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Background. Farm management strategies in a basin can simultaneously aûect pollution exports and
nutrition production. This study develops a combined methodology to introduce and calculate the state-
of-the-art indicator of food9s environmental footprint (FEF).

Methods. The methodology integrates water quality and quantity simulation by the SWAT model in
basin with the indicators of ReCiPe, a life cycle impact assessment (LCIA) method. Accordingly, the
eûectiveness of management practices (BMPs) on pollution loads, production yields, and water footprints
(WFs) are evaluated and converted as equivalent environmental damages. FEF is then accounted by the
aggregated environmental damages of nutrition production. This method is veriûed in Zrebar Lake, an
agricultural basin in western Iran. Here, water consumption and Eutrophication were main midpoint
indicators that converted WF and pollutions into equivalent units, respectively. The endpoint indicators
then turned midpoints into equivalent health and ecosystem damages. Two methods based on entropy
and environmental performance index (EPI) were also used for weighting normalized endpoints.

Results. Results showed that 25-50% fertilizer and irrigation reduction combined with vegetated ûlter
strips reduce N and P pollution exports about 34-60% and 8-21%, respectively. These abatements reduce
damages on ecosystem and health about 5-9% and 7-14%, respectively. Thus, FEF can be reduced
between 4% and 9% regarding BMPs and weighting methods. Here, freshwater Eutrophication is
identiûed as the most signiûcant ecosystem damage by farmlands. It is also concluded that combined
SWAT-ReCiPe can provide a quantitative framework for environment-food nexus, FEF assessment, and
comparing diûerent management strategies.
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13 Abstract

14 Background. Farm management strategies in a basin can simultaneously affect pollution 

15 exports and nutrition production. This study develops a combined methodology to introduce and 

16 calculate the state-of-the-art indicator of food�s environmental footprint (FEF).

17 Methods. The methodology integrates water quality and quantity simulation by the SWAT 

18 model in basin with the indicators of ReCiPe, a life cycle impact assessment (LCIA) method. 

19 Accordingly, the effectiveness of management practices (BMPs) on pollution loads, production 

20 yields, and water footprints (WFs) are evaluated and converted as equivalent environmental 

21 damages. FEF is then accounted by the aggregated environmental damages of nutrition 

22 production. This method is verified in Zrebar Lake, an agricultural basin in western Iran. Here, 

23 water consumption and Eutrophication were main midpoint indicators that converted WF and 
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24 pollutions into equivalent units, respectively. The endpoint indicators then turned midpoints into 

25 equivalent health and ecosystem damages. Two methods based on entropy and environmental 

26 performance index (EPI) were also used for weighting normalized endpoints. 

27 Results. Results showed that 25-50% fertilizer and irrigation reduction combined with vegetated 

28 filter strips reduce N and P pollution exports about 34-60% and 8-21%, respectively. These 

29 abatements reduce damages on ecosystem and health about 5-9% and 7-14%, respectively. 

30 Thus, FEF can be reduced between 4% and 9% regarding BMPs and weighting methods. Here, 

31 freshwater Eutrophication is identified as the most significant ecosystem damage by farmlands. 

32 It is also concluded that combined SWAT-ReCiPe can provide a quantitative framework for 

33 environment-food nexus, FEF assessment, and comparing different management strategies.

34

35 Introduction

36 Best management practices (BMPs) are promising solutions for controlling pollution discharges 

37 from non-point sources (NPS), including agricultural activities (Y. Liu et al., 2017). Phosphorous 

38 (P) and nitrogen (N) compounds are typical pollutants transported in basins from farmlands 

39 (Hanief & Laursen, 2019). Water quality degradation and Eutrophication are possible 

40 consequences of these emissions. Filter strips (FS) (Merriman et al., 2019), fertilizer reduction 

41 (FR) (Geng et al., 2019), no-tillage farming (Plunge et al., 2022), tracing and fencing (Sheshukov 

42 et al., 2016), constructed wetlands (CWs) (Li et al., 2021), straw mulching (Jang et al., 2017), or 

43 changing crop patterns and land-uses (LUs) (Plunge et al., 2022) are recommended solutions as 

44 BMPs that have different impacts regionally on pollution transport (Stubbs, 2016). However, 

45 these strategies might have secondary impacts on other ecosystems (
u
ek et al., 2015), farmers 

46 income (Imani et al., 2017) or even nutrition production. Hence, assessing the effectiveness of 

47 BMPs requires detailed studies in basin scale at least with combined methods.    
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48 Recently, the effectiveness of BMPs have been evaluated and determined in some researches. In 

