
Citation: Terán-Chaves, C.A.;

Mojica-Rodríguez, J.E.; Vega-Amante, A.;

Polo-Murcia, S.M. Simulation of Crop

Productivity for Guinea Grass

(Megathyrsus maximus) Using

AquaCrop under Different Water

Regimes. Water 2023, 15, 863.

https://doi.org/10.3390/w15050863

Academic Editors: Peter Waller

and Tangzhe Nie

Received: 27 January 2023

Revised: 16 February 2023

Accepted: 17 February 2023

Published: 23 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Simulation of Crop Productivity for Guinea Grass (Megathyrsus
maximus) Using AquaCrop under Different Water Regimes
César Augusto Terán-Chaves 1,* , José Edwin Mojica-Rodríguez 2, Alexander Vega-Amante 2

and Sonia Mercedes Polo-Murcia 2

1 Corporación Colombiana de Investigación Agropecuaria—AGROSAVIA, Centro de Investigación
Tibaitatá—km 14, Vía Mosquera-Bogotá, Mosquera 250047, Colombia

2 Corporación Colombiana de Investigación Agropecuaria—AGROSAVIA, Centro de Investigación
Motilonia—km 5 Vía a Becerril, Agustín Codazzi 202050, Colombia

* Correspondence: cteran@agrosavia.co

Abstract: The perennial herbaceous forage crops’ (PHFC) biomass as bioindustry feedstock or source
of nutrients for ruminants is very important from their final utilization point of view. In 2022, the
AquaCrop-FAO version 7.0 model has been opened for PHFC. In this context, this study aimed to test
for the first time the ability of the AquaCrop-FAO model to simulate canopy cover (CC), total available
soil water (TAW), and biomass (B) of Guinea grass (Megathyrsus maximus cv. Agrosavia sabanera) under
different water regimes at the Colombian dry Caribbean, South America. The water regimes included
L1—irrigation based on 80% field capacity (FC), L2—irrigation based on 60% FC, L3—irrigation based
on 50% FC, L4—irrigation based on 40% FC, L5—irrigation based on 20% FC, and L6—rainfed. The
AquaCrop model uses the normalized water productivity—WP* (g m−2)—to estimate the attainable
rate of crop growth under water limitation. The WP* for Guinea grass was 35.9 ± 0.42 g m−2 with a
high coefficient of determination (R2 = 0.94). The model calibration results indicated the simulated CC
was good (R2 = 0.84, RMSE = 17.4%, NRMSE = 23.2%, EF = 0.63 and d = 0.91). In addition, cumulative
biomass simulations were very good (R2 = 1.0, RMSE = 5.13 t ha−1, NRMSE = 8.0%, EF = 0.93 and
d = 0.98), and TAW was good (R2 = 0.85, RMSE = 5.4 mm, NRMSE = 7.0%, EF = 0.56 and d= 0.91).
During validation, the CC simulations were moderately good for all water regimes (0.78 < R2 < 0.97;
12.0% < RMSE < 17.5%; 15.9% < NRMSE < 28.0%; 0.47 < EF < 0.87; 0.82 < d < 0.97), the cumulative
biomass was very good (0.99 < R2 < 1.0; 0.77 t ha−1 < RMSE < 3.15 t ha−1; 2.5% < NRMSE < 21.9%;
0.92 < EF < 0.99; 0.97 < d < 1.0), and TAW was acceptable (0.70 < R2 < 0.90; 5.8 mm < RMSE < 21.7 mm,
7.6% < NRMSE < 36.7%; 0.15 < EF < 0.58 and 0.79 < d < 0.9). The results of this study provide an
important basis for future research, such as estimating biomass production of high-producing grasses
in tropical environments, yield effects under scenarios of climate variability, and change based on the
presented parameterization and considering a wide range of environments and grazing variations.

Keywords: C4 crops; line source sprinkler system (LSS); tropical pastures; water stress

1. Introduction

Production systems that combine dairy and beef cattle (i.e., “mixed cattle systems”),
or double purpose, perform economic and sociocultural functions that contribute to the
welfare of communities in the rural zones of Latin America [1]. Colombian bovine produc-
tion is an important economic sector; this sector contributed to 6% of employment and 1.6%
of the national GDP (gross domestic product) in 2021 [2]. Tropical pastures are the main
basis for feeding ruminants in different zones of Colombia. Introduced and native grasses
extend for ∼34.4 Mha of the national territory’s [3] surface, and they are found across a
variety of ecosystems.

The Colombian dry Caribbean is an ecosystem that has been used regularly for
dual-purpose cattle systems, developed mainly for extensive grazing [4]. Guinea grass
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(Megathyrsus maximus) is a grass C4 of worldwide importance, tolerant to different types of
stress and highly competitive with the native species in tropical environments [5]; in the
Colombian dry Caribbean, Guinea grass (Megathyrsus maximus) cultivars Mombasa, Tanza-
nia, and Agrosavia sabanera (AS) have been widely established for ruminant feeding [6].
The cultivar AS was introduced for the first time in the Colombian dry Caribbean in 2016
and was quickly extended; the main characteristics of AS are the good production of forage
(>2000 kg MS ha−1 cut−1), high crude protein content (13.3%), good tolerance to shadow
and moderate tolerance to pest insects such as Blissus sp. and Aenolamia reducta [7].

