingly, it requires “WFP” qualifiers to specify the impact category at the mid-point level, such as water scarcity and water ecotoxicity footprint. The inventory flows of water consumption are estimated based on the WFP assessment manual [11]. The following section discusses the results from the analysis, its limitations, and future perspectives.



4.1. Water Consumption of Peanut Crop


The county-wise WFP values of peanut crops indicate higher values for blue water requirements compared to green and grey values. Compared to the previous global WFP of crop production by [74], the blue WFP values are higher in the present study. In their analysis for the time period 1996–2005, the average green WFP (1272 m3/ton for Georgia) was higher than the blue WFP (150 m3/ton) and grey (182 m3/ton). In our study, it is found that the blue WFP is higher than the grey WFP. This can be attributed to the recent decades witnessing an enormous increase (2000%) in irrigated acreage in the State of Georgia [75]. Southwest Georgia is the heavily irrigated region in Georgia. On the other hand, irrigation influences the rate of evapotranspiration, altering precipitation patterns and the range of surface temperatures at different spatial scales [75,76]. The discrepancies in the WFP values also depend on the time considered for the analysis, pointing towards the climate variability over the region. The yield dependency of WFP is clearly identifiable for the year 2013 (yield was higher in 2013) in all of the counties. Variations in WFP can also be subject to the differences in climate variables, specifically rainfall in the counties from 2007 to 2017. Consequently, the WFP is dependent on the effective rainfall and its estimation procedure over a geographical region. The nitrogen fertilizer application decreases from 2007 to 2017, leading to low grey WFP values. The peanut residues after harvest contain a considerable amount of nitrogen that is available for the next crop. The range of peanut biomass accumulation in the southeast [77] is found to be 2900 to 4460 lb/acre (41 to 71 lb N/acre). However, at the same time, the release of nitrogen from peanut is very fast after harvest [77,78]. Therefore, for the next peanut planting period, the amount of nitrogen application will vary, influencing the grey WFP.




4.2. Water Consumption Impacts—Blue and Green Water Scarcity


The ecological fitness of a region is maintained by environmental sustainability that is dependent on water security. This can be measured based on indicators such as green and blue water scarcity [11,79,80], and the Falkenmark index [81]. The water consumption impacts are basically measured using the amount of water available over an area to maintain the ecosystems known as environmental water requirements. This assumption is based on the sustainable use of resources from environmental, societal, and economic perspectives. The blue water consumption impacts, namely blue water scarcity, are quantified based on crop-specific characterization factors rather than national values. Ref. [48] reiterated that using crop-specific characterization factors helps better understand crop exposure to water scarcity risks. The characterization factors for peanut crops differ among countries, the highest being Egypt (95 m3 world-eq/m3) and the lowest in Argentina (0.94 m3 world-eq/m3), as shown in the supplementary information (Figure S1). Therefore, the water consumption impacts of a crop over different geographical regions vary according to the regional allocation of water resources.



Green water scarcity has been a topic of debate, identified as a future research need in the previous literature [25,82,83,84]. However, few studies have tried to use proxies for green water availability from an ecohydrological standpoint. This is because of the lack of valid data sets for estimating the green water availability over a region. The method devised by [11], for green water scarcity (based on productive and non-productive ET) was also not operational owing to the same reason. Ref. [85] has quantified scarcity based on the water consumption of crops for a three-year crop rotation. They considered only cropland in their analysis. The methodology by [49], which is adopted in the present study, utilizes land use, crop evapotranspiration, and effective rainfall. Therefore, this analysis considers not only the cropland, but also pervious and impervious areas in the county for estimating green water availability. This gives the fraction of green water available after the green water demand of the crop (peanut) has been encountered, i.e., the remaining green water available to other sectors, such as ecosystem services, timber, and pasture. The green water impacts are lower, as is expected from the green water consumption in Section 3.1. For the selected counties in Georgia, 60–80% of the green water was available after the crop demand had been met for all the years except 2007 (12–24%). This leads to the fact that the majority of the selected counties is under irrigation in recent decades for peanut crop production, meaning the green water resource allocation has already been utilized.




