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Abstract: Animal production in semi-arid regions relies heavily on natural and cultivated

.(S;:;%n(;;l;od 2 4 pastures, which are vulnerable due to the variability of rainfall. This study evaluated the

PHYGROW model's ability to predict the forage yield of buffel grass (Pennisetum ciliare) in
Revised: thinned Caatinga and assess production risk. The research was conducted in Santa Terezinha,
18/11/2024 Paraiba, Brazil, in an experimental area under a silvopastoral system (15-20% woody cover)

enriched with buffel grass. Field data from studies conducted between 2008 and 2014 were used,
Accepted: and biomass yield was estimated using PHYGROW software. The model's results were analyzed
17/02/2025 statistically, and risk analysis was conducted using the concept of the natural guarantee of local

production. The PHYGROW model showed high accuracy in predicting forage yield, estimating
an annual dry matter yield of 1,862.7 kg/ha with 95% confidence. The findings suggest that this
modeling approach is a valuable tool for improving farm planning in semi-arid regions, helping

reduce reliance on empirical methods by linking yield predictions to a quantified risk factor.

Keywords: mechanistic models; phygrow; risk analysis; semi-arid region; tropical grass.
Abbreviations: EE_ Estimation efficiency; MAE_Mean absolute error; PHYGROW_Phytomass Growth Model; RMSE_Mean

square error.
Introduction

The rearing of small ruminants plays a crucial role in the
economy and subsistence of the semi-arid region of
Northeast Brazil, as these animals are well adapted to the
harsh local conditions. Natural pastures are the primary
source of forage for livestock in these semi-arid
ecosystems (Mwangi et al., 2020). However, the inherent
fragility of these ecosystems, due to the erratic and
concentrated rainfall patterns, renders the region
particularly vulnerable to prolonged droughts, which
severely impact both agricultural and livestock activities.
The Caatinga, the characteristic biome of Northeast
Brazil's semi-arid region, faces natural limitations in
maintaining the carrying capacity needed to sustain the
frequent stocking rates found in this area. To address
these challenges, the cultivation of adapted exotic species,
such as buffel grass (Pennisetum ciliare), has been
implemented due to its drought tolerance and its
suitability as livestock forage (Mota et al., 2018; Friedel,
2020). Additionally, the practice of thinning native
vegetation, in combination with the introduction of exotic
forage species, has been promoted as a strategy to
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improve forage availability in otherwise unproductive
areas.

Thinning involves selectively removing trees and shrubs
with low woody or forage potential in order to reduce
tree density, enhance sunlight penetration, and facilitate
the growth of herbaceous plants. Enrichment, on the
other hand, entails introducing exotic forage species into
thinned areas, ensuring that no more than 15% of the soil
remains covered by woody vegetation (Pereira Filho et
al,, 2013).

To mitigate the uncertainties posed by the irregular
distribution of rainfall and to enhance production
efficiency, new strategies focused on forage management
are needed. One such strategy is the use of mechanistic
modeling, which can provide estimates of plant biomass
production and serve as a valuable tool for forage
management on farms (Wang et al., 2018; Shine et al,,
2018; Mengistu et al., 2019; Bosi et al,, 2020; Elbeltagi et
al, 2020). Mechanistic models, such as the Phytomass
Growth Model (PHYGROW), incorporate biological,
chemical, and physical principles to simulate the
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dynamics of plant production systems and have been
successfully applied to monitor forage production in arid
and semi-arid regions (Stuth, 2003b; Matere et al., 2020).
Additionally, probabilistic methods, such as Monte Carlo
simulations, can be used to assess the risk of forage
productivity, given the stochastic nature of rainfall in the
semi-arid environment.

In recent years, numerous studies have focused on crop
growth modeling (Tolleson et al, 2010), pasture
monitoring techniques (Rhodes et al., 2014), growing
vegetables in desert conditions (Rhodes et al., 2022),
natural pastures (Alhamad et al.,, 2023), and time series
forecasting (Noa-Yarasca et al., 2024). However, there is
a noticeable gap in research aimed at estimating forage
growth in thinned and enriched vegetation systems.

This study, therefore, seeks to explore the feasibility of
utilizing data from the existing scientific literature to
model and assess the risk of buffel grass forage
production in thinned Caatinga vegetation in the
Brazilian semi-arid region.