The growth and quality of pastures are directly associated with physiological dynamics
that require water contribution to keep the turgidity pressure, the efficiency of the photosys-
tems, and nutritional quality [8]. Seasonality and climate variability are two of the factors
that can negatively influence the production of tropical grasses. The forage availability of
Megathyrsus maximus cv. Agrosavia sabanera decreases significantly by the effects of the
prolonged dry season, which is evidenced by going from 4128.8 kg MS ha−1 cut−1 in the
rainy season to 1200.7 kg MS ha−1 cut−1 in the dry season, with 42 days of regrowth [9].

The lack of strategies for mitigation and adaptation of agriculture in a changing
environment can reduce the economic value of grasslands and can even be a threat to food
security [10,11]. Therefore, quantifying temporal and spatial patterns of the performance
of dry matter of Guinea grass in the face of the growing frequency of extreme weather and
climate events is a key aspect to improving the process of decision-making by Colombian
farmers. The crop models are useful tools to understand the agricultural systems and the
interactions between their edaphic, climatic and agronomic components.

Using models of simulation of tropical pastures can provide elements to pasture
management, forage production, and the efficiency of grazing in climate variability scenar-
ios [12,13], which has an important economic effect, by considerably reducing the necessity
of expensive experiments in the long-term [13]. Studies to adapt mechanistic models for
tropical pasture and forage are limited, but their applications are promising, both in the
investigation and the management of cattle systems; the selection of the model depends on
the purposes of simulation and the information (data) available [14].

In the last few years, with performances barely satisfactory, they have been calibrated
and validated for growing simulations of different genres of grasses (Panicum, Brachiaria,
Cynodon, Paspalum, Megathryrsus, Urochloa) and tropical conditions using the models AL-
MANAC [15], CROPGRO-PFM Perennial Forage of DSSAT (Decision Support System
for Agrotechnology Transfer) [16–18], APSIM (Agricultural Production Systems sIMula-
tor) [19,20], Orchidee-GM (Orchidee Grassland Management) [20], APSIM-Tropical Pasture
for Megathyrsus maximus cv. Mombaça [21]. In Colombia, the model AquaCrop-FAO was
parameterized for pasture ryegrass (Lolium perenne) [22] and fodder oats (Avena sativa) in
high tropical conditions [23].

The AquaCrop model is a water-driven model developed by the Food and Agriculture
Organization of the United Nations (FAO) that simulates the evolution of crop biomass and
crop yield in the function of soil water content in the root zones [24]. To facilitate its use,
AquaCrop needs a quantity relatively reduced of parameters and, in its majority, intuitive
input variables [25]. Version 7.0 (2022) of AquaCrop contains new modules to simulate the
growth and production of perennial herbaceous forage crops [26].

The Colombian dry Caribbean is a semi-arid region, the water deficit is considerably
high, and the annual precipitation average is 1508.5 mm, while the reference evapotranspi-
ration reaches an average of 1879.8 mm per year−1 [27]. The forage biomass, as well as its
nutritional values, depends on a large measure of the annual precipitation [28]; therefore,
simulating the growth of tropical pastures in this region is relevant to predicting the supply
of bovine feed and the yield gaps.

The main aim of this research was to calibrate and validate AquaCrop model version
7.0 to simulate Guinea grass growth and production (Megathyrsus maximus cv. Agrosavia
sabanera) under different irrigation levels cultivated in tropical semi-arid conditions. The
performance of the AquaCrop model has been evaluated based on field data collected
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during two growing seasons (2020/21 and 2021/22). To date, relatively few studies have
evaluated tropical pasture simulation models under different irrigation regimes. The
results reported in this study provide an initial foundation for further research aimed at
adapting the AquaCrop model for tropical pastures and for other perennial herbaceous
forage crops (PHFC). The parameterization of the AquaCrop model for Guinea grass in our
local conditions can be used to extrapolate a more extensive range of management practices
and climatic conditions, as well as to derive strategies for efficient use of the water and the
soil. Furthermore, it can bring added value for enriching the model AquaCrop database.

2. Materials and Methods
2.1. Site Description

The data set used in this study was obtained in a field experiment conducted over two
growing seasons (from 2020 to 2022) at Motilonia Research Center of AGROSAVIA, located
in the Department of Cesar, Colombia (10◦2′ N, 73◦16′ W, 339 m.a.s.l elevation). The climate
is semi-arid, with high temperatures, high aridity index (>0.75), and limited soil humidity.
Long-term climatic data (1980–2019) shows an annual average of 1508.5 mm of precipitation
received mainly during the months from September–November and 1879.6 mm per year
reference evapotranspiration, with maximum average temperatures between 32 ◦C and
38 ◦C and a minimum temperature of 24 ◦C (Figure 1).
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tures and (b) precipitation amounts in the Motilonia Research Center of Agrosavia (Cesar, Colombia).
Error bars represent standard deviation.

2.2. Experimental Details and Crop Management

The data set used in this study was obtained from a field experiment performed during
two growing seasons. The first season (2020/21) went from 19 June 2020 to 24 February
2021, and the second season (2021/22) was from 17 December 2021 to 4 June 2022. The
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duration of the season 2021/22 experiment was less than 2020/21 due to climatic conditions;
the situation affected crop development and prevented us from capturing information.

