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ABSTRACT

Forage production in semi-arid regions of Brazil is limited by water deficit. This study aimed to identify the most adapted and
efficient production systems and define their agricultural calendars for the semi-arid region of Brazil. Twenty-nine production
arrangements that included different cropping conditions, plant density, plant cycles, water replenishment, use of soil cover and
production arrangements based on the main crop (forage cactus) were simulated for 14 locations. On the basis of the agricultural
calendar, planning from the beginning of December to January is ideal for rainfed systems. Compared with their monoculture
systems, the intercropping system of forage cactus and irrigated sorghum increased the forage supply by 44% and 89%, respec-
tively. The use of irrigation increased the forage cactus biomass by 150%, with an emphasis on the clone Orelha de Elefante
Mexicana, which presented an average water productivity of 39 gm=2. The increase in the planting density of the forage cactus
increased productivity by up to 140% under the control. The use of irrigated forage cactus and sorghum intercropping should be
recommended, in addition to practices such as higher planting densities and the use of mulch to optimise yield.

Résumé

La production de fourrage dans les régions semi-arides du Brésil est limitée en raison du déficit hydrique. Cette étude visait a
identifier les systémes de production les plus adaptés et efficaces et & définir leurs calendriers agricoles pour la région semi-aride
du Brésil. Vingt-neuf modes de production, qui comprenaient différentes conditions de culture, densité des plantes, cycles de
culture, réapprovisionnement en eau, utilisation de la couverture du sol et modes de production basées sur la culture principale
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(cactus fourrage), ont été simulées pour 14 sites. Sur la base du calendrier agricole, la planification de début décembre a janvier

est idéale pour les systémes pluviaux. Par rapport a leurs systemes de monoculture, les cultures mixtes irriguées de cactus four-

rager et de sorgho ont augmenté l'approvisionnement en fourrage de 44% et 89%, respectivement. L'utilisation de lirrigation a

augmenté la biomasse de cactus fourrager de 150%, avec un accent mettant sur le clone Orelha de Elefante Mexicana, qui présentait

une productivité moyenne de I'eau de 39 g m2. Laugmentation de la densité de plantation du cactus fourrager a augmenté la produc-

tivité jusqu’a 140% dans le cadre du controéle. L'utilisation de cultures mixtes irriguées de cactus fourrage et de sorgho devrait étre

recommandée, en plus de pratiques telles que les densités de semis plus élevées et I'utilisation de paillis pour optimiser le rendement.

1 | Introduction

Low fodder production is characteristic of semi-arid regions
because of factors such as high evapotranspiration demands,
irregular rainfall and inefficient management interventions,
thus unbalancing the supply of food for herds over the years
(Bell et al. 2018; Moraes et al. 2019; Veloso et al. 2020; Pinheiro
et al. 2021). The semi-arid region of Brazil (SAB) is 982,566 km?,
representing 18% of the country (Pinheiro et al. 2024), with
average annual rainfall ranging from 400 to 800mm (Alvares
et al. 2013; Silva et al. 2021).

Based on rainfall, the SAB can be divided into three primary
geographical zones: (a) the northern zone, which covers most
of the semi-arid region with rainfall concentrated between
December and May and is influenced by the Intertropical
Convergence Zone (ITCZ); (b) the south/southeast zone,
where the greatest rainfall occurs from November to February
and is associated with cold fronts from the south; and (c) the
eastern zone, where the peak rainfall period extends from
April to August and is driven mainly by thermal differences
between the Atlantic Ocean and adjacent lands, all of which
influence management interventions for agricultural crops
(Cunha et al. 2015).

As a result of the characteristics of each geographical area, ef-
forts are being made to minimise the restrictions on forage pro-
duction, known as ‘yield gaps’, to understand and quantify the
disparity between potential and actual crop yields (Sentelhas
et al. 2015; Beza et al. 2017; Dias and Sentelhas 2018; Monteiro
et al. 2020; Pinheiro et al. 2024).

An alternative to ensure greater productive return is the imple-
mentation of resilient agricultural practices, such as the adop-
tion of forage crops adapted to the climate. Studies highlight
the potential of forage cactus (Nopalea spp. and Opuntia spp.),
which presents crassulacean acid metabolism (CAM), known
for its high efficiency in the use of water and productivity, even
under conditions of prolonged drought (Queiroz et al. 2015;
Moraes et al. 2019; Pessoa et al. 2020). In addition, sorghum and
millet are highly important because of their nutritional value
and high productivity, which are attributed to their C4 metabo-
lism (Alves et al. 2022; Jardim et al. 2020).

