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ABSTRACT
Finding equilibrium between profitability and environmental impacts poses a fundamental challenge in cropping systems 
management. Identifying trade-offs requires robust tools to reconcile diverse and frequently conflicting objectives, especially 
in low data availability scenarios. This study presents a novel methodological framework combining the outputs of a process-
based crop model with a fuzzy-expert trade-off analysis system in order to perform a structured comparison of alternative crop-
ping systems. Model outputs on soil organic carbon, nitrous oxide emissions, nitrate leaching, and economic return expressed 
as Net Present Value were aggregated using fuzzy logic to inform a composite index (Σi) ranking trade-off performance on a 
scale from 0 (worst) to 1 (best). The framework was applied in a case study in Finland, evaluating nine cropping systems under 
current and future climate conditions. The systems included both crop-based (annual cereals and oilseeds) and livestock-based 
(with temporary grass) rotations, managed conventionally or organically, and varying in fertilization strategy, residue manage-
ment, and tillage depth. The analysis was applied using a balanced weighting scheme and three alternative schemes reflecting 
the priorities of distinct stakeholder categories (young farmers, an agrochemical company, and a Common Agricultural Policy 
paying agency), allowing assessment of how changes in analytical context affect the resulting index. Under current climate 
conditions, the conventional livestock-based system with mixed fertilization and residue retention performed best (Σi = 0.69) 
while the conventional crop-based system relying exclusively on mineral fertilization and residue removal underperformed 
(Σi = 0.30). This latter system experienced the sharpest Σi decline under future climate conditions (Σi = 0.10), while organic 
livestock-based systems exhibited stable outcomes (Σi ~ 0.50). When evaluation criteria were adjusted to reflect stakeholder 
priorities, the framework consistently captured shifts in system rankings. This application illustrates the capacity of the frame-
work to differentiate contrasting systems under harmonized assumptions, supporting its potential transferability particularly 
where long-term site-specific empirical datasets are limited.

1   |   Introduction

Decision-making in agriculture requires balancing input costs 
and resource availability with diverse and often competing 
stakeholders' priorities (Klapwijk et al. 2014; Kanter et al. 2018). 

Reconciling these conflicting objectives is widely recognized 
as a core challenge in the management of agricultural systems 
(Yang et al. 2023; Shi and Umair 2024). Climate change further 
exacerbates these pressures, intensifying trade-offs between 
short-term productivity and long-term sustainability goals.
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Organic farming exemplifies these tensions. While organic 
farming plays a pivotal role in EU strategies within the Green 
Deal, such as the Farm to Fork and Biodiversity initiatives, 
which aim to increase the share of organic farmland to 25% by 
2030 (Billen et al. 2024), its economic viability remains debated 
due to lower and less stable yields and higher labor require-
ments compared to conventional systems (Boix-Fayos and de 
Vente 2023; Knapp and van der Heijden 2018; Smith et al. 2019). 
These challenges underscore the need for robust analytical 
frameworks to assess trade-offs between environmental and 
economic outcomes under changing climatic conditions, be-
yond the spatial and temporal constraints of field trials, while 
accounting for the inherent complexity of agricultural systems 
and the uncertainty of climate projections. Process-based crop 
models partly address this need by dynamically simulating 
cropping system performance under contrasting pedo-climatic 
and management conditions (Timlin et al. 2024). Their outputs 
are commonly combined with econometric assessments (Antle 
and Valdivia 2021; Armatas et al. 2018; Stoorvogel et al. 2004), 
cost–benefit analyses, optimization approaches (Lautenbach 
et  al.  2013), and multi-criteria decision analysis (Radmehr 
et  al.  2022; Deng et  al.  2016), often complemented by partici-
patory processes to incorporate stakeholder perspectives and 
contextual knowledge (Breure et al. 2024; Klapwijk et al. 2014; 
van Wijk et al. 2016). Integrative approaches based on composite 
indicators, typology-based clustering, and fuzzy logic have been 
proposed to synthesize multidimensional outcomes, manage 
uncertainty, and translate expert knowledge into operational 
decision-support tools (Carozzi et al. 2013; Bellocchi et al. 2015; 
Li et  al.  2020). However, although these approaches are often 
used together, combining complex, interdependent model out-
puts and evaluative criteria in a transparent, coherent, and re-
producible way remains methodologically challenging.

To address these limitations, we propose a methodological 
framework that combines a process-based crop model with a 
fuzzy logic-based trade-off analysis system. Specifically, outputs 
from the ARMOSA crop model (Perego et al. 2013), which simu-
lates the effects of alternative management practices and climate 
periods on soil organic carbon dynamics, nitrogen fluxes, green-
house gas emissions, and crop yields (Bancheri et al. 2024), are 
integrated into the Σommit trade-off analysis system (Calone 
et al. 2024, 2025). Within this framework, stakeholder-informed 
weighting schemes are explicitly defined, and fuzzy inference 
(Zadeh 1965; Bellocchi et al. 2002; Bosma et al. 2011; Schiavon 
et al. 2021) is used to aggregate multiple indicators into a trans-
parent and internally consistent comparative assessment. 
This approach enables the evaluation of environmental and 

economic trade-offs across contrasting systems and scenarios 
that would be difficult to investigate through experimental ap-
proaches alone. As a proof of concept, we applied the framework 
to nine organic and conventional cropping systems representa-
tive of boreal conditions in Finland, a region characterized by 
a sustained decline in soil organic carbon stocks (Heikkinen 
et  al.  2013, 2022) and considered critical for climate adapta-
tion (Wiréhn  2018; Wiréhn et  al.  2020). The application illus-
trates how the framework can differentiate system performance 
across climate periods and management strategies, providing a 
structured basis for comparative trade-off analyses in contexts 
where detailed site-specific empirical data are limited.

2   |   Methods

The methodological workflow developed in this study comprised 
three main phases (Figure 1). First (Section 2.1), nine represen-
tative Finnish cropping systems were designed, including five 
crop-based and four livestock-based systems, each implemented 
either under organic farming or conventional management. 
Second (Section  2.2), the ARMOSA model was calibrated and 
used to simulate cropping systems performance under current 
(1999–2022) and future climate periods (2040–2069 and 2070–
2099). Third (Section  2.3), a trade-off analysis was conducted 
using the Σommit index, integrating four components: changes 
in soil organic carbon (SOC), nitrous oxide (N2O-N) emissions, 
nitrate (NO3-N)n leaching, and farm profitability expressed as 
Net Present Value (NPV). The analysis was performed using a 
balanced weighting scheme and three expert-informed narra-
tives: young farmers, agrochemical company, and CAP paying 
agency to reflect contrasting stakeholder perspectives by incor-
porating diverse priorities into the decision-support process.