In both seasons, the experiments were laid out in a randomized complete block de-
sign with six water regimes and eight replications, in 30 m2 plots. Irrigation was carried
out using a linear source sprinkler irrigation system [29]. The irrigation regimes included
L1—irrigation based on 80% field capacity (FC), L2—irrigation based on 60% FC,
L3—irrigation based on 50% FC, L4—irrigation based on 40% FC, L5—irrigation based on
20% FC, and L6—rainfed. To allow correct germination and crop establishment, all the
treatments were completely irrigated to cover the crops’ needs until emergency at 90% of
the seed sown. Guinea grass (Megathyrsus maximus cv. Agrosavia sabanera) was planted
as 48 plots (10 m × 3 m each), aligned perpendicular to the center line of the irrigation
heads; the spacing was 50 cm between furrows and 100 seeds m−1, approximately. The
plant population was 2,594,972 plants ha−1 for the first season to 2,001,101 plants ha−1 in
the second season.

The pests and diseases were controlled carefully, and weeds were not allowed to
develop in the field. As a crop weed management strategy, sowing of Guinea grass was
made the day after finishing the soil preparation. We used pre-emergence herbicide 2,4-
Dichlorophenoxyacetic (2,4-D) for broadleaf weed control, which was applied at a dose of 1
liter per hectare. Moreover, we applied halosulfuron-methyl, a post-emergence herbicide
(20 days after emergence), at 150 g per hectare for reducing the number and mass of tubers
of Cyperus rotundus L.

The management field practices were to ensure optimum soil fertility. Nitrogen (N),
phosphorus (P2O5), potassium (K2O), and magnesium (MgSO4.7H2O) fertilizers were
applied three times. The first moment was 15 days after emergence (DAE), the second
moment was at 30 DAE, and the third moment was at 45 DAE. The detailed different
fertilizer doses that were applicated with the same amount in the two growing seasons of
Guinea Grass are shown in Table 1.

Table 1. Time and doses of fertilizer applications during the experiment.

Fertilizer 1st Application
(15DAE)

2nd Application
(30DAE)

3rd Application
(45DAE)

kg ha−1

Nitrogen (N) 41 55 49
Phosphorus (P2O5) 39 39 26

Potassium (K2O) 51 51 34
Magnesium (MgSO4.7H2O) 4.5 4.5

The pasture was subjected to frequent defoliations to 15 cm above the soil surface,
with total removal of harvested material approximately every 42 days, according to the
best interval defoliations for the region. The frequent defoliations and the irrigation levels
created a wide array of canopy cover.

2.3. Description of AquaCrop Model

The Food and Agriculture Organization of the United Nations—FAO—developed the
model of water productivity for AquaCrop [30]. The model consists of climate, crops, and
soil management modules. The AquaCrop central idea is derived from many experiments
that have shown that the relationship between biomass produced and water consumed
by a given species is highly linear [31]. To realize the processes of crop development
and production, AquaCrop first simulates the canopy green cover (CC) daily, including
its expansion, aging, and senescence (Equations (1) and (2)). Later, the transpiration (Tr)
differs from soil evaporation (Ev) using an approach “Kc x ET0” based on CC (Equation
(3)). After that, aerial daily biomass is calculated by multiplying Tr and the normalized
water productivity for the atmospheric demand and air CO2 concentrations (denominated
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WP*) (Equation (4)). Given simulated biomass, the yield crop is obtained with the help of
the index harvest reference (HI0) (Equation (5)).

The phenology is specified as thermal time entries (degrees per day of growth) or
calendar days by users. The canopy cover is a crucial component in AquaCrop since its
expansion, aging, conductance, and senescence determine the quantity of transpiration,
which in turn determines the biomass.

CC = CC0etCGC f or CC ≤ CCx/2 (1)

where CC0 is the initial canopy size at 90% of emergency; t is the time (day or growing
degree day); CCx is the maximum canopy coverage; and CGC is the canopy growth
coefficient. The decrease in the vegetal green cover is given by:

CC = CCx

[
1− 0.05

(
e

CDC
CCx t − 1

)]
f or CC ≤ CCx/2 (2)

where CDC is the coefficient of the canopy decrease for optimum conditions.
CGC and CDC are modified by soil water stress.

Tr = KsCC∗KCTr,x ET0 (3)

where Tr is the transpiration, and Ks is the coefficient of soil water stress, which can take
values of the soil water stress coefficient for stomatal closure (Kssto) or of the water stress
coefficient for deficient aeration conditions (Ksaer). CC* is the canopy cover; KcTr,x is the
transpiration coefficient maximum of the crop in soil conditions well irrigated and the
canopy completely covered; and ET0 is the reference evapotranspiration calculated through
the method FAO Penman–Monteith [32].

B = KsbWP∗∑ Tr
ET0

(4)

where Ksb is the stress coefficient, and WP* is the normalized water productivity.

Y = fHI HI0B (5)

where f HI is the adjustment that considers the effects of water stress before the yield
formation, the lack of pollination, and the water stress during the yield formation; HI0 is
the reference harvest index; and B is the final biomass.

For a complete description of the concepts, underlying principles, and algorithms,
consult AquaCrop manuals, Hsiao et al. [33,34].

2.4. AquaCrop Model input Data Collection

During the crop seasons (2020/21 and 2021/22), information (data) was collected and
used as entries to the AquaCrop model.