In addition to adapted species, increased crop density and in-
tercropping can contribute to greater crop sustainability, en-
suring greater productivity per area and nutritional balance for
livestock (Queiroz et al. 2015; Diniz et al. 2017; Araujo Junior,
Silva, Souza, Araujo, et al. 2021; Jardim et al. 2021; Pinheiro
et al. 2024). In addition, productivity levels can be increased

when crops are managed under irrigation, using crop evapo-
transpiration (ETc) as a reference to avoid waste and provide
only what is necessary for good crop development (Amorim
et al. 2017; Aradjo Junior, Silva, Souza, Aragjo, et al. 2021;
S4 Souza et al. 2022; Lima, Silva, Pereira, et al. 2018; Pereira
et al. 2020).

Although these practices provide greater security for semi-arid
regions, determining the ideal planting time, with a view to
greater canopy development and reducing thermal and water
stress during the critical growth stages of the crop, is essential
(Santos et al. 2017; Zhang et al. 2019). However, there is lim-
ited detailed information on the agricultural calendar for forage
crops such as forage cactus, sorghum and millet in the semi-arid
region of Brazil. The available data are mainly restricted to the
Agricultural Zoning for Climate Risk (AZCR). Although AZCR
is a valuable risk management tool, there is still a need to im-
prove interspecific information for these crops and their respec-
tive cultivation systems.

To meet these challenges, the AquaCrop simulation model, de-
veloped by the Food and Agriculture Organisation (FAO) of the
United Nations, serves as a valuable tool for determining the
ideal fodder production arrangements in different locations. It
also makes it possible to estimate production scenarios based
on various agricultural practices. AquaCrop was designed to
simulate the effects of environmental conditions and man-
agement strategies through three modules: soil water balance,
crop growth simulation and atmospheric composition (Zhu
et al. 2021). The model produces reliable results with relatively
minimal data input (Heng et al. 2009; Hsiao et al. 2009; Raes
et al. 2009).

AquaCrop has been successfully applied to several crops, includ-
ing potato (Linker et al. 2016; Razzaghi et al. 2017), sugarcane
(Bahmani and Eghbalian 2018; Farooq and Gheewala 2020),
sunflower (Saab et al. 2014), common bean (Magalhies
et al. 2019), soybean (Adeboye et al. 2021; Giménez et al. 2017),
millet (Bello and Walker 2016; Guo et al. 2018), maize (Van
Gaelen et al. 2015; Zhu et al. 2021) and sorghum (Araya
et al. 2016; Hadebe et al. 2017). However, few studies have ap-
plied this model to fodder cactus or investigated the productive
responses of sorghum and millet under different cropping sys-
tems in the semi-arid region of Brazil, particularly under rainfed
and irrigated conditions.

Therefore, our hypothesis is that AquaCrop can be used to carry
out simulations of the best planting times for forage cactus and
sorghum crop arrangements in semi-arid environments. This
study aims to (i) use the AquaCrop model to identify the most
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FIGURE1 | Locations of the districts used for application of the AquaCrop model.

adapted and efficient production systems under the environ-
mental conditions of the SAB and (ii) optimise the agricultural
calendar for fodder crops.

2 | Materials and Methods
2.1 | Description of the Study Area

The AquaCrop model was used in 14 locations across Brazil's
semi-arid region (Figure 1), which has distinct climates, rain-
fall, temperatures and reference evapotranspiration (ET)
(Figure 2). The sites are in six states: Alagoas, Bahia, Cear4,
Paraiba, Pernambuco and Piaui. Rainfall is concentrated in
the first half of the year (72.6%) (Figure 2). The annual rain-
fall ranges from 500 (Petrolina) to over 900 mm (Barbalha,
Garanhuns and Sao Goncalo). The temperature and ET ; show
similar patterns. Garanhuns has the lowest average tempera-
ture (21.9°C), whereas Paulistana has the highest (27.5°C).
Remanso has the smallest temperature variation (1.0°C),

and Petrolina has the largest (4.3°C). These factors directly
influence ET,, which is highest in Paulistana and lowest in
Garanhuns.

2.2 | Description of the Cropping Conditions
and Agricultural Arrangements Used in
the Simulations

From the study conducted by Pinheiro et al. (2024), who carried
out parameterisation of the AquaCrop model for different for-
age crops and agricultural systems, we chose the arrangements
showing the most potential for the semi-arid region of Brazil.
As such, six types of crops under 29 agricultural arrangements
were simulated for each district and included different levels of
densification, different vegetative cycles and water replacement
based on the main crop (forage cactus). It should be noted that
these simulated agricultural scenarios are the result of appropri-
ate cropping conditions and agricultural management, as high-
lighted by Alves et al. (2022), which imply well-fertilised fields,
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under proper spacing, with pest and weed control. Table 1 high-
lights the conditions and agricultural arrangements applied in
the simulations of biomass production for the different locations
in the semi-arid region of Brazil.