Results and Discussion

The experimental area, though modest in size (1 hectare),
exhibited heterogeneous characteristics due to
interventions such as the thinning of the Caatinga (Figure
1). This intervention led to a random distribution of shrub
and tree layers, which influenced light interception,
precipitation patterns, and competition for water and
nutrients, ultimately impacting the buffel grass layer. The
vegetation diversity within the Caatinga region generates
microenvironmental conditions with varying floristic
heterogeneity, which can either promote or hinder plant
growth. The broad range of vegetation types and
subtypes in the region is likely a result of significant
biophysical variability (Araujo et al., 2022).

For model calibration, data from 2008 and 2009 were
used (Table 1) to adjust the PHYGROW model
parameters. The calibration process was designed to
align the model with observed data under conditions
where irrigation and fertilization were not applied, and
forage samples were collected in 1 m? frames from areas
with maximum forage accumulation, kept free of
livestock. Additional data from 2010 and 2014 (Table 1)
were later included for model validation, without the
need for further parameter adjustments, ensuring the
model's robustness and accuracy.

A historical series of buffel grass biomass productivity
(1950-2020) was generated using the PHYGROW
software (Figure 2), with the maximum annual biomass
value extracted for each year. A synthetic series was then
created through a Monte Carlo simulation using the
@RISK software (Palisade Corporation, 2020).

The model demonstrated strong accuracy in predicting
buffel grass biomass in the thinned Caatinga, particularly
in December 2008 and 2009 (Table 2). The high accuracy
of the estimates was reflected in the statistical
performance metrics of the model, including the
evaluation results and estimation efficiency (Table 3).
The results of the adherence test, conducted using the
Monte Carlo method, varied. However, the Weibull
distribution, as determined by the chi-square test,
provided the best fit for the observed forage production
behavior of buffel grass in the ecological site (Figure 3).
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The Weibull distribution revealed a slight negative
skewness (-0.1498) and platykurtic kurtosis (2.7861). In
terms of natural guarantee analysis (Silva etal., 2013), the
model estimated a productivity of approximately 1,862.7
kg DM/ha/year for buffel grass, assuming a 95%
confidence level (Figure 4).

During calibration, the PHYGROW model parameters
were adjusted to better align with observed data. In July
2008, adjustments were made to parameters such as
plant height (from 50 to 45 cm), tussock base diameter
(from 15 to 12 cm), and maximum suppression
temperature (from 43 to 42 °C), due to the model's
overestimation of buffel grass productivity. However, no
further adjustments were made when adding the second
(December 2008) and third (December 2009) data sets.
For the fourth data set (June 2010), modifications were
made to the optimal growth temperature (from 25 to 27
°C) and leaf area index (from 2.7 to 3 m?/m?) to improve
the model's forage productivity predictions. The most
recent data set (November 2014) did not result in further
parameterization of the model.

Although the model was calibrated, it was not fully
validated due to challenges in fine-tuning the parameters,
making the term "calibrated" more appropriate than
"validated." Despite this, the model can be considered
satisfactory for predicting buffel grass productivity in this
context (Ladson, 2008).

The data were sourced from a literature database, which
introduces potential biases, either overestimating or
underestimating buffel grass productivity in the study
area. Additionally, drought conditions can significantly
affect the results, potentially leading to overestimations
of biomass productivity (Noa-Yarasca et al., 2024).

A calibration algorithm was employed to adjust
unobserved parameters (0) at each location, minimizing
the difference between model outputs (y) and
independent measurements (z) (McAvaney et al.,, 2001).
This approach is common in process models, such as
those used for rainfall-runoff and ecosystem dynamics,
where certain parameters remain unobservable and
require calibration (Sorooshian et al., 2008; Paniconi et
al,, 2015; Luo et al., 2020).

The PHYGROW model accurately estimated the loss of dry
matter (DM) from buffel grass in thinned Caatinga during
the dry seasons of 2008 and 2009 (-66.87 kg DM/ha in
December 2008 and -31.06 kg DM /ha in December 2009),
indicating that it effectively predicts dry matter loss,
whether due to decomposition or plant physiological

processes. Rigorous statistical analyses, including
regression analysis, confirmed this downward trend,
prompting further investigation into potential

contributing factors such as climate change, land use, and
soil conditions (Alhamad et al., 2024).

