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Abstract
The objective of this paper is to develop a framework to overcome problems of soil nutri-
ent legacies and poor quality of water bodies raised by agricultural practices. A multic-
riteria decision analysis (MCDA) approach is proposed to evaluate different alternatives 
to help to define sustainable vineyard agricultural solutions. The methodology developed 
was applied to a basin in the north-central part of Portugal, the São Lourenço basin. The 
land cover of the basin consists predominantly of vines. A number of alternatives based on 
different vineyard management practices and land use are evaluated against environmental 
and socioeconomic criteria by means of the soil and water assessment tool (SWAT) model 
and considering information included in some databases. The preference ranking organiza-
tion method for enrichment evaluation (PROMETHEE) outranking method is used to rank 
the alternatives and to evaluate weight stability intervals assigned to criteria. A supplemen-
tary analysis is performed by a different MCDA method (technique for order of preference 
by similarity to ideal solution (TOPSIS)), belonging to the family of compensatory meth-
ods, to provide additional insights to the decision makers. The results show the best and the 
worst alternatives for vineyard agricultural practices according to the weights assigned to 
the criteria. The sensitivity analysis of the weights indicated most stable ranking cases and 
the criterion that presents the narrow stability intervals. This work offers the opportunity to 
discuss comparisons between different types of agricultural practices and give insights for 
future developments of other areas where intensive vineyard cultivation is implemented.
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1  Introduction

The world population is expected to rise to 9.7 billion by 2050, 2 billion more than the 
7.7 billion of 2020 (United Nations, 2019). This growth, together with climate change 
and changing food consumption trends, is increasing the pressure to intensify agricultural 
production (Herzberg et al., 2019). However, impacts associated with agriculture intensi-
fication should be taken into account, such as excesses of nutrients like nitrogen (N) and 
phosphorus (P) that are released into water bodies or accumulate in soils and groundwater 
reservoirs.

To reduce the nutrient inputs, the European Union approved the Water Framework 
Directive (WFD, 2000) and the European Community Nitrates Directive (Council Direc-
tive (1991), 1991/676/EEC) specifically to reduce the nitrates in water bodies. Best Man-
agement Practices (BMPs) (CBPA, 2018) were proposed for the agricultural sector to 
reduce fertilizer use (organic and inorganic fertilizers). A number of different options can 
be taken, but the effect of these BMPs might not be immediately translated into improved 
conditions of the water bodies. According to Van Meter and Basu (2015), there are time 
lags between applying N fertilizers and the measurable effect in the river outlet, and these 
lags could vary from 1 year, decades, or centuries (Van Meter et  al., 2017). The time 
lags could represent an important parcel of the current riverine nutrient exports of many 
watersheds.

To decrease the legacies of nutrients that remain in the watershed at least 1 year after 
their initial application (Van Meter et al., 2017), and understand their effect, different BMPs 
could be developed and evaluated. Appropriate methodologies should be used to identify 
the best possible alternatives. Decision making in managing agricultural systems is a pro-
cess that normally involves multiple and conflicting criteria. Agricultural systems can only 
become sustainable if three factors are considered. These are usually referred to as “tri-
ple P”: Planet (environmental), People (social), and Profit (economic) (Tzouramani et al., 
2020). Multicriteria decision analysis (MCDA) is a coherent methodology that can con-
sider multiple criteria simultaneously in the decision-making processes. Talukder (2016) 
favors using MCDA to assess agricultural sustainability saying “Hence, MCDA methods 
can be applied to agricultural sustainability assessment because the methods are structured 
and transparent, can break down complex problems, facilitate discussion and can produce a 
systematic and visual presentation of the perspectives of diverse stakeholders.”

The use of MCDA in the sphere of agriculture has been an active research area with 
numerous papers published. The agricultural problems resolved by MCDA can be classed 
in groups. One of the most dynamic is related to the evaluation of land areas for specific 
crops. Mendas and Delali (2012) propose an MCDA approach to assess the most suitable 
land plots for growing durum wheat in the region of Mleta in Algeria considering criteria 
related to water availability, and soil properties such as drainage, permeability, pH, electri-
cal conductivity, active limestone, cation exchange capacity, soil useful depth and slope, 
and two criteria of proximity and availability of labor. The ELECTRE Tri method was 
considered the best resolution method to cope with this analysis. A GIS-MCDA model to 
evaluate land sustainability for cultivating a traditional grape variety in part of the province 
of Reggio Calabria in southern Italy is presented in Modica et al. (2014). They apply an 
analytic network process (ANP) to select the most appropriate locations for agricultural 
development. The process included criteria associated with land conditions such as land 
use, pedological factors, heat index, elevation, slope, and soil and surface aspect. Seyedmo-
hammadi et al. (2018) use SAW, TOPSIS, and fuzzy TOPSIS to evaluate the capability and 
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sustainability of lands for crop production in Ardabil Province of Iran. The analytical hier-
archy process (AHP) and fuzzy AHP were specifically proposed to assign weights to crite-
ria. Alganci et al. (2019) evaluate the land sustainability of vineyards in the Sarkoy region 
of Turkey by using spatial multicriteria analysis (SMCA) and conclude that the current 
vineyards are occupying land with low capability, and new alternative sites are proposed 
for vineyard plantations. More recently, Cogato et al. (2020) have also evaluated potential 
locations for vineyards in Italy and selected the best ones according to a mechanisabil-
ity index built to determine the potential of mechanization for reducing production costs. 
Quinta-Nova and Ferreira (2020) analyze the suitability of emerging crops like pistachios 
and strawberries, and almond and walnut trees in the Beira Baixa region of Portugal by an 
MCDA method. They consider criteria including temperature, rainfall, hours of sunshine, 
humidity, biogeography, elevation, soil pH, and soil organic matter. The results include the 
best location for each of the emerging crops proposed, and they were obtained using the 
AHP method.

The evaluation of alternative types of irrigation is another common area that makes 
use of MCDA. Latinopoulos (2009) proposes an MCDA method to analyze water pric-
ing policies in irrigated agriculture in a rural area of Greece, considering socioeconomic 
and environmental objectives. Antunes et  al. (2011) develop an MCDA approach com-
bining a social multicriteria evaluation (SMCE) framework and AHP method to identify 
and compare the most suitable alternatives for improving irrigation practices in the Caia 
region of Portugal. The criteria proposed would assess the environmental, and social per-
formance, economic efficiency, feasibility, and resilience of different irrigation technolo-
gies. Recently, Paul et al. (2020) have evaluated the possibility of using reclaimed water for 
irrigation in a water-scarce region of California by MCDA resolved with AHP. The criteria 
used were the crop type, climate conditions, water policies, irrigation status, and proximity 
to wastewater treatment plants.