The following systems were applied: ‘rainfed and single’
(IPA-RS, MIU-RS, OEM-RS, 267-RS, P288-RS, SF11-RS); ‘ir-
rigated and single’ (IPA-IS, MIU-IS, OEM-IS, 467-1S, P288-IS,
SF11-IS); ‘intercropping and rainfed’ (IPA-SF11-R, MIU-
P288-R, OEM-SF11-R); and ‘intercropping and irrigated’
(IPA-SF11-I, MIU-288-1, OEM-SF11-I). For the systems under
irrigation management at different depths and frequencies, an
irrigation depth of 80% of the ETc (IPA-80%, MIU-80%, OEM-
80%) was applied, in addition to the systems with the IPA clone
at an irrigation frequency of 7days (IPA-07D), Miuda at 28 days

(MIU-28D) and OEM at 14days (OEM-14D). Furthermore,
owing to the influence of the mulch, the OEM clone was defined
for the conditions of ‘rainfed with cover’ (OEM-RWC) and ‘irri-
gated with cover’ (OEM-IWC); in addition, the systems with the
OEM clone under complementary irrigation (OEM-CI) and for
the conditions of ‘rainfed and dense’ (OEM-RDN.) and ‘irrigated
and dense’ (OEM-IDN).

2.3 | Description of the AquaCrop Model, Data
Entry and Application to the 14 Locations

AquaCrop is a model of crop growth and development pro-
posed by the FAO (Hsiao et al. 2009; Raes et al. 2009; Steduto
et al. 2009) and was developed to analyse the influence of

TABLE 1 | Description of the production units of forage cactus and sorghum, including intercropping systems, different clones, different water

regimes, irrigation frequencies and planting density.

Plant density Water Use of ground Productive
Cropping condition (plants ha™!) Plant cycle replacement cover arrangements
Forage cactus-sorghum Cactus—50,000 Forage 0% ETc No cover IPA-RS
intercropping under Sorghum—200,000 cactus 80% ETc MIU-RS
complementary Sorghum OEM-RS
irrigation 267-RS
P288-RS
SF11-RS
IPA-IS
MIU-IS
OEM-IS
467-1S
P288-IS
SF11-IS
IPA-SF11-R
MIU-288-R
OEM-SF11-R
IPA-SF11-1
MIU-288-1
OEM-SF11-1
Forage cactus clones Cactus—50,000 Forage 80% ETc No cover IPA-80%
under different water cactus MIU-80%
regimes OEM-80%
Forage cactus clones Cactus-50,000 Forage Fixed irrigation No cover IPA-07D
subjected to different cactus depth of 14mm OEM-14D
irrigation frequencies Frequencies MIU-28D
IPA—7days
OEM—14days
MIU—28days
Forage cactus with and Cactus—31,250 Forage 0% ETc Mulch (15Mgha™?) OEM-RWC
without mulch cactus 120% ETc OEM-IWC
Forage cactus under Cactus—41,667 Forage 100% ETc No cover OEM-CI
complementary cactus
irrigation
Different densities of Cactus—200,000 Forage 0% ETc No cover OEM-RDN.
the forage cactus under cactus 100% ETc OEM-IDN
rainfed and irrigated
conditions
Irrigation and Drainage, 2026 415
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climate conditions and agricultural management on the produc-
tive response of crops. The AquaCrop model (version 6.1-No.
02052018) consists of three modules: composition of the atmo-
sphere, water balance and crop growth (Zhu et al. 2021). The
model shows excellent performance in separating evapotranspi-
ration (ET) into soil evaporation (E) and crop transpiration (Tr),
expanding our knowledge of the effect that water has on the pro-
ductive consumption of plants (Steduto et al. 2009). As a result,
the final yield is expressed by the biomass (B) and harvest index
(HI), as shown in Equations (1) and (2), respectively.

Y = BxHI )
B=WPx Y Tr 2)

where Y is the final yield (Mgha™'), B is the biomass (Mgha™),
HI is the harvest index, WP is the water productivity parameter
(kgm=2mm™") and Tr is the transpiration rate (mm).

The necessary input data for the model was divided into five sets:
(1) climate data; (2) irrigation data; (3) soil data; (4) crop and pro-
duction system parameters; and (5) agricultural management data.

2.3.1 | Climate Data

The set of climate data comprises the daily variables of maxi-
mum temperature, minimum temperature, rainfall and ref-
erence evapotranspiration, the latter of which is estimated via
the Penman-Monteith equation (Allen et al. 1998). The climate
data were obtained from the National Institute of Meteorology
(INMET). The dataset, with a duration of 57years (1961-2018),
was organised on a daily scale; mean values were established to
create the daily average series. This routine ensured complete

continuous series for simulating productivity and the agricul-
tural calendar over an entire average year. Figure 2 shows the
climate data for each district.

2.3.2 | Irrigation Data

The irrigation for each district was estimated based on the crop
evapotranspiration (ETc).

