
Trade-offs associated with changing cropping patterns in semi-arid areas 
of Morocco

Imane El Fartassi a,b,c, Alice E. Milne a,*, Bader Oulaid a,b,c, Youssef Bezrhoud c, Helen Metcalfe a,  
Vasthi Alonso Chavez a, Kevin Coleman a, Alhousseine Diarra c, Rafiq El Alami c, Jonah Prout a,  
Toby Waine b, Joanna Zawadzka b, Ron Corstanje b

a Net Zero Resilient Farming, Rothamsted Research, Harpenden, Hertfordshire AL5 2JQ, UK
b Cranfield University, Cranfield, Bedfordshire MK43 OAL, UK
c Mohammed IV Polytechnic University, Benguerir, Morocco

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• We developed a model-based framework 
to assess ecosystem trade-offs in irri
gated farmland

• Our framework includes a new stochas
tic version of the Rothamsted Carbon 
model

• We consider the impacts of changing 
crop systems and irrigation technologies

• We used multi-objective optimisation to 
explore trade-offs and synergies in 
outcomes

• Uncertainties in predictions are 
communicated to end users through 
tested methods
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A B S T R A C T

We developed a model-based framework to support land-use and management decision-making. This framework 
integrates data and models to support an assessment of scenarios related to crop choices and irrigation man
agement. The framework includes the IPCC models to describe nutrient losses, the Rothamsted carbon model to 
predict soil organic carbon and Cornel’s Environmental Impact Quotient model to predict impacts from pesti
cides (fungicides, herbicides and insecticides). We used Monte Carlo simulations to quantify model uncertainties. 
Shaded arrays were used to communicate the uncertainties to end users of the framework. We parameterised our 
framework to explore outcomes for an irrigated agricultural area in a semi-arid region of Morocco. We used the 
framework to explore scenarios that were codesigned with farming stakeholders. The scenarios related to crop 
diversification, and to recent policies on the expansion of olive cultivation and the adoption of efficient irrigation 
technologies. For the outcomes considered (production, profitability, soil carbon, nutrient losses, pesticide im
pacts), there were clear trade-offs associated with the cropping system choice. Compared to the baseline scenario 
of rotated crops, olive production led to greater carbon sequestration (average 4 % increase by doubling olive 
production), reduced water use (average 3 % reduction by doubling olive production), and reduced emissions 
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(average 42 % reduction by doubling olive production) but was less profitable and provided fewer edible cal
ories. Additionally, olive cultivation was associated with higher environmental impacts from pesticides. Diver
sified systems, while less profitable, were associated with less harmful pesticide use. Drip irrigation was 
associated with positive outcomes for profit (average 23 % increase), water use (average 13 % reduction in water 
use), and reduced nitrogen leaching (average 40 % reduction) with negligible changes in other metrics. However, 
we did not account for factors associated with increased groundwater depletion. We conclude that such 
frameworks are a useful means for policy-stakeholders to explore the outcomes of their decisions, thereby, 
helping to minimise unintended consequences.

1. Introduction

The impact of land use and poor decision-making on the manage
ment of natural capital has been well characterised at numerous scales, 
from national, regional and at the farm and field level (Guerry et al., 
2015; Millennium Ecosystem Assessment, 2005). The decision-making 
process around land use and management, and their impacts on natu
ral capital remains a complex and at times fraught process. This is 
particularly the case under conditions of extreme resource limitation, 
which is the case in arid and semi-arid regions, where the quantity and 
condition of natural capital can be limited and degraded. Decisions 
around the use and management of natural capital in these contexts 
must be taken with particular care. Yet, there remains a significant 
knowledge gap concerning the effectiveness of current decision-making 
frameworks in these resource-scarce environments, particularly with 
regard to balancing productivity and sustainability (Diffenbaugh and 
Giorgi, 2012).

Moreover, this complexity is often compounded with a particular 
scarcity in the evidence base as these areas, or the underlying natural 
processes, can be poorly characterised (O’Donnell and Manier, 2022). 
Africa, in particular, faces the dual challenge of increasing food pro
duction to support its growing population, whilst maintaining and 
improving the natural capital upon which agricultural productivity de
pends. However, a key gap remains in the availability of context-specific 
decision-support tools that can provide reliable evidence to support 
sustainable management under such harsh conditions (Ramos and 
Kahla, 2009). Furthermore, Africa is highly exposed to the effects of 
climate change (Diffenbaugh and Giorgi, 2012), with significant 
degradation expected in land suitable for agricultural use and yield 
potential (Ramos and Kahla, 2009). Addressing these challenges de
mands robust decision-making frameworks that can navigate the com
plexities of limited resources while accounting for the broader impacts 
on natural capital.

Optimal land use and its management intrinsically involve consid
ering a set of trade-offs between the different functions the land 
currently performs or may potentially perform in the future. Encapsu
lating these trade-offs and understanding their implications for decision- 
making is a historic and ongoing significant area of research. The 
optimal use and management of land entail understanding and quanti
fying of the current benefits a particular geographic area provides such 
as water retention, food, fibre production, but also its potential if put to 
alternative use. This quantification is commonly referred to as natural 
capital, reflecting the potential of any geography to deliver ecosystem 
services and associated societal benefits.

Existing tools, ranging from spatially explicit and graphical repre
sentations (Zawadzka et al., 2017) to multi-criteria decision analysis 
(Kaim et al., 2018), have been used to characterize these trade-offs; 
however, they often fall short in addressing uncertainties, which limits 
their applicability in real-world decision-making. A key gap in the 
literature involves the lack of robust, quantitative assessments that can 
provide decision-makers with a clear understanding of both the poten
tial and current benefits of a given system while including uncertainties 
in those estimates (Karimi et al., 2021). Addressing this gap is critical for 
improving the reliability of decision-support tools and ensuring 
informed decision-making in the management of natural capital.

The evidence base on which decisions are made around land use and 
management is often developed from numerous information and data 
sources; from existing data on the area (e.g. soils, climatic conditions, 
etc.), surveys (e.g. environmental and/or social surveys on use and 
utility, etc.) but also from biophysical models which can describe the 
functioning of a particular component of the biome in the area (e.g. 
water quality and quantity, C sequestration, etc.), or are often inferred 
from the type of land use and management through comparable studies 
where data is scarce. Each of these approaches will contribute uncer
tainty to the evidence base, and each will do so in different ways. For 
instance, the appropriateness of a particular biophysical model type, and 
the success in its parameterisation, will determine the uncertainty that is 
contained in its predictions of natural capital or ecosystem services. 
Error quantification, and propagation into a decision tool, or an envi
ronment which enables trade-offs is not straightforward but has been 
extensively used in, for instance, IPCC modelling around the impact of 
different C pathways on degrees of warming (Knutti et al., 2017). There 
is generally less evidence that it has been robustly incorporated in nat
ural capital/ecosystem service assessments or in the subsequent process 
of determining the impact of particular decisions around land use and its 
management on natural capital and services this provides.