Lastly, another important problem dealt with by MCDA is related to the sustainability of 
agricultural activities. Van Huylenbroeck and Damasco-Tagarino (1998) utilize an MCDA 
tool to choose the sustainable crops that could help vegetable farmers in Benguet, a prov-
ince of the Philippines, by carrying out a conflict analysis model (CAM). Miranda (2001) 
proposes an MCDA tool to analyze the sustainability of four farming systems in Guíra Bra-
zil, considering criteria related to ecological, social, and economic issues. Talukder et al. 
(2017) evaluate the sustainability of an agricultural system by applying the Elimination 
method of MCDA to a coastal farming area in Bangladesh. Fifty criteria from the catego-
ries productivity, stability, efficiency, durability, compatibility, and equity were proposed to 
evaluate the alternatives. Bartzas and Komnitsas (2020) consider an AHP to evaluate the 
sustainability of different agricultural management practices in Greece for growing Pista-
cia vera L. In this work, 13 criteria were used to take into consideration the most important 
pressures in the environmental, social, and economic spheres.

Comprehensive literature review works show the importance of MCDA to help deci-
sion making in agricultural management. At the turn of the millennium, Hayshi (2000) 
published a literature review of MCDA applied to the agricultural sector with 84 refer-
ences. More recently, Berbel et al. (2018) have brought out a book that outlines emerg-
ing areas of MCDA applications in the agriculture sector. These are related to efficiency 
gains in the provision of public goods from agricultural systems; the development of 
rural areas by using MDCA to support decision makers in selecting locations for bio-
fuel production plants that could increase farm income; the use of recycled water in 
agriculture areas with water scarcity problems; the assessment of farmers’ readiness to 
implement precision agriculture practices and the integration of MCDA with other tools 
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like life-cycle assessment analysis to resolve sustainability problems related to the agri-
cultural sector. To give an idea of the dynamic in the applicability of MCDA, the recent 
work by Diaz-Balteiro et  al. (2020) includes a literature review on the application of 
MCDA in the management of land and fisheries resources. They look at 628 papers, 323 
of which are from the agricultural sector.

This literature review indicates that there is a vast body of research involving the use 
of MCDA and a limited body of research on the impacts of different management prac-
tices on vineyards with regard to environmental, social, and economic issues. This work 
proposes a multicriteria decision analysis method as a useful tool for defining sustain-
able agricultural solutions to overcome problems raised by soil legacies and the poor 
quality water bodies caused by the intensive use of nutrients. As far as can be ascer-
tained from the literature review, this is a novel contribution. In fact, vineyard manage-
ment, including N and P issues and the legacy nutrients aspect has never been dealt with 
by an MCDA approach.

Viniculture is one of the most important agricultural practices in Portugal and offers 
high economic and social benefits. However, it is also a culture that can raise important 
environmental impacts (Benedetto, 2013). Laca et al. (2021) argue that in the grape cul-
tivation phase fertilizer use is the main contributor to the environmental impacts and they 
recommend the use of composted organic waste to reduce these impacts in a wine produc-
ing region in northern Spain.

Our approach proposes a set of criteria to evaluate different agricultural practices. They 
are related to environmental issues such as the nitrate accumulated in soils after 30 years 
of following the same agricultural practice, as well as nitrate and phosphate concentration 
in stream water and criteria related to socioeconomic issues like vine yields and costs. The 
soil and water assessment tool (SWAT), developed by the USDA Agricultural Research 
Service is used to compute criteria (Neitsch et al., 2011).

A range of methods is available to resolve the MCDA. Diaz-Balteiro et al. (2020) argue 
that the choice of the MCDA method “is made, in most cases, in a somewhat arbitrary 
way” and there are positive and negative arguments associated with each method. Taluk-
der (2016) considers that, of the different MCDA resolution methods, some are more 
appropriate to agricultural problems, giving the reasons for his statements. These are the 
multi-attribute utility theory (MAUT), the preference ranking organization method for 
enrichment evaluation (PROMETHEE), and the elimination method. Cinelli et al., (2014) 
emphasized that PROMETHEE is one of the most widely used methods to resolve prob-
lems related to sustainability assessments as this is a powerful tool to support decision 
making. They also note that in PROMETHEE the compensation of very good or bad val-
ues associated with every single criterion are eliminated by using preference functions 
with threshold values to ensure the independence of each single criterion in the ranking of 
alternatives.

In this paper, the outranking method, PROMETHEE (Brans et  al., 1986), is used to 
rank different alternative solutions of the problem at hand. This is based on computing 
the degree of dominance of one alternative over all the others by pairwise comparisons. 
This only requires having enough information to state that one alternative is at least as 
good as another (Brans et al., 1986). Other advantages of PROMETHEE are that it is user 
friendly and does not require that criteria are proportionate (criteria given by percentage) 
(Velasquez & Hester, 2013). Supplementary information for decision makers will be pro-
vided by the evaluation of intervals of stability for weighting the criteria and by compar-
ing the results from PROMETHEE with those given by a compensatory method (TOPSIS, 
Hwang et al. (1981)).
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2 � Methodology

2.1 � Outline

The methodology proposed for MCDA implementation is developed through three main 
steps according to Fig. 1.

The main components for accomplishing a multicriteria decision analysis are defined in 
the first step. This comprises establishing the alternatives for the solutions to be adopted, 
the criteria to evaluate the performance of the alternatives, and the set of weights repre-
senting the relative importance given to criteria. In the second step, all the alternatives are 
evaluated using the same criteria. This study considered two types of criteria: environmen-
tal and socioeconomic. They are evaluated by means of the SWAT model and informa-
tion included in some databases. The implementation of these two steps is case dependent 
and it is fully explained in Chapter  3. Finally, the third step involves ranking the alter-
natives. PROMETHEE is used to rank the alternatives and the results are analyzed. The 
stability intervals concept is used and supplementary results, obtained by a compensatory 
method (TOPSIS), are compared and discussed to help decision makers in their choices 
(Chapter 4).