2.1   |   Study Site and Cropping System Management

The South Savo region of Finland was selected as the test area 
to demonstrate the functioning of the framework. The region 
has been promoting organic farming for over 40 years, with a 
network of local organizations fostering organic practices both 
regionally and globally. This region has been recognized for its 
excellence in organic farming, including being a finalist in the 
2024 EU Organic Awards. The local climate is classified as sub-
arctic (Dfc, Köppen-Geiger) and boreal (Metzger et  al.  2005), 
with annual averages of 4.3°C of temperature and 617 mm of 
cumulated precipitation, peaking in July (73 mm). According to 
Soil Taxonomy, the soil is a sandy Aquic Haplocryod (Yli-Halla 
and Mokma 1999). Texture is loamy sand (76% sand, 20% silt, 4% 
clay) in the Finnish classification system (Yli-Halla et al. 2000), 
with 3.8% organic carbon in the top 0.3 m, declining to 0.8% in 
the subsoil (0.3–1.0 m), a soil C/N ratio of 17, and pH 6.2.

Nine five-year cropping systems were designed to represent 
typical management practices in conventional and organic 
farms in the study area, distinguishing between crop-based 
(C) and livestock-based (L) systems (Table 1). Crop-based sys-
tems included cereals (spring barley, oat, rye, wheat), oilseed 
rape, and meadow hay, with organic systems intercropped 
with fodder pea and ryegrass, the last incorporated as green 
manure. Livestock-based systems consisted of arable cropping 

Highlights

•	 A trade-off framework links process-based simula-
tions with fuzzy logic aggregation.

•	 The framework consistently differentiates farming 
systems across contrasting climate periods.

•	 Temporary grass and organic inputs enhance trade-
off performance under future conditions.

•	 Stakeholder-defined weighting schemes drive context-
adaptive shifts in the trade-off index.
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systems alternating cereal crops (barley and oat) with a three-
year phase of forage crops (fescue and timothy meadow hay), 
with clover incorporation as green manure under organic 
management.

Fertilizer amounts were defined based on regional nitrogen fer-
tilizer sales data (Luke Statistics Database 2025) and applied in 
a single pre-sowing operation in annual crops. In meadow grass, 
fertilization was repeated annually during the active growing 
phase of the meadow. Residue management was varied by either 
retaining (+) into the soil or removing (−) crop residues from the 
fields. Tillage depth was set to 20 cm in conventional systems 
and reduced to 15 cm in organic systems, reflecting common 
practices in the study area. In conventional crop-based systems 
(CC, Table 1), ammonium nitrate was applied either alone (CCM) 
or in combination with slurry (CCMIX, hereafter mixed fertiliza-
tion). Organic crop-based systems (CO) included applications of 
green manure and a meat-bone commercial fertilizer (Ecolan 
Agra, containing 75% of organic matter, N, 8%; P, 4%; K, 8%; S, 
4%) applied either only to oilseed rape (COR, hereafter reduced 
fertilization) or to all the crops in the system (COF, hereafter full 
fertilization). In livestock-based systems, conventional systems 
combined mineral fertilizer and slurry applications (LCMIX), 
while organic systems relied solely on slurry (LOS).

2.2   |   Model Simulations

Simulations were conducted with the ARMOSA process-based 
model (Perego et  al.  2013), which has been widely applied in 
previous studies (Gabbrielli et  al.  2025; Garofalo et  al.  2024; 
Schillaci et al. 2023; Tadiello et al. 2023) and was already cal-
ibrated for Finnish cropping systems (Valkama et  al.  2020). 
ARMOSA reproduces crop development and growth at a daily 
time step with a SUCROS-type light interception and gross 

photosynthesis approach. Soil water dynamics, changes of bulk 
density and hydrological characteristics in response to the till-
age operations, and changes in the soil organic matter are sim-
ulated. Carbon and nitrogen cycles (including mineralization, 
immobilization, nitrification, denitrification, and leaching) are 
simulated with an approach that distinguishes among different 
typologies of crop residues incorporated in the soil and organic 
fertilizers (Perego et al. 2013).

The model was calibrated and validated using official regional 
yield statistics for conventionally managed crops (barley, oat, 
wheat, rye, and grass) from at least 23 years, and for organic pro-
duction (barley, oats, grass, and oilseed rape) from 3 to 9 years 
(Luke Statistics database  2023). The calibration was informed 
by previous studies conducted in Jokioinen (270 km southwest 
from the test area; Valkama et al. 2020). Key parameters cali-
brated included the maximum carbon dioxide assimilation rate 
under light saturation, the N dilution curve, and the water stress 
sensitivity coefficient, selected based on a previous sensitivity 
analysis of ARMOSA outputs (Colombi et  al.  2024). To assess 
the consistency of simulated yield distributions, boxplots were 
compared with statistical yield data in terms of range, central 
tendency, and variability. As in Schillaci et al. (2023), differences 
in central tendency between observed and simulated values 
for each crop were assessed using the non-parametric Mann–
Whitney U test, while differences in dispersion were evaluated 
using Levene's test on the median.

Simulations were performed for the current climate (1999–2022) 
and for two future periods (2040–2069 and 2070–2099), hereafter 
referred to as the baseline, 2050 and 2080 periods, respectively, 
for simplicity. Daily maximum and minimum temperature (°C), 
precipitation (mm), and global solar radiation (MJ m−2 day−1) 
data were collected from a weather station in Mikkeli, South Savo 
(61°41′ N, 027°16′ E, 85 m asl), while future climate periods were 

FIGURE 1    |    Methodological workflow developed in this study. Boxes provide references to the corresponding subsections in Section 2.
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based on the Representative Concentration Pathway 4.5 obtained 
from the HadGEM2 global climate model (Collins et al. 2011) ac-
cessed via the BonaRes repository (Fronzek et al. 2024). Compared 
to the baseline period (Figure 2), the mean annual temperature 
and precipitation are expected to increase by 2.9°C and 40 mm in 
2050, and by 3.3°C and 67 mm in 2080. Temperature increases 
are observed across all months, with relatively higher values in 
March, April, August, and October. Precipitation changes exhibit 
a seasonal pattern, with increases concentrated in winter months 
(September–January and March–April), while late spring and 
summer show declines (May–August under the 2050 scenario 
and May–July under the 2080 scenario).