49 The Great Lakes and by considering flow, total phosphorus (TP) and total nitrogen (TN), it was 

50 concluded that multiple BMPs combined with FS can reduce nutrients and sediment more 

51 significantly than single BMPs. Here, TP and TN were estimated to be reduced about 20% 

52 (Merriman et al., 2019). Liu et al. (2019) similarly concluded that combined BMPs with FS are 

53 more effective on pollution load abatement than individual BMPs. They recommended that 

54 modeling tools for cost-effective analysis can create a more sustainable framework for water 

55 quality enhancement in agricultural basins (Y. Liu et al., 2019). This approach was also 

56 recommended by Imani et al. (2019) in which BMPs in critical areas (CAs) were prioritized 

57 according to their TN and TP reduction and related costs (Imani et al., 2019). Based on modeling 

58 and field surveys, it was verified that BMPs can reduce nutrient pollution 25% in a basin while 

59 sediment entrapment in the riparian zone can develop organic nutrient removal to about 60% 

60 (Sheshukov et al., 2016). Similar to the above-mentioned researches, FS was identified as an 

61 effective BMP with 20% TP removal. Nonetheless, some BMPs may reduce the runoff and 

62 adversely concentrate pollutants downstream (Jang et al., 2017). It should be considered that 

63 farmers may be reluctant to apply some BMPs mainly due to economic reasons. Therefore, a mix 

64 of knowledge about farmer and farm characteristics with environmental attitudes might be 

65 required prior to adopting BMP schemes (H. Liu & Brouwer, 2022). Dai et al. (2018) proposed a 

66 combined model to generate a series of BMPs placement schemes based on nutrients reduction 

67 and related costs. They concluded that nutrient load discharged into the lake and tributaries could 

68 be dropped to an acceptable level with a proper tradeoff between costs and risks (Dai et al., 

69 2018). During climate change, the effectiveness of 171 BMPs on TN and TP reduction were also 

70 analyzed (Chiang et al., 2012). However, their secondary impacts on food production or 
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71 environment were the missing subjects. Recent studies imply that pollution reduction, 

72 applicability, and economic issues are the main concerns in BMP assessment, while their 

73 probable impacts on larger ecosystems and nutrition production are neglected. 

74 In the most of literature and above-mentioned studies, soil and water assessment tool (SWAT) 

75 was used for integrated basin modeling. Here, the direct impacts of BMPs on pollution reduction 

76 can be evaluated in hydrological response units (HRUs) and receiving water bodies (Jamshidi et 

77 al., 2020). However, this simulation cannot account both direct and indirect cumulative 

78 environmental impacts (CIAs) of BMPs. For instance, the secondary impact of FS, after TN 

79 reduction, on terrestrial or aquatic ecosystem is not clear. A question is that which BMP has the 

80 least overall impacts on the ecosystem. For answering this question, life cycle assessment (LCA) 

81 has this potential to use data inventory for the quantification of main environmental indicators, 

82 such as aquatic ecosystem as midpoint indicators, which can translate simulation outcome into 

83 ecological damages. It provides a framework for comparing strategies quantitatively based on 

84 their CIAs. For example, the impacts of different sludge-dredging methods in Baiyangdian Lake, 

85 northern China (Zhou et al., 2021), low impact development BMPs (LID-BMP) as treatment 

86 systems (Xu et al., 2017), implementing treatment systems such as CWs for Yangtze River 

87 rehabilitation, Eastern China (Yao et al., 2021), or sea water desalination (Mannan et al., 2019) 

88 were recently compared and evaluated by LCA. Accordingly, it is revealed that hydropower 

89 systems, in contradiction with their renewable energy production, can be the significant sources 

90 of GHG emissions due to their long-term secondary limnology and ecological impacts (Gemechu 

91 & Kumar, 2022). This implies that direct short-term water quality rehabilitation, such as TN and 

92 TP reduction, may not necessarily ends into a sustainable strategy with the perspective of 

93 integrated environmental management (IEM). By this point of view, on-farm intervention 
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94 strategies may have by-effects due to terrestrial pollution, water consumption, or changing LUs 

95 (McAuliffe et al., 2022). Eutrophication is also a critical subject among the midpoint indicators 

96 in life cycle impact assessment (LCIA) (Cosme & Hauschild, 2017; Rosenbaum et al., 2017). 