2.2 � PROMETHEE method

The Visual PROMETHEE (Mareschal & De Smet, 2009) method is used to rank the alter-
natives. This method is briefly explained. For a detailed analysis, see Brans and Vincke 
(1985) and Brans and Mareschal (2005). The multicriteria problem is structured with a 
number of alternatives NA and a number of criteria NC. Expression (1) states the multicri-
teria problem considering all criteria to be minimized, but this problem structure can also 
include criteria to be maximized.

where Ck(ai) is the evaluation criterion k for alternative ai.

(1)min
{
C1

(
ai
)
,C2

(
ai
)
, ...,Ck

(
ai
)
, ...,CNC

(
ai
)
|ai ∈ NA

}

1st step
•define alternatives

• agricultural practices
• land use

•define criteria
• soil nitrate accumulation
• nitrate and phosphate in 

streams
• yield
• cost of implementation

•define weights
• weights defined by decision-

makers' preferences

2nd step
•evaluate criteria

• environment impacts (through 
SWAT model )

• socio-economic effects 
(through SWAT model  and 
costs data)

3rd step
•ranking alternatives

• organise criteria values and 
alternatives and set weights

• apply the outranking method 
PROMETHEE and rank 
alternatives

• post analysis: (1) evaluate 
intervals of stability for 
weights (2) supplement  
results with information  
obtained by compensatory 
method and compare results

• integrated analysis of the 
results and presentation of 
well documented possible 
choices to the decision-
makers. 

Fig. 1   Multicriteria decision analysis steps
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The set of NA alternatives 
{
a1, a2, ..., ai, ..., aj, ..., aNA

}
 is evaluated for each of the NC 

criteria 
{
C1(⋅),C2(⋅), ...,Ck

(
ai
)
, ...,CNC(⋅)

}
 . If there is an alternative that optimizes all cri-

teria, it is easy to identify the best option. However, in most cases, there are conflicting 
goals and therefore there is no alternative that optimizes all criteria. In these cases, addi-
tional information is needed to find the best alternatives and suitable tools must be used, 
such as the PROMETHEE method, which is based on pairwise comparisons. These com-
parisons are established by the difference between the evaluation of two alternatives for a 
particular criterion and are computed by means of (2 and 3).

where Pk(ai,aj) is the preference of alternative ai over aj for the evaluation criterion k (given 
by a real number between 0 and 1); Fk is the preference function and dk(ai,aj) is the differ-
ence between evaluations of alternatives ai and aj for criterion k.

The differences dk(ai,aj) computed in (3) are given by the difference between the cri-
terion value Ck for alternative ai and the criterion value Ck for alternative aj and they are 
used to evaluate the preference of alternative ai over aj by means of preference functions 
(Fk) that return real values between 0 and 1. The preference functions assign preferences 
to the best alternatives or no preference if the difference is deemed negligible. For cri-
teria to be minimized, the preference function is computed with the negative difference 
-dk(ai,aj). These preference functions define how comparisons between pairs of alternatives 
are translated into degrees of preference. Six different types of preference functions (Fk) 
can be used in Visual PROMETHEE: Usual, U-shape; V-shape; Level; Linear and Gauss-
ian. Some preference functions are recommended for qualitative criteria, such as Usual, 
U-shape and Level, and others for quantitative criteria (such as the criteria in this work), 
namely, V-shape, linear, and Gaussian. To choose the right preference function for each 
criterion, Visual PROMETHEE includes a preference function assistant (Mareschal, 2013) 
to suggest the use of a particular function. This assistant evaluates the distribution of the 
criteria values of the alternatives in terms of scale, minimum, maximum, range, average, 
standard deviation, and maximization/minimization type to arrive at the preference func-
tion that best fits all these measures. Applying this analysis to the current study leads to 
linear preference functions being suggested by the preference function assistant for the cri-
teria used in this work. The next step is to aggregate the preferences computed in (2) in 
preference indices yielded by (4) and (5), considering all the criteria of the problem.

where �
(
ai, aj

)
 is the preference of alternative ai over aj over all criteria; wk is the weight of 

criterion k and �
(
aj, ai

)
 is the preference of alternative aj over ai over all criteria.

The preference index �
(
ai, aj

)
 evaluates for all criteria, how much ai is preferred to aj, 

and preference index �
(
aj, ai

)
 computes how much aj is preferred to ai. A value close to 0 

for �
(
ai, aj

)
 is associated with a low preference of ai over aj. A value near to 1 for �

(
ai, aj

)
 

(2)Pk

(
ai, aj

)
= Fk

[
−dk

(
ai, aj

)]
∀ai, aj ∈ NA

(3)dk
(
ai, aj

)
= Ck

(
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)
− Ck

(
aj
)

(4)�
(
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)
=

NC∑

k=1

Pk

(
ai, aj

)
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(5)�
(
aj, ai

)
=

NC∑

k=1

Pk

(
aj, ai

)
wk
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indicates a high preference of ai over aj. These indices are used in PROMETHEE to com-
pute two outranking values, the positive outranking value �+(a) in (6) and the negative 
outranking value �−(a) in (7).

where �+(ai) is the positive outranking value of alternative ai and �−(ai) is the negative out-
ranking value of alternative ai.

The positive outranking evaluates the degree (the higher the better ranking) to which the 
alternative ai is outranking all the others. The negative outranking evaluates the degree (the 
lower the better ranking) to which the alternative ai is outranked by all the others. Finally, 
the last step consists of computing the PROMETHEE complete outranking given by (8).

The comprehensive outranking value �(ai) of an alternative ai is determined by the dif-
ference between two indexes: the positive outranking value �+(ai) (which translates the 
strengths of an alternative over all the others) and the negative outranking value �−(ai) 
(which translates the weakness of an alternative relative to all the others). The higher the 
score of ϕ, the better the alternative. For positive 𝜙(ai) > 0 alternative ai outranks all the 
alternatives more, in all criteria, and negative 𝜙(ai) < 0 alternative ai is outranked more by 
all the alternatives, in all criteria.