ARMOSA outputs were used to calculate the four com-
ponents used as input to the trade-off analysis systems, 

hereafter referred to as trade-off components: SOC changes 
(kg ha−1 year−1), N2O-N emissions (kg ha−1 year−1), NO3-N leach-
ing (kg ha−1 year−1), and the NPV (€ ha−1 year−1; Arshad 2012). 
The annual SOC changes were calculated as the difference be-
tween final and initial soil total stable carbon (0.3 m depth) di-
vided by the number of simulated years. N2O-N emissions were 
expressed as average annual fluxes, calculated as the cumula-
tive N2O-N emissions from nitrification and denitrification pro-
cesses (0.3 m depth) over the simulation period divided by the 
number of simulated years. The mean annual NO3-N leaching 
was quantified at the soil bottom profile (1 m depth) as the cu-
mulative leached NO3-N divided by the number of simulated 
years. According to Arshad (2012), the NPV represents the sum 
of all future cash flows discounted to their present value. The 
NPV of each of the nine management schemes was estimated as 

TABLE 1    |    Management scheme of simulated 5-year crop-based (C) and livestock-based (L) systems under conventional (C) and organic (O) 
management, with details on residue management and the amount of inorganic and organic fertilization applied.

Farm type Acronym Residues
N fertilization 
(kg ha−1 year−1) Year 1 Year 2 Year 3 Year 4 Year 5

Crop based 
(C)

Conventional management (C)

CCM+ Retained Crop:
80 mineral

Hay:
120 mineral

Barley Oilseed 
rape

Oat Meadow 
hay

Wheat

CCM− Removed

CCMIX+ Retained Crop:
40 slurry+
40 mineral

Hay:
80 slurry+
40 mineral

Organic management (O)

COR+ Retained Oilseed rape:
40 Ecolana

Other crops:
No fert.

Barley +
Pea

Oat
+

Pea

Ryegrass 
+ clover as 

green manure

Rye Ryegrass as 
green manure

COF+ Retained Oilseed rape:
40 Ecolan

Rye:
40 Ecolan

Barley/oat – pea:
30 Ecolan

Oilseed rape

Livestock 
based (L)

Conventional management (C)

LCMIX+ Retained Crop:
40 mineral+

40 slurry
Hay:

80 mineral+
75 slurry

Oat Timothy–fescue hay Barley

LCMIX− Removed

Organic management (O)

LOS+ Retained Crop:
80 slurry

Hay:
155 slurry

Oat Timothy–fescue hay + clover Barley

LOS− Removed

aEcolan Agra, a meat-bone commercial fertilizer.
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the sum of the annual gross margins over the simulation period, 
discounted at a fixed annual discount rate (Equation 1):

where GMc,t is the gross margin of each crop c at time t, n 
is the number of crops in each cropping system, and i is the 
discount rate. The discount rate was set to 6%, reflecting the 
average annual return of the Helsinki stock exchange from 
1921 to 2020, adjusted for typical transaction costs faced by 
small-scale investors such as farmers (Pörssisäätiö 2023). The 
gross margin for each crop was estimated as the sum of crop 
production and subsidies minus the crop-specific variable 
costs (Equation 2).

The production inputs per hectare used to calculate gross mar-
gins were provided by ProAgria, a Finnish rural consultancy 
organization (ProAgria 2021). Subsidies were calculated under 
the assumption that farmers receive all basic subsidies. Crop 
prices were obtained from ProAgria (ProAgria 2021) and VYR, 
the Finnish Cereal Committee, which publishes national statis-
tics on cereal prices (VYR 2025). In the case of livestock-based 
systems, only crop production was considered, assuming that 
dairy farms derive monetary value from the amount of grass 
grown for cattle feeding. A market price for baled grass silage 

was assumed based on Doyle et al. (2024). The NPV under future 
climate periods was estimated using yield projections generated 
by the ARMOSA model, while keeping input data constant, 
as no reliable estimates for future prices or interest rates were 
available. Yields, prices, costs, subsidies and production inputs 
per each cropping system are provided in Tables S1–S7.

2.3   |   Trade-Off Analysis

The trade-off components were analyzed using the fuzzy logic-
based framework developed by Calone et al. (2024) within the 
EJP-Soil ΣOMMIT project (Sustainable management of soil 
organic matter to mitigate trade-offs between C sequestration 
and nitrous oxide, methane, and nitrate losses). This system 
integrates the four trade-off components into a composite met-
ric, the Σommit index (Σi), ranging from 0 (worst trade-off) to 1 
(best trade-off).

The analysis was applied separately under current and future cli-
mate periods. Four weighting schemes were considered to assess 
the sensitivity of the index to contrasting priority settings. These 
included a balanced scheme with equal weights attributed to the 
four trade-off components (narrative 0) and three alternative 
narratives representing hypothetical stakeholder profiles: young 
innovative farmers (narrative 1), a multinational agrochemical 
company (narrative 2), and a national Common Agricultural 
Policy paying agency (narrative 3). These stakeholder narratives 
were implemented through a role-based expert elicitation pro-
cess described in Calone et  al.  (2024, 2025), involving 60 soil 

(1)NPV =

∑n

c
GMc,t

(1+ i)t

(2)

GMc,t = yieldc,t × pricec,t + subsidiesc,t − variable costsc,t

FIGURE 2    |    Monthly mean (A) temperature (°C) and (B) cumulated precipitation (mm) under the baseline period (1999–2022, light-gray) and fu-
ture periods (2050, gray; 2080, black) for Mikkeli, South Savo region of Finland. Error bars represent the standard deviation across years (n = 24 for 
baseline, n = 31 for future periods) for temperature and precipitation, respectively.
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science experts who assigned weights to each trade-off compo-
nent by adopting the perspective of each stakeholder profile.

To evaluate how variability in expert-derived weights within 
each narrative propagates to the Σi, the 10th and 90th percen-
tiles of the distribution of weights assigned to each trade-off 
component were extracted (Table 2), rescaled (0–100) and cross-
combined, resulting in 16 distinct weighting schemes per narra-
tive. Two additional schemes based on the mean and mode of the 
weight distributions were included, yielding a total of 18 differ-
ent weighting schemes per narrative. The Σi was then computed 
across all schemes, and its sensitivity to variations in weight 
distributions was described using the median and interquartile 
range of the resulting Σi values.

The detailed description of the fuzzy logic aggregation meth-
odology, including the design of the membership functions, 
rule base, stakeholder narratives, and corresponding weighting 
schemes, is provided in Calone et al. (2024, 2025). All analyses 
were conducted using the RStudio environment, using the sets R 
package (Meyer and Hornik 2023).

