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Background. Farm management strategies in a basin can simultaneously affect pollution exports and
nutrition production. This study develops a combined methodology to introduce and calculate the state-
of-the-art indicator of food’s 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
effectiveness 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 verified 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 filter
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
identified as the most significant 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 different management strategies.
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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
filter 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 identified as the most significant 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 different management strategies.

Introduction

Best management practices (BMPs) are promising solutions for controlling pollution discharges
from non-point sources (NPS), including agricultural activities (Y. Liu et al., 2017). Phosphorous
(P) and nitrogen (N) compounds are typical pollutants transported in basins from farmlands
(Hanief & Laursen, 2019). Water quality degradation and Eutrophication are possible
consequences of these emissions. Filter strips (FS) (Merriman et al., 2019), fertilizer reduction
(FR) (Geng et al., 2019), no-tillage farming (Plunge et al., 2022), tracing and fencing (Sheshukov
et al., 2016), constructed wetlands (CWs) (Li et al., 2021), straw mulching (Jang et al., 2017), or
changing crop patterns and land-uses (LUs) (Plunge et al., 2022) are recommended solutions as
BMPs that have different impacts regionally on pollution transport (Stubbs, 2016). However,
these strategies might have secondary impacts on other ecosystems (Cuéek et al., 2015), farmers
income (Imani et al., 2017) or even nutrition production. Hence, assessing the effectiveness of

BMPs requires detailed studies in basin scale at least with combined methods.
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Recently, the effectiveness of BMPs have been evaluated and determined in some researches. In
The Great Lakes and by considering flow, total phosphorus (TP) and total nitrogen (TN), it was
concluded that multiple BMPs combined with FS can reduce nutrients and sediment more
significantly than single BMPs. Here, TP and TN were estimated to be reduced about 20%
(Merriman et al., 2019). Liu et al. (2019) similarly concluded that combined BMPs with FS are
more effective on pollution load abatement than individual BMPs. They recommended that
modeling tools for cost-effective analysis can create a more sustainable framework for water
quality enhancement in agricultural basins (Y. Liu et al., 2019). This approach was also
recommended by Imani et al. (2019) in which BMPs in critical areas (CAs) were prioritized
according to their TN and TP reduction and related costs (Imani et al., 2019). Based on modeling
and field surveys, it was verified that BMPs can reduce nutrient pollution 25% in a basin while
sediment entrapment in the riparian zone can develop organic nutrient removal to about 60%
(Sheshukov et al., 2016). Similar to the above-mentioned researches, FS was identified as an
effective BMP with 20% TP removal. Nonetheless, some BMPs may reduce the runoff and
adversely concentrate pollutants downstream (Jang et al., 2017). It should be considered that
farmers may be reluctant to apply some BMPs mainly due to economic reasons. Therefore, a mix
of knowledge about farmer and farm characteristics with environmental attitudes might be
required prior to adopting BMP schemes (H. Liu & Brouwer, 2022). Dai et al. (2018) proposed a
combined model to generate a series of BMPs placement schemes based on nutrients reduction
and related costs. They concluded that nutrient load discharged into the lake and tributaries could
be dropped to an acceptable level with a proper tradeoff between costs and risks (Dai et al.,
2018). During climate change, the effectiveness of 171 BMPs on TN and TP reduction were also

analyzed (Chiang et al., 2012). However, their secondary impacts on food production or
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environment were the missing subjects. Recent studies imply that pollution reduction,
applicability, and economic issues are the main concerns in BMP assessment, while their
probable impacts on larger ecosystems and nutrition production are neglected.