2.4.1. Climate Data

Meteorological data were obtained from an automatic weather station located in the
experimental field. All data were collected at a daily time step. The data comprised av-
erage minimum and maximum temperatures (◦C), relative humidity (%), total radiation
(MJ m−2 day−1), precipitation (mm), wind speed (m s−1), and reference evapotranspiration
ET0 (mm day−1). Version 7.0 of the AquaCrop model now calculates reference evapotran-
spiration by the Penman–Monteith method. The maximum and minimum temperature
variation (◦C), precipitation (mm), and ET0 (mm) during the two experimental seasons
are shown in Figure 2. The precipitation distribution for the two seasons indicated that
for season 2020/21 (this was collected over 251 days), it was 1061 mm, while for season
2021/22 (this was collected over 171 days), it was 591 mm. The maximum temperatures
oscillated daily between 28 ◦C and 38 ◦C for both seasons, and the minimum temperatures
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oscillated between 20 ◦C and 27 ◦C; the cumulative ET0 was 1048 mm and 748 mm in the
first and second seasons, respectively.
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Figure 2. Daily weather data during the experiment for calibration and validation of the AquaCrop
model for Megathyrsus maximus cv. Agrosavia sabanera at the Motilonia Research Center (Cesar,
Colombia), season 1 from 19 June 2020 to 24 February 2021 and season 2 from 17 December 2021
to 4 June 2022. (a) Tmin and Tmax are the minimum and the maximum of daily air temperature in
season 1; (b) Tmin and Tmax are the minimum and the maximum of daily air temperature in season
2; (c) Precipitation and reference evapotranspiration (ET0) in season 1; (d) Precipitation and reference
evapotranspiration (ET0) in season 2.

2.4.2. Crop Data

For each treatment, we observed the crop parameters, such as the growth phase, the
seedlings’ emergence date, the maximum canopy cover, the cycle duration (cuts), the time at
maximum canopy coverage and to the maximum root, and the minimum and the maximum
depth of roots, as well as the canopy growth coefficient (CGC), the crop coefficient for
transpiration in the total canopy coverage, and the normalized water productivity (WP*).
The upper and lower thresholds for the effect of water stress on canopy expansion, stomatal
closure, and early canopy senescence were iteratively adjusted using the independent
parameter estimation model (PEST) [35] and considering the minimum and maximum
limits recommended for C4 crops by the reference manual for AquaCrop.

The crop phenology was observed in calendar days. The green canopy coverage was
monitored twice a week in each treatment taking zenithal photographs of the canopy with
a digital camera. We used CobCal Software [36] to analyze canopy cover images.

2.4.3. Soil Data

Before the experiment, a soil profile was excavated at 1 m depth; samples were
collected and submitted to the laboratory for analysis. The soil was classified as clay
loam, with 72.15% sand, 13.99% silt, 13.86% clay, slightly acidic pH (6.4), and low organic
matter content (1.0%). The field capacity (FC) and the permanent wilting point (PWP)
were determined by the gravimetric method [37,38]. The FC was 25.3% Vol; the PWP was
8.58% Vol; the hydraulic saturated conductivity (Ks) was 144 mm day−1; and the apparent
density average was only 1.58 g cm−3. The soil water content was measured twice a day;
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we collected four soil samples per treatment at a depth of 15 cm using a soil auger helical;
it was also taken before and after each irrigation event. The gravimetric soil water content
was determined by the drying method in a furnace, and its value for each treatment was
taken from the average of the four experimental units from each level of humidity at the
equal sampling depth. Volumetric soil water content was calculated by multiplying the
value obtained from the gravimetric method by the apparent soil density. The hydraulic
and chemical properties of the soil at the experimental site are shown in Tables 2 and 3.

Table 2. Hydraulic properties of the soil at the experimental field.

Depth (m) θFC
(mm m−1)

θPWP
(mm m−1)

θsat
(mm m−1)

Ks
(mm day−1)

Sand
(%)

Silt
(%)

Clay
(%)

0.35 253.0 85.8 460 144 72.15 13.99 13.86

Notes: θFC = water content at field capacity, θPWP = water content at wilting point, θsat = water content at
saturation, Ks = saturated hydraulic conductivity.

Table 3. Chemical properties of the soil at the experimental field.

Depth (m) pH EC (dS m−1) Available N
(mg kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1)

Organic
Carbon (%)

0.20 6.4 0.71 460 144 158 0.55

Notes: EC = Soil electrical conductivity.

2.4.4. Above-Ground Biomass

Above-ground biomass was harvested four times in the first season and three times
in the second. The evaluations were initiated with a uniform manual cut at 15 cm of
the soil (to reflect the local agricultural practices) on day 116 after planting for the first
season and after 84 days for the second season. As from the cut of uniformity, each cycle
of sampling/harvesting had an interval of 42 days, approximately. We used the quadrant
method of collecting three samples, which were selected randomly, per treatment. Each
quadrant was 0.4 m × 0.4 m (area of 0.16 m2), and the total yield forage per hectare was
obtained through the dry weight of the sample components, which were weighed in fresh
300 g of vegetative material on a digital scale. The sample was placed in a stove with a
circulation of force for 72 h at a temperature of 65 ◦C until the samples obtained constant
weight and were weighed.

2.4.5. Field Management

An irrigation file was created for each treatment with the quantity of real data of
irrigation water applied. In this study, irrigation was carried out according to the daily
soil–water balance, using an Excel-based irrigation tool, deciding to irrigate when the
depletion level of L1 exceeded 20%. The irrigation application depth was calculated so that
L1 reached the field capacity. The irrigation events of the growing seasons are shown in
Figures 3 and 4. The field management was established in good conditions of the fertility
field, without surface mulches or stress for temperature.