3   |   Results

Figure 3 shows the distribution of simulated yields for each crop 
alongside the corresponding observed statistical values used for 
model calibration. Despite some discrepancies, particularly in 
the distribution tails, the simulated values reproduced the ob-
served central tendencies and ranges with reasonable agreement 
across most crop types. Statistical tests indicated no significant 
differences in central tendency (Mann–Whitney U test, p > 0.05) 
for any crop. In contrast, variance differences (Levene's test on 
the median, p < 0.05) were detected for conventional barley, oat, 
and wheat, where simulated yields displayed greater dispersion 
than observed yields.

3.1   |   Impact of Management Strategies 
and Climate Periods on the Trade-Off Components

Figure  4 presents the simulated trade-off components for the 
nine cropping systems under the baseline climate conditions, 
with projected changes in 2050 and 2080.

3.1.1   |   SOC Change

Under baseline climate conditions, livestock-based systems (L) 
generally exhibited more favorable SOC dynamics than crop-
based systems (C, Figure 4A), with LOS+, LOS–, and LCMIX+ gain-
ing 0.15%, 0.07%, and 0.03% year−1, respectively, corresponding 
to increments of 164, 78, and 31 kg ha−1 year−1, while LCMIX- ex-
hibited a slight SOC decline (−0.08% year−1). Among crop-based 
systems, the greatest SOC depletion was observed in CCM–, with a 
0.30% decline (−311 kg ha−1 year−1), while CCMIX+ yielded a small 
positive increase (+ 33 kg ha−1 year−1). Organic cropping systems 
showed less pronounced SOC reductions than their conventional 
counterparts (COR+ = −0.08%; COF+ = −0.04%).

Under future climate conditions, livestock-based (L) systems 
experienced lower SOC losses than crop-based (C) systems. 
LOS± maintained a positive ΔSOC by 2080, LCMIX+ shifted from 
positive to slightly negative values, while LCMIX– continued to 
decline. In crop-based systems, CCM– showed the largest de-
cline (−0.41%) by 2080, followed by CCMIX+ (−0.33%) and CCM+ 
(−0.28%). Organic systems (COR+, COF+) also became increas-
ingly negative, reaching ∆SOC values below −0.20%.

3.1.2   |   N2O-N Emissions

Under baseline climate conditions, livestock-based sys-
tems (L) exhibited higher N2O-N emissions than crop-based 

TABLE 2    |    Mean, 10th, and 90th percentiles of the weights assigned by 60 experts to the four trade-off components under three stakeholder 
narratives, from Calone et al. (2024, 2025).

Stakeholder narratives
Trade-off 

components
Narrative 0 
(balanced) Mean weighta 10th percentile 90th percentile

1. Young farmers SOC 25 23 10 30

N2O-N 25 16 10 25

NO3-N 25 17 10 20

NPV 25 44 27 60

2. Agrochemical company SOC 25 18 10 30

N2O-N 25 22 10 30

NO3-N 25 25 11 30

NPV 25 35 10 64

3. CAP paying agency SOC 25 32 25 40

N2O-N 25 24 17 30

NO3-N 25 23 20 30

NPV 25 21 10 30
aGreen, weight is higher than narrative 0; red, weight is lower than narrative 0.
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systems (C, Figure 4B), with LOS– and LOS+ reaching 1.66 and 
1.52 kg ha−1 year−1, respectively. The lowest emissions occurred 
in organic crop-based systems (CO), particularly in COR+ 
(0.41 kg ha−1 year−1), followed by COF+, while conventional 
crop-based systems (CC) showed intermediate emission levels 
(CCMIX+ = 0.79 kg ha−1 year−1; CCM– = 1.21 kg ha−1 year−1).

Future climate projections indicated increasing N2O-N emis-
sions across most systems. The largest increase was simulated 
for COR+ (+86% by 2080). Conventional crop-based systems 
(CC) with exclusive mineral fertilization also showed substan-
tial increases, with peaks of +31% by 2080 in CCM+. In contrast, 
organic livestock-based systems remained more stable with 
LOS– even showing a 15% decrease by 2050.

3.1.3   |   NO3-N Leaching

Under baseline climate conditions, NO3-N leaching was the low-
est in the organic crop-based system with reduced fertilization 
(COR+, 3.7 kg ha−1 year−1, Figure 4C), whereas highest leaching 
was associated with conventional crop-based systems (CCM±, 
~15 kg ha−1 year−1). Organic livestock-based systems (LO) 
showed intermediate values (LOS±, ~11 kg ha−1 year−1), higher 
than those of their counterpart under conventional management 
(LCMIX±, ~7 kg ha−1 year−1).

Future climate conditions led to a consistent increase in NO3-N 
leaching across all systems, with the largest increase occurring in 
crop-based systems (C). COR+ and COF+ increased by 223% and 
107% by 2080, respectively, while CCM– and CCM+ raised by 103% 
and 125%, respectively. The conventional crop-based system with 
mixed fertilization (CCMIX+) showed moderate increases (51%). 
Organic livestock-based systems (LOS±) were less variable, re-
maining stable by 2050 and increasing by ~14% by 2080, whereas 
LCMIX± showed a ~59% increase by 2080.

3.1.4   |   Net Present Value

Under baseline climate conditions, conventional livestock-based 
systems achieved the highest NPV (Figure 4D), reaching 425 and 
400 € ha−1 year−1 in LCMIX– and LCMIX+, respectively. Organic 
livestock-based systems (LOS±) showed lower but comparable 
values (~298 € ha−1 year−1). Among crop-based systems (C), the 
highest NPVs were obtained in organic systems with reduced fer-
tilization (COR+) and in conventional systems with mixed fertil-
ization (CCMIX+), both exceeding 300 € ha−1 year−1. These were 
followed by CCM±, while COF+ showed the lowest value (263 € 
ha−1 year−1).

Under future climate conditions, NPV declined across all 
crop-based systems (C), with the strongest reductions in COF+ 
(−52%), COR+ (−43%), and CCMIX+ (−39%) by 2080. In contrast, 
organic livestock-based systems (LOS±) exhibited moderate 
NPV increases (~3% by 2050 and ~19% by 2080), while conven-
tional livestock-based systems (LCMIX±) showed even stronger 
gains by 2080 (~27%).