In the most of literature and above-mentioned studies, soil and water assessment tool (SWAT)
was used for integrated basin modeling. Here, the direct impacts of BMPs on pollution reduction
can be evaluated in hydrological response units (HRUs) and receiving water bodies (Jamshidi et
al., 2020). However, this simulation cannot account both direct and indirect cumulative
environmental impacts (CIAs) of BMPs. For instance, the secondary impact of FS, after TN
reduction, on terrestrial or aquatic ecosystem is not clear. A question is that which BMP has the
least overall impacts on the ecosystem. For answering this question, life cycle assessment (LCA)
has this potential to use data inventory for the quantification of main environmental indicators,
such as aquatic ecosystem as midpoint indicators, which can translate simulation outcome into
ecological damages. It provides a framework for comparing strategies quantitatively based on
their CIAs. For example, the impacts of different sludge-dredging methods in Baiyangdian Lake,
northern China (Zhou et al., 2021), low impact development BMPs (LID-BMP) as treatment
systems (Xu et al., 2017), implementing treatment systems such as CWs for Yangtze River
rehabilitation, Eastern China (Yao et al., 2021), or sea water desalination (Mannan et al., 2019)
were recently compared and evaluated by LCA. Accordingly, it is revealed that hydropower
systems, in contradiction with their renewable energy production, can be the significant sources
of GHG emissions due to their long-term secondary limnology and ecological impacts (Gemechu
& Kumar, 2022). This implies that direct short-term water quality rehabilitation, such as TN and
TP reduction, may not necessarily ends into a sustainable strategy with the perspective of

integrated environmental management (IEM). By this point of view, on-farm intervention
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strategies may have by-effects due to terrestrial pollution, water consumption, or changing LUs
(McAuliffe et al., 2022). Eutrophication is also a critical subject among the midpoint indicators
in life cycle impact assessment (LCIA) (Cosme & Hauschild, 2017; Rosenbaum et al., 2017).
This phenomenon is directly affected by TN and TP concentrations (Chapra, 2008), while other
parameters such as water consumption can also be effective on freshwater ecosystems, aquatic
habitat or Eutrophication intensification (Damiani et al., 2019). It is claimed that accounting the
Eutrophication potential of agricultural systems is complicated. Therefore, a combined
methodology is required to evaluate the impacts of nutrients release from agricultural systems on
freshwater Eutrophication and ecosystem (Ortiz-Reyes & Anex, 2018). It is also recommended
that using LCA methods based on its related footprints, such as water footprint (WF), carbon
footprint (CF), biodiversity footprint (BF), ecological footprint (EF), etc. can help to account the
environmental footprint of productions (Cuéek et al., 2015). Nonetheless, an applicable method
was missing.

The main purpose of this study is to develop a combined methodology based on SWAT-LCIA to
evaluate and compare the CIAs of BMPs in a basin. The developed framework also introduces a
state-of-the-art indicator for quantifying food environmental footprint (FEF). This approach
accounts related environmental damages of nutrition production in a basin and develops water-
food nexus into a more comprehensive environmental perspective. For these purposes, a lake
basin is used as the study area to verify the proposed methodology. Here, the SWAT outcomes
are used as the main inventory for related midpoint indicators in LCIA. Health, Eutrophication,
water consumption, aquatic and terrestrial ecosystems are emphasized as affected environments.
CIA is then normalized and evaluated by endpoint indicators as ecological and health damages.

The midpoint and endpoint indicators are quantified according to ReCiPe (M. Huijbregts et al.,
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2016), a developed LCIA method. In addition, this research considers WF as the driving
indicator for water consumption in LCIA and also uses two different methods in calculations for

weighting indicators.

Materials & Methods

METHODOLOGY

This study follows a 4-step combined methodology. In the first two steps, data is gathered and a
basin is simulated by the SWAT model with the perspective of water quality and quantity. Here,
the effectiveness of different farm management practices (BMPs) on exporting pollution loads
(kg/ha), pollutants concentration in lake (mg/L), crop production yields (ton/ha), nutrition
production (Kcal/yr), and water footprint (m?) are evaluated. Hence, the modeling provides a
quantitative framework for further environmental-food analysis in basin. In this study, the first
two steps, except the nutrition production, follows the previously developed SWAT model by
Jamshidi et al. (2020) as explained in sections 2.2-2.5.