2.5. AquaCrop Model Calibration and Validation

For this study, AquaCrop model version 7.0 [39] was used; this version includes
perennial herbaceous forage crops. The calibration was realized through iterations of
trial and error as a recommendation by Steduto et al. [30]. The crop growth and field
management datasets of L1 from the first season (optimum irrigation conditions) were
used for calibration steps. The crop file parameterized for Guinea grass does not exist in
the base of the AquaCrop crops database; therefore, it was newly created based on the
alfalfa crop file. The model was parameterized for the soil water content, green canopy
cover, biomass accumulation, final biomass, and normalized water productivity. The
calibrated parameters for the Guinea grass (Megathyrsus maximus cv. Agrosavia sabanera)
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are indicated in Tables 4 and 5. The conservative parameters included the canopy growth
coefficient (CGC), the canopy declivity coefficient (CDC), the base and upper temperatures,
and the thresholds (lower and upper) for the canopy expansion and the stomata closure,
as well as the maximum crop coefficient and the normalized water productivity. The
non-conservative parameters included seedling density (2 × 106 plants ha−1), maximum
canopy coverage (99%), and effective rooting depth (0.36 m). AquaCrop uses growing
degree days and calendar days, and this study adopted the mode days of the calendar. The
principal phenological stages were observed in detail during the two seasons of growing
and were placed directly in an executable crop file of AquaCrop.
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Figure 3. Detailed irrigation schedule for the different treatments during the Guinea grass (Megath-
yrsus maximus cv. Agrosavia sabanera) first growing season (from 19 June 2020 to 24 February
2021). (a). Irrigation schedule for the treatment L1—irrigation based on 80% field capacity (FC);
(b). Irrigation schedule for the treatment L2—irrigation based on 60% FC; (c) Irrigation sched-
ule for the treatment L3—irrigation based on 50% FC; (d) Irrigation schedule for the treatment
L4—irrigation based on 40% FC; (e) Irrigation schedule for the treatment L5—irrigation based on
20% FC; (f) Irrigation schedule for the treatment L6—rainfed.
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Figure 4. Detailed irrigation schedule for the different treatments during the Guinea grass (Megath-
yrsus maximus cv. Agrosavia sabanera) second growing season (from 17 December 2021 to 4 June
2022). (a). Irrigation schedule for the treatment L1—irrigation based on 80% field capacity (FC);
(b). Irrigation schedule for the treatment L2—irrigation based on 60% FC; (c) Irrigation sched-
ule for the treatment L3—irrigation based on 50% FC; (d) Irrigation schedule for the treatment
L4—irrigation based on 40% FC; (e) Irrigation schedule for the treatment L5—irrigation based on
20% FC; (f) Irrigation schedule for the treatment L6—rainfed.
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In terms of the validation of the model, we realized using the data sets independently
obtained treatments L2 to L6 from the first season and L1 to L6 treatments of the second one.

The initial value of the normalized crop water productivity (WP*) of 35.9 g m−2 was
obtained as the linear regression of the relation between the biomass accumulation versus
the accumulated values of transpiration normalized for ET0, i.e., ∑Tr/ET0 (Figure 5). The
WP* value obtained in this study is inside of the established rank for C4 crops in the
AquaCrop model. The WP* initial value was adjusted during the biomass calibration; the
35.6 g m−2 value shows a narrow coincidence between the observed biomass, simulated
biomass, and the yield, which later was adopted as the WP* for Guinea grass (Megathyrsus
maximus cv. Agrosavia sabanera).

Table 4. Conservative parameters used in calibrating and validating the model for simulating the
response of Guinea grass (Megathyrsus maximus cv. Agrosavia sabanera) under different water regimes.

Crop Parameter Value Method of
Determination

Base temperature (◦C) 11.2 L
Upper temperature (◦C) 43.5 L
Soil water depletion factor for canopy expansion (p-exp)–Upper threshold 0.25 E
Soil water depletion factor for canopy expansion (p-exp)–Lower threshold 1.00 E
Shape factor for water stress coefficient for canopy expansion 10.7 E
Soil water depletion fraction for stomatal control (p-sto)–Upper threshold 0.5 E
Shape factor for water stress coefficient for stomatal control 4.1 E
Soil water depletion factor for canopy senescence (p-sen)–Upper threshold 0.85 E
Shape factor for water stress coefficient for canopy senescence 3.0 E
vol% for Anaerobiotic point (SAT–[vol%]) at which deficient aeration occurs −2 D
Canopy growth coefficient (CGC): Increase in canopy cover (fraction of soil cover per day) 0.1686 M
Canopy decline coefficient (CDC): Decrease in canopy cover (in fraction per day) 0.0123 E
Crop coefficient when canopy is complete but prior to senescence (Kc, Tr, x) 1.12 M
Normalized Water Productivity for ET0 and CO2 (WP*) (g m−2) 35.6 C

Notes: C: calibration; D: AquaCrop default; E: estimation; L: literature; M: measured.

Table 5. Non-conservative parameters used in calibrating and validating the model for simulating the
response of Guinea grass (Megathyrsus maximus cv. Agrosavia sabanera) under different water regimes.

