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ABSTRACT

The evaluation of tropical forage nutritional quality using conventional analytical methods is cost-
ly and time-consuming, limiting its application in livestock systems. The objective of this work
was to develop and validate a low-cost multispectral image spectroscopy system (AFT camera),
to estimate the chemical composition of tropical grasses. A total of 332 forage samples, including
293 Urochloa spp. and 39 Megathyrsus maximus (Jacq.) B.K.Simon & S.W.L.Jacobs, were analyzed
using standard laboratory methods and multispectral image regression analysis. Calibration mo-
dels showed coefficients of determination (R?) ranging from 0.36 to 0.98, while validation models
exceeded 0.60 for neutral detergent fiber and 0.70 for crude protein and digestibility. No signifi-
cant differences (p > 0.05) were detected between observed and predicted values. The ArT system
demonstrated potential as a rapid and low-cost tool for forage quality assessment, although cali-

bration performance varied according to forage species and chemical component evaluated.
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RESUMEN

La evaluacion de la calidad nutricional de los forrajes tropicales mediante métodos analiticos
convencionales es costosa y requiere mucho tiempo, lo que limita su aplicacion en los sistemas
pecuarios. El objetivo de este trabajo fue desarrollar y validar un sistema de espectroscopia de
imagenes multiespectrales de bajo costo (camara AFT) para estimar la composicién quimica de
gramineas tropicales. Se analizaron 332 muestras de forraje, que incluyeron 293 de Urochloa spp.
y 39 de Megathyrsus maximus (Jacq.) B.K. Simon & S.W.L. Jacobs, mediante métodos convencio-
nales de laboratorio y analisis de regresién a partir de imagenes multiespectrales. Los modelos
de calibracién mostraron coeficientes de determinacion (R?) 0.36 a 0.98, mientras que los mo-
delos de validacion superaron 0.60 para fibra detergente neutro y 0.70 para proteina cruda y
digestibilidad. No se detectaron diferencias significativas (p > 0.05) entre los valores observados
y predichos. El sistema aFT mostr6 potencial como una herramienta rapida y de bajo costo para
la evaluacion de la calidad de forrajes, aunque el desempefio de las calibraciones varié segtin la

especie forrajera y el componente quimico evaluado.

PALABRAS CLAVE

Espectroscopia multiespectral, compuestos quimicos, forraje para ganado, Urochloa, Megathyrsus.
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INTRODUCTION

Livestock production in tropical regions faces the chal-
lenge of sustainably scaling up to meet the growing
demand for animal-based foods, which is projected to
increase by more than 40 % by 2050 (Erdaw, 2023). In
these systems, pastures constitute more than 70 % of
cattle diets, and the nutritional quality of forage is the
main determinant of animal productivity (Charmley et
al., 2016; Perry etal., 2017). However, routine assessment
of forage chemical composition relies on conventional
analytical methods that present limitations in terms of
cost, time, and accessibility, particularly in developing
countries (Jarque-Bascufiana et al., 2021).

Traditional analyses of crude protein (cp), neutral
detergent fiber (NDF), acid detergent fiber (apF), lignin,
and digestibility require days of processing, expen-
sive reagents, and trained personnel, limiting their
routine application to research or specialized labora-
tory settings (Dias et al., 2023). This situation restricts
evidence-based decision-making for optimizing
grazing management, harvest timing, and supplement
formulation.

Near-infrared spectroscopy (NIrs) has proven to
be an effective alternative for rapid analysis of forage
chemical composition (Andueza et al., 2018; Parrini
et al., 2018). However, the high cost of commercial
equipment remains a limiting factor for its adoption in
tropical production systems (Abreu et al., 2023). This
limitation has encouraged the development of low-cost
optical alternatives based on simplified spectroscopic
and imaging approaches.

Multispectral imaging systems integrate principles
of spectroscopy and digital image processing, enabling
the analysis of chemical properties in plant matrices
(Basurto Gutiérrez et al.,, 2025). Unlike traditional
spectrophotometers, multispectral cameras capture
two-dimensional spectral information, increasing the
representativeness of heterogeneous samples such as
forage (Gamon et al., 2019).

Recent studies have explored the use of portable
sensors to estimate chemical properties in tropical
grasses. Hughes et al. (2017) reported coefficients of
determination ranging from 0.23 to 0.65 for digest-
ibility and from 0.08 to 0.79 for apr in Urochloa (formely
Brachiaria) and Megathyrsus species using spaD (Soil and
Plant Analysis Development) chlorophyll meters and
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NpvI (Normalized Difference Vegetation Index) sen-
sors. These findings suggest the potential of simplified
optical technologies; however, the variable accuracy
observed indicates the need for more sophisticated
systems integrating multiple wavelengths.