In the third step and in order to quantify the CIAs of BMPs, a combined methodology is
developed to convert the modeling outputs into equivalent environmental damages. For this
purpose, an excel-base LCIA method according to ReCiPe (2016 v1.1) is used including related
characterization midpoints (water consumption and Eutrophication) and endpoints (human health
and ecosystem damages) with normalization coefficients as explained in section 2.6. In this step,
some new approaches are also considered to develop LCIA analysis. For example, the embedded
water consumption directly analyzed by the SWAT model (WF) is introduced as a more reliable
water consumption indicator in LCIA of food crops. This is due to the fact that WF of food crops

includes both consumed (blue and green) and polluted (grey) water which fit more to life cycle
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assessment of available water in the ecosystem. In addition, this step considered two different
weighting approaches for integrating health and ecosystem damages (endpoins) under a single
index. The entropy analysis uses a mathematical equation to calculate the weights of health and
ecosystem, while EPI uses predefined weights for these two indicators. This is explained in
section 2.7.

In final step, a state-of-the-art indicator is introduced in section 2.8 as “environmental footprint
of food production” (FEF) that calculates the accumulated environmental damages of nutrition
production in basins. This new index can be used for quantifying the equivalent environmental
damages related to food production and comparing the impacts of BMPs and farm management
practices with multiple perspectives including WF, pollution emissions, crop nutrition, and
ecosystem protection. Therefore, the main innovation of this research is in its methodology,
particularly the third and fourth steps. Here, an environment-food nexus analysis compares the
accumulated impacts of BMPs in a basin. The steps of methodology are illustrated in Figure 1.
Figure 1.

It should also be noted that this methodology is verified in Zrebar Basin, western Iran, which it
doesn’t mean this method is developed for a specific basin. The combined method of SWAT-
ReCiPe is applicable in any basin for comparing farm management strategies. Nonetheless, the
midpoint indicators can be different regarding the basin specifications. For example, in addition
to water consumption or Eutrophication, other environmental issues like global warming, LU
change, and even air pollution can be simply considered in LCIA step (M. A. J. Huijbregts et al.,

2017).

STUDY AREA
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The proposed methodology is verified in Zrebar Lake basin, western Iran, for quantifying FEF
and the CIA of BMPs based on environmental indicators and food production. Zrebar basin
encompasses 90 km? including 20 km? of irrigated and rain-fed farmlands (22%). Its lake
encounters Eutrophication problem mainly due to the agricultural discharges, particularly
irrigated farmlands (Imani et al., 2019). Main rain-fed (RF) crops in this area are wheat, barley,
grape and peas with average nutrition values of 3640, 3540, 670 and 420 Cal/kg, respectively.
The irrigated crops include tomato, tobacco, alfalfa, apple with average nutrition values of 180,
0, 230, and 520 Cal/kg, respectively in addition to wheat and barley. The dominant LUs in the

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

SIMULATION-CALIBRATION

In this integrated methodology, using the SWAT model for basin simulation is proposed prior to
accounting environmental damages and footprints of agricultural productions. This is due to the
fact that this model can simulate complicated systems by considering management practices in
farmlands, interactions between water quality and quantity, pollution transport and cycles, and
production yields (Abbaspour et al., 2015; J. G. Arnold et al., 2012; Rivas-Tabares et al., 2019).
Therefore, required data such as topography, soil properties, LU type, management practices,
and weather/climate were inputted to the model and calibrated based on lake inflow volume and
nutrients concentrations in lake (nitrate and phosphate) simultaneously.