This information is valuable for managing forage
resources in the Brazilian Northeast's semi-arid region,
particularly in pasture deferment scenarios. In this
region, dry matter loss from deferred pastures is a
significant issue, and there is limited research on the
subject. Thus, the findings from this study can provide
guidance for forage resource management, whether in
thinned Caatinga or not. These results are critical for
advancing the understanding of arid lands and can inform
future research in collaboration with experts to



Table 1. Biomass production of buffel grass (data extracted from the literature) in the experimental area of Lameirdo Farm,

Santa Terezinha, Paraiba, Brazil, from 2008 to 2014

Studies carried out in the experimental area

Buffel grass biomass production (kg DM /ha)*

July 2008 (Silva, 2009)

688.24

2,669.17
2,765.79
4,939.96

December 2008 (Silva, 2009)

430.57
637.75
691.49
2,057.44

December 2009 (Mota, 2011)

845.00
855.90
853.86
999.99

June 2010 (Soares, 2012)

2,560.72
2,784.78
2,866.88
2,943.59

November 2014 (Soares etal., 2016)

468.12
492.54
794.17
1,421.83

1 = kg of dry matter/ha

Table 2. Means of prediction of buffel grass biomass (kg DM/ha) by the PHYGROW model for Lameirdo Farm, Santa

Terezinha, Paraiba, Brazil

Means July December December June November
2008 2009 2010 2014
Measured 2,765.80 954.28 888.70 2,788.83 908.35
PHYGROW 3,207.50 887.41 857.64 2,342.24 1,115.22
Variation 441.70 -66.87 -31.06 -446.68 206.87

Fig. 1. Experimental site in Farm Lameirdo, owned by the Center for Health and Rural Technology of the Federal University
of Campina Grande - CSTR/UFCQG, located in the municipality of Santa Terezinha, Paraiba, Brazil

strengthen conservation and resource management
strategies in arid environments (Alhamad et al.,, 2024).
The model's efficiency was evaluated using the Nash-
Sutcliffe efficiency coefficient (0.87) and the concordance
index (d) (0.95), both of which indicated a high level of
agreement between the model's predictions and the
observed data. This suggests that the model provides a
reliable estimate of buffel grass productivity in the study
area.
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The results of this study outperform those of Zilverberg
etal. (2017), who reported an agreement index (d) of 0.69
for the APEX model calibration in Kansas prairie pastures,
and Chengetal. (2021), who found a d value of 0.69 when
comparing total biomass across different pasture
systems. Similarly, Manyowa et al. (2023), in their
calibration and validation of the APEXgraze model for
pastures in the USA, reported Nash-Sutcliffe efficiency
(NSE) values greater than 0.50 and d values close to 1 (>
0.80). In comparison, the performance statistics of the
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Fig. 2. History (1950 to 2020) of maximum annual biomass production of buffel grass, estimated by PHYGROW, for Fazenda

Lameirio, Santa Terezinha, Paraiba, Brazil.
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Fig. 3. Adherence test (Monte Carlo method) to estimate the behavior of buffel grass biomass production at Fazenda
Lameira, Santa Terezinha, Paraiba, Brazil, classified by the chi-square test.
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Fig. 4. Estimate of the natural guarantee of buffel grass forage production for Fazenda Lameirao, Santa Terezinha, Paraiba,
Brazil.
demonstrated the best fit, with a slight left-skewness in
PHYGROW model in this study indicate strong the asymmetry parameter (-0.1498).

performance, consistent with findings from Rhodes et al.
(2022), who used the same software to model herbaceous
biomass for grazing and fire risk management. The Monte
Carlo method was applied to assess the fit of the Weibull
distribution to the historical buffel grass productivity
data from the PHYGROW model. The Weibull function
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By generating synthetic data, the study was able to assess
the concept of natural guarantee, which seeks to
minimize the risk of feed shortages for livestock by
estimating the minimum potential forage production for
the study site. The methodology used involved simulating
10,000 data points to calculate the range of annual
biomass values and assess the probability of occurrence.