This study developed and validated a low-cost
multispectral imaging system called the ArT camera to
estimate the chemical composition of tropical grasses
relevant to Latin American livestock systems. The
hypothesis was that integrating spectral information
from multiple wavelengths using multivariate statis-
tical models would enable accurate estimation of cp,
NDF, ADF, lignin, ash, and in vitro dry matter digest-
ibility (1vpbmb) in Urochloa and Megathyrsus species.

MATERIALS AND METHODS
Location

The study was conducted at the Cotove Agricultural
Station, Universidad Nacional de Colombia, Medellin
Campus (6° 13’ N, 75° 34" W, 2,470 masl). Climatic
conditions during the experimental period included
an average temperature of 32 °C, average precipita-
tion of 10 mm/week, and relative humidity of 96 %.
Supplementary sprinkler irrigation was applied twice
weekly for 20 min, between 8:00 and 9:00 hours.

Plant material and sampling design

Six species of tropical grasses were evaluated: Urochloa
eminii (Mez) Davidse (formely Brachiaria decumbens
and Brachiaria ruziziensis), Urochloa dictyoneura (Fig. &
De Not.) Veldkamp (formely Brachiaria dictyoneura cv.
Llanero and Brachiaria humidicola), Urochloa brizantha
(A.Rich.) R.D.Webster (formely Brachiaria brizantha
cvs. Marandu, Piata, Xaraes-Toledo), and Megathyrsus
maximus (Jacq.) B.K.Simon & S.W.L.Jacobs (cvs.
Aruana, Massai, Mombaza, Tanzania). Each plot (5 m?)
was divided into three sections subjected to initial
uniformity cuts at a height of 10 cm. Sections were har-
vested at 15, 25, and 35 days after regrowth to obtain
variability in chemical composition associated with
physiological maturity. A total of 332 samples were
obtained, of which 293 corresponded to Urochloa spp.
and 39 to M. maximus (Table 1). To improve biological
representativeness and reproducibility, each regrowth
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Table 1. Distribution of grass samples by species for calibration and validation.

Genus Species Calibration Validation

Urochloa Urochloa eminii (Mez) Davidse cv. 1 (B. decumbens) 56 6
Urochloa eminii (Mez) Davidse cv. 2 (B. ruziziensis) 52 6
Urochloa dictyoneura (Fig. & De Not.) Veldkamp cv. 1 (B. 36 5
dictyoneura cv. Llanero)
Urochloa dictyoneura (Fig. & De Not.) Veldkamp cv. 2 (B. 66 8
humidicola)
Urochloa brizantha (A.Rich.) R.D.Webster (B. brizantha 16 6
cvs. Marandu, Piata, Xaraes)

Megathyrsus M. maximus (Jacq.) B.K.Simon & S.W.L.Jacobs (cvs. 53 6

Aruana, Massai, Mombaza, Tanzania)

age within each species/cultivar was considered an
independent experimental unit. Sampling followed a
completely randomized design, and forage material
was collected from different sections within each plot
to capture intra-plot variability. The distribution of
samples among species, cultivars, and regrowth stages
was balanced according to field availability. For model
development, samples were randomly assigned to cal-
ibration (90 %) and external validation (10 %) datasets
while maintaining representation of species, cultivar,
and regrowth stage within both subsets to minimize
selection bias and improve predictive robustness.

Chemical analysis

Samples (~500 g fresh weight) were oven-dried at
60 °C for 48 h (Air drying oven, Gylson Company
Inc, Delaware oH, usa), ground using a hammer mill
(Buhler, Alzenau, Germany) and sieved to 1 mm.
Chemical analyses followed standardized methods.
Nitrogen was determined using a Kjeltec system, and
crude protein (cp) was calculated as N x 6.25 according
to Aoac method 954.01 (Latimer, 2023). Neutral deter-
gent fiber (NDF), acid detergent fiber (apF), and lignin
were quantified using the sequential method of Van
Soest et al. (1991) with an ankom 200° fiber analyzer
(anxom Technology, New York, usa). Ash content
was determined by calcination at 550 °C for 4 h (aoac
method 923.03). In vitro dry matter digestibility (1vpmb)
was measured after 48 h incubation at 40 °C using an
ANkoM Daisy 11 incubator system (ankom Technology,
New York, usa) and ruminal fluid collected from
Holstein cows fed a diet consisting of Cenchrus clan-
destinus (Hochst. ex Chiov.) Morrone (90 %) and
commercial concentrate (10 %), following Cabral et al.
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(2020). All analyses were performed in triplicate (n = 3)
and expressed on a dry basis (% db).