2.3.3 | Soil Data

The file for the soil data was organised as per the national data-
base of soil profiles (Cooper et al. 2005) and set up to include the
necessary information required by the model, such as texture,
average depth, field capacity (FC), wilting point (WP) and hy-
draulic conductivity for each district (Table 2).

2.3.4 | Calibration and Validation of the AquaCrop
Model for Different Production Arrangements

The AquaCrop model was calibrated using field-collected
data, as detailed in the previously published study by Pinheiro
et al. (2024), which describes the model calibration and valida-
tion process for forage cactus, sorghum and millet production
systems under semi-arid conditions. In this study, the model
parameters were adjusted using data from six production units,
with a focus on phenological, biometric and biomass charac-
teristics throughout the crop cycle. Climate, irrigation, soil
and management data were collected and used to calibrate the
model parameters, such as the vegetation cover growth coeffi-
cient (CGC), the vegetation cover decline coefficient (CDC), the

TABLE 2 | Main characteristics of the soil profiles for the districts under analysis.

Soil depth WP FC Water condition

District Texture m % mm h!
Pesqueira Sandy 1.20 4.40 10.00 116.59
Petrolina Sandy clayey loam 1.50 14.30 25.90 16.24
Surubim Sandy 1.50 4.40 9.80 118.19
Garanhuns Clayey 1.90 8.20 25.60 28.56
Paulo Afonso Sandy loam 0.55 9.20 17.60 46.23
Palmeira dos Indios Sandy loam 1.50 6.90 12.50 54.78
Barbalha Sandy clay 1.68 14.90 26.00 15.00
Remanso Sandy loam 0.50 11.50 19.80 31.95
Campos Sales Sandy loam 1.10 10.30 18.30 39.59
Paulistana Sandy clayey loam 0.95 15.40 26.30 13.67
Monteiro Clayey loam 0.85 20.90 33.60 4.64
Campina Grande Sandy loam 0.40 10.40 20.60 34.18
Monte Santo Sandy loam 0.80 12.10 21.30 27.35
Sao Goncalo Sandy loam 0.55 5.20 14.30 83.02
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TABLE 3 | Initial parameters used in calibrating the AquaCrop
model.

Symbol Description

Air temperature
T, Basal temperature (°C)
Maximum temperature (°C)
Canopy development

— Time between planting and
emergence (days or °C day?)

— Number of plants per hectare

cc, Initial canopy cover with
90% plant emergence (%)

CcGC Canopy growth coefficient (soil
cover ratio per day or °C day™!)

cc Maximum canopy cover (%)

— Time from planting to the start of
senescence (days or °C day™)

CDC Canopy decline coefficient (Ground
cover ratio per day or °C day—!)

— Time between sowing and
maturation (days or °C day™!)

Root zone development

Z . Minimum effective root
depth (m)

Z Maximum effective root depth (m)
— Root zone expansion factor

— Time between sowing and
maximum root depth

Crop transpiration

Kcb Crop coefficient with maximum
canopy expansion

Sxe Coefficient of crop decline as a result of
age, nitrogen deficiency, etc. (% day ')

— Effect of canopy cover on reducing soil
evaporation at the end of the cycle

Biomass production and yield

wPpP* Normalised water productivity
for ET, and CO, (gm™2)
Harvest index
HI Reference harvest index
Water stress

Upper limit of soil water depletion
for canopy expansion

exp, upper

Lower limit of soil water depletion
for canopy expansion

P exp, lower

(Continues)

TABLE 3 | (Continued)

Symbol Description

— Water stress coefficient factor
for canopy expansion

P,, Upper limit of soil water
depletion for stomatal control

— Water stress coefficient factor
for stomatal control

P, Upper limit of soil water depletion
for canopy senescence

— Water stress coefficient factor
for canopy senescence

Air temperature stress

— Minimum degree-days necessary for
total biomass production (°C day!)

Source: Hadebe et al. (2017); Heng et al. (2009).

maximum effective root depth and water productivity, as shown
in Table 3.

The calibration process was performed through iterative ad-
justments of the most sensitive parameters of the model, such
as normalised water productivity (WP), upper and lower limits
of soil water depletion for vegetation cover expansion (P
and P

exp_upper
exp_low .) and the upper limit of soil water depletion for veg-

etation cover senescence (P,,). These adjustments were made
until the simulated values of vegetation cover and biomass ap-
proached the values observed in the field, which were based on
statistical indices such as the root mean square error (RMSE)
and the coefficient of determination (R?).

The model was validated using data from six independent pro-
duction units, with results that demonstrated good model accu-
racy, with R? values above 0.80 and performance classified as
‘very good’ (confidence index > 0.80). These results confirm the
effectiveness of the AquaCrop model in simulating crop produc-
tivity under different production arrangements, as detailed in
the study by Pinheiro et al. (2024).