It is noteworthy that the main idea of this research is to develop an integrated methodology for
accounting environment-food nexus and FEF. Accordingly, authors used the outcomes of the
already calibrated SWAT model previously developed for BMP and WF assessment in the study

area (Jamshidi et al., 2020). In order to focus more on the main purpose and outcomes of current
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research, the details of simulation-calibration are skipped here but it was fully described in
Jamshidi et al. (2020). In this model, the simulation was carried out in 26 sub-basins with 1100
HRUs. The regression coefficient (R?) and RMSE-observations standard deviation ratio (RSR)

index were calculated as Table 1.

BMP SCENARIO

This study uses the SWAT outcomes for BMP analysis in 3 scenarios as defined in Table 2. Base
is the scenario without using any BMPs. In BMP1 and BMP2, the application of fertilizers,
manure and chemical, and water for irrigation is reduced 25% and 50% for all farmlands,
respectively. In these two BMP scenarios, FS is assumed to be implemented in the vicinity of

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

WATER FOOTPRINT

The WFs of agricultural productions are accounted by the standard method and include the three
main elements of green, blue and grey water (Franke et al., 2013; Hoekstra et al., 2011). It
should be noted that WFs calculate the direct embedded water of farmlands and exclude indirect

water embodied in further processing of agricultural productions.

WF = GnWF + BWF + GWF (1)
GnWF = 10ET, )
BWF =10(ET, - ET ) 3)
GWF = max (m)i 4

In these equations, GnWF, BWF and GWF are green, blue and grey WFs (m?), respectively. ET,

refers to the evapotranspiration from soil and vegetations in times when there is no irrigation

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



PeerJ

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

(mm), while ET}, includes the accumulated evapotranspiration in times of irrigation (E7, > ET,).
L is the exported pollution loads (ton/ha) of pollutant i to the receiving water body, C,, is the
maximum allowable concentration of pollutants, and C,,, equals the concentration of pollutants
in the receiving water on the condition that the interferences of human activities are eliminated.
Here, the C,,,, of TN and TP are assumed constant as 1.5 and 0.035 mg/L, respectively with
respect to the global limits for controlling the trophic state of lakes (Jamshidi, 2021). C,,, of TN

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

ENVIRONMENTAL IMPACT ASSESSMENT

The method for quantifying environmental damages in basin is developed by internationally
coded indicators exhibited in LCIA. In the current research, LCIA characterization coefficients
are derived according to the ReCiPe method, which was presented by a series of collaborations
in Europe (M. A. J. Huijbregts et al., 2017). In this method, normalized data at the European and
global level are available for 16 midpoint and 3 endpoint indicators. In later ReCiPe updates,
several conversion coefficients are considered which represent the global scale instead of the
European scale, while maintaining the possibility of using these coefficients on the continental
and country scale. Another feature of ReCiPe is that this method expands environmental
consequences and evaluates the impacts of water consumption on human health, aquatic and
terrestrial ecosystems to consider related damages (M. A. J. Huijbregts et al., 2017). However,
the current study proposes of using the WF as the water consumption of food crops due to its
comprehensiveness in both water quality and quantity.

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

units. Accordingly, the simulated concentrations of pollutants in lake, such as NOs3, NO,, NH;
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and POy, derived in different BMP scenarios from the SWAT model, are initially converted to
equivalent environmental indicators by Eutrophication midpoint coefficients (Table 3). For water
consumption midpoint in aquatic, terrestrial and marine ecosystems, the average WF of crops in
each scenario is considered (m?). These conversions are carried out as Equation 5.

Q i~ (T x M) Ji (5)

Q is the midpoint indicator, 7 represents the output of the SWAT model such as water footprint
or pollutant concentration, M is the conversion coefficients, and j is environmental component
such as aquatic, terrestrial, and marine. By this equation, it is possible to calculate the equivalent
environmental effects of each pollutant in the life cycle period of the product or activity. It
should be noted that these coefficients are on average and do not need supplementary conversion
coefficients for shallow or deep waters, with vegetation or different trophic conditions. In
addition, pollutant discharges to any environment may ultimately have impacts on aquatic and
marine ecosystems in long-term and nutrient cycles. Thus, marine impacts are also considered
even the pollution is not directly discharged to the sea.