AFT multispectral imaging system

The arT system consists of an integrating hemisphere
with a radius of 15 cm, equipped with an LED lighting
module, a 2 Mp webcam (Shenzhen Weinan Electronic
Co., Ltd. China) with the infrared filter removed, an
electronic control circuit, and an Arduino uno board
(Advanced Technology S.A., Medellin, Colombia).
TheLep moduleincluded narrow-band LEDs covering
the visible and near-infrared regions was operated
under controlled current conditions to ensure stable
light intensity during image acquisition. The inte-
grating hemisphere minimized directional reflection
and reduced illumination heterogeneity across the
sample surface. Image acquisition was performed
in a closed chamber under constant environmental
conditions to avoid interference from external light
sources (Figure 1). The control software was devel-
oped in Python 3.6. The operating principle was
based on diffuse reflectance: each sample was illu-
minated sequentially with 17 wavelengths (Table 2),
capturing images with equidistant triangular geom-
etry over a sampling area of 7 cm?.

Samples were placed in a cylindrical sample
holder (3.5 cm?®) with a leveled surface. Image acqui-
sition generated 17 sequential 8-bit grayscale images
(0-255, where 0 = black and 255 = white). Image pro-
cessing was conducted using a macro developed in
Image] 1.52 (Schindelin et al. 2015), extracting the
average value from the central region of interest (75
x 75 pixels). Prior to data acquisition, the system was
calibrated using a diffuse white reflectance reference
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Figure 1. A¥T systems for estimating the chemical composition of tropical grasses. (A) Light integrating hemisphere. (B) Location lighting system of the camera and
sample. R =radius of the integrating hemisphere to distribute light evenly over the sample, d = center of the coordinate axis for placing the LEDs in a triangular pattern

and equidistant from each other, r = radius of the sampling area (1.5 cm).

Table 2. Wavelengths of the AFT camera’s LED lighting system.

LED Wavelength Spectral region Spectral region
(nm)

1-3 428 Visible-blue Chlorophyll b absorption
4-6 445 Visible-blue Chlorophyll b absorption
7-9 465 Visible-blue Transition Blue-green
10-12 493 Visible-green Reflectance of vegetation
13-15 525 Visible-green Reflectance of vegetation
16-18 560 Visible-yellow-green Carotenoid absorption
19-21 590 Visible-yellow Transition yellow-red
22-24 607 Visible-orange Chlorophyll a pre-absorption
25-27 630 Visible-red Chlorophyll a absorption
28-30 650 Visible-red Maximum chlorophyll a absorption
31-33 730 Red edge Transition visible-NIrR
34-36 780 Close to NIR Cellular structure
37-39 840 NIR NDVI index
40-42 850 NIR Foliar dispersion
43-45 870 NIR Water content
46-48 910 NIR O-H, N-H vibrations
49-51 940 NIR Water absorption

NIR = near infrared.

standard to normalize illumination conditions among
measurements. The central region of interest was
selected to avoid edge effects, shadows, and non-uni-
form particle distribution, thereby improving signal
stability and repeatability.

Statistical analysis
The analyses were performed in R 3.6.1 (R Core Team,
2019) using the packages leaps for regression analysis,

corrplot for correlational analysis, and agricolae for
mean comparisons. Ninety percent of the samples were
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assigned to calibration, with 10 % were reserved for
external validation. Multiple linear regression models
were developed for each analyzed component using
bidirectional stepwise selection based on the Akaike
information criterion (a1c), with the 17 gray values
used as independent variables according to:

Y=[30+E)1X1+[32X2+ +[?)17X17+E

Where Y represents the component, X;-X;; are
grayscale values at each wavelength, (o-f317 are regres-
sion coefficients, and ¢ is the residual error.
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Because the number of spectral predictors could
increase the risk of overfitting in reduced datasets,
model performance was evaluated not only through
calibration statistics but also using external valida-
tion metrics and residual analysis. The behavior of
residual distribution, prediction bias, and homosce-
dasticity were examined to assess model stability and
predictive reliability.