3 � Case study

3.1 � Study area

The São Lourenço basin is a 6.20 km2 agro-forested catchment in the Anadia municipal-
ity, Aveiro district, north-central Portugal (Fig. 2). As part of an important wine region—
the Bairrada—vineyards are the dominant land cover in São Lourenço, occupying 44% of 
the basin. The remaining area is mostly covered by maritime pine plantations (27%) and 
annual rain-fed crops (18%), namely maize, potato, and pasture, and to a lesser extent by 
eucalyptus plantations (3%), permanent pastures (3%) and mixed pine and eucalyptus for-
ests (2%) (Serpa et al., 2015, 2017). The climate of the basin is typically Mediterranean 
with oceanic influence (Köppen, Csb; Dinis et al., 2012), being characterized by mild and 
wet winters and warm and dry summers. The average annual rainfall and temperature in 
the study area are 925 mm and 15.7 °C (SNIRH, 2014). Elevations range from 40 to 100 m 
a.s.l. and slopes are gentle (< 5%) (Serpa et al., 2015, 2017). Vineyard soils are predomi-
nantly Humic Cambisols, with high depth and high organic matter content (Serpa et al., 
2015, 2017), but there are also vineyards being cultivated on Chromic Luvisols and Cal-
caric Cambisols (DGADR, 2013).

The São Lourenço experimental catchment was instrumented in 2012 within the scope 
of a nationally funded project—VITAQUA (PTDC/AAC-AMB/112438/2009). The main 
goal of the VITAQUA project was to assess the potential impacts of climate change on 

(6)�+(ai) =
1

NA − 1

∑

j∈NA,j≠i

�
(
ai, aj

)

(7)�−(ai) =
1

NA − 1

∑

j∈NA,j≠i

�
(
aj, ai

)

(8)�(ai) = �+(ai) − �−(ai).
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aquatic ecosystems under intensive agricultural pollution (Serpa et  al., 2015, 2017). A 
hydrometric station was installed at the catchment outlet, consisting of a water level sen-
sor and an ISCO3700 automatic sampler, which was triggered by the water level sensor 
through a CR200 datalogger (Campbell Scientific®) to collect samples for water quality 
analysis. Aside from the hydrometric station, 2 automatic (Pronamic Professional Rain 
Gauge with 0.2 mm resolution) and one totalizer rainfall gauges were also installed at the 
catchment. The reason for selecting this catchment was because it is dominated by vines, 
which is known to be a crop highly dependent on agrochemicals and therefore likely to 
pose a risk of contamination to both surface water and groundwater. Further research was 
carried out within and in the immediate surroundings of São Lourenço in the framework 
of the EU-funded MASCC (ARIMNet2, grant 618,127) and ISQAPER (EU Horizon 2020, 
Grant No. 635750) projects. This includes a study of the effects of different management 

Fig. 2   The São Lourenço basin
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practices on vineyard soils (Ferreira et  al., 2018, 2020) and the effectiveness of biochar 
application on reducing overland flow and erosion in vineyards (Vieira et al., 2018).

Although no major environmental issues have been recognized in the São Lourenço 
basin, it is important to identify best management practices because often the impacts of 
intense fertilizer use in vineyard areas might not be immediately reflected in the status of 
water bodies (Van Meter et  al., 2017). As an experimental catchment, São Lourenço is 
an interesting setting that offers the opportunity to discuss comparisons between differ-
ent types of agricultural practices and give insights for future developments in larger areas 
where intensive vineyard cultivation is implemented. Additionally, the findings of this 
study could help us to better understand the issues at stake when the impact of integration 
with other cultures is foreseen in a decision-making process.

3.2 � SWAT model

The SWAT model for the São Lourenço basin developed by Serpa et  al., (2015, 2017) 
was used in the present work. This model has been calibrated and validated using data on 
streamflow, sediments, and nutrients (N and P) collected at plot and catchment scale (Fer-
reira et al., 2018; Serpa et al., 2015, 2017). For this work, the model was warmed up for a 
10-year period to eliminate initial bias and then run for a period of 30 years (1971–2000; 
considered as a reference period), to study the legacy of agricultural practices in the basin. 
Information on agricultural and fertilization practices, i.e., application periods and rates, as 
well as other management operations, was obtained from the data published by the Portu-
guese Ministry of Agriculture (INIA-LQARS, 2000).

The doses recommended by the fertilizers’ manufacturers for the different crops were 
also considered when defining application rates (see Serpa et al., 2017).

In the SWAT model, nitrogen (N) is partitioned into three pools of organic forms (fresh, 
stable, and active N) and two pools of inorganic N forms (ammonium and nitrates). Nitrate 
can be added to the soil by inorganic fertilizers, but it is also a result of soil organic matter 
mineralization and nitrification processes. The main removal pathways of nitrate in soils 
are via plant uptake, denitrification, and leaching. Because nitrate retention in soils is mini-
mal, nitrate is very susceptible to leaching, being transported out of the soils by surface 
runoff and lateral flow (Neitsch et al., 2011).

Phosphorus (P) in the soil is partitioned into six pools in the SWAT model: three inor-
ganics (fresh, active, and stable), and three organics (fresh, active, and stable). Phosphorus 
can be added to the soil by fertilizer, manure, or residue application, and is removed mainly 
via plant uptake, surface runoff, and erosion (Neitsch et al., 2011). In the SWAT model, 
surface runoff is the principal pathway of P export from the basin. Nutrient loadings in the 
model are routed by streamflow and distributed to the watershed outlet. Once in stream, 
processes adopted from the QUAL2E water quality model govern nutrient transformations 
(Neitsch et al., 2011).

3.3 � Alternatives

3.3.1 � Vineyard practices

Winegrowers in São Lourenço, as in most of the Bairrada wine region, usually follow con-
ventional management practices, but in the last decades an increasing number of farmers 
have adopted integrated production practices (Ferreira et al., 2020). Conventional practices 
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in the Bairrada region involve intensive tillage (3 to 5 times per year) with heavy machinery 
(typically a wheeled tractor with a chisel penetrating 20 cm into the soil) and intense use 
of fertilizers (2 foliar fertilizations per year and mineral fertilization of the soil once every 
2 years) and pesticides (Ferreira et al., 2020). Integrated management, on the other hand, 
involves reduced (2 times per year) and shallower chiseling (15 cm depth) to maintain a 
partial soil cover, regulated fertilization rates (2 foliar and manure fertilizations per year) 
and selective application of pesticides, typically according to the guidelines specified and 
updated whenever needed by regional authorities. Given the increasing public awareness of 
product safety, some farmers in the Bairrada region have adopted production systems based 
on biodynamic principles (Ferreira et al., 2020). Biodynamic management relies mostly on 
manual practices, so tillage is only performed sporadically. In this type of cultivation sys-
tem, phytoproducts are typically made from medicinal herbs and/or organic residues (e.g., 
cow manure), being applied once a year to enhance the plant vegetative and reproductive 
growth as well as to increase resistance to pests and diseases (Ferreira et al., 2020).

