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Abstract. Under climate change conditions, optimizing water resources management in rainfed agricultural
production systems requires the reasonable choice of crops. In this context, the adoption of crops diversification
is promoted to increase the agricultural production and the added value per cubic meter of rain water (green
water) used by crops. Contributing, therefore, to increase agricultural production and to preserve soil and wa-
ter resources. The objective of this study is: (i) to identify mixed crops within agricultural fields and, (ii) to
evaluate the biomass production and the water productivity in the Lebna watershed (Cap-Bon, Tunisia) using
remote sensing and field measurements. The study area, covering 210 km2, is characterized by the predominant
of cereals, legumes and fodder cropping systems. The experiments allowed the quantification of crop evapotran-
spiration and the observed biomass production at the agricultural field plots. The use of the sentinel images and
the observations at different agricultural fields allowed to produce NDVI maps. The results first confirmed a good
correlation between biomass production and NDVI values. The exponential relationships showed a values of R2

greater than 0.7. The use of sentinel images and GIS allowed to compute water productivity from field to water-
shed scale. The results revealed a considerable spatial variation in water productivity values for different crops.
Compared to a single crop, the cereal-legume mixture cropping improved the water productivity. The maximum
value with 9.07 kg m−3 is observed for the mixture crops. The lowest value (0.12 to 2.40 kg m−3) was obtained
for the cereal crop. These results help to recommend adaptation measures in agricultural production systems to
climate change.
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1 Introduction

Rainfed agriculture is mostly the primary source of food in
the world; contributing to about 60 % of the total crop pro-
duction (UNESCO, 2009). In Tunisia, rainfed agriculture oc-
cupies between 92 % of the utilized agricultural area and
contributes to about 65 % of agricultural production (FAO,
2022). However, rainfed agriculture face climate change
pressure that is expected to impact the crop yield and thus

affecting the availability of food and interfering in various
environmental factors such as water production and use effi-
ciency. Hence, there is a need to explore reasonable choice of
cropping system that increases the crop yield, optimize water
resources management while ensuring a decent income for
farmers in rainfed agriculture. In this context, the adoption
of crops diversification is promoted to increase the agricul-
tural production and the added value per cubic meter of rain
water (green water) used by crops. Contributing, therefore, to
increase agricultural production and to preserve soil and wa-
ter resources. The objective of this study are: (i) to identify
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Figure 1. The Lebna watershed study area.

mixed cropping system within agricultural fields and, (ii) to
evaluate the biomass production and the water productivity in
the Lebna watershed (Cap-Bon, Tunisia) using remote sens-
ing and field measurements.

2 Materials and methods

2.1 Study site

The study area was the Lebna watershed (210 km2, 36°43′–
36°53′ N, 10°40′–10°58′ E) located in the Nabeul Gover-
norate (Fig. 1). The climate regime is at the boundary be-
tween subhumid and semiarid conditions (IAO, 2002). From
downstream to upstream, the mean annual rainfall and the
mean annual evapotranspiration (Penman- Monteith refer-
ence crop) range from 450 to 800 mm and from 1000 to
1500 mm, respectively (IAO, 2002; Zitouna-Chebbi et al.,
2012). As described in Mekki et al. (2018a), agricultural sys-
tems are mainly based on rainfed mixed farming and live-
stock. Annual crop areas cover 67 % of the study area. Peren-
nial crops (mainly olive trees) cover 8 % of the total area
of the study area. Wheat is mainly rotated with legumes
or spices to capture the benefits of nitrogen fixation (in the
case of legumes) and/or to control pests or weeds. However,
forage crops may sometimes replace legume or spice crops
in biennial succession. Livestock husbandry includes cattle,
sheep and goat breeding. Arable land (annual and perennial
crops) accounts for 75 % of the study area, while natural and
semi-natural areas account for one-fifth. The Lebna water-
shed is subject to soil erosion and subsequent reservoir silta-
tion. Mekki et al. (2018b) have shown that evapotranspiration
is the predominant factor influencing soil moisture dynamics
in this area and that evapotranspiration differs significantly
depending on the crops, cropping practices, soil properties
and climatic conditions. Consequently, they assumed that it
is possible to control the amount of green water and, in part,

runoff and downstream water yield by adopting appropriate
agricultural practices, including the spatiotemporal distribu-
tion of crops.

2.2 Data collection and analysis

The field surveys have been held during 2019/2020 growing
season. The use of the sentinel images (Table 1) and the ob-
servations at different agricultural fields allowed to produce
land use and NDVI maps (Fig. 2). The required georefer-
enced data were acquired by using existing data and classi-
fying sentinel images. Data on the crops present in the fields
during the growing season were obtained through field ob-
servations that have been used to train the supervised clas-
sification of the sentinel images series. The observed fields
were distributed among the existing types of crops (217 fields
for wheat, forage crops, 292 fields for spices and legumes,
317 fields for fodder crops among them 41 mixed crop-
ping fields where 17 fields with cereal-legume crops). Five
agricultural fields were selected to monitor the aboveground
biomass for three types of crops: cereals (oats, barely, wheat),
legume (faba bean), cereal-legume mixture (vetch-triticale
mixture). Measurements of the aboveground biomass started
from early January to mid-March, with around ten days’
time step as shown in the Table 1. The spectral data were
derived from a time series of multispectral sentinel images
(Table 1) from which we determined the Vegetation Index
(NDVI) which is the normalized difference of the red and
the near infrared bands. The data processing was carried out
with R software, we used the random forest library (Liaw
and Wiener, 2002) for the classification of Sentinel 2 images
and QGIS software for water productivity mapping. The cal-
ibration sample consisted of a subset of the observed fields.
Six images taken between the end of December to the end
of May were used for the supervised classification. The av-
erage prediction rate was 86 %. Once the classification is set
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Table 1. Dates for ground measurements and Sentinel 2 images acquisition. The sentinel 2 images, scenes are provided by https://sentinels.
copernicus.eu/web/sentinel/missions/sentinel-2/data-products (last access: 25 May 2020).