Since the midpoint indicators are calculated based on equivalent units, such as kgN-eq or m?
water consumed, it is necessary to accumulate these environmental impacts with different units
under a single indicator. This is the most challenging step in conventional CIA methods. ReCiPe
uses equivalent damage-based indicators for integrating midpoints into endpoints by Equation 6.
D;=(QxE), ©)

Here, the calculated midpoint indicators (Q) are converted into endpoint damage-based indices
(D) according to related conversion coefficient of £ as Table 4. Endpoint indicators are classified
as 1) human health and 2) ecosystem (non-human) damages. In a nutshell, all midpoint indicators

with different equivalent units are now converted to two categories of health damage based on
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disability-adjusted life years (DALY) and ecosystem damages based on probable number of
harmed species in year (species.yr).

As shown in Table 4, the conversion coefficients turn each equivalent midpoint indicators into
two parameters of health damage in terms of DALY and ecosystem damage in terms of Species.
In this method, the DALY shows the equivalent years of human life lost by death or being
disabled due to illness caused by existing pollutants in the environment. On the other hand, the
unit of measuring ecosystem damage is the total number of species lost over time. Based on the
ReCiPe, it is recommended that endpoints (D) should be normalized by specific coefficients that
turn the calculated damages into dimensionless indicators per person per year (Sleeswijk et al.,

2008) which is explained in next section.

NORMALIZATION AND WEIGHTING

Calculated endpoints are finally normalized (Equation 7) on a global scale regarding reference
coefficients (Table 4) and aggregated according to their weights by Equation 8. Here, two
approaches of Entropy and EPI are considered for weighting normalized indicators.

R=7 (7)
C=X(W XR) (8)
Where, C is the annual environmental damage per person, W is the weight of each endpoint
indicator, N represents the normalization value and R is the normalized endpoint. Weights can be
calculated based on different mathematical methods, such as entropy or fuzzy (J. Chen et al.,
2019; Zeng et al., 2022), or based on expert opinions and references (Z. Chen et al., 2022). In

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

calculated through a probabilistic function by Equation 9.

1 Gt
Wen = —n @2y = 1R X INR), )

In which, ¢ is the number of available data. In entropy analysis, factor with more data dispersion
gains higher weights (Imani et al., 2019). Since this study evaluates C from 2007-2013 for each
BMP scenario, the variations of both endpoint indicators (R) can be calculated. Based on
evaluations, the weights of ecosystem and health endpoints by entropy method are 0.44 and 0.56,

respectively.

ENVIRONMENTAL-FOOD INDEX
According to the environmental damages calculated by SWAT-ReCiPe, a new footprint index
can now be quantified for food and nutrition production in farmlands. This indicator accounts the

CIA per food production in any area as Equation 10.

FEF = (10)

Yl o

In this equation, FEF is a dimensionless indicator that represents the CIA of food production. In
other words, FEF' is the environmental footprint of nutrition production. This indicator can be
calculated by the proposed methodology for comparing major environmental concerns in food
production, including water-food nexus. Low FEF (~0) means that strategies used for food
production is rather clean, while higher FEF (>1) indicates their destructive mode. C was defined

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

TCal

S= Bxp (11)
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In which T, is the daily total nutrition (calories) of food production in the study area, B equals
the malnutrition baseline of humans assumed 2000 cal/day (D. Liu et al., 2022), and P is the

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

Results and discussion¢

SWAT OUTCOMES

According to the basin simulation by the SWAT model in different management scenarios, the
annual pollution loads exported by different HRUs are calculated. Figures 3 and 4 illustrate the
accumulated N and P loads discharged by RF and irrigated farmlands in three scenarios,
respectively. On an average for 2007 to 2013, BMP1 can reduce 33.8%N and 7.7%P pollution
exports from agricultural LUs. BMP2 can improve these reductions to 59.9% and 20.9% for N
and P, respectively. These reductions may have different ecological impacts on marine, aquatic
and terrestrial systems which are accounted through the combined methodology. Yet, BMPs are
also effective on crops production yields and consequently WF and nutrition production (Table

5).