Conventional vineyards are likely to have a higher environmental impact than integrated 
production and, especially, biodynamic production. This is largely due to the higher mobi-
lization of soils as well as the higher fertilization rates, and frequency of use under conven-
tional practices, which aim to maximize vine production.

3.3.2 � Land use changes

According to the European and Portuguese land use trends, a large decrease in agricul-
tural lands for food production is expected in the future (Serpa et al., 2015, 2017). In São 
Lourenço, traditional agricultural crops such as small vineyards, potatoes, and pastures 
are expected to be replaced primarily by maize (for biofuel production) and by commer-
cial forests (Serpa et al., 2015, 2017). In the present work, an alternative land use change 
was defined, focusing on economic development. In this alternative, the vineyards area 
decreases in the basin since small vineyards are partially replaced by maize, for biofuel 
production, and by eucalyptus plantations, as this is considered a valuable species for the 
paper pulp industry.

Regarding land use changes, replacing vineyards with maize and eucalyptus plantations 
is likely to lead to an increase in nitrogen forms in soils because maize is a crop that makes 
more demands on N fertilization than vines (INIA-LQARS, 2000). The replacement of 
vineyards by eucalyptus plantations, on the other hand, is likely to have had little influence 
on these findings for two reasons: i) only a small fraction of vineyard area was converted to 
eucalypts; ii) eucalyptus plantations are only fertilized with N when trees are planted. The 
higher availability of nitrate in soils is expected to lead to an increase in its concentrations 
in stream water since this N form is very susceptible to leaching, and is transported both by 
surface runoff and lateral flow (Neitsch et al., 2011). Phosphorus concentrations in stream 
water are expected to be practically unaffected by vineyard conversion because maize P 
requirements are not substantially different from those of vineyards.

Given these vineyard management practices as a reference, three alternatives are pro-
posed based on the integrated, conventional, and biodynamic practices previously detailed. 
Another alternative was also considered, using integrated vineyard management practices 
as reference, which consisted of altering the land use by replacing the potato and pasture 
areas with an extra 98% of maize cultivation, and increasing the eucalyptus plantations by 
190%, while decreasing the vineyard area by 16%.
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3.4 � Criteria definition and evaluation

The São Lourenço basin is partially located over the Bairrada karst, a system that has two 
main aquifers originating from Jurassic limestone (Almeida et al., 1998). As a result of the 
high infiltration rates and fast water flow through the karstic structures, the aquifers are 
extremely vulnerable to pollution and have a very low ability for self-purification (Almeida 
et al., 1998). As nitrates are highly vulnerable to leaching (Neitsch et al., 2011), they can be 
used as a proxy for evaluating the potential impacts of agriculture fertilization on ground-
water quality in the São Lourenço basin. Their accumulation in soils due to agricultural 
practices is an important environmental criterion to be evaluated.

The impacts of agricultural practices on stream water quality can be evaluated from 
nitrate and phosphate water concentrations since inorganic N forms are readily available 
to primary producers and therefore likely to cause eutrophication of water bodies. There 
are established threshold quality levels for nitrates and phosphates for multipurpose surface 
waters because of the relevance of these criteria when evaluating the status of water bodies.

As Portugal is the fourth largest wine producer in Europe (Ferreira et al., 2018), vine 
yield is a criterion of unquestionable relevance for this work since it directly reflects into 
the economy of the region. In Portugal, vine production has been reported to vary between 
5 and 30 tons/ha depending on edaphoclimatic conditions, cultivation techniques, and the 
purpose of the production, i.e., grape or wine production (ADP, 2021).

As an additional criterion, the cost of each alternative described above is also consid-
ered. The cost of maintaining the vineyard over the year is related to tillage, fertilization, 
herbicide, phytosanitary treatments and weed cuts (for the biodynamic alternative), prun-
ing, interventions in the vegetation growth phase, and the grape harvesting. The cost break-
down is based on the works of Garrido and Mota (2011) and Rúbio (2013).

For this work, SWAT was used to simulate the reactions, accumulation, and transporta-
tion processes of nutrients as well as to estimate crop yields. Details regarding the model 
application, i.e., calibration, validation, and performance evaluation, to the São Lourenço 
basin can be found in Serpa et al. (2017). The model was used to simulate the four alterna-
tives described in the previous section. From the SWAT outputs, those related to NO3–N 
legacies in soils after 30 years of using the same agricultural practice (kg/ha), as well as the 
average values of NO3–N, PO4–P stream concentrations (mg/L), and vine yield (t/ha) dur-
ing the same period were selected to compare the different alternatives. The average annual 
cost value was also determined.

3.5 � Weights

An MCDA analysis entails defining a set of weights expressing the relative importance 
given to the criteria. Weights, in a real-world case study, would embody the opinions of 
decision makers. Although this is an academic study (still considering many of the features 
of practical problems addressed in this field), the perspectives found in the literature to deal 
with decision making in the agricultural sector are used here to address this issue. There-
fore, a sensitivity analysis of the impacts of the weights has to be promoted. To this end, 
four weight sets (WSs) are proposed in Table 1. WS1 and WS2 assign more importance to 
the environmental group of criteria allotting them a value of 0.8 (and 0.2 to the socioeco-
nomic criteria). WS1 privileges the NO3–N component (soil NO3–N and stream NO3–N, 
with 0.35 for each one) and WS2 emphasizes PO4–P (0.7). For the socioeconomic criteria 
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(vine yield and costs criteria), weights of 0.1 were assigned in these two weight sets. In 
WS3 and WS4, the importance of environmental criteria is reduced (soil NO3–N, stream 
NO3–N, and stream PO4–P) to an overall value of 0.2 (equally distributed among these cri-
teria, each with the value of 0.067). Then, in WS3 and WS4 a total value of 0.8 is assigned 
to the socioeconomic criteria. In WS3, the highest importance is given to vine yield (0.5), 
and in WS4, the cost criterion has the highest weight (0.5).