3.2   |   Trade-Off Analysis Under the Balanced 
Weighting Scheme

According to the balanced weighting scheme (narrative 0), the 
overall Σommit index (Σi) values for the nine cropping systems 
under current and future climate conditions ranged between 0.10 
and 0.69, with no system achieving either completely adverse 
(Σi = 0) or excellent (Σi = 1) performance (Figure 5). Highest Σi 
values were observed in LCMIX+ (livestock-based conventional 
with mixed fertilization and residue retention), CCMIX+ (crop-
based conventional with mixed fertilization and residue reten-
tion), and COF+ (crop-based organic with full fertilization and 
residue retention), all exceeding 0.58. Intermediate Σi values 
were observed in COR+, LCMIX–, CCM+, and LOS+ (ranging 

FIGURE 3    |    Simulated yield distributions (gray boxplots) and observed statistical yields for the years 1999–2022 (red dots) for each crop under 
conventional and organic management.
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from 0.57 to 0.51), while CCM– (crop-based conventional with 
residue removal) reached the lowest score.

Under future climate conditions, a general Σi decline is pro-
jected across all systems. The steepest reductions occurred in 
the conventional crop-based systems (CCM±), with average 
Σi decreases of 49% and 69% by 2050 and 2080, respectively. 
CCMIX+, COF+, and COR+ also showed marked reductions, 
with Σi values falling below 0.45 by 2080. In contrast, or-
ganic livestock-based systems (LOS±) showed small Σi gains 
(~4%) by 2050, followed by moderate declines by 2080 (~8%). 
The LCMIX– system showed negligible changes, maintaining 
a Σi value of approximately 0.52 across both future periods, 

whereas LCMIX+ exhibited a moderate decline, reaching a Σi 
value of 0.56 by 2080.

3.3   |   Trade-Off Analysis Under 
the Stakeholder-Informed Weighting Schemes

Figure  6 compares Σi values computed under the balanced 
weighting scheme (narrative 0) and the three stakeholder narra-
tives across baseline and future climate conditions.

Conventional livestock-based systems (LCMIX±) were the only 
systems that consistently obtained higher Σi values across all 

FIGURE 4    |    (A) mean rate of SOC change (% year−1), (B) mean N2O-N emissions (kg ha−1 year−1), (C) mean NO3-N leaching (kg ha−1 year−1), and 
(D) Net Present Value (€ ha−1 year−1) for the nine cropping systems, averaged across simulated years within each climate period (baseline: light-
gray bars; 2050: gray circles; 2080: black diamonds). Numbers below the x-axis correspond to bare-soil days per year. Cropping systems are grouped 
into crop-based (C) and livestock-based (L) systems, under conventional (C) or organic (O) management, with residue retention (+) or removal (−). 
Detailed definitions are provided in Table 1.
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climate periods and stakeholder narratives relative to the bal-
anced scheme. In addition, narrative 3 (CAP paying agency) 
systematically increased Σi values for all cropping systems 
across all climate periods. By contrast, under current climate 

conditions, slight decreases in Σi values were observed across 
almost all crop-based systems (C) under narrative 1 (young 
farmers) and 2 (agrochemical company), except for the organic 
cropping system with reduced fertilization (COR+). Similar 

FIGURE 5    |    Σommit index values (Σi) for the nine cropping systems under the baseline period (light-gray bars) and future periods (2050, gray 
circles and 2080, black diamonds) computed under the balanced weighting scheme (narrative 0). Cropping systems are grouped into crop-based (C) 
and livestock-based (L) systems, under conventional (C) or organic (O) management, with residue retention (+) or removal (−). Detailed definitions 
are provided in Table 1.

FIGURE 6    |    Median (points) and interquartile range (IQR, dashed lines) of Σommit index values (Σi) under stakeholder narratives (NT: young 
farmers, agrochemical company, CAP paying agency) compared to values under narrative 0 (NT0, diamonds), across climate periods (baseline, 2050, 
2080). Red points indicate Σi medians lower than narrative 0; green points Σi medians higher than narrative 0. Cropping systems are grouped 
into crop-based (C) and livestock-based (L) systems, under conventional (C) or organic (O) management, with residue retention (+) or removal (−). 
Detailed definitions are provided in Table 1.
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decreases were also observed in organic livestock systems 
(LOS±).

In the 2050 period, the decreasing Σi trend under narrative 1 
and 2 extended to COR+ and CCM–, which obtained lower values 
than in current climate conditions.

In the 2080 period, responses under the same narratives were 
intermediate, with Σi increases maintained for LCMIX± and ad-
ditionally observed for LOS– and CCM±.

4   |   Discussion

4.1   |   Methodological Framework: Rationale, 
Added Value, and Scope for Improvement

Process-based models provide a detailed representation of agro-
ecosystem dynamics, yet their outputs are often challenging 
to interpret collectively, particularly when trade-offs between 
multiple, and sometimes conflicting, environmental and eco-
nomic objectives must be assessed. This study introduces a novel 
framework that integrates the outputs of the ARMOSA crop 
model with the Σommit trade-off analysis system to address this 
limitation. The Σommit trade-off analysis system functions as 
a post-processing layer, aggregating model results into a single 
composite indicator, the Σommit index, through fuzzy logic and 
expert-informed weightings. This integration facilitates a struc-
tured assessment of trade-offs across contrasting management 
strategies and climate periods, thereby translating complex simu-
lation outputs into more accessible decision-support information.

This work extends previous applications of the Σi framework, 
which relied either on static Tier 1 methodology to estimate 
the trade-off components (Calone et  al.  2024) or site-specific 
orchard data (Bregaglio et al. 2024), by coupling the index with 
Tier 2, process-based model outputs that explicitly simulate 
climate–management interactions. ARMOSA was calibrated 
using long-term regional yield statistics, consistent with other 
crop modeling studies (Bregaglio et al. 2023; Ferrara et al. 2010; 
Lawes et al. 2022; Schillaci et al. 2023; Therond et al. 2011), while 
outputs related to SOC dynamics, N2O-N emissions, and NO3-N 
leaching were cross-validated against literature data from Nordic 
environments to ensure plausibility. This approach provides a 
scenario-oriented tool that can operate under data-scarce condi-
tions while maintaining robustness.

The framework does not aim to provide predictive precision at 
the site level but rather supports structured comparative anal-
yses of system-level trade-offs under harmonized assumptions 
(Gabbrielli et al. 2025). While regional calibration limits the res-
olution of local dynamics, it ensures internal consistency across 
scenarios. Consequently, the reported values for SOC, N2O-N 
emissions, NO3-N leaching, and profitability should not be in-
terpreted as site-specific predictions but as illustrative outcomes 
that demonstrate the framework's capacity to discriminate be-
tween contrasting systems and to capture stakeholder-informed 
priorities.