2.4 | Construction of the Agricultural Calendar

The simulations took place in such a way as to identify the varia-
tions and impacts caused by the agricultural calendar on the dif-
ferent cropping systems under analysis, exposing the risks with
an interval of 0%-100% for minimum and maximum productive
performance, respectively. For the intercropping system of for-
age cactus and sorghum, it was established that the sorghum
would be planted 4 months after the start of the forage cactus
cycle since the initial growth of sorghum is faster than that of
forage cactus. This interval, attributed to an analysis of the
research carried out by Jardim et al. (2021), affords the forage
cactus greater stability and allows the cultivation and growth
of sorghum. The start of the cycle of each cropping system was
therefore simulated for the 15th of each month (15/01, 15/02,
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15/03, 15/04, 15/05, 15/06, 15/07, 15/08, 15/09, 15/10, 15/11 and
15/12) and for all locations.

3 | Results

3.1 | Agricultural Calendar for Cropping Systems
of Forage Cactus and Sorghum

Figure 3 shows, by means of simulations carried out by
the AquaCrop model, the agricultural calendar for the sin-
gle cropping systems of forage cactus clones (IPA, MIU and
IPA) and sorghum cultivars (467, SF11 and P288), in addition to
the intercropping systems that included these crops (IPA-SF11,
MIU-P288 and OEM-SF11). All these systems were analysed
with and without irrigation for each district, and the most
appropriate planting dates for each location were estimated
on the basis of their productive potential at the end of the cycle.

In general, when cultivation was carried out under rainfed con-
ditions, e.g., without the use of irrigation, greater risks were ob-
served throughout the year, including a reduced period for the
start of cultivation. As a result, the period of cultivation presents
the lowest risk of losses when carried out at the start of the rainy
season in each district. However, when cultivation is carried out

Sistems  (A) Barbalha - CE (B) Campina Grande - PB
IPA-RS
MIU-RS
OEM-RS
IPA-IS
MIU-IS
OEM-IS
467-RS
P288-RS
SF11-RS

467-IS
P28R-IS
SFI1-IS

IPA-SF11-R

MIU-P288-R

OEM-SF11-R

IPA-SF11-T

MIU-P288-T

OEM-SF11-1

(F) Monteiro - PB (G) Palmeira dos Indios - PB
IPA-RS
MIU-RS
OEM-RS
IPA-IS
MIU-IS
OEM-IS
467-RS
P288-RS
SF11-RS

467-IS
P28R-IS
SFI1-IS

IPA-SFI1-R

MIU-P288-R

OEM-SF11-R

IPA-SF11-T
MIU-P288-1
OEM-SF11-1

(K) Petrolina - PE (L) Remanso - BA
IPA-RS
MIU-RS
OEM-RS
IPA-IS
MIU-IS
OEM-IS
467-RS
P288-RS
SF11-RS
467-1S
P288-IS
SF11-IS
IPA-SF11-R
MIU-P288-R
OEM-SF11-R
IPA-SF11-1
MIU-P288-1
OEM-SF11-I

FIGURE 3
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(M) Sao Gongalo - PB
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Legend
100 80 60 40 20 0

under irrigation, the risk of production losses is reduced, and the
start of cultivation is extended, regardless of whether the crops
are single or intercropped (Figure 3). The cultivation of forage
under irrigated conditions resulted in increased production in
all the systems for each district. On average, considering the
forage cactus and sorghum, there was an increase in biomass
production of approximately 137% and 157% for the single and
intercropping systems, respectively. It is worth highlighting
the district of Paulo Afonso; the highest proportional increases,
332% and 439%, occurred due to irrigation in the single and
intercropping systems, respectively. The Orelha de Elefante
Mexicana (OEM) clone of the forage cactus grown under irriga-
tion offers greater productive return than the other clones do, in
addition to allowing cultivation at almost any time of the year,
with no significant risk to production.

Due to the lower annual temperature (21.9°C), the district of
Garanhuns allowed more time to begin planting forage crops.
However, when the cactus is grown as a single crop, the ideal
period for planting is between March and June, with a risk
of losses of approximately 20% (Figure 3), where as sorghum,
which has a reduced cycle (~100 days), can be planted between
February and June, with a less than 10% risk of loss. When
the forage cactus clones were intercropped with the sorghum
cultivars, planting between November and April presented

(D) Garanhuns - PE (E) Monte Santo - BA

(1) Paulo Afonso - BA (J) Pesqueira - PE

(N) Surubim - PE

Simulation of the agricultural calendar for clones of forage cactus (IPA, MIU, OEM) and sorghum (467, P288, SF11) grown as single

crops (RS) and as intercrops under simulated rainfed (R) and irrigated (I) conditions.
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the lowest risk (<20%), provided that an interval of 4 months
was allowed between planting the cactus and planting the
sorghum. Moreover, productivity, the sum of the biomass in
the intercropping system, increased to approximately 71% and
64% greater than that in the single crops under rainfed and
irrigated conditions, respectively.