Ground measurements 15 January 2020; 5 February 2020; 13 February 2020; 27 February 2020; 3 March 2020; 10 March 2020

Sentinel-2A 27 November 2019; 7 December 2019; 25 February 2020; 5 May 2020; 25 May 2020

Sentinel-2B 10 February 2020; 1 March 2020

up, we determined the NDVI maps for the catchment and we
established the biomass maps using the NDVI-biomass cor-
relations.

The water productivity (WP) estimates the value obtained
from each unit volume of water used in the production of
a given production (Luan et al., 2018). The WP can be as-
sessed considering the crop production in terms of vegetation
biomass and/or grain production. The green water (rainfall)
productivity (GWP) can be defined, where only effective rain
“REff” is consumed during the crop growth period (Luan et
al., 2018). GWP (kg m−3) can be calculated at the watershed
scale.

GWPgreen
(

kgm−3
)
= Y/10×REff (1)

Where Y is the total crop production and REff is the effec-
tive rainfall (R) representing the total precipitation infiltrated
in the soil for crop production. According to the observed
measurements we estimated a runoff coefficient of 20 % and
calculated the (REff = R− 0.2 ·R). The factor 10 is used to
convert effective rain water depths (REff) in millimeters into
water volumes per land surface in m3 ha−1.

3 Results

The observed total fresh aboveground biomass between Jan-
uary 2020 and March 2020 for the different land use (cereals,
legumes and mixture crops) shows variation within the wa-
tershed. The highest value was observed on mixture crops,
happened in the end of March and reached a maximum of
34 t ha−1 in 2020. Figure 3a, b and c presents the correla-
tion between the biomass production and the NDVI values
for fababean, wheat and mixture crop respectively. The re-
sults show a good correlation between biomass production
and NDVI values. The exponential relationships showed a
values of R2 greater than 0.7 as shown in Table 2.

Figure 4 presents the spatial variation of the GWP values
for the different crops within the Lebna watershed. The re-
sults revealed a considerable spatial variation in water pro-
ductivity values for different crops. Compared to a single
crop, the cereal-legume mixture cropping seems to improve
the water productivity in terms of biomass production. The
maximum GWP value with 9.07 kg m−3 is observed for the
mixture crops. The lowest GWP (0.12 to 2.40 kg m−3) was
obtained for the cereal crop.

Table 2. The statistical indicators (R2 and RMSE) of the correlation
between the NDVI and the aboveground biomass.

Cereals Legume Cereal–Legume
mixture

R2 0.86 0.72 0.72
RMSE 0.47 1.70 1.66

Figure 4 presents the spatial variation of the GWP values
for the different crops within the Lebna watershed. The re-
sults revealed a considerable spatial variation in water pro-
ductivity values for different crops. Compared to a single
crop, the cereal-legume mixture cropping seems to improve
the water productivity in terms of biomass production. The
maximum GWP value with 9.07 kg m−3 is observed for the
mixture crops. The lowest GWP (0.12 to 2.40 kg m−3) was
obtained for the cereal crop.

The observed variation across the watershed could be as-
cribed to the soil properties, the crop management practices
during the growing cycle and the crop rotation in relation to
the available soil water to the crop use.

4 Conclusions

The green water (rainfall) productivity assessment in Lebna
watershed along the 2019/2020 growing season was per-
formed using Sentinel 2 satellite images and the aboveground
observed biomass for the cereal-legume, mixture crops. The
results first confirmed a good correlation between biomass
production and NDVI values. Compared to a single crop,
the cereal-legume mixture cropping improved the green wa-
ter productivity. These results help to recommend measures
to increase the adaptation of rainfed agricultural to climate
change. Further studies may refine the quantification of local
scale WP values. The results are currently to be validated us-
ing the high number of field observations and satellite images
over several years and dates (three cropping cycles). Also,
the measured crop evapotranspiration can be used instead of
effective rainfall to calculate a more relevant GWP as shown
in the equation above. Ongoing work coupling field experi-
ments, remote sensing and agro-hydrological model aims to
develop simulation and evaluate the agri-environmental im-
pacts of the rainfed cereal-legume mixture cropping.
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Figure 2. The flowchart of the methodology.

Figure 3. Correlation between biomass production and NDVI values for: (a) fababean, (b) wheat, and (c) mixture crops.

Code availability. The software code is randomForest (https://
CRAN.R-project.org/doc/Rnews/, Liaw and Wiener, 2002).

Data availability. The underlying research data is currently not
publicly available due to privacy. The sentinel 2 images, scenes are
provided by https://sentinels.copernicus.eu/web/sentinel/missions/
sentinel-2/data-products (Copernicus Open Access Hub, 2020).
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Figure 4. Map of the green water productivity (GWP) for wheat, legume and mixed crops for 2020–2021 for Lebna watershed.

and future of open, inclusive, innovative, and society-interfacing
approaches”. It is a result of the XIth Scientific Assembly of the
International Association of Hydrological Sciences (IAHS 2022),
Montpellier, France, 29 May–3 June 2022.
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