Uncertainty is a significant factor in land-use decision-making, 
particularly when applied to arid regions where the impacts of climate 
variability are pronounced (Knutti et al., 2017). Despite the availability 
of biophysical models for predicting outcomes of land-use change, 
limited research has focused on quantifying and effectively communi
cating these uncertainties to non-expert end-users, such as farmers and 
policymakers (Milne et al., 2015). This gap in effective communication 
poses a barrier to informed decision-making, especially in regions with 
limited resources. Addressing this limitation is critical to ensuring the 
successful implementation of sustainable land management practices. At 
the policy level, incentives are often implemented to promote the 
adoption of practices perceived as beneficial. For instance, the Moroccan 
government has recently developed a strategy to expand olive cultiva
tion (da Silva, and Filho, H. M. de S., 2007). Simultaneously, policy 
incentives have been introduced to increase the adoption of localised 
irrigation technologies, such as drip irrigation (Molle and Tanouti, 
2017) aimed at enhancing water use efficiency and reducing agricultural 
water losses. However, a significant gap exists in understanding how 
these policies interact with the broader set of ecosystem services. These 
policies tend to address one or two specific outcomes, often neglecting 
the broader trade-offs involved. This limited perspective can lead to 
unintended consequences that negatively affect other aspects of the 
ecosystem, such as soil health or biodiversity.

These policies and adaptations must be relevant to the farmers who 
are called upon to implement them. A lack of farmer engagement can 
lead to a mismatch between policy-driven practices and local realities, 
reducing the likelihood of successful adoption (Tompkins et al., 2008). 
To ensure the practicality and sustainability of land-use decisions, it is 
essential to involve farmers and other stakeholders in the co-design of 
scenario exploration and decision-making processes. Studies have 
shown that stakeholder engagement not only enhances the relevance of 
solutions but also improves their acceptance and effectiveness by inte
grating local knowledge and experience into decision-making frame
works (Redhead et al., 2020). Despite its importance, there remains a 
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substantial gap in systematically integrating stakeholder engagement in 
policy-driven decision support for sustainable land management, 
particularly in the context of arid and semi-arid agricultural systems. 
Addressing this gap is vital for creating holistic, context-specific, and 
implementable land-use strategies that effectively balance trade-offs and 
contribute to sustainable outcomes.

A transparent and integrated framework is needed to improve land 
use and management decision-making, particularly in resource-limited 
environments. This framework needs to integrate the assessment of 
trade-offs, the quantification and communication of uncertainties and 
the co-design of scenarios with stakeholders, such as farmers, to ensure 
their practicality and relevance. Existing approaches to land manage
ment often lack an integrated perspective that considers all these factors, 
which limits their applicability and effectiveness.

Here we develop a novel tool to explore scenarios of future change in 
the extent and intensity of agricultural land use for an irrigated perim
eter in a semi-arid region of Morocco. The tool aims to allow the user to 
better understand the range of potential outcomes at the catchment 
scale, should land use and management change. The tool allows the user 
to explore trade-offs between different responses, accounting for 
inherent uncertainties, thus providing a valuable method for engaging 
policymakers and stakeholders (Audsley et al., 2006; Redhead et al., 
2020; Tompkins et al., 2008).

To facilitate the trade-off analysis, we used multi-objective optimi
sations. This approach determines Pareto optimal fronts of multiple 
objectives, describing the trade-offs between objective variables such as 
yield and environmental impact. The Pareto front represents scenarios 
where it is not possible to improve outcomes for one variable without 
impacting another adversely (Deb, 2001). Presenting a set of optimal 
solutions in this way enables decision-makers to understand the key 
drivers of trade-offs and how improving one objective might degrade 
another. This helps in making balanced decisions that align with pri
orities and constraints (Todman et al., 2019) of land management. 
Whilst communication of uncertainty is particularly important in 
resource-scarce areas such as semi-arid and arid regions, such a frame
work could be adapted to any scenario-based analysis where un
certainties in underlying methods and data may critically influence 
decision-making processes and their associated outcomes.

2. Methods

2.1. Methodology Overview

To analyse the impacts of crop choice and management on produc
tion and sustainability metrics, we use a synthesis of data and models. 
Our variables of interest were production, profit, water use, soil carbon, 
nitrous oxide emissions, nitrogen leaching, and pollution in terms of 
environmental impact quotient (Kniss and Coburn, 2015). Each model 
component is described below. The uncertainties in the model param
eters and variables were described using probability density functions 
(PDFs) and Monte Carlo simulation was used to propagate the un
certainties through to the simulated outputs.

The scenarios that we considered related to recent Moroccan agri
cultural policies, addressing changes in cropping systems (notably the 
expansion of olive production and adoption of more diversified farming 
systems) and the implementation of more efficient irrigation practices. 
We engaged with local stakeholders to derive crop rotations that were 
viewed as relevant to the case study area that we considered (Section 
2.5). We compiled data for each crop considered in the framework, ac
counting for both flood and drip irrigation management techniques. We 
collated data on ranges of expected yields for primary crop types typical 
to the area under both flood and drip irrigation (Table S1). These data 
were obtained from the databases of SONACOS (National Company for 
the Marketing of Seeds in Morocco), which provided detailed records of 
average yields per crop. Next, data on fertilizers and phytosanitary 
product and their application rates were collected through consultations 

with extension agents from ONCA (National Office of Agricultural 
Advice) who shared their expertise and provided data specific to the 
crop types and farming practices prevalent in the area. Lastly, we ob
tained data on irrigation amounts for each irrigation technology from 
ORMVAH (Regional Office for Agricultural Development of Haouz). 
Models were coded in Python.

2.2. Framework components

2.2.1. Production metrics
It is not straightforward to compare the yields of different crops in a 

meaningful way. Therefore, we used edible calories produced and 
profitability as metrics of production. For each crop type we assumed the 
variation in expected yield was described by normal distribution where 
the range defines the 2.5th and 97.5th percentiles.

To estimate calories produced we followed the approach in (Sharp 
et al., 2024) and estimated calories, c (kcal ha−1), by: 

c = 1000 y ϱ k (1) 

where y, is the yield (t ha−1), k is the number of calories obtained from 
consuming a kg of this crop, and ϱ is the proportion of the yield that 
reaches the plate once losses have been accounted for. This proportion is 
calculated from: 

ϱ = (1 − w)(1 − s)m(1 − f) (2) 

where w, is the proportion that is lost between harvest and processing, s 
is the estimated proportion of the yield that is taken for seed, m is the 
percentage that remains after processing (e.g. after milling), and f is the 
proportion lost during food preparation. The estimates used for the 
losses between the farm gate and plate are summarised in Table S2.