In the district of Petrolina, it is recommended that the for-
age cactus be planted and grown under rainfed conditions
between December and January before the start of the rainy
season. However, the use of irrigation management allows a
longer period for the start of cultivation (February to July),
with a less than 10% risk. In Petrolina, sorghum should pref-
erably be planted in January, with less than 10% risk; this may
be extended until April, with up to a 30% risk of loss, which is
characteristic of cropping systems under rainfed and irrigated
conditions.

3.2 | Effects of Agricultural Practices on Biomass
Production in Forage Systems

The effects of adopting agricultural practices such as mulching,
different irrigation frequencies and densification can be seen
from the information shown in Figure 4. In general, when the
forage cactus is planted between December and June, under irri-
gation of 80% of the ETc, there is a trend towards an increase in
production and a reduction in losses. Under such conditions, the
IPA clone has the shortest planting period (January to April) and
the OEM the longest (December to June), considering a less than
20% risk of production loss. Figure 4 shows that, on average,

Sistems  (A) Barbalha - CE (B) Campina Grande - PB
IPA-80%
MIU-80%
OEM-80%

IPA-07D 4
MIU-28D
OEM-14D
OEM-RWC - || ]
OEM-IWC
OEM-RS [ |
OEM-CI
OEM-RDN [
OEM-IDN J

(F) Monteiro - PB (G) Palmeira dos Indios - PB

(C) Campo Sales - CE
J FMAMJJASOND JFMAMIJJASOND JFMAMIJJASOND JFMAMIJIJASOND JFMAMIJJASOND

(H) Paulistana - PI

for clones irrigated at 80% of the ETc, the OEM clone had the
highest biomass production at each location, 3.8 and 3.0 times
greater than those of the IPA and MIU clones, respectively.

The OEM clone was also responsible for greater production than
the IPA and MIU clones at all locations when subjected to differ-
ent irrigation frequencies. On average, the OEM clone with an
irrigation interval of 14days resulted in an increase of 137% in
relation to the IPA clone with an irrigation frequency of 7days
and 75% compared with the MIU clone, which was irrigated
every 28 days. There was a reduction in biomass production in
the OEM clone grown with ground cover in a system with no ir-
rigation; however, when the OEM system with ground cover was
grown under irrigation, there was an increase of approximately
237% in biomass production compared with the system grown
under rainfed conditions. This behaviour differed only for the
district of Garanhuns, where production in the systems with
and without irrigation showed similar values, with an increase
of only 6% for the irrigated system (Figure 4). In almost all lo-
cations, irrigation combined with mulching reduced the risk of
losses and extended the ideal planting period for the forage cac-
tus. Among the systems under evaluation, densification of the
OEM clone under irrigated conditions resulted in an increase
of approximately 140% of that observed under the same condi-
tions but without the use of irrigation. Such values for maximum
biomass are possible, albeit subject to proper management, and
the start of the cycle is based on the local agricultural calendar.
From this, it can be seen that the OEM clone in a dense irrigated
system afforded an increase in productivity and reduced the risk
of losses in all locations where the start of the cycle was between
December and January.

(D) Garanhuns - PE (E) Monte Santo - BA

2=

(I) Paulo Afonso - BA (J) Pesqueira - PE

J FMAMUJJASOND JFMAMIJJASOND JFMAMIJJASOND JFMAMIJIJASOND JFMAMIJJASOND

MIU-80%

OEM-80% ]

IPA-07D [ ]

MIU-28D

OEM:-14D
OoEM-RWC [ B B
OEM-IWC

OEM-RS [ ]

OEM-CI
onuiby - ull
OEM-IDN

(K) Petrolina - PE (L) Remanso - BA

(M) Sao Gongalo - PB

(N) Surubim - PE

JFMAMJJASOND JJ FMAMUJ J ASOND JFMAMJJASOND J FMAMUJJASOND
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MIU-80%
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FIGURE4

IPA-07D L]
MIU-28D
OEM-14D
OEM-RWC
OEM-IWC
OEM-RS
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OEM-RDN
OEM-IDN

Legend
10 80 60 40 20 0

Simulation of the productlve response of the AquaCrop model for the IPA, MIU and OEM forage cactus clones under irrigation at 80%

of the ETc (IPA 80%, MIU-80% and OEM-80%), IPA under an irrigation frequency of 7days (IPA-07D) and MIU under different irrigation frequencies

under simulated rainfed (S) or irrigated (I) conditions.
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4 | Discussion

Agricultural production is directly related to local weather con-
ditions, which promote changes in crop growth and develop-
ment. Due to the distinct climate characteristics of the semi-arid
region of Brazil, agricultural crops require that strategies of ad-
aptation and mitigation be adopted to provide favourable condi-
tions for cultivation. It is therefore necessary to identify the local
climate variables and consider the influence of non-climate
factors that affect the sensitivity of the crop to the climate, for
example, the importance of adopting agronomic strategies such
as adjusting planting times (Moradi et al. 2013). In our study,
we identified various planting times for forage cactus clones and
sorghum cultivars under different planting densities, i.e., irri-
gated or rainfed, single or intercropped, with or without mulch-
ing, to improve sustainable forage production in the semi-arid
region of Brazil.