4.3. Freshwater Ecotoxicity Impacts


In the United States, active pesticide ingredients used are classified into herbicides, fungicides, insecticides, and other chemicals. The majority of the peanut crop planted acres are treated with herbicides (94%), with fungicides (87%) in second place, and insecticides constitute 46% [86]. In the present work, the potential freshwater ecotoxicity impacts of herbicides are less compared to fungicides and insecticides. The amount of pesticide application, the type of chemical (characterization factor of chemical), and transportation pathways to the environmental compartment [65] determine the potential impacts. The fate of a pesticide in soil is determined by sorption and the half-life of the pesticide. The sorption is dependent on the organic carbon partition coefficient (Koc), soil properties such as infiltration rate and hydraulic conductivity, and soil structure. According to the USDA report 2014, the total pesticide application has doubled since 1960. Exposure to pesticides has been related to human health and ecosystem impacts. Spatial heterogeneity of pesticide toxicity impacts is pointed out by various studies [56,68,87].



The potential impacts of fungicide are higher, as expected, due to the considerably higher amount of application than herbicides and insecticides. However, the insecticide application amount and the potential impacts reveal that even if the pesticide application is of less quantity, the effects will be higher. This is incommensurate with the higher characterization factor (the year 2017) for all the counties in Figure A2c. The same crop grown in varied geographic regions require distinct amounts of pesticide application depending on the regional climate and soil properties [34,88]. Therefore, it appears that soil hydrology is a determinant of ecotoxicity, in which the former has a significant bearing on the land cover and land use, indicating its relation to green water inventory flow. Table S3 represents the water solubility of pesticides (https://pubchem.ncbi.nlm.nih.gov/ accessed on 15 March 2022). Those pesticides with high water solubility have less Koc, organic carbon water partition coefficient and tend to leach or runoff rather than adsorbed to the soil. Thus, the fate transport in water increases and the ecotoxicity impacts will be higher. On the other hand, less water-soluble compounds have higher Koc values, which are prone to getting adsorbed into the soil, thereby reducing the transport from soil to water. This results in a reduction in characterization factors, which eventually lessens impacts. The fate of pesticides in water once it gets dissolved depends on the Kow, Octanol–water partition coefficient. The less water-soluble compounds may dissolve in Octanol, which tends to absorb in the fatty tissues of organisms. The residence time of chemicals in water is also a factor that influences the characterization of impacts [34,65]. Another process that determines the fate of chemicals in water is sedimentation. The partitioning between sediment and water (carbon-water partitioning) determines the buildup of organic chemicals in aquatic food chains. This accumulation of deposits at higher concentrations in organisms in the bottom zone of aquatic systems can have the potential to transfer the chemical to higher trophic levels through the food chain [50,66].




4.4. Limitations


Even though the ISO 14046 methodology applied in the study is a stand-alone method for WFP impact assessment, it has a few limitations in quantifying the impacts. Primarily, it gives only the “potential” impacts rather than the “actual” impacts. Furthermore, comparison with other studies is impossible because system boundaries and the temporal and spatial scale of analysis will differ. Moreover, the data sources/methods (for estimation of inventory) used for the inventory, the mid-point impact assessment methods, i.e., the characterization factor, will be site-specific and crop-specific. The limitation in providing the actual impacts arises from the quality of inventory data sets employed in impact evaluations. This study did not use any experimental/observational data sets for water consumption inventory. Instead, the potential water requirements for the three categories, green, blue, and grey, are quantified. Secondly, the assumption of zero natural concentration of nitrogen content in water bodies will not give the exact WFP value required to assimilate the pollutant. For better accuracy, the use of local high-resolution (field and farm) level data sets for estimating the water consumption is recommended. The green water scarcity assessment depends on crop evapotranspiration estimation that varies with different methodologies. In addition, the green water availability changes with the choice of effective rainfall methodologies. Thirdly, a major limitation lies in the quantification of freshwater ecotoxicity impacts.