To estimate profit, P (Moroccan Dirham – MAD, ha−1 year−1), we 
accounted for the selling price of the crop (Dh t−1) and the costs asso
ciated with fertilizer (calculated by the amount applied, F, (kg ha−1) 
multiplied by the fertilizer price, pf , (Dh kg−1)), water costs pw (Dh ha−1) 
and pesticide costs pD (Dh ha−1): 

P = pcy − pf F − pw − pD. (3) 

Similar to the above, ranges were available for each component in 
the equation (Tables S3 and S4). In each case, we assumed the variation 
was normally distributed where the range defines the 2.5th and 97.5th 
percentiles.

2.2.2. Water use
To estimate water use (m3 ha−1), we used data on the crop water 

requirement (mean value and range) and then calculated the irrigation 
water applied by dividing by the efficiency of the irrigation technology 
used (Table S4). For flood irrigation, we assumed 60 % efficiency and for 
drip irrigation we assumed 90 % efficiency (Bouaziz and Belabbes, 
2002). As above, we assumed the variation in water use was described 
by a normal distribution where the range defines the 2.5th and 97.5th 
percentiles.

2.2.3. Nutrient loss model
Farmers in the case study area regularly interact with agronomists 

whom fertilizer companies sponsor to give appropriate fertilizer rec
ommendations. Therefore, we assume that fertilizer is generally well- 
managed by farmers in this area and that recommended rates are 
adopted for each crop. We used ranges of values from (FERTIMAP, 
2016) to derive PDFs describing the expected fertilizer inputs. We esti
mated N losses by using the IPCC calculations for greenhouse gas 
emissions and nitrogen leaching (Eggelston et al., 2006). These calcu
lations estimate both direct and indirect losses of N that come from both 
fertilizer inputs and plant residues. The full set of equations can be found 
in the IPCC guidelines (see also SI). The IPCC publishes uncertainties in 
model parameter values, which were included in the Monte Carlo 
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simulation (Eggelston et al., 2006).

2.2.4. Soil carbon
To estimate soil carbon, we used the Rothamsted Carbon Model 

(RothC) (Coleman et al., 2024a; Coleman et al., 2024b; Coleman and 
Jenkinson, 1996) run using Monte Carlo simulation to quantify esti
mates of uncertainty in predictions of soil carbon. The model partitions 
Soil Organic Carbon (SOC) into an inert organic pool (IOM) and four 
active compartments which decompose according to first-order kinetics. 
Plant residues and farmyard manure (FYM) can be introduced into the 
soil. These decompose to produce microbial biomass, humified organic 
matter and CO2 (which is lost to the atmosphere). Decomposition rates 
of each active compartment are affected by soil moisture, temperature 
and plant cover through rate-modifying factors (for details see Coleman 
et al., 2024a; Coleman et al., 2024b; Coleman and Jenkinson, 1996). The 
IOM was calculated using the equation proposed by Falloon et al. 
(1998).

The model requires monthly weather data (average air temperature, 
total monthly precipitation and total monthly open-pan evaporation) 
with irrigation water added to the monthly precipitation. Weather data 
were obtained from three sites close to the study region. The data 
comprised half-hourly measures of temperature (◦C), precipitation 
(mm), relative humidity (%), radiation (W m−2) and wind speed (ms−1). 
These data (Table S5) were subject to missing observations. We priori
tized data from the weather station nearest to our study area (see Section 
2.8) and filled gaps using data from the other two stations. Full details 
are given in SI. For ET0, we used the Penman-Monteith equations as 
described by FAO (Allen, and PEREIRA, L. S., RAES, D., and SMITH, M., 
1998). These data were used to calculate the monthly averages and sums 
required by RothC with associated standard errors describing the un
certainty in these estimates. The final data set spanned February 2003 to 
June 2022.

The model also requires monthly information on carbon input from 
plant residues or farmyard manure. Expected plant residues, R, (t ha−1 

year−1) for rotational crops were computed using the equations from the 
IPCC (Eggelston et al., 2006). We assumed uncertainties of ±50% which 
is the conservative estimate used by the IPCC (Eggelston et al., 2006). 
For olive orchards, we used estimates by Fantin et al. (2022) and Torrús- 
Castillo et al. (2023) to calculate a mean and standard error for plant 
inputs to soil. According to Fantin et al. (2022), the values associated 
with residues from tree pruning and falling leaves are estimated to be 
1.98 t ha−1 year−1. Torrús-Castillo et al. (2023) gave slightly lower es
timates for plant inputs from olives, equating to 1.416 t ha−1 year−1. In 
our analysis, we assume these values represent ±1 standard deviation 
from the mean value. We assume no inputs from cover crops or compost 
reflecting local practice.

The soil cover variable is Boolean taking a value of zero when the 
crop does not provide soil cover and one when it does. For rotated crops, 
we assumed a value of one between a month after sowing to harvest (see 
Table S6). For olives, we assume a value of one throughout the entire 
year.

2.2.5. Pesticide impacts
We identified typical pesticide programmes (specifically fungicides, 

herbicides and insecticides) for each modelled crop. These programmes 
consist of the most commonly used combination of products. In 
consultation with local agronomists, we determined the products typi
cally used and their application rates (see Table S7). For crops where a 
range of similar products could be applied, we selected one represen
tative product that covered all commonly included modes of action. For 
each active ingredient, we calculated a field use rating (Rf , g ha−1) ac
cording to the concentration of the active ingredient within the product 
and the application dose.

For each active ingredient, we calculated environmental impact 
quotients (EIQ) by following the methods established by Kovach et al. 
(1992) for groundwater, fish, birds, bees, and beneficial arthropods. Not 

all products were available within the EIQ database provided by 
(Kovach et al., 1992). Thus, we adapted these scores to use data from the 
‘Pesticide properties database’ (Lewis et al., 2016) following Sharp et al. 
(2024) and Metcalfe et al. (2024). We computed a comprehensive EIQ 
for an active ingredient by summing the individual EIQs for ground
water, fish, birds, bees, and beneficial arthropods.

For each product used (which is comprised of one or more actives) in 
the standard pesticide programs, we multiplied the field use rating for 
each active ingredient by the EIQ. We then summed the values across all 
active ingredients applied to a crop to determine the typical environ
mental impact of pesticide use for that crop (Total EIQ).

We did not have specific information on variations in products 
applied, only on the amount spent on pesticides. The ranges for these 
variables suggested a positive skew, so we characterised the variation 
with a lognormal distribution. To account for variation in pesticide use, 
we scaled the EIQ values by the value sampled from the distribution of 
pesticide costs divided by the mean pesticide cost.