Crop Parameter Value Method of
Determination

Time to reach 90% crop emergence [days] for the first cut 8 M
Time to reach 90% crop emergence [days] after the first cutting 1 M
Calendar Days from sowing to maximum rooting depth 60 M
Calendar days from sowing to flowering [days] 0 D
Calendar days from sowing to flowering [days] after the first cutting 0 D
Calendar days from sowing to maturity (length of crop cycle) for the first cut 90 C
Calendar days from sowing to maturity (length of crop cycle) after the first cutting 42 C
Minimum effective rooting depth (m) 0.04 M
Maximum effective rooting depth (m) 0.36 M
Shape factor describing root zone expansion 15 M
Maximum root water extraction (m3 water/m3 soil day) in the top quarter of root zone 0.030 E
Maximum root water extraction (m3 water/m3 soil day) in the bottom quarter of root zone 0.020 E
Effect of canopy cover in reducing soil evaporation in late season stage 50 E
Soil surface covered by an individual seedling at 90% emergence (cm2) first cut 0.35 M
Soil surface covered by an individual seedling at 90% emergence (cm2) after the first cutting 8.76 M
Number of plants per hectare 2,001,100 M
Number of plants per m2 200.1 M
Maximum canopy cover (CCx) in fraction soil cover 0.99 M
Reference Harvest Index (HIo) (%) 100 D

Notes: C: calibration; D: AquaCrop default; E: estimation; M: measured.
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Figure 5. Cumulative biomass and cumulative transpiration (normalized for ET0 and CO2) for
the Guinea grass (Megathyrsus maximus cv. Agrosavia sabanera) fields (black dots). The black line
represents the WP* of 35.93 g m−2.

Five statistical indices were used to assess how well the AquaCrop model performed in
simulating the field-measured parameters during the calibration and validation steps: the
Pearson correlation coefficient (R2), Willmott’s index of agreement (d), the root-mean-square
error (RMSE), the normalized root-mean-square error (NRMSE), and the Nash–Sutcliffe
model efficiency coefficient (Equation (10)).
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where Oi = is the observed data; O = is the average of observed data; Pi = is the simulated
data; P = is the average of simulated data; and n is the number of observations.

The best agreement between the observed and simulated data set for the R2 indicators
and d is given when the values are close to 1; values close to 1 indicate perfect model
performance. By contrast, RMSE and NRMSE are given the closer the values are to 0. The
simulation effect is divided into excellent, good, acceptable, and poor when the NRMSE
is minor at 10%, from 10% to 20%, from 20% to 30%, and major at 30%. EF = 1 is optimal
and the target value for simulations, while EF = 0 suggests that the model is as precise as
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the average observed data, and EF < 0 suggests that the average observed data is a better
prediction than the model [40,41].

3. Results
3.1. Canopy Cover (CC)

The canopy coverage evolution (CC) simulated and observed for the six treatments
in the calibration and validation seasons showed an appropriate concordance; the CC
dynamic throughout the growing season in all the treatments was similar (Figures 6 and 7).
AquaCrop achieved capture of the CC development tendency in all the treatments, as it
is showing in the acceptable values of R2 (≥0.78), d (≥0.87), and EF (≥0.50) and NRMSE
(15.9% ≤ NRMSE ≤ 28.0%) and RMSE (12.0% ≤ RMSE ≤ 18.6%) (Table 6). The simulation
precision increased with the decrease in the irrigation level; specifically, the simulation
precision in irrigation levels L5 and L6 around 20% of the FC was slightly better than the
one from levels L1 to L4. Nevertheless, during the first seasons, the maximum CC was
produced appropriately 80 days after seeding in the season 2020/21, which was about five
days before the second season in 2021/22.
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Figure 6. Observed and simulated canopy cover (CC) under different irrigation treatments during
the first growing season (2020/21) of Guinea grass (Megathyrsus maximus cv. Agrosavia sabanera).
The error bars represent standard deviations. (a). CC for the treatment L1—irrigation based on 80%
field capacity (FC); (b). CC for the treatment L2—irrigation based on 60% FC; (c) CC for the treatment
L3—irrigation based on 50% FC; (d) CC for the treatment L4—irrigation based on 40% FC; (e) CC for
the treatment L5—irrigation based on 20% FC; (f) CC for the treatment L6—rainfed.

3.2. Cumulative Biomass

Our results show that the AquaCrop performance in the biomass simulation of Guinea
grass depends on the level and severity of the stress water experimented on in the crop
(Figures 8 and 9). The simulated and actual development of the biomass accumulated
in all the treatments was in high agreement with values of R2 ≥ 0.99, d ≥ 0.97, and
EF ≥ 0.92, and moderate to poor values of NRMSE (2.5% ≤ NRMSE ≤ 21.9%) and RMSE
(0.77 t ha−1 ≤ NRMSE ≤ 5.1 t ha−1). Although the results show satisfactory performance,
we observed one slight overestimation systematic in biomass production (1.9–3.6%) in the
data set of the first season. This slight overestimation may be due to the errors inherent to
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field data collection, as they are low and within acceptable levels. In contrast, for the second
season data set, the simulated values were underestimated for the higher depletion level
treatments (L3, L4, and L6) by the AquaCrop model (9.2–21.2%). This effect was evident
in the rainfed treatment because it was a dry season with only one rainfall; this generated
the calculation of lower coverages than those observed and, therefore, generated lower
biomass estimates than the measures. However, the observed differences are acceptable,
and the results are supported by statistical metrics presented in Table 6.
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Figure 7. Observed and simulated canopy cover (CC) under different irrigation treatments during
the second growing season (2021/22) of Guinea grass (Megathyrsus maximus cv. Agrosavia sabanera).
The error bars represent standard deviations. (a). CC for the treatment L1—irrigation based on 80%
field capacity (FC); (b). CC for the treatment L2—irrigation based on 60% FC; (c) CC for the treatment
L3—irrigation based on 50% FC; (d) CC for the treatment L4—irrigation based on 40% FC; (e) CC for
the treatment L5—irrigation based on 20% FC; (f) CC for the treatment L6—rainfed.