4.1 | Productive Response of Cactus and Sorghum
in Intercropping or Single Systems

Forage cactus and sorghum, when grown under an intercrop-
ping system, tend to have lower individual yields than when
grown as single crops. However, when the intercropping sys-
tems were combined, greater productivity was observed in the
intercropping system than in the single systems (Figure 3). This
is directly related to the interspecific competition between crops
in an intercropping system for available resources such as water,
nutrients and light (Amorim et al. 2017; Makino et al. 2019;
Alves et al. 2022). Jardim et al. (2021) noted that intercropping
forage cactus with sorghum in semi-arid environments can
increase natural resource use efficiency through interspecific
complementarity. Morugin-Coronado et al. (2020) also noted
that intercropping provides alternative supplies of pasture and
contributes to food and economic security in the face of market
volatility.

4.2 | Adaptability and Performance of Forage
Cactus Clones in a Semi-Arid Environment

A productive analysis of the different cactus-sorghum systems
(Figure 3) revealed that, in general, the OEM cactus clone tends
to stand out in relation to the others, regardless of the cropping
arrangement. This behaviour is attributed to the intrinsic char-
acteristics of the genus Opuntia, which has fewer nutrient de-
mands, is more tolerant of water deficit than are clones of the
genus Nopalea (Inécio et al. 2020), and is the most cultivated
genus in the world (Dubeux et al. 2021). Studies have confirmed
the attributes of this genus, highlighting that OEMs have greater
water use efficiency and biomass production than MIU and IPA
(Araujo Junior, Silva, Souza, Souza, et al. 2021; Silva et al. 2015),
higher biometric values, and are less susceptible to mortality
(Jardim et al. 2021).

This study focused on the main forage cactus clones from the
Brazilian semi-arid region (OEM, MIU and IPA) because of
their characteristics. However, the management practices ad-
opted in this work, such as intercropping, supplementary ir-
rigation and increased planting density, have the potential to

be applied to other forage species adapted to semi-arid envi-
ronments, such as sorghum, millet and elephant grass, which
also have C4 metabolism and tolerance to water stress (Alves
et al. 2022; Dubeux et al., 2021). The efficiency of OEMs in
water use, for example, is a characteristic shared by other spe-
cies of the genus Opuntia, indicating that similar results could
be expected with other forage cactus (Queiroz et al. 2015;
Jardim et al. 2021).

It is also worth noting that in other regions with greater or
lower water availability, specific adjustments in management
practices are necessary to ensure productive efficiency (Pereira
et al. 2020; Lima, Silva, Pereira, et al. 2018). However, future
studies that include a greater diversity of forage plant species
and climatic conditions are recommended to broaden the gener-
alizability of the results.

4.3 | Systems of Forage Crops Under Irrigated
Conditions

In general, on the basis of the results observed, it was pos-
sible to observe from the agricultural calendar that planting
at the beginning of the rainy season (December to January)
is extremely important for increasing productivity under
dry conditions, reducing the risk of losses due to water
deficit. However, under irrigated conditions, flexibility in
the planting calendar allows greater adaptation to variable
climatic conditions, with planting periods with longer cycles
and lower risks of losses (Lima, Silva, Jardim, et al. 2018; Silva
et al. 2021).

On the basis of the simulations, the irrigated systems provided
increases in productivity compared with those grown with
no irrigation (Figure 4), which were found mainly in loca-
tions with relatively high temperatures and reduced rainfall.
Irrigation maintains the availability and stability of soil water,
favouring absorption by plants, in addition to a tendency to
extend the period of cultivation and reduce the risk of loss
(Campos et al. 2021; Nunes et al. 2021). Studies carried out
in the semi-arid region of Brazil have also shown the impor-
tance of irrigation and its influence on increased productivity
in forage cactus and sorghum grown individually and inter-
cropped (Diniz et al. 2017; Lima, Silva, Jardim, et al. 2018;
Jardim et al. 2021; Kumar et al. 2021). Dantas et al. (2023)
highlighted the importance and adaptability of the forage cac-
tus to regions with high water deficit but emphasised the need
to supplement the water to achieve full productive develop-
ment in places of low altitude, high temperatures and a small
thermal range; this additional water requirement can vary be-
tween 2.5 and 7.5mm per week. From knowledge of the use
of irrigation to supplement water in the forage cactus, a trend
was observed towards productive growth in the forage cactus
for an increase in irrigation depth up to approximately 80%
of the ETc, after which the trend was for growth to stabilise,
i.e., even with a subsequent increase in irrigation depth, there
was no significant increase in production (Pereira et al. 2020;
Queiroz et al. 2015). Dubeux et al. (2021) reported that clones
of the genus Opuntia, despite having lower concentrations of
dry matter and soluble carbohydrates than Nopalea, exhibit
lower nutrient demands and greater tolerance to drought,
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resulting in a better productive response under semi-arid con-
ditions. This behaviour explains the superiority of the OEM
clone in terms of biomass production in the semi-arid region
of Brazil in relation to the other clones.