2.3. Aggregation of results

We quantified variation in model variables ζ (crop yield, fertilizer 
application rates, volumes of water used, and costs associated with 
fertilizer, water and pesticides) and uncertainties in model parameters λ 
(e.g. emission factors). The former captures the variation in farm man
agement and environment. For any particular outcome (except soil 
carbon), we, therefore, calculated perimeter-scale outcomes by sum
ming over the average predicted outcome for each field, where farm- 
scale consistency is assumed for crop inputs, prices and costs. For each 
sample, j, in the Monte Carlo simulation, a single parameter set is drawn 
and applied to calculate the outputs across the perimeter. These 
parameter sets are consistent across scenarios to retain the uncertainty 
structure. Therefore, any single sample of an outcome is calculated as: 

ωk =
∑N

j=1

∑n(j)

i=1

∑T

t=1
Ai,jΘ

(
Ci,j,t ; ζj,t, λk

)

T
(5) 

where Θ is the field scale outcome of interest, Ci,j,t is the crop grown in 
year t in field i on farm j, Ai,j is the area of field i on farm j, T is the 
number of years we average over, n(j) is the number of fields on farm j 
and N the number of farms.

For soil carbon, we followed a similar approach as above, but instead 
of considering average values across years, only considered the pre
dicted values for soil carbon at the end of the simulation period. This 
approach was adopted to is because we wanted to predict the long-term 
impacts of adopting each rotation type.

2.4. Study area

The study region is situated in the Al Haouz plain, which is in the 
centre of the Tensift basin, 40 km East of Marrakech, Morocco (Fig. 1). 
The site is an irrigated area called “Perimeter R3” and covers approxi
mately 3100 ha. It lies approximately 7◦330′ to 7◦390 West longitude 
and 31◦370′ to 31◦420 North latitude at an altitude of between 466 m to 
600 m (Sebbar et al., 2020).

The climate is of semi-arid continental climate type. Large Inter- and 
intra-annual variability in rainfall (average annual rainfall of 250 mm) 
and drought events are the natural phenomena associated with this 
climate. Under these dry climatic conditions, 70 % of the erratic rainfall 
distribution occurs during winter and spring. The evapotranspiration 
(ET0) is relatively high and can reach 1500 mm year-1. An average 
lowest temperature of 4 ◦C was recorded during the winter season and 
an average highest temperature of 37 ◦C during summer. The soil type is 
clay to loam.

The crops grown in the wider Al Haouz basin region include cereals 
such as wheat and barley (61.71 %), olives (22.58 %), forage crops, 
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typically alfalfa (4.3 %), fruit trees (3.91 %) and vegetables, typically 
potato (3.3 %). The remaining 5 % of the cropped area is dedicated to 
citrus, almonds, legumes and sugar crops (see Table S8).

2.4.1. Digitisation of the study area
To characterize the study region, we used ArcGIS Pro to build a 

symbolic representation of Very High-Resolution (VHR) satellite images 
from March, April and May 2022, with a spatial resolution of 2 m. These 
images were selected because they covered the most recent crop season, 
capturing canopy growth and decline, and thus provided a current state 
of the study region. The VHR images were segmented into homogeneous 
areas based on various attributes (see Table S9). Cropped areas were 
assigned to either “orchards” or “rotated crops”.

2.5. Scenarios

In line with the Moroccan government’s policy to increase olive 
production (Serghini et al., 2010), our scenarios explored varying the 
proportions of arboriculture (specifically olives) and rotated crops 
across the study area. Our aim was to explore a typical “conventional 
rotation” along with a more diversified rotation designed to be more 
sustainable.

To determine these rotations, we held a workshop with farming 
stakeholders to derive a set of realistic crop sequences and elicit their 
views on what changes might be needed to make these rotations more 
sustainable. The workshop was held on the 11th of May 2023 at 
Mohammed VI Polytechnic University, Morocco. Ten stakeholders 
attended the event, comprising farmers from the study area, agronomists 
and representatives from ORMVAH, which is the local agricultural office 
in charge of the management of irrigation water in the Al Haouz basin. 
The workshop was conducted in French, although parts of the discussion 
naturally evolved intermittently into Arabic and English.

To initiate the discussion, stakeholders were presented with three 
alternative crop sequences, derived previously from interviews held in 
2020 (El Fartassi et al., 2025) (Table 1). Participants were asked to 
consider these sequences and propose alternatives if desired. Then, 

divided into two groups, they were asked to select one rotation and 
discuss its perceived sustainability using predefined metrics (Table 2). 
These rotations became the basis for our “conventional rotation sce
nario”. To ensure a common understanding of sustainability, stake
holders were asked to view themselves as custodians of the farmed land, 
which they would pass down to future generations, and indeed, in the 
group conversations that followed they reflected on the farmed land 
being like a “child to be nurtured”.

Once the stakeholders had discussed current rotations in the context 
of sustainability metrics, they were asked to consider what changes they 
might make to improve their sustainability. We refer to these rotations 
as “Diversified Rotations”. Based on these two rotation types we 
explored the following two scenarios under both flood and drip 
irrigation: 

i. “Conventional rotations” with varying proportions of olives and 
uncultivated areas.

Fig. 1. (a) The location of the R3 irrigated perimeter within the Tensift watershed in Morocco, North Africa, (b) The R3 irrigated perimeter with delineated field 
boundaries (farmer plots).

Table 1 
The crop sequences presented to the stakeholders (rows 1–3) and those proposed 
by stakeholders as alternatives to consider (rows 4–10). The rotations marked by 
letters were the ones chosen by the two groups to discuss (Group A and Group B). 
Years are assumed to run from October to September.

Year 1 Year 2 Year 3

1 Wheat Maize Barley Maize Fallow Beans
2 Wheat Fallow Barley Fallow Alfalfa Alfalfa
3 Wheat Potato Wheat Alfalfa Alfalfa Alfalfa
4 A Fallow Wheat Maize Fallow Wheat Maize
5 Fallow Wheat Maize Beans Wheat Maize
6 Wheat Fallow Wheat Maize Wheat Fallow
7 Potato Fallow Potato Maize Maize Fallow
8 Potato – Beans Potato Maize Maize Fallow Wheat
9 Potato – Beans Wheat Maize Wheat Fallow Wheat
10B Wheat Beans Wheat Potato Maize fallow
11 Wheat Fallow Potato – Beans Fallow Alfalfa Alfalfa
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ii. “Diversified rotations” with varying proportions of olives and un
cultivated areas.

For each scenario, we ran the Monte Carlo simulation for ten thou
sand samples. We compared the outcomes against a baseline with a 
conventional rotation and area allocated to olives reflecting that 
observed in the satellite imagery.

2.6. Multiple objective optimisation

In addition to the scenarios analysis, we used multiple objective 
optimisations to explore the trade-offs between outcomes that result 
from varying the areas that are dedicated to conventional rotations, 
diversified rotations and olives (in terms of optimisation these are the 
control variables). This was done using the ‘PARETOSEARCH’ directive in 
MATLAB (The Mathworks, 2022). The PARETOSEARCH algorithm identifies 
combinations of control variables that result in the ‘best’ objectives, i.e. 
those that are non-dominated. A point is considered dominated if 
another point is better in every single objective. The set of non- 
dominated solutions defines a Pareto front of optimal solutions.