The pesticide usage data sets are not available county-wise on a continuous basis for our study period. The choice of state-wise pesticide usage for a county-wise impact analysis will certainly have inaccuracies. Moreover, the USGS crop-specific usage is individually available only for the major crop categories. While peanut has only the aggregated data along with other crops. Even though the blue and green water flow impacts are estimated separately at the mid-point level, the end-point level impacts are quantified using a single characterization factor for ecosystem damage [25]. This might have slight variations in the magnitude of impacts. Finally, the exclusion of human toxicity impact assessment, which is a crucial end-point of environmental impacts, can be considered as a limitation of the present work.





5. Conclusions


The present work is the first county-wise study using ISO 14046 for peanut crop production in Georgia, considering freshwater ecotoxicity impacts as an impact category at the mid-point level. The crop water consumption based on the WFP assessment method suggests blue water WFP was higher than green water from 2007 to 2017. During the peanut crop’s growth and developmental stages, there is an inter-county difference in water consumption. Irwin, Worth, and Early counties exhibit maximum water consumption during the period. Incorporating crop-specific characterization factors for blue and green water impacts could serve as an improved proxy for local water scarcity assessments that helps in making water resource management decisions. Moreover, assessing green water impacts based on water availability can guide the farmers to adopt best management practices during limited resource availability. The potential freshwater ecotoxicity impacts at the planting and growing stages due to pesticide usage are higher for chemicals with high characterization factors regardless of lesser application. Sensitivity analysis recommends the effective utilization of water consumption, reduction in pesticide usage, and those with less characterization factors (potential impacts) to reduce the environmental impacts per ton of peanut. Moreover, this study suggests through multiple regression analysis that blue WFP, yield, precipitation, maximum surface temperature, and growing degree days can be the potential factors that influence freshwater ecotoxicity. The impact pathway connecting inventory flows, water scarcity/depletion impacts (blue, green), and water degradation (freshwater ecotoxicity) to the end-point damage and areas of protection, the ecosystem quality, are portrayed in Figure 7. Even though the basic relationship between the inventory flows, impact indicators and ecosystem quality is represented, there exists feedback between the indicators at the mid-point level. One can notice that the impact categories at the mid-point level is interrelated via positive or negative feedback (Figure 7) at different spatial and temporal scales. In our opinion, while considering decisions for the sustainable utilization of resources, this feedback must also be considered.



Water footprint assessment can help water resource managers and policymakers set nominal product pricing based on the planted area, yield, and total water consumed, allowing them to reduce water usage. Farmers can also profit from agriculture insurance coverage in the event of severe weather disasters. As a future work, it is suggested that the information regarding pesticide contamination frequency and the benchmark levels of pesticide concentration can help in creating a link between “potential” and “actual” impacts. This helps in identifying the counties as “impaired” or “not-impaired”. The competing demands for water by different ecosystem services affect water security, food security, and natural ecosystems resource availability.
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Table A1. Mean and standard deviation of water footprint values (county wise) during 2007–2017.
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County

	
Mean (m3/ton)

	
Standard Deviation (m3/ton)