97 This phenomenon is directly affected by TN and TP concentrations (Chapra, 2008), while other 

98 parameters such as water consumption can also be effective on freshwater ecosystems, aquatic 

99 habitat or Eutrophication intensification (Damiani et al., 2019). It is claimed that accounting the 

100 Eutrophication potential of agricultural systems is complicated. Therefore, a combined 

101 methodology is required to evaluate the impacts of nutrients release from agricultural systems on 

102 freshwater Eutrophication and ecosystem (Ortiz-Reyes & Anex, 2018). It is also recommended 

103 that using LCA methods based on its related footprints, such as water footprint (WF), carbon 

104 footprint (CF), biodiversity footprint (BF), ecological footprint (EF), etc. can help to account the 

105 environmental footprint of productions (
u
ek et al., 2015). Nonetheless, an applicable method 

106 was missing.   

107 The main purpose of this study is to develop a combined methodology based on SWAT-LCIA to 

108 evaluate and compare the CIAs of BMPs in a basin. The developed framework also introduces a 

109 state-of-the-art indicator for quantifying food environmental footprint (FEF). This approach 

110 accounts related environmental damages of nutrition production in a basin and develops water-

111 food nexus into a more comprehensive environmental perspective. For these purposes, a lake 

112 basin is used as the study area to verify the proposed methodology. Here, the SWAT outcomes 

113 are used as the main inventory for related midpoint indicators in LCIA. Health, Eutrophication, 

114 water consumption, aquatic and terrestrial ecosystems are emphasized as affected environments. 

115 CIA is then normalized and evaluated by endpoint indicators as ecological and health damages. 

116 The midpoint and endpoint indicators are quantified according to ReCiPe (M. Huijbregts et al., 
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117 2016), a developed LCIA method. In addition, this research considers WF as the driving 

118 indicator for water consumption in LCIA and also uses two different methods in calculations for 

119 weighting indicators.

120

121 Materials & Methods

122 METHODOLOGY

123 This study follows a 4-step combined methodology. In the first two steps, data is gathered and a 

124 basin is simulated by the SWAT model with the perspective of water quality and quantity. Here, 

125 the effectiveness of different farm management practices (BMPs) on exporting pollution loads 

126 (kg/ha), pollutants concentration in lake (mg/L), crop production yields (ton/ha), nutrition 

127 production (Kcal/yr), and water footprint (m3) are evaluated. Hence, the modeling provides a 

128 quantitative framework for further environmental-food analysis in basin. In this study, the first 

129 two steps, except the nutrition production, follows the previously developed SWAT model by 

130 Jamshidi et al. (2020) as explained in sections 2.2-2.5. 

131 In the third step and in order to quantify the CIAs of BMPs, a combined methodology is 

132 developed to convert the modeling outputs into equivalent environmental damages. For this 

133 purpose, an excel-base LCIA method according to ReCiPe (2016 v1.1) is used including related 

134 characterization midpoints (water consumption and Eutrophication) and endpoints (human health 

135 and ecosystem damages) with normalization coefficients as explained in section 2.6. In this step, 

136 some new approaches are also considered to develop LCIA analysis. For example, the embedded 

137 water consumption directly analyzed by the SWAT model (WF) is introduced as a more reliable 

138 water consumption indicator in LCIA of food crops. This is due to the fact that WF of food crops 

139 includes both consumed (blue and green) and polluted (grey) water which fit more to life cycle 
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140 assessment of available water in the ecosystem. In addition, this step considered two different 

141 weighting approaches for integrating health and ecosystem damages (endpoins) under a single 

142 index. The entropy analysis uses a mathematical equation to calculate the weights of health and 

143 ecosystem, while EPI uses predefined weights for these two indicators. This is explained in 

144 section 2.7.

145 In final step, a state-of-the-art indicator is introduced in section 2.8 as �environmental footprint 

146 of food production� (FEF) that calculates the accumulated environmental damages of nutrition 

147 production in basins. This new index can be used for quantifying the equivalent environmental 

148 damages related to food production and comparing the impacts of BMPs and farm management 

149 practices with multiple perspectives including WF, pollution emissions, crop nutrition, and 

150 ecosystem protection. Therefore, the main innovation of this research is in its methodology, 

151 particularly the third and fourth steps. Here, an environment-food nexus analysis compares the 

152 accumulated impacts of BMPs in a basin. The steps of methodology are illustrated in Figure 1. 

153 Figure 1.

154 It should also be noted that this methodology is verified in Zrebar Basin, western Iran, which it 

155 doesn�t mean this method is developed for a specific basin. The combined method of SWAT-

156 ReCiPe is applicable in any basin for comparing farm management strategies. Nonetheless, the 

157 midpoint indicators can be different regarding the basin specifications. For example, in addition 

158 to water consumption or Eutrophication, other environmental issues like global warming, LU 

159 change, and even air pollution can be simply considered in LCIA step (M. A. J. Huijbregts et al., 

160 2017).  