3. Results

3.1. Quantification of fields, farms and land use

A total of 2140 agricultural parcels were delineated in the R3 
perimeter (Fig. 2), with an average parcel of 1.88 ha. Approximately 28 
% of the cultivated area was dedicated to olive trees, a value we used as 
our baseline proportion of olive cultivation. The remaining area 
appeared largely uncultivated, which could be due to various factors 
such as crops being already harvested or that the land was not cultivated 
that year. Lower-resolution images which were freely available, indi
cated that in previous seasons, crops were more widely grown. This 
suggests that recent drought conditions have led farmers to cultivate 
smaller areas. We note that our interpretation of geographic features 
allowed us to capture parcel boundaries but does not necessarily 
delineate farm boundaries.

3.2. Derivation of scenarios

During the workshop, participants naturally formed groups by 
choosing their seats, with stakeholders from the same establishment 
tending to sit together. Group A comprised three experts in agronomy, 

Table 2 
The sustainability metrics and the opinions of each group on whether the chosen conventional rotations were sustainable with respect to each.

Sustainability indicators Group A Group B

Sustainable/ Beneficial Not sustainable/ Not beneficial Sustainable/ Beneficial Not sustainable/ Not beneficial

Soil
Soil Carbon * * *
Soil Erosion Considered not applicable given soil texture *
Soil Fertility * * *

Water
Clean Water *
Abundant Water * *

Biodiversity
Species diversity * *
Pollinator abundance * *
Habitat quality * *

Production
Consistent resilient yields * *
Economically sustainable * *

Fig. 2. Delineated field boundaries for the R3 irrigated perimeter, Al Haouz, Morocco. The delineation is based on satellite imagery from March to May 2022.
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and three farmers from the study region (one conventional, and two that 
grew more alternative crops such as aromatics, medicinal crops, roses 
and quinoa, one of which had an agriculture-based degree). Group B 
comprised three representatives from ORMVAH and a conventional 
farmer.

3.2.1. Conventional rotations
For the purposes of the discussion a “year” was defined as the period 

from October to September. The conventional rotations identified were 
based around wheat and potato, with maize also included in many ro
tations, though it was reportedly less common. Fallow periods, alfalfa 
and beans featured intermittently in these rotations. Potatoes and bean 
are frequently grown in the same year, with beans following potatoes. 
Stakeholders explained that alfalfa and maize were grown as animal 
fodder. Although alfalfa was not a profitable crop, once chosen, it was 
usually not replaced for three to five years. It did however increase soil 
fertility, which can benefit subsequent cereal crops.

The conventional rotations chosen by each group for further dis
cussion were similar (Table 1) and so it was not surprising to see that 
opinions broadly accorded across the two groups (Table 2). For soil 
health, Group B argued that the fallow periods in conventional rotations 
allow soil regeneration and prevent erosion by promoting vegetation 
with strong root systems. However, they cautioned that continuous 
cultivation of wheat and maize without proper nutrient management 
could cause nutrient imbalances in the soil leading to reduced soil 
fertility. Within Group A, opinions on the sustainability of soil carbon 
differed. The conventional farmer agreed with Group B’s consensus, 
whereas the university-educated farmer argued that bare fallow would 
not lead to healthy soil in which carbon was sequestered. The rest of 
Group A was split in their opinions. Notably, Group A did not consider 
soil erosion to be an issue in the study region.

Both groups agreed that the water supply would not be sustainable 
under typical rotations. They noted that farmers in irrigated perimeter 
R3 had not received water from the dam since May 2021. Group B noted 
that allowing the land to rest during fallow periods reduces the risk of 
agricultural chemicals leaching into groundwater, resulting in cleaner 
water and minimizing pollution from agricultural activities.

Group B reported that conventional crop rotation can have both 
positive and negative effects on species diversity and pollinator abun
dance. On one hand, it promotes diverse plant species and creates 
habitats for various insects and birds increasing overall species diversity. 
However, the specific rotation pattern may not provide a continuous 
supply of pollen throughout the growing seasons, potentially decreasing 
the overall number of pollinators. Whilst species diversity was not 
viewed as a potential issue by Group B, Group A was more critical and 
noted that the rotation was part of a wider ecosystem. Both groups 
agreed that their chosen rotations were not ideal for pollinators. 
Stakeholders suggested that growing trees and certain vegetables would 
better support pollinator populations.

Yields were not considered sustainable for the chosen rotations, 
primarily due to challenging climatic conditions and water scarcity. The 
region faces environmental constraints such as aridity and limited water 
resources, which can negatively impact crop productivity.

Group B noted that the conventional crop rotation was not 
economically sustainable when the country imported cereals from 
Ukraine. However, after the war in Ukraine disrupted the cereal supply, 
Moroccan farmers prioritized cereal production to fill the gap in the 
national market and earn profitable incomes. By focusing on cereals, 
farmers were able meet local demand and take advantage of higher 
market prices. This shift ensured economic sustainability by aligning 
production with market needs.

3.2.2. Proposed diversified rotations
When asked how to improve the sustainability of crop rotations, both 

groups focused their discussion on improved crop management strate
gies. Group A suggested that switching from rotated crops to olives and 

introducing drip irrigation offered a potential mitigation of issues 
related to water scarcity. For more sustainable rotated crops, they sug
gested increasing crop diversity both in time and space. They noted the 
importance of the sequence of crops, such as legumes preceding cereals. 
Additionally, they suggested using cover crops like sorghum as green 
manure to avoid bare fallow periods, stating that this practice would 
reduce soil degradation and improve water retention during the critical 
June to September period. The potential to grow more drought-resistant 
crops was also highlighted. Group B focused their discussions on 
improving soil fertility, emphasizing the importance of legumes in crop 
rotations. They also recommended growing alfalfa for several years at 
the end of a rotation cycle to improve soil quality and facilitate nitrogen 
fixation.

Based on these discussions and in consultation with a local agrono
mist, we derived the crop sequences shown in Table 3 to represent our 
“Sustainable rotations”. We note that we chose not to include sorghum 
as there was no evidence that it was currently grown in R3, indicating it 
may not be a viable option.

3.3. Model-based scenario analysis

3.3.1. Impacts of changing land use
There are synergies and trade-offs associated with converting more 

of R3 to olive cultivation (Fig. 3). The results indicate that as the area 
dedicated to olive cultivation increases, water use decreases (3f), sug
gesting that olive cultivation is more water-efficient compared to the 
baseline scenario of growing two arable crops annually. While expand
ing olive cultivation appears to be environmentally beneficial in terms of 
water conservation, the economic implications show a different trend. 
Specifically, while halving the area currently allocated to olives may 
slightly improve profits over variable costs, expanding the area further 
—by doubling or tripling it— leads to a decline in profits (3b). This 
indicates that beyond a certain threshold, the costs involved in olive 
cultivation, including inputs and management, outweigh the economic 
benefits. Moreover, there is significant uncertainty regarding profit in
creases, largely due to the variability in fertilizer application rates and 
associated costs.