The economic evaluation followed the same rationale. Gross 
margin estimates were derived from current regional data on 

crop prices, inputs, and subsidies and applied as static values 
across scenarios, without accounting for interannual variability, 
potential reforms in subsidy schemes, or market fluctuations, 
nor including revenues from animal-derived products such as 
milk. While these simplifications may lead to underestimation 
of absolute profitability, particularly in livestock-based systems, 
they do not affect the relative comparisons underpinning the 
trade-off analysis.

Finally, the study employed a single climate model and emission 
pathway. While this constraint reduces predictive robustness 
and excludes the variability that could arise from multi-model 
ensembles, it does not compromise the primary objective of 
demonstrating the framework's capacity to integrate process-
based model outputs into a transparent and transferable system 
for trade-off analysis.

Within this scope, the framework is intended for researchers, 
policy analysts, and technical advisors interested in comparative 
and scenario-based evaluations of agricultural systems, rather 
than for operational field-level decision-making by individual 
farmers. Transferability to other European contexts requires a 
defined minimum set of input data sufficient to ensure internal 
consistency of simulations. This includes: (i) continuous daily 
climate forcing from ground-based meteorological observations 
or harmonized gridded datasets (e.g., E-OBS, ERA5), adequate 
to represent long-term temperature and precipitation regimes; 
(ii) basic soil physical and chemical properties at representative 
spatial scales (e.g., texture class, soil organic carbon content, 
C/N ratio, pH), derived from regional soil surveys or European-
scale databases such as ESDAC or LUCAS; and (iii) long-term 
regional yield statistics for the main crops, used, when site-
specific experimental data are unavailable, to constrain average 
system behavior during model calibration. This information is 
sufficient to support realistic simulations of crop productivity 
and soil carbon and nitrogen dynamics and to enable robust rel-
ative comparisons of trade-off components across management 
scenarios and climate periods.

4.2   |   Impact of Management Strategies 
and Climate Periods on the Trade-Off Components

The application of the framework to the Finnish case study 
highlights distinct patterns across systems, differentiating 
their performance under current and future climate condi-
tions. The simulated SOC changes under baseline climate con-
ditions ranged from +0.15% to −0.30% year−1, with net carbon 
gains in organic livestock-based systems, whereas losses were 
associated with crop-based systems. These data are consistent 
with long-term data from Finnish mineral agricultural soils, 
which indicate average SOC declines of −0.35% year−1 (1974–
2009) and −0.40% year−1 (2009–2018) (Heikkinen et al. 2013, 
2022), with slower depletion observed in cropping systems 
based on temporary grass crops rather than annual crops. 
The SOC increase in organic and mixed fertilization systems 
with temporary grass likely reflects the cumulative benefits 
of continuous soil cover, prolonged root persistence, reduced 
tillage intensity, and larger organic matter inputs from live-
stock manure and green manure (Lessmann et al. 2022; Shang 
et al. 2024). Additionally, crop residues retention is known to 
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further reinforce these positive effects leading to the main-
tenance of high soil organic matter levels (Liu et  al.  2023; 
Lu 2020; Piccoli et al. 2020).

N2O-N emissions in this study ranged from 0.41 to 
1.66 kg ha−1 year−1, corresponding to an emission factor close 
to 1% of nitrogen inputs. Nitrous oxide emission factors are 
strongly controlled by climate and water regime, soil prop-
erties, and the form and timing of nitrogen inputs (Cayuela 
et  al.  2017). Under cold boreal conditions, this sensitivity is 
further amplified by pronounced seasonality, freeze–thaw 
cycles (Olesen et  al.  2023), and early spring rewetting often 
leading to emission factors that diverge substantially from 
the generic reference values of 1% (IPCC 2019). In this study, 
the relatively narrow range of simulated N2O-N emissions 
may be attributed to the site's coarse sandy texture and mod-
est annual precipitation, both of which constrain denitrifica-
tion by limiting water-filled pore space (Pihlatie et al. 2004). 
Lowest simulated emissions were observed in the organic 
crop-based system with reduced fertilization, while highest 
emissions were associated with organic livestock-based sys-
tem with temporary grass, due to the higher fertilization in-
puts. The simulated levels of N2O-N emissions align with field 
measurements in Finland for organic (1.4 kg N ha−1, ~1.1% of 
N input) and conventional (1.2 kg N ha−1, 0.7% of N input) for-
age systems reported by Syväsalo et al. (2006), and for cereal-
based conventional systems (0.74–1.2 kg N ha−1, ~0.7%–1.2% 
of N input) reported by Regina et al.  (2021). Our simulations 
highlighted larger emission rates from organic livestock-
based systems (1.5–1.7 kg N ha−1), despite shorter bare soil 
periods (Figure  4), compared to organic crop-based systems 
(0.4–0.8 kg ha−1 year−1). This divergence may reflect distinct 
biogeochemical processes associated with forage leys, which 
have been shown to emit comparable or higher N2O-N than 
cereals or legumes, particularly when manure is the dom-
inant nitrogen source (Petersen et  al.  2006). In this context, 
the larger manure inputs in organic livestock-based systems 
relative to their conventional counterparts likely contributed 
to higher emissions. Unlike mineral fertilizers, manure con-
tains a large proportion of organic nitrogen that mineralizes 
gradually under cool conditions before becoming available 
for crop uptake (Kasimir and Klemedtsson 2002; Lægreid and 
Aastveit  2002). This prolonged nitrogen availability, coupled 
with transient increases in soil moisture, such as in freeze–
thaw cycles or early spring rewetting, can trigger short but 
intense denitrification pulses, contributing to cumulative 
emissions even in well-drained sandy soils (Tesfai 2016).

Simulated NO3-N leaching ranged from 4 to 15 kg ha−1 year−1 
under current climate conditions. The lowest nitrate leaching 
occurred in the organic crop-based system with reduced fertil-
ization, while the highest rates were simulated in the conven-
tional crop-based systems. These values align with those for 
grass ley measured or predicted by the COUP model, which 
varied from 2 to 10–15 kg ha−1 year−1 in Finland (Salo and 
Turtola  2006; Valkama et  al.  2016). Additionally, they corre-
spond with the average NO3-N leaching losses for cereal-based 
rotations under conventional management (10.7 kg ha−1 year−1) 
and under  organic management (8.5 kg ha−1 year−1) reported 
for Finnish conditions (Kostensalo, Lemola, et al. 2024).