161

162 STUDY AREA
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163 The proposed methodology is verified in Zrebar Lake basin, western Iran, for quantifying FEF 

164 and the CIA of BMPs based on environmental indicators and food production. Zrebar basin 

165 encompasses 90 km2 including 20 km2 of irrigated and rain-fed farmlands (22%). Its lake 

166 encounters Eutrophication problem mainly due to the agricultural discharges, particularly 

167 irrigated farmlands (Imani et al., 2019). Main rain-fed (RF) crops in this area are wheat, barley, 

168 grape and peas with average nutrition values of 3640, 3540, 670 and 420 Cal/kg, respectively. 

169 The irrigated crops include tomato, tobacco, alfalfa, apple with average nutrition values of 180, 

170 0, 230, and 520 Cal/kg, respectively in addition to wheat and barley. The dominant LUs in the 

171 study area with geographical condition of the study area are shown in Figure 2.

172       

173 SIMULATION-CALIBRATION

174 In this integrated methodology, using the SWAT model for basin simulation is proposed prior to 

175 accounting environmental damages and footprints of agricultural productions. This is due to the 

176 fact that this model can simulate complicated systems by considering management practices in 

177 farmlands, interactions between water quality and quantity, pollution transport and cycles, and 

178 production yields (Abbaspour et al., 2015; J. G. Arnold et al., 2012; Rivas-Tabares et al., 2019). 

179 Therefore, required data such as topography, soil properties, LU type, management practices, 

180 and weather/climate were inputted to the model and calibrated based on lake inflow volume and 

181 nutrients concentrations in lake (nitrate and phosphate) simultaneously. 

182 It is noteworthy that the main idea of this research is to develop an integrated methodology for 

183 accounting environment-food nexus and FEF. Accordingly, authors used the outcomes of the 

184 already calibrated SWAT model previously developed for BMP and WF assessment in the study 

185 area (Jamshidi et al., 2020). In order to focus more on the main purpose and outcomes of current 
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186 research, the details of simulation-calibration are skipped here but it was fully described in 

187 Jamshidi et al. (2020). In this model, the simulation was carried out in 26 sub-basins with 1100 

188 HRUs. The regression coefficient (R2) and RMSE-observations standard deviation ratio (RSR) 

189 index were calculated as Table 1.

190

191 BMP SCENARIO

192 This study uses the SWAT outcomes for BMP analysis in 3 scenarios as defined in Table 2. Base 

193 is the scenario without using any BMPs. In BMP1 and BMP2, the application of fertilizers, 

194 manure and chemical, and water for irrigation is reduced 25% and 50% for all farmlands, 

195 respectively. In these two BMP scenarios, FS is assumed to be implemented in the vicinity of 

196 lake. Slim FS represents 10-12 m width, while moderate FS has 20-25 m width.

197

198 WATER FOOTPRINT

199 The WFs of agricultural productions are accounted by the standard method and include the three 

200 main elements of green, blue and grey water (Franke et al., 2013; Hoekstra et al., 2011). It 

201 should be noted that WFs calculate the direct embedded water of farmlands and exclude indirect 

202 water embodied in further processing of agricultural productions.

203 (1)ÿý= ÿÿÿý+ ýÿý+ ÿÿý
204 (2)ÿÿÿý= 10ýÿÿ
205 (3)ýÿý= 10(ýÿÿ 2 ýÿÿ)

206 (4)ÿÿý=ÿÿý (
ÿÿÿÿý - ÿÿÿý)ÿ

207 In these equations, GnWF, BWF and GWF are green, blue and grey WFs (m3), respectively. ETa 

208 refers to the evapotranspiration from soil and vegetations in times when there is no irrigation 
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209 (mm), while ETb includes the accumulated evapotranspiration in times of irrigation (ETb > ETa). 

210 L is the exported pollution loads (ton/ha) of pollutant i to the receiving water body, Cmax is the 

211 maximum allowable concentration of pollutants, and Cnat equals the concentration of pollutants 

212 in the receiving water on the condition that the interferences of human activities are eliminated. 

213 Here, the Cmax of TN and TP are assumed constant as 1.5 and 0.035 mg/L, respectively with 

214 respect to the global limits for controlling the trophic state of lakes (Jamshidi, 2021). Cnat of TN 

215 and TP are also assumed 0.4 and 0.01 mg/L, respectively (Jamshidi et al., 2022). 