3.3. Soil Water Content

AquaCrop precisely simulated the soil water content observed in the field under
variable levels of irrigation, with acceptable values of R2 (≥0.70), d (≥0.79), and
EF (≥0.34), and moderate values to poor NRMSE (7.0% ≤ NRMSE ≤ 20.2%) and RMSE
(5.4 mm ≤ NRMSE ≤ 14.6 mm) (Table 6). In general, the model had a good performance
in the soil water content simulation (TAW) for the calibration and most validation data
sets. The simulated values for treatments L1 to L4 during the first season were inside the
rank of standard deviation notwithstanding; AquaCrop simulated TAW above the field
capacity between the first and second cut of the first season, i.e., between 100–150 DAP
(Figure 10). For the second season, during the growth period of treatment L6, the simulated
TAW values were overestimated by the model (Figure 11). However, there was water
stress in L6 because the observed values reached or exceeded the wilting point level, which
could be attributed to low rainfall during this period compared to the first season. This
overestimation of TAW occurred mainly in the growth stage of the first cutting and can
be explained as the model underestimated canopy cover, which also caused a decrease in
calculated transpiration by increasing soil moisture content. In addition, during the second
season, AquaCrop did not simulate TAW below the permanent wilting point.
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Table 6. Statistical indicators of green canopy cover, cumulative biomass, and total available soil
water simulated by AquaCrop (calibration and validation) under different treatments in two growing
seasons (2020/21 and 2021/22) of Guinea grass (Megathyrsus maximus cv. Agrosavia sabanera).

Statistics
Calibration Season 1

(2020/21) Validation Season 1 (2020/21) Validation Season 2 (2021/22)

L1 L2 L3 L4 L5 L6 L1 L2 L3 L4 L5 L6

Green Canopy Cover (%)

R2 0.84 0.88 0.84 0.82 0.87 0.89 0.80 0.78 0.88 0.88 0.91 0.97
d 0.91 0.93 0.91 0.90 0.92 0.93 0.82 0.87 0.90 0.92 0.94 0.97
RMSE (%) 17.40 15.70 17.50 18.60 16.10 15.70 13.60 14.10 13.70 15.90 14.70 12.00
NRMSE (%) 23.20 21.80 23.60 24.90 21.60 22.20 15.90 17.00 17.10 23.30 25.00 28.00
EF 0.63 0.70 0.63 0.55 0.66 0.66 0.50 0.52 0.47 0.60 0.76 0.87

Cumulative Biomass Dry Matter (t ha−1)

R2 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 0.99 1.00 1.00 1.00
d 0.98 1.00 1.00 1.00 1.00 0.99 0.99 0.99 0.97 0.99 1.00 0.98
RMSE (t ha −1) 5.13 1.83 1.95 1.44 1.80 2.40 1.48 1.29 3.15 1.07 0.77 1.13
NRMSE (%) 8.00 3.00 3.30 2.50 3.40 4.80 7.10 6.80 19.40 9.40 8.70 21.90
EF 0.93 0.99 0.99 0.99 0.99 0.97 0.98 0.98 0.88 0.98 0.98 0.92

Total Available Soil Water (mm)

R2 0.85 0.82 0.80 0.84 0.86 0.74 0.77 0.70 0.84 0.77 0.79 0.90
d 0.91 0.90 0.87 0.85 0.87 0.83 0.87 0.81 0.85 0.79 0.86 0.83
RMSE (mm) 5.40 5.80 7.00 7.90 7.00 12.10 13.20 14.60 13.20 13.90 12.70 21.70
NRMSE (%) 7.00 7.60 9.30 10.30 10.00 18.60 16.00 17.90 19.70 20.20 18.10 36.70
EF 0.56 0.55 0.43 0.36 0.34 0.35 0.58 0.48 0.32 −0.15 0.35 0.43

Notes: Irrigation treatments, L1—irrigation based on 80% field capacity (FC), L2—irrigation based on 60%
FC, L3—irrigation based on 50% FC, L4—irrigation based on 40% FC, L5—irrigation based on 20% FC, and
L6—rainfed.
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Figure 8. Observed and simulated cumulative biomass under different irrigation treatments during
the first growing season (2020/21) of Guinea grass (Megathyrsus maximus cv. Agrosavia sabanera). The
error bars represent standard deviations. (a). Cumulative biomass for the treatment L1—irrigation
based on 80% field capacity (FC); (b). Cumulative biomass for the treatment L2—irrigation based on
60% FC; (c) Cumulative biomass for the treatment L3—irrigation based on 50% FC; (d) Cumulative
biomass for the treatment L4—irrigation based on 40% FC; (e) Cumulative biomass for the treatment
L5—irrigation based on 20% FC; (f) Cumulative biomass for the treatment L6—rainfed.
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Water 2023, 15, x FOR PEER REVIEW  18  of  23 
 

 

 

Figure 10. Observed and simulated total available soil water (TAW) under different irrigation treat‐

ments during the first growing season (2020/21) of Guinea grass (Megathyrsus maximus cv. Agrosavia 

sabanera). The error bars represent standard deviations. (a). TAW for the treatment L1—irrigation 

based on 80% field capacity (FC); (b). TAW for the treatment L2—irrigation based on 60% FC; (c) 

TAW for the treatment L3—irrigation based on 50% FC; (d) TAW for the treatment L4—irrigation 

based on 40% FC; (e) TAW for the treatment L5—irrigation based on 20% FC; (f) TAW for the treat‐

ment L6—rainfed. 