As observed for N2O-N emissions, organic management re-
duced NO3-N leaching in crop-based systems but increased it in 
livestock-based systems. At comparable fertilization rates, con-
ventional livestock-based systems achieved higher yields and 
nitrogen uptake than their organic counterparts, likely reducing 
nitrate leaching. In contrast, lower yields in organic livestock-
based systems, combined with reduced nitrogen uptake and an 
exclusive reliance on organic fertilizers, likely enhanced off-
season nitrogen mineralization under cold and wet conditions 
(Hansen et al. 2019; Pandey et al. 2018), contributing to greater 
NO3-N leaching. In crop-based systems, conventional manage-
ment involved higher nitrogen fertilization rates than in organic 
crop-based systems (Table 1), which enhanced crop productivity 
(Table  S6) but also increased nitrogen surpluses, thereby con-
tributing to higher simulated NO3-N leaching. Additionally, 
extended periods of bare soil and reliance on annual crops can 
potentially increase drainage (Simmelsgaard 1998), thereby am-
plifying the effects of nitrogen surpluses on nitrate leaching.

Profitability was highest in livestock-based systems, consistent 
with broader trends in Finland (Luke Statistics Database 2024) 
where dairy production benefits from stable milk prices, long-
term contracts, and substantial EU subsidies. In these systems, 
manure recycling also contributes to nutrient self-sufficiency, 
reducing reliance on external fertilizer inputs. The higher prof-
itability of conventional livestock-based systems compared 
with their organic counterparts is mainly explained by higher 
grass yields, which translate into lower variable costs through 
reduced need for purchased feed (Tables S3–S5). By contrast, 
organic livestock-based systems showed lower yields and 
higher production costs, which constrained profitability de-
spite higher subsidy levels (~+25% than conventional systems; 
Tables S4 and S5). This pattern is consistent with the literature 
reporting lower profitability of organic systems under boreal 
conditions, largely driven by yield penalties of ~35% compared 
with conventional systems (Poutala et al. 1994; Korsaeth 2012). 
In crop-based systems, yield reductions under organic manage-
ment were partly offset by higher subsidy amounts (approxi-
mately +30% relative to conventional systems; Tables  S1 and 
S2), resulting in more comparable profitability levels between 
conventional and organic systems. This gap may further nar-
row with the adoption of better-adapted or higher-yielding 
varieties in organic systems, as suggested by recent evidence 
(Grovermann et al. 2022).

Under future climate conditions, all systems showed declining 
SOC balance and increasing N2O-N emissions and NO3-N leach-
ing. These trends are primarily driven by rising temperatures 
and increased precipitation, which stimulate microbial activity 
and accelerate SOC mineralization (Qi et al. 2016), especially in 
Nordic soils where SOC stocks are high (Heikkinen et al. 2022; 
Tao et al. 2023). Concurrently, warming and increased precipi-
tation associated with climate change intensify nitrogen cycling, 
increasing soil nitrogen availability and stimulating nitrifica-
tion–denitrification processes, thereby promoting both N2O-N 
emissions and NO3-N leaching (Butterbach-Bahl et al. 2013; Hui 
et  al.  2024). Conventional crop-based systems emerged as the 
most vulnerable under future climate periods due to their reli-
ance on annual crops, mineral fertilization, deeper tillage, and 
prolonged periods of bare soil. Collectively, these management 
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practices are likely to result in reduced organic matter inputs, im-
pair soil structure and its capacity to retain water and nutrients, 
and increase susceptibility to nitrogen losses, ultimately compro-
mising soil productivity and crop yields (Olesen et al. 2011). The 
observed reduction in the profitability of these systems is con-
sistent with projected declines for cereal yields, primarily driven 
by shorter growing periods and reduced biomass accumulation 
(Olesen et al. 2011; Poggi et al. 2022). In contrast, livestock-based 
systems relying on temporary grass showed greater stability, as 
temporary grass may benefit from future warming through lon-
ger harvest windows and increased forage biomass production. 
These effects can partly offset declining cereal yields, thereby 
contributing to yield stability and improved economic perfor-
mance (Khanal 2023; Thivierge et al. 2023).

4.3   |   Trade-Off Analysis Under the Balanced 
Weighting Scheme

The analysis of the Σommit index under the baseline climate 
conditions revealed that the conventional livestock-based 
system with residue retention achieved the highest Σi score 
(LCMIX+ = 0.69), followed by the conventional crop-based system 
with mixed fertilization and residue retention (CCMIX+ = 0.63) 
and the organic crop-based systems with residue retention (COF+ 
= 0.58, COR+ = 0.57). In LCMIX+, the high Σi reflects a combina-
tion of strong economic performance, limited NO3-N leaching, 
and modest SOC gains. Although N2O emissions were intermedi-
ate, the overall balance highlights the potential of livestock-based 
systems with temporary meadow hay within the rotation, live-
stock manure application and residue retention to sustain pro-
duction while promoting carbon conservation (Jensen et al. 2022; 
Bolinder et al. 2020). In CCMIX+, the relatively high Σi indicates 
a favorable compromise between agronomic and environmental 
outcomes. The combined use of mineral fertilizers and slurry, to-
gether with residue retention, resulted in moderate SOC losses, 
intermediate N2O-N emissions, and comparatively low NO3-N 
leaching with respect to other conventional crop-based systems. 
While profitability was not the highest, it remained competitive, 
suggesting that incorporating organic amendments into conven-
tional systems can reduce environmental impacts (Körschens 
et al. 2013) without compromising economic performance. The 
COF+ system presented a particularly balanced profile, with 
limited SOC losses, low N2O-N emissions, and moderate NO3-N 
leaching. Although associated with lower economic returns, its 
strong environmental performance contributed to reach a favor-
able trade-off value. Close behind, the COR+ system exhibited 
the lowest N-related impacts and limited SOC losses, with inter-
mediate profitability. This performance reflects the joint effect 
of residue retention and green manure application, which sup-
ported soil organic carbon stocks, and low nitrogen inputs, which 
constrained both gaseous emissions and nitrate leaching, while 
economic returns were partly sustained by reduced fertilization 
costs and subsidy support (Table S2).

At the opposite end of the spectrum, the lowest Σi score was re-
corded by the conventional crop-based system with residue re-
moval (CCM− = 0.30). In CCM−, exclusive reliance on mineral 
fertilization combined with residue removal and the absence of 
perennial crops resulted in minimal organic carbon inputs and 
extended periods of bare soil, driving pronounced SOC losses 

and increased NO3-N leaching that could not be compensated by 
the moderate economic returns.