Increasing olive is associated with reduced nutrient losses (3d and e) 
and enhanced soil carbon sequestration (3c). The downside is that as the 
area of olive production expands, food production decreases (3b), and 
the environmental impact of pesticide use potentially increases (3f).

3.3.2. Impacts of changing rotations
Diversifying rotations can lead to reduced production and profit

ability metrics compared to the baseline (Fig. 4). The introduction of 
diversified rotations is coupled with increased water use efficiency (4f), 
with the reduction becoming more pronounced as the area of diversified 
rotations expands. Based on the results, diversified crop rotations 
improved soil carbon and reduced environmental impact (4c, 4 g). 
Under flood irrigation, diversified rotations also contribute to a reduc
tion in nutrient losses.

3.3.3. Impacts of Irrigation Technologies
Adopting drip irrigation technology yields benefits across all metrics 

and cropping systems considered (Fig. 5). We note that in our diversified 
systems, it is impractical to drip irrigate alfalfa, as this crop is typically 

Table 3 
“Sustainable rotations” used in our scenario modelling. These rotations were 
derived from stakeholder engagement.

Year 1 Year 2 Year 3

1 Wheat Beans Wheat Alfalfa for the next three years
2 Barley Beans Wheat Alfalfa for the next three years
3 Wheat Vegetables (e.g., 

onion)
Barley Beans Wheat Alfalfa for the 

next three years
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Fig. 3. Predicted percentage changes resulting from converting half, double and triple the area to olive cultivation, compared to the baseline of 28 %. The shaded 
bars indicate distribution generated from ten thousand realisations, where the intensity of colour indicates the density of the fitted probability density function. In all 
cases, flood irrigation is assumed. Blue shading is associated with metrics where a positive percentage change from the baseline is desirable and red metrics where a 
negative percentage change is desirable.

I. El Fartassi et al.                                                                                                                                                                                                                              Science of the Total Environment 979 (2025) 179492 

8 



Fig. 4. Predicted percentage changes resulting from increasing the land area under more diverse rotations from a baseline of zero. The shaded bars indicate dis
tribution generated from ten thousand realisations, where the intensity of colour indicates the density of the fitted probability density function. In all cases, flood 
irrigation is assumed. Blue shading is associated with metrics where a positive percentage change from the baseline is desirable and red metrics where a negative 
percentage change is desirable.
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flood-irrigated.

3.3.4. Impacts of Irrigation Technologies
As flood irrigation performed relatively poorly across all the objec

tives considered, it has been excluded from the optimised solutions. The 

multi-objective optimisation showed that there is no single optimal so
lution, indicating inherent trade-offs between objectives (Fig. 6). 
Notably, there were strong correlations between increased profit and 
reduced N leaching, as well as between increased soil carbon and 
reduced nitrous oxide (N2O) emissions. The correlation between 

Fig. 5. Predicted percentage changes resulting from adopting drip irrigation. We note that in the diversified rotations, we assume that alfalfa is always flood- 
irrigated. The shaded bars indicate distribution generated from ten thousand realisations, where the intensity of colour indicates the density of the fitted proba
bility density function.
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increased profit and reduced nitrogen leaching is largely attributable to 
the characteristics of the diversified cropping system, which includes 
alfalfa—a crop that is less profitable and relies on flood irrigation. Flood 
irrigation is less efficient at managing N, leading to higher rates of N 
leaching. Therefore, scenarios that minimise or exclude alfalfa tend to 
show both higher profits and lower N leaching. Similarly, the correlation 
between increased soil carbon and reduced N2O emissions is driven by 
the fact that practices enhancing soil carbon also reduce the need for 
synthetic N fertilizers, which are a primary source of N2O emissions. 
Trade-offs were observed between profit and N2O emissions, as well as 
between soil carbon and the EIQ. These trade-offs indicate that 
improving one objective often comes at the expense of another. For 
instance, increasing profit might lead to higher N2O emissions, or 
enhancing soil carbon might involve practices that increase pesticide use 
(Fig. 6).

We note that the extremes of each axis (i.e. where the standardised 

metric takes a minimum or maximum value) were associated with 
complete dominance of one production type. For example, when olive 
production dominated, calories and N2O emissions were minimised 
while soil carbon was maximized. This suggests that olive groves, 
though less productive in terms of edible calories, offer significant 
benefits in terms of reducing greenhouse gas emissions and increasing 
soil carbon sequestration.

4. Discussion

Our results show trade-offs and synergies associated with changes in 
crop-system choices, aligning with previous studies that highlight the 
inherent complexity of balancing agricultural productivity and envi
ronmental sustainability in semi-arid regions (Kaim et al., 2018; Tod
man et al., 2019). The optimisation analysis illustrates how the extremes 
of each outcome (e.g. whether maximising soil carbon sequestration or 

Fig. 6. Pareto fronts for standardised objectives. Each point represents a scenario (proportion of land allocated to convention rotations, diversified rotations and 
olive groves) that lies on the Pareto front for the multidimensional space. For purposes of visualization, the metrics have been standardised between a minimum and 
maximum value. Objectives viewed as positive (e.g. soil carbon) have axes that go from Min to Max. Those viewed as negative (e.g. N2O emissions) have axes that go 
from Max to Min. The blue dotted lines/discs indicate the front/optimal point for the two objectives considered in each subplot. Extremes of each metric are 
associated with a dominance of one land management type as indicated by C = convention rotations, D = diversified rotations and O = olive groves.
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edible calorie production) are associated with the dominance of a single 
land management system. For instance, converting extensive areas to 
olive orchards resulted in enhanced soil carbon sequestration and 
reduced nutrient losses (Fig. 3). These outcomes can be attributed to 
olives’ perennial nature and reduced tillage requirements, which pro
mote organic matter accumulation and minimise nutrient leaching 
(Fantin et al., 2022; Torrús-Castillo et al., 2023). However, the signifi
cant reduction in edible calories associated with olive cultivation can be 
attributed to its inherently lower caloric yield per hectare compared to 
annual staple crops like cereals (Vossen, 2013). This outcome is further 
compounded by the absence of diverse crop rotations in olive-dominated 
systems, which are critical for enhancing soil fertility, nutrient cycling, 
and overall productivity (Belete and Yadete, 2023). These findings align 
with broader studies in semi-arid and Mediterranean regions, which 
highlight the trade-offs between perennial crops like olives and the 
immediate caloric productivity required for food security (Rajhi et al., 
2021).