ENVIRONMENTAL IMPACTS

For base scenario, the environmental midpoint impact (Q) of farming activities in Zrebar basin is
calculated by the proposed methodology. Figure 5 shows that freshwater Eutrophication is the
most critical item during the study period. The embedded water consumed is also significant for
damaging the terrestrial ecosystem and human health. Figure 6 implies that the above conclusion
remains unchanged in BMP1 and BMP2 as well despite 25%-50% fertilizer reduction. This is

due to the fact that eutrophication in freshwater by the combined methodology is mainly affected
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by TP concentration in lake which can be hardly improved with ammonium-based fertilizer
reduction in short term. Controlling erosion and sediment transport by filter strips from upstream
is more efficient for TP reduction.

Figure 7 shows that the cumulative ecological damages are relatively larger than health problems
in all management scenarios. This is due to the fact that human health is mostly influenced by
toxins and heavy metals which were excluded in this study. The results indicate that the average
ecological impact reduces from 1.41E-6 to 1.34E-6 (4.9%) and 1.28E-6 (9.2%) for BMP1 and
BMP2, respectively. Likewise, human health risk reduces from 2.58E-7 to 2.4E-7 (6.8%) and
2.22E-7 (13.9%) for BMP1 and BMP2, respectively. It means that 50% reduction in fertilizers in
this area may ultimately reduce 9% ecological and 14% health risks (Figure 8). Here, the
cumulative impacts are low but not negligible as they range 1E-6 and 1E-7 per person.
Nonetheless, these values seem to be meaningless unless they are used as a quantitative tool of
comparative analysis.

In Figure 8, in addition to normalized environmental impacts (per person), food production (S) is
also illustrated in different BMPs. Since nutrition production is a positive activity, the impacts
are shown as negative. The overall environmental impact of farming activities and related
management practices should be finally calculated by the weighted average of normalized
ecosystem and health damages. This step is carried out with different weighing methods
described in section 2.7. Since EPI allocates higher weights to ecological items, the related result
are relatively more than entropy method. Despite different weighting, the overall C reduction for
BMP1 ranges between 5-8%, while it ranges between 10-13% for BMP2. It implies that using
strict BMPs may not necessarily have significant improvement. On the contrary, S is reduced

1.66% and 3.73% by BMP1 and BMP2, respectively. It points to the fact that using some farm
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management practices may reduce environmental damages in one hand, while it can also reduce
the nutrition production on the other hand. This fact emphasizes on an environment-food nexus
index for more comprehensive understanding of management impacts.

Figure 9 indicates that malnutrition reduction by agricultural productions in Zrebar Basin with its
conventional crop pattern can quantitatively generate 0.61 (Entropy) and 0.78 (EPI) combined
environmental impacts (FEF). In other words, 0.61-0.78 environmental units would be damaged
by the consumed water and Eutrophication originated by agricultural activities. Using BMP1 and
BMP2 can reduce FEF 6.5-9.1% (entropy) and 4-6.4% (EPI), respectively. It means that 50% FR
combined with FS (BMP2) can reduce 6.4-9.1% of FEF in Zrebar basin. Obviously, this new
indicator is more helping for policy makers rather than conventional analysis on pollution
reductions in a basin. For example, this indicator may present criteria to compare implementing
vegetated FS or changing crop patterns in a basin. The first alternative only reduces pollution
loads and consequently environmental impacts, while the second alternative may focus more on
nutrition improvement despite pollution discharges.