4.4 | Use of Mulch in Agricultural Systems With
Pasture

When the effect of mulch on biomass production was anal-
ysed, better system performance was observed when mulch
was used (Figure 4). The use of mulch to cultivate the forage
cactus afforded better conditions for conserving water in the
soil, reducing losses due to evaporation and soil temperature
and, by means of plant decomposition, improving the phys-
icochemical properties of the soil (Kader et al. 2017; Souza
et al. 2021). Amorim et al. (2017) reported that mulching
favours the emission of new cladodes. Therefore, the use of
mulch has proven to be an effective practice for water conser-
vation, especially in places with lower water demand, such as
Garanhuns, where biomass production is maintained at levels
similar to those of irrigated systems (Souza et al. 2021; Dantas
et al. 2023).

4.5 | Plant Density Under Increased Land Use
With Forage Plants

The increase in plant density resulted in an increase in biomass
production at almost every location, especially under irrigation
(Figure 4). Other studies with different densities reported sim-
ilar behaviours (Souza et al. 2017; Dubeux et al. 2021; Alves
et al. 2022). This shows that the importance of plant density in
increasing biomass production per unit area is considerable, in-
creasing land use efficiency and reducing areas of bare soil and,
consequently, water loss through evaporation. Forage cactus
clones present traits that differ in relation to the morphological
characteristics of the cladodes, which are directly influenced by
soil and climate conditions. Plants with smaller cladodes can
optimise vertical growth, resulting in the formation of taller
and narrower plants, as seen in the MIU clone, favouring plant
density, with a consequent increase in the number of plants. On
the other hand, plants with larger cladodes, such as the OEM
clone, tend towards lateral growth due to their shape (Edvan
et al. 2020).

4.6 | Sustainability of Agricultural Intensification

This study demonstrated that agricultural intensification,
through practices such as supplementary irrigation, increased
planting density and intercropping of forage plants, can signifi-
cantly increase biomass production (up to 150% with irrigation
and 140% with high density). However, it is important to con-
sider broader dimensions of sustainability, such as water use
efficiency, soil health and long-term economic viability. For ex-
ample, Jardim et al. (2021) reported that intercropping forage
cactus and sorghum can improve water use efficiency by up
to 47%, whereas Sa Souza et al. (2022) reported that the use of
mulch reduces water loss through evaporation by 30%, promot-
ing greater soil moisture retention.

However, expanding irrigation, while increasing productivity,
can increase water consumption by up to 80% in some regions,
as observed by Diniz et al. (2017), which requires careful man-
agement to avoid wasting water resources. Furthermore, high-
density planting can lead to soil nutrient depletion of up to 25%
over time, as reported by Aradjo Junior, Silva, Souza, Souza,
et al. (2021), requiring nutrient replacement practices to main-
tain soil health. Economic viability should also be considered, as
smallholders may face high initial costs to implement irrigation
systems, which can represent up to 40% of the total investment,
according to Pinheiro et al. (2021).

Therefore, although agricultural intensification offers signif-
icant productivity benefits, it is essential to adopt balanced
planning, integrating sustainable practices and supportive
policies to ensure that productive gains do not compromise
environmental health and socioeconomic viability in the
long term.

5 | Conclusions

The AquaCrop model was able to simulate different cropping
and agricultural management systems with forage crops, sug-
gesting agricultural systems and calendars for different loca-
tions in the semi-arid region of Brazil. The model proved to be
an important tool for estimating agricultural production and
in decision-making. The cactus-sorghum intercropping sys-
tem is an excellent option, increasing the supply of forage in
addition to optimising the use of land and natural resources
and providing nutritional balance on the basis of the quality
of the forage. Cropping systems under irrigated conditions
tended to increase the level of biomass production. In addi-
tion, under irrigated conditions, the risk of losses was lower
than that under cultivation with no irrigation. The increased
density of forage cactus and sorghum cultivated individu-
ally and as intercrops in semi-arid regions favours the opti-
misation of natural resources with better land use efficiency.
Further studies are recommended to use the AquaCrop model
for different forage crops and locations under different soil
and climate conditions, allowing the process to be improved
and, as a result, broadening its operational range geograph-
ically. Moreover, additional studies regarding the effects of
pests and diseases on the productive response of crops are im-
portant, together with their influence on simulations via the
AquaCrop model, since various regions are affected by these
reducing factors.
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