The maximum guarantee (100%) corresponds to the
lowest recorded biomass values, representing the highest
probability of occurrence.

The larger dataset used in this study, consisting of 10,000
data points, is considered superior to the smaller datasets
(1,000-1,800 wvalues) wused in previous studies
(Makridakis et al, 2018; Cerqueira et al, 2019).
Moreover, Vabalas et al. (2019) identified limitations in
model performance with small sample sizes for machine
learning validation.

The estimated biomass production for Lameirdo Farm in
Paraiba, Brazil, was 1,862.7 kg DM/ha/year of buffel
grass, with a 95% guarantee. Under a 20-year projection,
this would imply that only one year would yield less than
the simulated biomass.

Many producers adjust animal stocking rates to optimize
forage utilization, a dynamic strategy that involves
complex decision-making and risk management (Krueger
et al., 2021). This approach offers farmers new insights
into planning for herd nutrition, taking into account the
variability of forage production over time.

While the natural guarantee of biomass potential in a
specific area is largely empirical, it is crucial to consider
factors like usable biomass, whether for human use (e.g.,
haymaking) or livestock grazing. For buffel grass, it is
recommended that up to 60% of biomass be used for
forage, leaving the remainder to protect the soil from
wind and laminar erosion (Aradjo Filho, 2013).
Therefore, the effective biomass available to livestock is
estimated at 745.08 kg DM/ha/year, which helps
determine the pasture's carrying capacity.

Incorporating risk management tools that allow farmers
to store and analyze information can aid in making timely
decisions that minimize the impact of drought on
productivity and the long-term sustainability of pastures
(Shrum et al., 2018). If the guarantee level falls below
95%, additional strategies such as leasing pasture areas
or purchasing supplementary feed may be required to
meet livestock needs during times of forage scarcity.
Without these strategies, the use of this tool becomes less
meaningful, as empirical decision-making will continue to
dominate, hindering effective short-term planning.

Materials and methods

Characterization of the study area

The study was conducted at Fazenda Lameirdo, part of
the Center for Rural Health and Technology at the Federal
University of Campina Grande (CSTR/UFCG), located in
the municipality of Santa Terezinha, Paraiba, Brazil
(coordinates: 7°02'49.64" S, 37°29'34.33" W, at an
elevation of 208 meters above sea level). The region
experiences a hot semi-arid climate - BSh (Képpen, 1936),
characterized by low relative humidity, irregular rainfall
(average annual precipitation: 839.1 mm), and an average
annual temperature of 28°C (Climatempo, 2021).

The soils in the study area are classified as Chromic
Luvosols (Alfisols) and Regolitic Neosols (Psamments),
often found in association with varied topographic
conditions (Pronasolos, 2020).

The experimental site is covered by caatinga vegetation,
which is currently in the early stages of secondary
succession. The flora consists of woody plants distributed
across three distinct strata: arboreal, shrubby, and
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herbaceous. The dominant species in the arboreal
stratum include Mimosa tenuiflora (Willd.) Poir. (jurema-
preta), along with other woody species such as Croton
sonderianus (marmeleiro), Caesalpinia pyramidalis
(catingueira), Combretum leprosum (mofumbo), and
Ziziphus joazeiro Mart. (joazeiro). In the herbaceous layer,
grasses such as Brachiaria plantaginea, Panicum sp.,
Aristida setifolia H. B. K. (panasco), Digitaria sp. (roga
grass), and Setaria sp. (fox tail grass) are prevalent. The
herbaceous dicotyledonous plants include species such as
Hyptis suaveolens Poit. (field mint), Senna obtusifolia,
Stylozanthes sp., Sida cordifolia (white mallow), and
Macroptilium lathyroides L. (Santos et al., 2020; Gama et
al,, 2022).

Manipulation of the Caatinga

Since 2006, the vegetation in the experimental area has
been selectively thinned and managed wunder a
silvopastoral system, with 15 to 20% of the soil surface
covered by woody species, as outlined by Aradjo Filho
(2013). Endangered species were protected, and the area
was enriched with Pennisetum ciliare (buffel grass)
(Alencar, 2019). Initially, the area had 60% soil coverage
by woody plants (trees and shrubs), but selective cutting
reduced this coverage to approximately 20%. The
removal targeted trees and shrubs with limited timber
value and low nutritional value for ruminants. Following
this, the area was seeded with buffel grass, using a
broadcasting method to ensure even distribution. A total
of 5 kg/ha of seed, mixed with 5 kg of manure, was
applied to prevent wind-induced seed displacement.