 

Figure 10. Observed and simulated total available soil water (TAW) under different irrigation
treatments during the first growing season (2020/21) of Guinea grass (Megathyrsus maximus cv.
Agrosavia sabanera). The error bars represent standard deviations. (a). TAW for the treatment
L1—irrigation based on 80% field capacity (FC); (b). TAW for the treatment L2—irrigation based
on 60% FC; (c) TAW for the treatment L3—irrigation based on 50% FC; (d) TAW for the treatment
L4—irrigation based on 40% FC; (e) TAW for the treatment L5—irrigation based on 20% FC; (f) TAW
for the treatment L6—rainfed.
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Figure 11. Observed and simulated total available soil water (TAW) under different irrigation
treatments during the second growing season (2021/22) of Guinea grass (Megathyrsus maximus cv.
Agrosavia sabanera). The error bars represent standard deviations. (a). TAW for the treatment
L1—irrigation based on 80% field capacity (FC); (b). TAW for the treatment L2—irrigation based
on 60% FC; (c) TAW for the treatment L3—irrigation based on 50% FC; (d) TAW for the treatment
L4—irrigation based on 40% FC; (e) TAW for the treatment L5—irrigation based on 20% FC; (f) TAW
for the treatment L6—rainfed.

It should be noted that when soil moisture is above FC, the model tends to underes-
timate TAW, and when soil moisture is below FC, the model tends to overestimate TAW.
Similar findings have already been documented in several studies’ experiments evaluating
AquaCrop under various irrigation regimes [42–46].

4. Discussion

This study calibrated and validated the AquaCrop model for Guinea grass; the pa-
rameters can be adapted for different varieties and agroecological sites using first-grade
data, such as biomass, and second-grade data, such as weather, soil, and canopy cover. To
our knowledge, this study developed the first calibration and validation of the AquaCrop
model for the tropical pasture Megathyrsus maximus.

The AquaCrop model version 7.0 demonstrated efficiency in the Guinea grass growing
simulation (Megathyrsus maximus cv. Agrosavia sabanera), managed per cut under different
irrigation levels. Guinea grass, as well as other forage gramineous, is tolerant to environ-
mental stress, including drought, soil conditions, shadows [47], and intensive grazing [48].
Our results show an increase in the production of Guinea grass using irrigation to different
levels based on field capacity; changes in production aspects when using irrigation have
been reported in several studies [49,50]. These reports show that production can increase
up to 45%. This capacity can allow many future applications for various tropical pasture
species that are important for livestock or energy production from biomass.

In deficit water conditions, the AquaCrop model simulated a rate of canopy expansion
that was slower in the initial stages of L4 to L6 treatments from the second growth season,
which was also observed on perennial ryegrass and soybeans with a similar conclusion in
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water stress management treatments [22–51]. The observed data simulated with AquaCrop
version 7.0 of biomass showed good to very good agreement, reaching statistical results
simulated to the best parametrization for available tropical pastures in the literature [12,14,22].
The results obtained in our study regarding the simulation of the final biomass (R2 ≥ 0.99
and d ≥ 0.97) were favorably purchased with those encountered by Araujo et al. [52] and
Sousa-Feitosa [21], who simulated Guinea grass using the model APSIM, R2 from 0.75 to 0.87
and d from 0.93 to 0.97, and R2 from 0.64 to 0.93 and d from 0.88 to 0.97, respectively.

The tropical livestock is supported by pasture management, which is the source of
more economical nutrients that can be consumed by a ruminant. Our results show the
Guinea grass is tolerant (Megathyrsus maximus cv. Agrosavia sabanera) to a wide range of
soil humidity. The response of Guinea grass plants to different environmental conditions is
a crucial determinant to the establishment of these pastures and can explain the success
of the introduced cultivar in the zone. Nevertheless, despite the good results found in the
soil water dynamic terms and the crop response in all treatments, it was observed that
there were some overestimation problems of TAW during the second season simulations
that can be related to sampling errors or specific conditions that occurred during the
experiment, which cannot be captured by the model. Although, some authors attribute
these discrepancies under limited conditions of soil water to oversimplification of various
model components, such as the soil–water balance, root distribution pattern, development
and senescence from the canopy, and the biomass partition [53–55].

AquaCrop version 7.0 as well as APSIM-Tropical Pasture does not yet simulate the
effect of animals trampling and grazing and of the structure and productivity of pasture;
therefore, this aspect limits the applicability of the model to estimate the forage available
for the animal’s grazed pastures.

5. Conclusions

The grasslands are the source of more affordable nutrients that a ruminant can con-
sume, especially in tropical zones. The AquaCrop model version 7.0 proved to be a
promising tool to simulate C4 tropical pastures, such as Guinea grass (Megathyrsus maximus
cv. Agrosavia sabanera). This study can be used as reliable guidance to modulate with
AquaCrop different strategies of irrigation, variability effects, and the climate change on
biomass production of tropical pastures, particularly in South America.

The AquaCrop model could capture several trends of the soil water content, canopy
cover, and biomass accumulation related to the effect of the environmental conditions.
AquaCrop simulated very well the biomass accumulated at the end in different water
regimes. The results of this study provide an important basis for future investigations,
including the necessity of parametrization refinement, considering a wider range of envi-
ronments and tropical grazing variabilities. The data compilation and the enhancement of
the biophysical models are essential to allow the analysis of the yield gap and the assess-
ment of climate change impacts on forage production and feeding security. It is suggested
that the performance of the AquaCrop model be improved during events of low levels of
irrigation or in rainfed conditions.
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