216

217 ENVIRONMENTAL IMPACT ASSESSMENT

218 The method for quantifying environmental damages in basin is developed by internationally 

219 coded indicators exhibited in LCIA. In the current research, LCIA characterization coefficients 

220 are derived according to the ReCiPe method, which was presented by a series of collaborations 

221 in Europe (M. A. J. Huijbregts et al., 2017). In this method, normalized data at the European and 

222 global level are available for 16 midpoint and 3 endpoint indicators. In later ReCiPe updates, 

223 several conversion coefficients are considered which represent the global scale instead of the 

224 European scale, while maintaining the possibility of using these coefficients on the continental 

225 and country scale. Another feature of ReCiPe is that this method expands environmental 

226 consequences and evaluates the impacts of water consumption on human health, aquatic and 

227 terrestrial ecosystems to consider related damages (M. A. J. Huijbregts et al., 2017). However, 

228 the current study proposes of using the WF as the water consumption of food crops due to its 

229 comprehensiveness in both water quality and quantity.

230 In this method, all the effective environmental factors are converted into the equivalent operating 

231 units. Accordingly, the simulated concentrations of pollutants in lake, such as NO3, NO2, NH3 
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232 and PO4, derived in different BMP scenarios from the SWAT model, are initially converted to 

233 equivalent environmental indicators by Eutrophication midpoint coefficients (Table 3). For water 

234 consumption midpoint in aquatic, terrestrial and marine ecosystems, the average WF of crops in 

235 each scenario is considered (m3). These conversions are carried out as Equation 5. 

236 (5)ýÿ = (ÿ ×ý)ÿ
237 Q is the midpoint indicator, T represents the output of the SWAT model such as water footprint 

238 or pollutant concentration, M is the conversion coefficients, and j is environmental component 

239 such as aquatic, terrestrial, and marine. By this equation, it is possible to calculate the equivalent 

240 environmental effects of each pollutant in the life cycle period of the product or activity. It 

241 should be noted that these coefficients are on average and do not need supplementary conversion 

242 coefficients for shallow or deep waters, with vegetation or different trophic conditions. In 

243 addition, pollutant discharges to any environment may ultimately have impacts on aquatic and 

244 marine ecosystems in long-term and nutrient cycles. Thus, marine impacts are also considered 

245 even the pollution is not directly discharged to the sea.

246 Since the midpoint indicators are calculated based on equivalent units, such as kgN-eq or m3 

247 water consumed, it is necessary to accumulate these environmental impacts with different units 

248 under a single indicator. This is the most challenging step in conventional CIA methods. ReCiPe 

249 uses equivalent damage-based indicators for integrating midpoints into endpoints by Equation 6.

250  (6)ÿÿ = (ý × ý)ÿ
251 Here, the calculated midpoint indicators (Q) are converted into endpoint damage-based indices 

252 (D) according to related conversion coefficient of E as Table 4. Endpoint indicators are classified 

253 as 1) human health and 2) ecosystem (non-human) damages. In a nutshell, all midpoint indicators 

254 with different equivalent units are now converted to two categories of health damage based on 
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255 disability-adjusted life years (DALY) and ecosystem damages based on probable number of 

256 harmed species in year (species.yr).

257 As shown in Table 4, the conversion coefficients turn each equivalent midpoint indicators into 

258 two parameters of health damage in terms of DALY and ecosystem damage in terms of Species. 

259 In this method, the DALY shows the equivalent years of human life lost by death or being 

260 disabled due to illness caused by existing pollutants in the environment. On the other hand, the 

261 unit of measuring ecosystem damage is the total number of species lost over time. Based on the 

262 ReCiPe, it is recommended that endpoints (D) should be normalized by specific coefficients that 

263 turn the calculated damages into dimensionless indicators per person per year (Sleeswijk et al., 

264 2008) which is explained in next section.

265

266 NORMALIZATION AND WEIGHTING

267 Calculated endpoints are finally normalized (Equation 7) on a global scale regarding reference 

268 coefficients (Table 4) and aggregated according to their weights by Equation 8. Here, two 

269 approaches of Entropy and EPI are considered for weighting normalized indicators. 

270 (7)ý=  
ÿý

271 (8)ÿ= 3(ÿ × ý)
272 Where, C is the annual environmental damage per person, W is the weight of each endpoint 

273 indicator, N represents the normalization value and R is the normalized endpoint. Weights can be 

274 calculated based on different mathematical methods, such as entropy or fuzzy (J. Chen et al., 

275 2019; Zeng et al., 2022), or based on expert opinions and references (Z. Chen et al., 2022). In 

276 this study, EPI determines health and ecosystem weights as 0.4 and 0.6, respectively (Hsu & 
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277 Zomer, 2016), whereas the weights of endpoint indicators by Entropy method (WEn.) are 

278 calculated through a probabilistic function by Equation 9. 