Across future climate conditions, a general decline in Σi values 
was observed, particularly in conventional crop-based systems 
without organic inputs (CCM±), where yield reductions were pro-
nounced. Remarkably, CCMIX+ (conventional with mixed fertil-
ization), despite being the second-best performing system under 
current climate conditions, showed a pronounced decline in Σi 
values under future periods, primarily due to a marked shift in 
SOC dynamics, from modest gains to substantial losses. These re-
sults suggest that, while mixed fertilization can generate favorable 
trade-off configurations under current conditions, it may be in-
sufficient to offset the absence of perennial phases and their asso-
ciated benefits for SOC in conventional annual cropping systems 
under future climate conditions (Crews et al. 2018). A particularly 
noteworthy case is LOS+, which, despite not ranking among the 
top-performing systems under baseline climate conditions due to 
intermediate profitability and elevated N2O-N emissions, is the 
only system that consistently achieved SOC gains across all cli-
mate periods and maintained nearly stable trade-off values over 
time. These patterns reflect the role of perennial phases in increas-
ing carbon inputs, reducing bare-soil periods, and dampening 
climate-driven variability in soil C and N dynamics (Kostensalo, 
Hyväluoma, et al. 2024; Shang et al. 2024).

Consistent patterns have emerged across previous applica-
tions of the Σommit trade-off analysis system that employed 
the same narrative schemes and trade-off components adopted 
in this study, and were based either on a synthetic dataset de-
rived using Tier 1 based methodologies (Calone et  al.  2024) 
or on empirical measurements (Bregaglio et al. 2024). In the 
large-scale assessment by Calone et al.  (2024), based on ~1.8 
million synthetic agronomic case-scenarios with annual field 
crops, Σi values ranged from 0.13 to 0.82; systems integrating 
organic fertilization, green manure, vegetated fallows, and re-
duced tillage consistently achieved the highest scores, whereas 
scenarios relying on mineral inputs, bare fallows, and conven-
tional tillage performed poorly. Similarly, in a Mediterranean 
organic apricot orchard case study (Bregaglio et  al.  2024), 
where the Σi framework was applied to empirical field data 
from three agrobiodiversity-oriented management strategies, 
Σi values ranged from 0.35 to 0.70. Here, strategies involving 
compost application and vegetative cover outperformed others 
by mitigating nitrogen losses and preserving SOC levels, de-
spite reduced productivity.

The convergence of findings across contrasting climates, crop 
types, and management strategies underscores the Σi frame-
work's robustness in capturing trade-off gradients and its reli-
ability as a comparative tool.

4.4   |   Trade-Off Analysis Under 
the Stakeholder-Informed Weighting Schemes

The behavior of the Σommit index under the three different 
narrative schemes, each reflecting distinct stakeholder priori-
ties, highlights how shifts in trade-off components weighting 
affect trade-off assessment. In narrative 1 (young farmers), 
the highest weight is assigned to economic return, reflecting 
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a decision-making orientation in which economic viability is 
a precondition for acceptability (Dessart et  al.  2019), while 
lower importance is given to soil health and nitrogen-related 
losses. Consequently, systems with strong profitability, despite 
moderate environmental trade-offs, such as the conventional 
livestock-based LCMIX–, are perceived as more favorable, re-
sulting in an increased Σi value. This pattern becomes even 
more pronounced under future climate conditions, as the 
profitability of LCMIX– and LCMIX+ improves, leading to an 
upward shift in their relative rankings. Conversely, systems 
with strong environmental performance but lower economic 
returns, such as the crop-based CCMIX+ and COF+, tend to be 
penalized across all time horizons. By 2080, however, even 
CCM+ and CCM– experience a slight increase in their Σi values, 
as their nitrogen-related impacts become relatively less influ-
ential within the narrative 1 weighting structure.

Narrative 2 (agrochemical company) adopts a more balanced 
perspective, assigning relatively high weight to both economic 
return and NO3-N leaching, while giving lower priority to SOC 
and N2O emissions. This reflects a focus on maintaining pro-
ductivity while addressing off-site nitrogen losses, consistent 
with regulatory and reputational concerns surrounding fertil-
izer management (Dobermann et  al.  2022). Under narrative 
2, the ranking of systems largely mirrors the trends observed 
in narrative 1; however, the interquartile ranges are notably 
wider, indicating greater variability in the expert-assigned 
weights within this stakeholder group and a broader distribu-
tion of trade-off analysis outcomes.

Narrative 3 (CAP paying agency) reflects a distinct policy-
oriented narrative explicitly aligned with long-term environ-
mental objectives, such as soil health and climate mitigation 
(Panagos et al. 2022). In this configuration, the highest weights 
are assigned to SOC and N2O emissions, while economic return 
is comparatively downweighted. This narrative prioritization 
favors systems that deliver environmental co-benefits, even at 
the expense of short-term profitability. Accordingly, systems 
such as LOS+ and LOS–, which offer consistent SOC gains de-
spite modest economic returns, see marked improvements in 
their Σi values and perform well across all climate periods. 
Similarly, COR+, which was penalized under narrative 0 in 
2050 and 2080 periods due to its limited profitability, achieves 
higher scores owing to its ability to limit nitrogen losses and 
maintain SOC levels, aligning closely with narrative 3's envi-
ronmental focus.

Different results across narrative schemes confirm the Σi frame-
work's responsiveness to variations in stakeholder priorities, 
supporting its applicability in participatory decision processes 
where evaluation criteria may differ across institutional, eco-
nomic, or policy domains.

5   |   Conclusions

This study presents a methodological framework that integrates 
a process-based crop model with a fuzzy logic–based trade-off 
analysis system for the comparative assessment of agricultural 
systems. The framework is not intended to provide site-specific 

predictive precision, but to ensure internal consistency and com-
parability across scenarios, supporting scenario-based assess-
ments by researchers and policy analysts.

Results indicated that no single system consistently ranked high-
est; instead, outcomes varied depending on the relative impor-
tance assigned to the economic and environmental components 
and on changes in climate conditions. In this context, systems 
integrating perennial phases and organic inputs emerged as 
more resilient under future climate conditions, particularly with 
respect to soil carbon dynamics and productivity.

Future developments, including the use of multi-model climate 
ensembles, spatially explicit datasets, and dynamic economic 
assumptions, could further improve robustness and broaden the 
range of European regions and farming contexts in which the 
framework can be applied.
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