The analysis also shows that the expansion of olive cultivation results 
in a significant decrease in profitability. This decline can be attributed to 
the high costs associated with inputs such as irrigation, pest manage
ment, and fertilizers, which escalate as cultivation intensifies, particu
larly in semi-arid regions where resource scarcity amplifies operational 
expenses (Kuper et al., 2018; Salman et al., 2020). Moreover, while ol
ives provide long-term ecological benefits such as carbon sequestration 
and water-use efficiency, their slower return on investment compared to 
annual crops often challenges economic feasibility when scaled up 
without adequate subsidies or market support (Torrús-Castillo et al., 
2023).

In contrast, a complete shift to conventional agriculture maximized 
edible calorie production due to the high caloric yield of cereal crops. 
However, this was suboptimal for carbon sequestration, as intensive 
cultivation of annual crops tends to deplete soil organic carbon due to 
frequent tillage and the absence of perennial vegetation (Lal, 2004).

Among the systems examined —conventional agriculture, olive or
chards, and diversified rotations— the latter was predicted to have the 
lowest profit and environmental impact. Diversified rotations were more 
favourable for carbon sequestration and reduced nutrient losses 
compared to conventional rotations. This outcome is likely due to the 
inclusion of nitrogen-fixing legumes and reduced reliance on synthetic 
fertilizers, which contribute to soil carbon enrichment and lower ni
trogen leaching (Álvaro-Fuentes et al., 2009). Alfalfa’s substantial water 
requirement stems from its high evapotranspiration compared to other 
crops, primarily because of long periods of transpiration (Sheaffer et al., 
2015). This poses challenges in water-scarce regions. However, its 
benefits for soil health, such as enhancing nitrogen fixation and organic 
matter, justify its inclusion in crop rotations (Singh et al., 2023).

Stakeholders in our study emphasized the benefits of alfalfa for soil 
health and advocated for the broader use of cover crops and drought- 
resistant varieties to enhance water use efficiency. Although our study 
did not include these crops due to data limitations, future research 
incorporating these variables could leverage our proposed tools to 
evaluate broader impacts.

For the metrics we considered, drip irrigation emerged as a superior 
technology compared to flood irrigation, offering significant benefits in 
water use efficiency and climate change mitigation. This method is 
particularly critical in arid and semi-arid regions where water scarcity is 
exacerbated by climate change, ensuring resilient agricultural systems 
(Dawit et al., 2020).

One limitation of our study is that we did not account for the fact that 
the study area currently lacks a shared drip irrigation infrastructure. As 
such, individual farmers are required to install their own drip irrigation 
systems, which is dependent on reliable access to groundwater re
sources. Without communal infrastructure, farmers must invest in wells 
or water storage facilities, which significantly increases costs. This 
financial barrier limits the adoption of drip irrigation to wealthier 
farmers, potentially widening socioeconomic disparities within 

agricultural communities (Kuper et al., 2018).
The large-scale adoption of drip irrigation technology also presents 

broader challenges including technological suitability, socioeconomic 
barriers, and the need for supportive policies. Drip irrigation systems 
may not be universally suitable across all crops, soil types, or landscapes. 
Factors such as soil texture (Solat et al., 2021), crop rooting depth 
(Bajpai and Kaushal, 2020), and infrastructure compatibility (Enciso- 
Medina et al., 2011) significantly influence the performance and effi
ciency of these systems. For smallholder farmers, the high upfront costs 
of installation and ongoing maintenance present a significant hurdle, 
particularly in resource-limited settings. Without financial assistance or 
targeted subsidies, adoption remains uneven, deepening existing in
equities within agricultural systems.

Although our study focused on evaluating trade-offs associated with 
different cropping systems, it did not directly model the impacts of 
groundwater overextraction. This issue is especially pertinent for sys
tems like olive orchards or water-demanding crops such as alfalfa, which 
may rely heavily on groundwater resources for irrigation. Moreover, the 
decentralised implementation of drip systems without appropriate 
oversight can lead to unsustainable groundwater extraction, as reported 
in several water-stressed regions (Meinzen-Dick, 2014). In some cases, 
the prolonged use of improperly managed drip irrigation systems can 
also exacerbate soil salinity, particularly in semi-arid areas where salts 
accumulate due to inefficient drainage systems (Salman et al., 2020).

Unchecked groundwater extraction can lower water tables, diminish 
aquifer recharge, and threaten the long-term sustainability of agricul
tural systems. Plus, the lack of community-level management frame
works can result in inequitable water access, disproportionately 
benefiting wealthier farmers while marginalising smallholders (Kuper 
et al., 2018). Incorporating groundwater dynamics into future modelling 
efforts could provide a more comprehensive understanding of the 
environmental impacts of intensive irrigation systems. Additionally, 
policies promoting sustainable groundwater management, such as col
lective governance and regulated extraction thresholds, are essential to 
mitigate these risks.

Our EIQ analysis indicates that increasing olive production would be 
the most harmful of the scenarios explored in terms of the environmental 
impact of pesticides. This is due to the substantial volumes of chemical 
application required to maintain the phytosanitary health of olives, 
particularly under intensive cultivation (Rajhi et al., 2021). However, 
whilst this metric considers the toxicity and risk associated with agro
chemical use, it does not account for environmental and biodiversity- 
related contributions of olive groves. For example, olive groves serve 
as habitats for various wildlife species, including migratory turtle doves 
(Streptopelia turtur) (Hanane and Baamal, 2011) and a source of pollen 
for honeybees (Giovanetti, 2018). Additionally, we assumed the use of a 
typical pesticide program, including both herbicides and fungicides with 
insecticide application being more sporadic and targeted. It is important 
to acknowledge that not all producers will adhere to this program. In 
disadvantaged rural communities, as few as 3.8 % of farms use chemical 
pesticides (Serghini et al., 2010). These farms may benefit from shared 
protection afforded by their neighbours’ use of pesticides or alterna
tively, the lack of herbicide use may promote increased diversity of 
understory vegetation which can provide habitat and food resources for 
other beneficial taxa.

As part of this research, we consulted with stakeholders about their 
perceptions of sustainable solutions to adapt to an increasingly drought- 
stricken region. Traditional farmers commonly advocated for fallow 
periods to aid soil regeneration; a practice rooted in their long-standing 
experiential knowledge. Conversely, stakeholders with formal agro
nomic training proposed cover crops for improved water retention and 
nutrient management. We did not explore in depth how fallow periods 
were managed by the farmers that we interviewed and the true impacts 
of these, so have no evidence to support or dispute their claims. We note, 
however, that the literature documents several instances where tradi
tional management and local farmer adaptations have demonstrated 
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sustainability benefit (Chuma et al., 2022; Fairhead and Scoones, 2005; 
Occelli et al., 2021). In particular, Osbahr and Allan (2003) highlighted 
how Indigenous knowledge of soil fertility management in southwest 
Niger enabled farmers to make complex decisions, suggesting that 
integrating Indigenous knowledge with scientific evidence could yield 
significant benefits.