4 � Results and discussion

4.1 � Evaluation matrix

The alternatives presented in Sect. 3.3 are synthesized and depicted in the first and second 
columns of Table  2 (“Integrated,” “Conventional,” and “Biodynamic” agricultural prac-
tices and a possible new one, “Land use”) and are evaluated against all the criteria defined 
in Sect. 3.4. The SWAT model was used to evaluate environmental criteria (soil NO3–N 
accumulation, NO3–N and PO4–P concentrations in the stream) and the socioeconomic cri-
terion (vine yield). The other socioeconomic criterion, costs, was picked from references 
already mentioned in Sect. 3.4. The results are shown in columns 3–7 of Table 2.

From Table 2, the most expensive alternative is conventional and the least costly is bio-
dynamic as this alternative only considers one manure fertilization per year and there is 
no tillage, which also decreases costs. As land use and integrated consider the same vine-
yard practices, the cost per hectare of these alternatives is very similar and roughly 12% 
less than that of conventional and 8% higher than the cost of biodynamic. Conventional 
is the most expensive alternative, but also has the highest vine yield (52.6% higher than 
biodynamic and 6.6% higher than integrated). The yield of this alternative is associated 
with the application of more fertilization than happens with the other alternatives. Bio-
dynamic has the lowest vine yield, but this is also the alternative with the best criteria 
values of soil NO3–N, stream NO3–N, and stream PO4–P. As expected, the worst option 
for environmental criteria is conventional, showing a 73.89% increase in NO3–N accumu-
lation and an average increase in stream water concentrations of NO3–N and PO4–P of 
152.74% and 257.14%, respectively, relative to the biodynamic alternative. Conventional 
also shows an increase of 42.9%, 99.46%, and 92.31% for the same parameters with regard 
to the integrated alternative. As expected, the land use alternative (Sect. 3.3) gave rise to 
a small increase in environmental impacts with regard to NO3–N accumulation in soil and 
NO3–N stream water concentration. Phosphorous in stream water is practically unaffected. 
A decrease in the vine yield was noticed.

It is worth mentioning that an alternative where the whole São Lourenço basin was used 
just for vineyard development would lead to higher values of phosphorus components than 

Table 1   Weight sets (WSs) assigned to criteria

Weights Soil NO3–N Stream NO3–N Stream PO4–P Vine yield Costs

WS1 0.35 0.35 0.1 0.1 0.1
WS2 0.05 0.05 0.7 0.1 0.1
WS3 0.067 0.067 0.067 0.5 0.3
WS4 0.067 0.067 0.067 0.3 0.5
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the legally acceptable limits for the conventional alternative practice (in stream the limit 
is 0.21 mg L−1 and the value obtained was 1.45 mg L−1). Even the integrated alternative 
would drive the NO3–N in the soil to an increase of 32% and in the stream to an increase of 
43.2%. As mentioned in Sect. 3.1, São Lourenço is an experimental setting; however, based 
on all the information gathered up to now, it is clear that scaling-up the intensive use of 
land areas to vineyard cultivation should be carefully planned and the conclusions of this 
study can give insights to future work.

The PROMETHEE method is used to rank the alternatives. Weights were already 
defined in Sect. 3.5, for use with this method, to express the relative importance assigned 
to each criterion. A sensitivity analysis is also carried out to ascertain the effects of the four 
weight sets proposed.

4.2 � PROMETHEE results

The Visual PROMETHEE program (Mareschal, 2013) is used to rank the alternatives 
for the four weight sets, according to the Phi value (ϕ) (using PROMETHEE II), and the 
results are presented in Table 3. The positive Phi+ (ϕ +) and negative Phi- (ϕ-) outranking 
values are also included (using PROMETHEE I).

The results in Table 3 show that if the highest weight is attributed to soil NO3–N leg-
acy and stream NO3–N concentration (WS1) or to the stream PO4–P concentration criteria 
(WS2), the best option is the biodynamic and the worst is the conventional. The biody-
namic alternative combines the best Phi+ and Phi- values, for both WSs. The opposite can 
be said for the conventional option with the worst values for Phi+ and Phi-. These partial 
outranking Phi+ and Phi- values give additional confidence to the rankings of the alterna-
tives. For WS1 and WS2, the best option is biodynamic because this alternative guarantees 
the minimum concentrations of nitrates and phosphates in the São Lourenço basin. Con-
ventional should not be an option if the main objective is to improve the soil and water 

Table 3   Rankings by 
PROMETHEE

Rank Alternative Phi Phi+  Phi-

WS1 1 Biodynamic 0.4238 0.5147 0.0909
2 Integrated 0.2198 0.3269 0.1071
3 Land use 0.1058 0.2699 0.1641
4 Conventional − 0.7493 0.0551 0.8045

WS2 1 Biodynamic 0.4323 0.5232 0.0909
2 Land use 0.1754 0.2995 0.1241
3 Integrated 0.1358 0.2797 0.1439
4 Conventional − 0.7435 0.0551 0.7986

WS3 1 Integrated 0.1848 0.3040 0.1192
2 Land use 0.1319 0.2776 0.1457
3 Biodynamic − 0.1531 0.3011 0.4541
4 Conventional − 0.1637 0.2754 0.4391

WS4 1 Integrated 0.1601 0.2916 0.1316
2 Biodynamic 0.1532 0.4257 0.2725
3 Land use 0.1335 0.2783 0.1449
4 Conventional − 0.4468 0.1652 0.6120
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quality by reducing the nutrient loads. For WS1, the integrated option comes in second 
place and in WS2, land use occupies the second position. Land use being second in WS2 
is related to the better value of the stream PO4–P criterion of this option (0.12), compared 
with the integrated alternative (0.13), and in WS2, the highest weight is attributed to stream 
PO4–P. The best ranked for WS3 and WS4 is the integrated alternative, and conventional 
is last. In WS3, the highest weight is attributed to vine yield. The integrated option pre-
sents the second-best yield (15.18 t/ha), being lower than the conventional yield (16.47 t/
ha). However, the integrated practice alternative is better in all other criteria compared to 
conventional alternative. In WS4, the highest weight is attributed to costs. Biodynamic has 
the best cost but comes in second position. This is because biodynamic has the lowest vine 
yield (10.79 t/ha) of all alternatives, which tends to decrease its ranking if some impor-
tance is given to the vine yield criterion. In WS4, the weight value of 0.3 value is attributed 
to vine yield.