279 (9)ÿýÿ. = 2 1

ln (ý)3t

z = 1
(R × lnR)z

280 In which, t is the number of available data. In entropy analysis, factor with more data dispersion 

281 gains higher weights (Imani et al., 2019). Since this study evaluates C from 2007-2013 for each 

282 BMP scenario, the variations of both endpoint indicators (R) can be calculated. Based on 

283 evaluations, the weights of ecosystem and health endpoints by entropy method are 0.44 and 0.56, 

284 respectively.

285

286 ENVIRONMENTAL-FOOD INDEX

287 According to the environmental damages calculated by SWAT-ReCiPe, a new footprint index 

288 can now be quantified for food and nutrition production in farmlands. This indicator accounts the 

289 CIA per food production in any area as Equation 10.   

290 (10)ýýý=  
ÿÿ

291 In this equation, FEF is a dimensionless indicator that represents the CIA of food production. In 

292 other words, FEF is the environmental footprint of nutrition production. This indicator can be 

293 calculated by the proposed methodology for comparing major environmental concerns in food 

294 production, including water-food nexus. Low FEF (~0) means that strategies used for food 

295 production is rather clean, while higher FEF (>1) indicates their destructive mode. C was defined 

296 earlier and notes the environmental damages (CIA) and S is calculated by Equation 11.

297 (11)ÿ=  
ÿÿÿýý × ÿ
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298 In which TCal is the daily total nutrition (calories) of food production in the study area, B equals 

299 the malnutrition baseline of humans assumed 2000 cal/day (D. Liu et al., 2022), and P is the 

300 global population (7.75 billion) to convert and normalize S per person in global scale.     

301

302 Results and discussions

303 SWAT OUTCOMES

304 According to the basin simulation by the SWAT model in different management scenarios, the 

305 annual pollution loads exported by different HRUs are calculated. Figures 3 and 4 illustrate the 

306 accumulated N and P loads discharged by RF and irrigated farmlands in three scenarios, 

307 respectively. On an average for 2007 to 2013, BMP1 can reduce 33.8%N and 7.7%P pollution 

308 exports from agricultural LUs. BMP2 can improve these reductions to 59.9% and 20.9% for N 

309 and P, respectively. These reductions may have different ecological impacts on marine, aquatic 

310 and terrestrial systems which are accounted through the combined methodology. Yet, BMPs are 

311 also effective on crops production yields and consequently WF and nutrition production (Table 

312 5). 

313

314 ENVIRONMENTAL IMPACTS

315 For base scenario, the environmental midpoint impact (Q) of farming activities in Zrebar basin is 

316 calculated by the proposed methodology. Figure 5 shows that freshwater Eutrophication is the 

317 most critical item during the study period. The embedded water consumed is also significant for 

318 damaging the terrestrial ecosystem and human health. Figure 6 implies that the above conclusion 

319 remains unchanged in BMP1 and BMP2 as well despite 25%-50% fertilizer reduction. This is 

320 due to the fact that eutrophication in freshwater by the combined methodology is mainly affected 
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321 by TP concentration in lake which can be hardly improved with ammonium-based fertilizer 

322 reduction in short term. Controlling erosion and sediment transport by filter strips from upstream 

323 is more efficient for TP reduction.        

324 Figure 7 shows that the cumulative ecological damages are relatively larger than health problems 

325 in all management scenarios. This is due to the fact that human health is mostly influenced by 

326 toxins and heavy metals which were excluded in this study. The results indicate that the average 

327 ecological impact reduces from 1.41E-6 to 1.34E-6 (4.9%) and 1.28E-6 (9.2%) for BMP1 and 

328 BMP2, respectively. Likewise, human health risk reduces from 2.58E-7 to 2.4E-7 (6.8%) and 

329 2.22E-7 (13.9%) for BMP1 and BMP2, respectively. It means that 50% reduction in fertilizers in 

330 this area may ultimately reduce 9% ecological and 14% health risks (Figure 8). Here, the 

331 cumulative impacts are low but not negligible as they range 1E-6 and 1E-7 per person. 

332 Nonetheless, these values seem to be meaningless unless they are used as a quantitative tool of 

333 comparative analysis. 