What signifies this research and makes it different with previous literature is the combination of
SWAT-ReCiPe, for accounting the damage-based FEF. In previous studies, this approach has not
been achieved or verified in a basin. In addition, this method can find a quantitative solution how

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

Conclusions

This study developed a combined methodology with simulation basin by the SWAT model and
LCIA by ReCiPe. This integrated framework, founded on modeling-indicators, could account the

aggregated environmental damages of BMPs and eventually the FEF index. Therefore, SWAT-
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LCIA is recommended as a reliable tool for the quantification of farm management cumulative
impacts. In addition, FEF is introduced and recommended as a referencing index for comparing
these BMPs under environment-food nexus.

It is also concluded that pollution reduction is only one pillar of a sustainable BMPs while their
impacts in larger ecosystems, environmental components, and food production are also necessary
for integrated decision-making. Embedded water consumption and Eutrophication are typical
midpoint indicators and health and ecosystem damages are typical endpoint indicators. Yet, this
method has the potential of including other footprints such as CB within LCIA.

BMPs are rather effective on pollution reduction but they may have secondary positive or
negative impacts on larger ecosystems, human health, and food production that should be
considered in decision-making. In spite of this fact, in the study area, it is found that FR
combined with FS has not considerable negative impacts. In addition, these scenarios can finally
reduce FEF.

It is also implied that accounted FEF is reliant on a wide range of indicators and coefficients
according to the LCIA method, pollutants (TN, TP, toxins, heavy metals, etc.) and their transport
according to basin specification, farm management practices, SWAT modeling assumptions and
accuracy, WF assumptions and factors (C,,., C,u» and ET), weighting and normalization
methods. All these uncertainties support this idea as a tool for comparing strategies relatively
instead of reporting absolute results. Yet, it has the potential of being upgraded by future

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 figure shows the location of study area near the west borders of Iran and illustrates the

main land-uses in different 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 different simulation years.
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Figure 6
Comparative environmental impact of management practices based on five 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 different 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

different values for this footprint.
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Table 1l(on next page)

Model performance in simulating the water quality and quantity of Lake Basin (Jamshidi
et al., 2020)
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1
Parameter Calibration Validation
R2 RSR R? RSR
Lake inflow (m?3/s) 0.64 041 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

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



PeerJ Manuscript to be reviewed

Table 2(on next page)

BMP scenarios and their specifications
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BMP . Management strategies

scenario

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
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Table 3(on next page)

Midpoint coefficients considering Eutrophication in different environments
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‘ Effective Midpoint conversion coefficients (M) ] .
Environment ) o equivalent unit
ecosystem  Nitrate  Nitrite phosphorus Phosphate

fresh water - - 1 0.33 freks%wzzgf/f

Fresh water kg N-eq tog

marine 0.07 0.09 B " marine water/kg

kg P-eq. to

‘ fresh water - - 0 0 freshwater/kg

Marine water ‘ kg N-eq to

marine 0.23 0.3 B " marine water/kg
1
2
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Table 4(on next page)

Endpoint coefficients to convert midpoints into equivalent environmental damages
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. Midpoint Endp 01r}t . . Normalization
Environment indicator conversion equivalent unit index (N)
coefficient (E)
Human Water 2.22E-06 Daly/m? consumed 1.96E-04
health consumption
Terrestrial Water . 1.35E-08 species.yr/m? consumed 3.48E-06
ecosystems  consumption
. Species.yr/kg P to
Freshwater Eutrophication  6.71E-07 freshwater eq. 4.90E-07
ccosystems  Water 6.04E-13 species.yr/m? consumed 6.16E-10
consumption

Marine Eutrophication  1.70E-09 Species.yr/kg N to marine ¢ 1> g
ecosystems water eq.

1

2
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Table 5(on next page)

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

LU Yield WF Nutrition Yield WF Nutrition Yield WF Nutrition

(ton/ha) (m’/ton) (MCal/yr) (ton/ha) (m’/ton) (MCal/yr) (ton/ha) (m3/ton) (MCal/yr)
Alfalfa 4.5 2699.7 91 3.93 2673.5 79 34 25293 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 41496 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
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