4.3 � Sensitivity analysis of weights attributed to criteria

The results of multicriteria decision analysis are influenced by the weights attributed to 
criteria. Defining these weights is always a challenging process. The Visual PROMETHEE 
software used in this work is able to compute stability intervals to understand how an alter-
native ranking is sensitive to the weights (Mareschal, 2013). The stability interval concept 
is defined to measure the amplitude of variation of a weight assigned to a criterion, while 
keeping the same weights for the other criteria, without influencing the ranking of the alter-
natives. This indicates how sensitive a ranking order can be to a criterion weight change.

Table 4 includes the minimum and maximum weights that can be attributed to criteria 
without altering the ranking of alternatives for the four weight sets. The difference between 
these maximum and minimum weights shows to what extent the weights of a criterion can 
be altered without changing the position of alternatives. The larger the stability interval, 
the less sensitive the ranking.

Table 4 shows distinct situations. In WS1, the large stability ranges mean that the rank-
ing of alternatives will be the same for a large range of weights. The stability interval for 
the weights of the soil NO3–N and stream NO3–N includes the largest possible range (= 1). 
This means that the variation of one of these criteria weights will not impact rankings. 
The vine yield weights have narrow stability intervals in WS1 as well as in other WSs, 
going from 0.2782 in WS2 to 0.0172 in WS4. WS2 and WS3 show closer stability intervals 
between criteria and WS4 present the narrowest stability intervals. A small change in the 
weights of this criterion in such a circumstance will alter the ranking position of alterna-
tives. Therefore, for a real-world problem, stability intervals are an issue for decision mak-
ers that should drive them to a thorough analysis of the different solutions involved.

4.4 � Supplementary analysis with TOPSIS

In the two weight sets WS3 and WS4, the partial outranking values Phi+ and Phi- are not 
following the ranking positions of alternatives given by the complete outranking value Phi 
(Table 3). Land use includes the third best Phi+ value (0.2776) in WS3 and is in second 
position and the biodynamic alternative has the third worst negative Phi- value (0.2725) 
in WS4, but is in second position. A further analysis can be made to assess situations in 
which the partial outranking order is different from the order provided by Phi.
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As already stated, Phi is given by the sum of the positive Phi+ with the negative Phi- 
and the single value Phi computed for each alternative makes it possible to compare all 
alternatives. According to Brans and Mareschal, (2005), the ranking defined by Phi could 
be controversial if the partial positive Phi+ and negative Phi- values fall in non-comparable 
situations. An example of this is the case of biodynamic in WS4. This alternative includes 
the best value Phi+ (0.4257) outranking value but includes the second worst value for Phi- 
(0.2725). In this case, the information provided by the partial outranking can raise some 
doubts and a supplementary analysis could bring new insights to the decision makers. In 
fact, these situations occur in rankings for WS3 and WS4 (Table 3).

A supplementary analysis will be performed by a different MCDA method (TOPSIS), 
belonging to the family of compensatory methods, to provide further information about 
these non-comparable situations in terms of the partial outrankings. The TOPSIS method 
was proposed by Hwang et al. (1981) and is a widely used method for resolving MCDA. 
Çelikbilek and Tüysüz (2020) argue that TOPSIS is a simple and easy to use method that 
can be applied to complex problems. TOPSIS is a stepwise procedure with 6 steps. The 
first step is used to normalize the decision matrix. The second step consists of multiply-
ing the values in the normalized decision matrix by the criteria weights. In the third step, 
the positive ideal and negative ideal solutions that contain the best values and the worst 
values, respectively, for all criteria are obtained from the weighted normalized matrix. 
In the fourth step, the distance of each alternative to the ideal and anti-ideal solutions is 
determined. In the fifth step, the relative closeness coefficients Clc are computed using the 
distance measures of the fourth step and finally, in the sixth step, alternatives are ranked 
according to the Clc value in descending order. The best options are those with coefficients 
close to 1. The TOPSIS method was applied to the criteria values of Table 2 and for WS3 
and WS4. The results are in Table 5.

The rankings obtained by TOPSIS for WS3 and WS4 are different from those of PRO-
METHEE. These methods have different structures. PROMETHEE evaluates each alterna-
tive by pairwise comparisons over the other alternatives and TOPSIS uses a concept to 
rank alternatives based on the distance of each alternative to positive ideal and negative 
ideal solutions.

For WS3, the biodynamic alternative is in the last position in TOPSIS and it is in 
the penultimate position in PROMETHEE. This can give further confidence for deci-
sion making that biodynamic is not a good option when a high weight is assigned to the 
yield criterion. In PROMETHEE this alternative has the worst value for Phi- (0.4541) 
due to the worst yield criterion and is also balanced with a high value for the positive 
Phi+ (0.3011) associated with the best value for cost and minimum concentrations of 
nitrates and phosphates criteria, which tend to improve its rank position. These high val-
ues for Phi+ and Phi- are usually associated with alternatives with extreme criteria val-
ues. PROMETHEE evaluates each alternative by pairwise comparisons as demonstrated 

Table 5   Rankings by TOPSIS Rank WS3 WS4

Alternative Clc Alternative Clc

1 Integrated 0.732 Integrated 0.716
2 Land use 0.696 Land use 0.693
3 Conventional 0.578 Biodynamic 0.507
4 Biodynamic 0.422 Conventional 0.493
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in Sect. 2.1 and this tends to decrease the influence of these extreme values for criteria. 
In TOPSIS, the extreme worst values for criteria increase the distances to a positive 
ideal solution, and that lowers its ranking. In fact, the integrated and land use alterna-
tives have the same ranking position in PROMETHEE and TOPSIS for WS3 and these 
are alternatives without extreme values for criteria.