334 In Figure 8, in addition to normalized environmental impacts (per person), food production (S) is 

335 also illustrated in different BMPs. Since nutrition production is a positive activity, the impacts 

336 are shown as negative. The overall environmental impact of farming activities and related 

337 management practices should be finally calculated by the weighted average of normalized 

338 ecosystem and health damages. This step is carried out with different weighing methods 

339 described in section 2.7. Since EPI allocates higher weights to ecological items, the related result 

340 are relatively more than entropy method. Despite different weighting, the overall C reduction for 

341 BMP1 ranges between 5-8%, while it ranges between 10-13% for BMP2. It implies that using 

342 strict BMPs may not necessarily have significant improvement. On the contrary, S is reduced 

343 1.66% and 3.73% by BMP1 and BMP2, respectively. It points to the fact that using some farm 
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344 management practices may reduce environmental damages in one hand, while it can also reduce 

345 the nutrition production on the other hand. This fact emphasizes on an environment-food nexus 

346 index for more comprehensive understanding of management impacts.

347 Figure 9 indicates that malnutrition reduction by agricultural productions in Zrebar Basin with its 

348 conventional crop pattern can quantitatively generate 0.61 (Entropy) and 0.78 (EPI) combined 

349 environmental impacts (FEF). In other words, 0.61-0.78 environmental units would be damaged 

350 by the consumed water and Eutrophication originated by agricultural activities. Using BMP1 and 

351 BMP2 can reduce FEF 6.5-9.1% (entropy) and 4-6.4% (EPI), respectively. It means that 50% FR 

352 combined with FS (BMP2) can reduce 6.4-9.1% of FEF in Zrebar basin. Obviously, this new 

353 indicator is more helping for policy makers rather than conventional analysis on pollution 

354 reductions in a basin. For example, this indicator may present criteria to compare implementing 

355 vegetated FS or changing crop patterns in a basin. The first alternative only reduces pollution 

356 loads and consequently environmental impacts, while the second alternative may focus more on 

357 nutrition improvement despite pollution discharges. 

358 What signifies this research and makes it different with previous literature is the combination of 

359 SWAT-ReCiPe, for accounting the damage-based FEF. In previous studies, this approach has not 

360 been achieved or verified in a basin. In addition, this method can find a quantitative solution how 

361 to include water quality issues in water-energy-food nexus problems (Heal et al., 2021).   

362  

363 Conclusions

364 This study developed a combined methodology with simulation basin by the SWAT model and 

365 LCIA by ReCiPe. This integrated framework, founded on modeling-indicators, could account the 

366 aggregated environmental damages of BMPs and eventually the FEF index. Therefore, SWAT-

PeerJ reviewing PDF | (2022:09:77196:0:1:NEW 17 Sep 2022)

Manuscript to be reviewed



367 LCIA is recommended as a reliable tool for the quantification of farm management cumulative 

368 impacts. In addition, FEF is introduced and recommended as a referencing index for comparing 

369 these BMPs under environment-food nexus. 

370 It is also concluded that pollution reduction is only one pillar of a sustainable BMPs while their 

371 impacts in larger ecosystems, environmental components, and food production are also necessary 

372 for integrated decision-making. Embedded water consumption and Eutrophication are typical 

373 midpoint indicators and health and ecosystem damages are typical endpoint indicators. Yet, this 

374 method has the potential of including other footprints such as CB within LCIA.

375 BMPs are rather effective on pollution reduction but they may have secondary positive or 

376 negative impacts on larger ecosystems, human health, and food production that should be 

377 considered in decision-making. In spite of this fact, in the study area, it is found that FR 

378 combined with FS has not considerable negative impacts. In addition, these scenarios can finally 

379 reduce FEF.    

380 It is also implied that accounted FEF is reliant on a wide range of indicators and coefficients 

381 according to the LCIA method, pollutants (TN, TP, toxins, heavy metals, etc.) and their transport 

382 according to basin specification, farm management practices, SWAT modeling assumptions and 

383 accuracy, WF assumptions and factors (Cmax, Cnat, and ET), weighting and normalization 

384 methods. All these uncertainties support this idea as a tool for comparing strategies relatively 

385 instead of reporting absolute results. Yet, it has the potential of being upgraded by future 

386 achievements on the accuracy of coefficients or regionally developed indicators in LCIA. 
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Figure 1
Flow diagram of methodology and research steps

Each box introduces the main activity in the proposed methodology and markers join boxes
with their previous and next activities. The methodology is divided in four main steps.
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Figure 2
Geographical status of Zrebar Lake basin with its land-uses

This ûgure shows the location of study area near the west borders of Iran and illustrates the
main land-uses in diûerent colors.
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Figure 3
Accumulated annual N pollution exported by farmlands in management scenarios

The total nitrogen pollution loads discharged to the lake from all HRUs. Each column
represents a year of simulation in the three scenarios of BMPs
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Figure 4
Accumulated annual P pollution exported by farmlands in management scenarios