The decision support tool that we have produced has significant 
potential to facilitate discussions among diverse stakeholders by eluci
dating the trade-offs inherent in agricultural systems. By fostering a 
collaborative dialogue, the tool can help bridge gaps between traditional 
and formalised knowledge systems, promoting sustainable agricultural 
practices that align with both local realities and global goals for resil
ience in the face of climate change.

Our results are presented as percentage changes from a baseline to 
provide a straightforward means to interpret whether the given metrics 
are likely to improve, despite their differing associated units. This 
approach is widely used in agroecosystems modelling to facilitate the 
comparison of outcomes across diverse metrics (Redhead et al., 2020).

As with any model-based analysis, uncertainties in predictions arise 
from variability in input data, assumptions, and model parameters. 
These uncertainties must be clearly communicated to the end user to 
ensure that the results are interpreted appropriately and effectively 
(Chagumaira et al., 2022; Spiegelhalter et al., 2011).

Effective communication of uncertainty allows users to better weigh 
the risks and benefits, thereby facilitating informed decisions. Without 
communicating uncertainty, users might interpret model predictions as 
absolute truths, leading to misinterpretation and potentially harmful 
decisions based on overly confident predictions. Acknowledging un
certainty ensures that both model developers and users alike take re
sponsibility for the potential errors in predictions. This accountability 
encourages continuous improvement of the model and its application 
and fosters trust by being transparent about the limitations of the pre
dictions (Chagumaira et al., 2022).

There are several numerical and visual ways in which uncertainties 
can be communicated including confidence intervals, IPCC-calibrated 
phrases, box plots and frequency plots (Milne et al., 2015; Okonkwo 
et al., 2018). These types of visualizations can effectively communicate 
uncertainties to diverse audiences, including non-experts or stake
holders who may not have a strong background in statistics or mathe
matics. They can bridge the gap in understanding between technical 
experts and end-users. We chose to use shaded arrays to communicate 
the uncertainty in predictions as, of the methods listed above, these were 
shown to be generally the easiest to interpret by non-technical stake
holders (Milne et al., 2015). What is not explicitly presented to the user 
are the underlying assumptions of the data inputs and models. For sound 
policy guidance or elicitation exercises, these assumptions need to be 
clearly communicated. In some instances providing the capability to 
adjust certain setting for more advanced scenario analysis can be 
beneficial.

Acknowledging and communicating uncertainty not only enhances 
the credibility of model-based tools but also fosters accountability 
among model developers and users. By openly addressing limitations, 
developers can encourage continuous improvement of models, ensuring 
their relevance and reliability in dynamic agricultural contexts. More
over, such transparency fosters trust among stakeholders, enabling 
collaborative efforts to refine tools and optimise their applications for 
diverse scenarios (Kaim et al., 2018). The tool presented in this study 
aims to integrate uncertainty communication as a core feature, aligning 
with best practices in environmental modelling and decision support.

The framework we present integrates models and data to explore 
trade-offs associated with decision-making. This tool supports decision- 
making by encouraging end user to consider the potential unintended 
consequences of their actions. Here we used relatively simple models 
and considered a limited range of outcomes. Future enhancements of 
this framework could include additional models and increased 
complexity. We recommend that this is done in consultation with expert 

stakeholders so that the choices of what to include can be guided by 
knowledge of what outcomes and systems are most relevant to the 
environment of interest.

5. Study limitations

A key limitation of this study is its focus on a specific irrigated 
perimeter in Morocco, which may limit the direct generalisability of the 
findings to other semi-arid regions. Variations in soil types, climate 
conditions, and local farming practices across semi-arid areas mean that 
the specific results presented here are most relevant to the studied re
gion. However, while the findings are region-specific, the methodolog
ical framework we developed is designed to be broadly applicable. 
Future studies should test the framework in diverse agroecological 
contexts to validate its generalisability and identify additional region- 
specific nuances.

The models also assume homogeneity of soil types across the study 
area, which simplifies computations but overlooks spatial variability in 
soil properties. Such variability is important in determining the pro
ductivity and sustainability of different cropping systems (Hammam, 
2022). To improve the robustness of future models, incorporating 
detailed soil maps could better capture spatial heterogeneity and its 
implications for trade-offs between productivity and environmental 
outcomes.

Economic evaluations in the models do not account for the detailed 
costs of cultivation, particularly in smallholder systems where family 
labour constitutes a significant component of the workforce. Assigning 
monetary values to such informal contributions is challenging particu
larly in smallholder-dominated regions like Morocco. Family labour 
often constitutes a substantial portion of the workforce (Marzin et al., 
2017), and assigning accurate monetary values to this labour is complex 
due to its informal nature. Acknowledging this limitation, we recom
mend that future studies collect detailed economic data to enhance the 
accuracy of cost-benefit analyses.

One of the key limitations of this study is the omission of ground
water dynamics in our analysis. While we account for water use effi
ciency and crop-specific irrigation demands, we do not model the 
potential impacts of groundwater overextraction associated with 
irrigation-intensive cropping systems. This could lead to an underesti
mation of the long-term environmental impacts, particularly in semi- 
arid regions where groundwater resources are already under stress. 
Complex factors, including aquifer recharge rates, farmer access to 
water, and community-level management practices often influence 
groundwater extraction. Modelling these dynamics would require 
detailed regional data on groundwater availability and extraction 
thresholds, which were beyond the scope of this study. We acknowledge 
that this omission limits the comprehensiveness of our findings and 
recommend that future research incorporate groundwater availability 
and depletion risks to provide a more holistic assessment of the sus
tainability of cropping systems.

Addressing these limitations in future research will enhance the 
framework’s precision and applicability, enabling it to serve more 
effectively as a decision-support tool for stakeholders. By incorporating 
more granular data and addressing spatial, economic, and management 
heterogeneity, the framework can better guide informed decision- 
making and foster sustainable agricultural practices.

6. Conclusion

We developed a framework to evaluate the trade-offs associated with 
cropping system choices focusing on seven objectives relevant to 
stakeholders. By integrating predictions of these variables, including 
related uncertainties, the framework provides a structured approach for 
balancing often competing priorities such as productivity, environ
mental impact, and economic viability. This tool is particularly valuable 
in guiding decision-making in contexts where no single solution 
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optimises all objectives, encouraging stakeholders to move beyond 
simplistic approaches and consider more nuanced strategies.

The practical application of this framework lies in its ability to 
support participatory decision-making processes. Stakeholders can use 
the tool to visualise trade-offs, test different management scenarios, and 
challenge preconceptions, fostering more informed and collaborative 
discussions. To maximise its utility, we recommend an iterative devel
opment and exploration process that actively involves stakeholders. By 
incorporating local knowledge and refining objectives based on user 
feedback, the framework can evolve to address the specific needs and 
priorities of different agricultural systems. This iterative approach not 
only improves the relevance of the framework but also enhances its 
adoption and effectiveness in real-world decision-making, ensuring it 
remains a dynamic tool for navigating the complexities of sustainable 
agriculture.
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