For WS4, the biodynamic is the third option for TOPSIS and it is in the second posi-
tion for PROMETHEE (Table 3). In WS4, the highest weight is attributed to costs (0.5), 
but some importance is also attributed to yield criteria (0.3). TOPSIS reduces the rank-
ing of the biodynamic due to value of yield of this alternative, which increases the dis-
tance to positive ideal and decreases the distance to the negative ideal solution. There 
is not enough compensation for being maintained in the position obtained in PRO-
METHEE due to the good value of Phi+ (mainly because, in this case, this alternative 
has the best value of costs). In fact, in terms of the PROMETHEE partial rankings, this 
alternative comes in third position (the same as TOPSIS) for the negative Phi- partial 
ranking and in the first position for positive Phi+ partial ranking. For WS4, the same 
best (integrated) and the same worst (conventional) alternatives are determined by TOP-
SIS and PROMETHEE. Integrated is a well-balanced alternative without extreme val-
ues for criteria and both methods assign the same position to this alternative; this is also 
the best option according to negative Phi- partial ranking of PROMETHEE. Conven-
tional is the alternative with the worst value for cost criterion and in TOPSIS this tends 
to increase the distance to a positive ideal solution. This alternative is also the worst 
option in terms of Phi+ and Phi- partial rankings in PROMETHEE.

The rankings of alternatives for WS4 of TOPSIS are equal to the rankings pro-
vided by PROMETHEE for WS3. In these weight sets, the same overall value of 0.8 is 
assigned to the socioeconomic criteria but in WS3 the highest importance is attributed 
to vine yield and in WS4 to the cost criterion. The TOPSIS ranking is more negatively 
influenced by the extreme value of the biodynamic alternative for the yield criterion 
than PROMETHEE, and therefore giving a lower weight to the yield criterion in WS4 
relative to WS3 can be translated in the same ranking of the TOPSIS analysis relative to 
PROMETHEE, which is less influenced by the yield criterion value.

TOPSIS has also been applied to WS1 and WS2 and, as expected, the rankings found 
by PROMETHEE were maintained. In these weight sets, the partial outranking Phi+ and 
Phi- of PROMETHEE give the same rankings of the alternatives, too (Table  3), and 
these are the weights with the larger stability intervals (Table 4). Even using methods of 
different families, the rankings of alternatives for WS1 and WS2 remain unchanged. It 
is clear that the conventional alternative is the worst one, even when the highest weights 
are assigned to the criteria where it offers the best performance. It is quite an unbalanced 
alternative. Overall results show that biodynamic and integrated were the alternatives 
that reached the first position four times (biodynamic achieved the first position four 
times when the highest weights were assigned to environmental criteria, and integrated 
did so when the highest weights were assigned to socioeconomic criteria). However, the 
integrated alternative has never been placed in the last position, as happened with bio-
dynamic for WS3 for TOPSIS ranking. Additionally, it has only been ranked in the third 
position once (biodynamic occupied this position twice). Biodynamic should be care-
fully considered as an option if environmental issues are of crucial importance. Where 
socioeconomic aspects prevail, integrated vineyard practices could be a good option for 
the São Lourenço basin. However, it can be stated, after the previous analysis, that the 
integrated alternative is the most well-balanced, considering all the criteria and all the 
weights. Integrated and land use sometimes swap their second and third positions, but 
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land use never ends up in a first position. This means that land use changes should be 
carefully evaluated for real-world problems.

5 � Conclusions

A great deal of concern is aroused by the intensification of agricultural production to 
respond to the needs of an increasing world population that is expected to reach 9.7 billion 
by 2050. Additionally, changing food consumption trends in some parts of the world and 
the impact of climate change are creating new challenges. It is clear that problems of soil 
nutrient legacies and poor quality of water bodies are provoked by unsuitable agricultural 
practices. Therefore, sustainable issues should be at the heart of decision-making options 
when it comes to deciding about the most appropriate agricultural practices and land use. 
Decisions in this area are manifold. In fact, the three dimensions of sustainability (envi-
ronmental, social, and economic) are present and there are various stakeholders express-
ing a variety of perspectives. This is why a multicriteria decision analysis (MCDA), an 
organized and coherent way for simultaneously embracing all the issues at stake, has been 
developed in this paper to deal with management practices in vineyards. To the best of the 
authors’ knowledge, vineyard management, including N and P issues and the legacy nutri-
ents aspect, has never been dealt with by an MCDA approach integrated with other sustain-
ability components.

The most important takeaways from this work are related to the findings about the dif-
ferent agricultural practices (conventional, biodynamic, integrated, and land use change) 
evaluated against sustainability criteria (to this end, the important role of the already cal-
ibrated SWAT model should be flagged here), the need for a sensitivity analysis of the 
results for different sets of weights, and the wealth of information gathered if results of dif-
ferent families of MCDA methods are compared.

It is clear that the “Conventional” type of agriculture should not be an option if the 
concerns are about reducing the nutrient loads. Additionally, this is in the last ranking posi-
tion in seven out of eight MCDA attempts using different methods and weight sets. But, in 
contrast, “Biodynamic” should be thoughtfully assessed as a choice if environmental issues 
are critically important in the decision-making process. However, biodynamic presents an 
interesting performance, even when integrating all components of sustainability and the 
socioeconomic aspects prevail. The most well-balanced alternative is the integrated, with 
good performances for both types of criteria. Its environmental features are between biody-
namic and conventional, showing the second-best yield and costs (costs of integrated and 
land use are quite similar). Land use performs quite similarly to integrated. In fact, in this 
case the integrated agricultural practice is used, and only the size of land plots assigned 
to different cultures was changed. The São Lourenço basin is an experimental catchment, 
therefore scaling-up land use changes in future real-world implementations should be the 
subject of an additional assessment.

Even when weights are not definitely established, or some hesitations are expressed, 
MCDA methods include the means for giving insights to decision makers. In fact, results 
can also be analyzed in terms of stability intervals to understand how the alternative rank-
ing is sensitive to the weights. In the present study, it has been concluded that the most 
stable ranking appears when environmental criteria are the most relevant, and the criterion 
that presents the narrow stability interval, for all sets of weights, is the vine yield. So, in 
real-world situations this issue must be well thought-through because this means that a 
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slight change in the weights assigned to this criterion can modify the overall ranking of 
alternatives.

The results provided by the PROMETHEE method, which belong to the family of non-
compensatory methods, are supplemented by TOPSIS results, a compensatory method, and 
therefore they offer further perceptions for the decision-making process. In fact, it is clear 
that this type of analysis is very helpful when the alternatives exhibit extreme values for the 
different types of criteria considered.
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