	
Green

	
Blue

	
Grey

	
Green

	
Blue

	
Grey






	
Seminole

	
371

	
865

	
322

	
71

	
118

	
141




	
Irwin

	
443

	
1100

	
374

	
79

	
221

	
167




	
Early

	
395

	
1004

	
278

	
80

	
224

	
137




	
Miller

	
359

	
867

	
247

	
59

	
133

	
127




	
Mitchell

	
389

	
927

	
249

	
69

	
165

	
139




	
Decatur

	
369

	
854

	
223

	
68

	
129

	
102




	
Worth

	
449

	
1109

	
265

	
71

	
193

	
99




	
Colquitt

	
421

	
987

	
359

	
83

	
185

	
222
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Figure A1. Characterization factors of pesticides taken from TRACI 2.1. 
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Figure A2. (a) Herbicide application, (b) fungicide application, and (c) insecticide application from 2007 to 2017. 
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Figure 1. Selected counties in Georgia for the present study. 
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Figure 2. Framework used for the analysis: c, t, i, and ic are the county, time, inventory, and impact category, respectively; WFP is the water footprint in each category; WFPIm is the water footprint impacts due to each category; FEIm is the freshwater ecotoxicity impacts in each category; A is the amount of pesticide emitted to the environmental compartment based on pesticide application in each category; and CFi is the characterization factor for each inventory. 
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Figure 3. (a) Green, blue, and grey WFP for the counties in Georgia from 2007 to 2017 for each county and temporal variability of WFP (b) blue WFP, (c) green WFP, and (d) grey WFP. 
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Figure 4. (a) Green and blue WFP impacts for the counties in Georgia during 2007 to 2017 and temporal variability of (b) blue WFP impacts and (c) green WFP impacts. The dots inside (a) and (b) represent the outliers. 
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Figure 5. Potential freshwater ecotoxicity impacts (CTU) for peanut in Georgia from 2007 to 2017: (a) contribution from each category (fungicides, herbicides, and insecticides) and (b) (total freshwater ecotoxicity impacts) in CTU/ha. 
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Figure 6. County-wise (a) green water, (b) blue water (m2 year/ton), and (c) freshwater ecotoxicity (CTU/ton) end-point impacts (potential ecosystem damage) from 2007 to 2017. 
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Figure 7. Potential impact pathways connecting the inventory flows (water consumption and pesticide use) to the end-points and area of protection. 
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Table 1. Pesticide (major pesticides applied) chemical properties.
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Pesticide

Category

	
Pesticide

(Chemical)

	
Half-Life (Soil)

	
Half-Life (Water)

	
Sorption

(Koc) mL/g

	
Water Partition Coefficient

(Kow)

	
Water Solubility






	
Fungicides

	
Chlorothalonil

	
5–15 days

	
Hours to 2 weeks

	
3.6

	
2.94

	
810 microg/L




	
Flutolanil

	
284 days

	
8–11 days

	
2.7–3.2

	
2.8–4.7

	
8 mg/L




	
Fludioxonil

	
164 days

	
51–154 days

	
2.1–2.7

	
4.1

	
1.8 mg/L




	
Herbicides

	
Bentazone

	
10–20 days

	
<24 h

	
1.5

	
−0.46

	
7712 mg/L




	
Ethalfluralin

	
13–14 days

	
2 days

	
3.5

	
5.1

	
0.01 mg/L




	
Pendimethalin

	
42–1322 days

	
2–60 days

	
3.8–4.6

	
5.2

	
0.275 mg/L




	
Insecticides

	
Chlorpyrifos

	
7–120 days

	
21–28 days

	
4.4–5.8

	
4.7

	
1.4 mg/L




	
Phorate

	
2–173 days

	
2–60 days

	
2–4

	
3.4

	
50 mg/L
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Table 2. Regression of potential freshwater ecotoxicity impacts of peanut production in Georgia for the selected counties. The variables include bluewfp (Blue WFP), greenwfp (Green WFP), grdd (Growing Degree Days), moist (Soil Moisture), yld (Yield), precip (Precipitation), tmin1(Surface minimum temperature), tmax1 (Surface maximum temperature), and pdsi1 (Palmer Drought Severity Index). Significant codes “***” 0.001, “**” 0.01, “*” 0.05.
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	Estimate
	Std. Error
	Value
	Pr (>|t|)





	Intercept
	27.982259
	63.193737
	0.443
	0.659135



	bluewfp
	−0.045753
	0.013561
	−3.374
	0.001157 **



	greenwfp
	−0.020049
	0.014920
	−1.344
	0.182904



	grdd
	−0.031310
	0.009843
	−3.181
	0.002108 **



	moist
	0.011627
	0.006301
	1.845
	0.068797 *



	yld
	−11.943715
	3.040539
	−3.928
	0.000184 ***



	precip
	−0.0524720
	0.014912
	−3.519
	0.000727 ***



	tminl
	3.022110
	1.668138
	1.812
	0.073887 *



	pdsil
	0.234127
	0.727269
	0.332
	0.748370



	tmaxl
	3.389985
	0.883950
	3.835
	0.000253 ***







Residual standard error: 6.403 on 78 degrees of freedom. Multiple R-squared: 0.6005, Adjusted R-squared: 0.5544. F-statistic: 13.03 on 9 and 78 DF, p-value: 1.976 × 10−12.
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