Conduction of study

This study utilized data extracted from previously
conducted field surveys in the experimental area, as
reported in the scientific literature. The objective was to
assess the forage value of caatinga vegetation enriched
with buffel grass for meeting the livestock production
needs in these semi-arid environments. In particular, the
study aimed to explore the potential. of using literature-
derived data to model and evaluate forage production
risks in natural caatinga pastures.

Discussions were held with researchers from the
institution to gain insights into the data collection
methodologies used in the earlier experimental studies.
After an initial review, five relevant academic studies
conducted between 2008 and 2014 in the same
experimental area were selected. These studies provided
biomass production data for buffel grass (kg dry
matter/ha) (Table 1), which were used for model
configuration.

The selected studies met the criteria for proper
calibration in the PHYGROW model, including: biomass
measurements taken without irrigation or fertilization;
samples collected within a 1 m? quadrat under maximum
forage accumulation conditions; the absence of livestock;
and the inclusion of relevant ecological data, such as
canopy height, species composition, and vegetation cover.

Experimental design

The selected studies employed transects across
experimental plots to collect random plant biomass
samples using a 1x1 m? metal frame. As secondary data



from the literature, these measurements were collected
at various time points.

Model configuration

The PHYGROW model was used to simulate the growth of
buffel grass based on soil properties, plant species,
pasture management practices, and stocking rates, with
climate data serving as the primary input (Stuth et al,,
2003a). The model operates on the principle of light use
efficiency and simulates plant growth under optimal
conditions (Montieth, 1972; Montieth, 1977).

Originally developed in 1990, PHYGROW has undergone
continuous refinement. Its algorithms integrate formulas
adapted from other plant growth models, including
CREAMS, GLEAMS, EPIC, WEPP, SPUR, CENTURY, and
ERHYM-I], in conjunction with research on grass tillering
and forage selection conducted at Texas A&M University.
The model configuration involved three primary steps:
parameterization, calibration, and validation. Ecological
site data, including geographic coordinates, soil and plant
characteristics, and topographical features, were entered
into the model, as outlined by Maranhdo (2021).
Subsequently, the model was calibrated by adjusting
unmeasured parameters and comparing simulated
results with observed data from the literature. Validation
was performed by introducing new data sets, while
keeping model parameters unchanged, and assessing the
model's predictive accuracy (PHYGROW = +/- 1 standard
error of the mean).

Statistical analysis

To assess the model's predictive accuracy, several
statistical measures were used, including bias estimation
(%) (Angerer, 2010), mean absolute error (MAE)
(Legates etal,, 1999), and root mean square error (RMSE)
(Willmott, 1982). Simulation errors were also evaluated
using the Nash-Sutcliffe efficiency (EE) and the Willmott
concordance index (d) (Legates etal., 1999; Knoben et al,,
2019; Woli et al., 2020).

An adherence test was performed using the Monte Carlo
method to determine the probability density function of
buffel grass forage production in the experimental area.
This function was used to generate a comprehensive
dataset (10,000 values) in @RISK, which was
subsequently analyzed to estimate the minimum and
maximum forage yields under the local edaphoclimatic
conditions, as proposed by Silva et al. (2013).

Conclusion

The PHYGROW model effectively estimated buffel grass
biomass under rainfed conditions in thinned caatinga
vegetation in the semi-arid region. The application of the
Monte Carlo method proved to be a valuable tool in
enhancing the accuracy of the model, thereby supporting
more informed decision-making in animal feeding
management.

Furthermore, incorporating a guarantee level linked to
biomass forecasts provides a crucial framework for
technicians and producers to make more informed
decisions when planning animal feed. While the risks
associated with livestock production in semi-arid regions
are well recognized, farmers' net incomes often remain at
minimal levels. Therefore, minimizing this trade-off is
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essential. Establishing a guarantee level for the
availability of forage resources over the long term can
offer a viable solution, ensuring more sustainable feeding
practices for livestock.
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