The total phosphorous pollution loads discharged to the lake from all HRUs. Each column
represents a year of simulation in the three scenarios of BMPs
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Figure 5
Environmental impact of farming activities based on midpoints without using BMPs

In base scenario, the 5 main midpoints of this study are calculated by the SWAT model
outcomes in diûerent simulation years.
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Figure 6
Comparative environmental impact of management practices based on ûve midpoints

The sharpest corner of diagram points to the highest midpoint in three BMP scenarios.
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Figure 7
Comparative annual endpoint environmental impacts of management practices

Calculated endpoints of ecosystem and health per BMP scenarios and simulation years
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Figure 8
The average impact of management practices on endpoints (R) and food production (S)

Agricultural productions in this area have adverse impacts on ecosystem and health, while
have constructive impacts on food and nutrition values.
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Figure 9
Environmental footprint of food production in diûerent BMPs and weighting methods

The overall negative and positive impacts of agricultural productions on environment and
food production is combined within a footprint value. Two weighting methods present
diûerent values for this footprint.
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Table 1(on next page)

Model performance in simulating the water quality and quantity of Lake Basin (Jamshidi
et al., 2020)
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1

Calibration Validation
Parameter

R2 RSR R2 RSR

Lake inflow (m3/s) 0.64 0.41 0.76 0.22

Nitrate (mg/L) 0.89 0.62 0.70 0.70

Phosphate (mg/L) 0.64 0.34 0.30 0.38
2
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Table 2(on next page)

BMP scenarios and their speciûcations
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BMP 

scenario
Management strategies

Base Without BMP

BMP1 25% reduction of fertilizers and water for irrigation, with slim vegetated filter strip 

BMP2 50% reduction of fertilizers and water for irrigation with moderate vegetated filter strip 

1
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Table 3(on next page)

Midpoint coeûcients considering Eutrophication in diûerent environments

PeerJ reviewing PDF | (2022:09:77196:0:1:NEW 17 Sep 2022)

Manuscript to be reviewed



Midpoint conversion coefficients (M)
Environment

Effective 

ecosystem Nitrate Nitrite phosphorus Phosphate
equivalent unit

fresh water - - 1 0.33
kg P-eq. to 

freshwater/kg
Fresh water

marine 0.07 0.09 - -
kg N-eq to 

marine water/kg

fresh water - - 0 0
kg P-eq. to 

freshwater/kg
Marine water

marine 0.23 0.3 - -
kg N-eq to 

marine water/kg

1

2
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Table 4(on next page)

Endpoint coeûcients to convert midpoints into equivalent environmental damages
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E����������
Midpoint 

indicator

E��	���� 

conversion 

coefficient (E)

equivalent unit
NormaliN
���� 

in��i (N)

H��
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W
��� 

consumption 
2.22E-0� D

���3 consume� 1.9�E1��

T��������

 

ecosystems

W
��� 

consumption
1.3�E1�� species.yr/m3 consume� 3.��E1��
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S	�����6����� P to 

freshwater eq.
�64�E1��

Freshwater 

ecosystems W
��� 

consumption
�6��E1�� species.yr/m3 consume� �6��E1��
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ecosystems
Eutrophication 1.70E-09

S	�����6����� N to marine 

water eq.
�6��E1�4

1

�
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Table 5(on next page)

Outputs of the SWAT model in diûerent BMP scenarios
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Base BMP1 BMP2

LU
Yield 

(ton/ha)

WF

(m3/ton)

Nutrition

(MCal/yr)

Yield 

(ton/ha)

WF

(m3/ton)

Nutrition

(MCal/yr)

Yield 

(ton/ha)

WF

(m3/ton)

Nutrition

(MCal/yr)

Alfalfa 4.5 2699.7 91 3.93 2673.5 79 3.4 2529.3 68

Apple 11.2 1065.8 431 9.28 1114.1 357 7.4 1144.9 284

RF Barley 0.9 3521.0 464 0.90 3499.3 464 0.9 3451.3 464

Barley 2.1 2095.1 200 2.10 2048.8 200 2.1 1953.1 200

RF Pea 0.5 8497.6 61 0.50 8479.7 61 0.5 8477.3 61

RF Grape 4.0 939.5 536 4.00 936.1 536 4.0 927.7 536

Tobacco 1.9 4149.6 0 1.67 4221.0 0 1.5 4075.8 0

Tomato 11.1 974.3 27 9.10 1028.1 22 3.7 2077.4 9

RF Wheat 1.1 2926.1 4004 1.10 2909.0 4004 1.1 2872.6 4004

Wheat 2.8 2206.7 1303 2.74 2196.1 1275 2.6 2173.0 1224

1
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