For calibration, the coefficient of determination (R?)
and mean square error (Msg) were calculated, whereas
validation included R?p, standard error of prediction
(sep), and root mean square error of prediction (RMSEP).
Analysis of variance (ANova) was used to compare refer-
ence and predicted values for each chemical component
and species (p < 0.05). For B. ruziziensis, partial least
squares (PLs) regression with cross-validation was addi-
tionally evaluated following the standard Nirs approach
(Abreu et al.,, 2023; Monrroy et al.,, 2017). pLs analysis
was performed in jmp Pro 15 using the NipaLs algorithm
(ymp Statistical Discovery rrc, North Caroline, usa) with
leave-one-out cross-validation (K = 32). Calibration
R?2, cumulative QQ?, and rmsecv were calculated and
compared with stepwise regression to assess model
robustness. The inclusion of both stepwise regression
and rLs approaches allowed comparison between an
interpretable variable-selection strategy and a multi-
variate latent-variable method commonly applied in
spectroscopic prediction models (Abreu et al., 2023).

RESULTS AND DISCUSSION
Chemical composition of grasses

Table 3 shows the chemical composition of the six
forage materials evaluated. NDF values ranged from
63.54 % in Urochloa eminii (Mez) Davidse cv.2 (B.
ruziziensis) to 70.01 % in Urochloa dictyoneura (Fig. &
De Not.) Veldkam cv.1 (B. dictyoneura), with wide
within-species variation (48.49-80.54 %), reflecting
the effect of regrowth age. Mean apr content ranged
from 28.04 % in Urochloa eminii (Mez) Davidse cv. 1
(B. decumbens) to 33.12 % in Urochloa dictyoneura (Fig.
& De Not.) Veldkam cv.1 (B. dictyoneura). Lignin con-
centrations varied from 3.35 % to 3.96 % and exhibited
high coefficients of variation (11.47-33.79 %), indicating
sensitivity to physiological maturity. cp content was
higher in Urochloa eminii (Mez) Davidse cv. 1 (B. decum-
bens) with 17.41 %, exceeding the values observed in the
remaining species (12.10-15.36 %). rvpMD ranged from
50.63 % in Urochloa brizantha (A.Rich.) R.D.Webster (B.
brizantha) to 60.76 % in Urochloa eminii (Mez) Davidse
cv. 1 (B. decumbens), with broad variation (35.77-
74.25 %), reflecting the greater digestibility of younger
plant material.

Table 3. Chemical composition and in vitro digestibility of tropical grasses (% db).

Species Statistical NDF ADF Lignin Ash cp IVDMD
Urochloa Mean = sp 67.24+4.11 31.54+323 3.83+0.70 744+396  12.60+2.80 50.63+5.36
brizantha (B. Range 57937820  2326-4078  2.87-673  253-1297  8.01-1948  35.77-59.55
brizantha)

Urochloa Mean + sp 70.01+3.56 33.12+278 335+038  6.30+381  1210+273 55.51+6.53
dictyoneura cv.1 Range 59.80-76.26  25.27-36.68  2.57-4.34 2.25-13.48 8.45-20.58 42.48-67.79
(B. dictyoneura)

Urochloa Mean + sp 6436 +519 28.04+457 358+121  579+379 1741503 60.76 +7.82
eminii cv. 1 (B. Range 51.36-80.54  18.83-40.49  1.92-6.78 2.16-13.01  5.63-24.64  44.57-74.25
decumbens)

Urochloa Mean  sp 63.54+570 29.48+445 390+076  7.58+4.42  14.08+3.18 51.98+551
eminii cv. 2 (B. Range 48.49-7414  19.07-36.36  2.77-6.99 1.83-14.56 9.08-22.45 44.15-68.18
rUziziensis)

Urochloa Mean + sp 65.90+4.80 3045+338 396+1.09  529+339  14.83+293 56.70%6.75
dictyoneuracv.2  papge 52.57-79.14  21.31-39.36  2.38-7.33 243-14.64  8.09-23.03  41.09-68.58
(B. humidicola)

Megathyrsus Mean + sp 67.61+490 31.98+429 3.76+0.61 2.84+0.25 1536 +3.08  52.53 +£9.07
TMAXIUS Range 56.68-76.58  24.71-41.58  2.44-5.17 2.16-3.26 9.14-21.92  38.62-73.22

NDF = neutral detergent fiber (%); apF = acid detergent fiber (%); cp = crude protein (%); 1vbmp = in vitro dry matter digestibility (%); sp = standard deviation.
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These values are consistent with those reported
by Torres-Lugo et al. (2022) for the ecotypes Urochloa
Mulato 11, Cayman, Talisman Camello, Marandu, and
M. maximus cv. Mombasa, which exhibited cp, NDF, and
ADF values ranging from 10-15 %, 59-67 %, and 35-40 %,
respectively. In Urochloa eminii cv. 2 (Brachiaria ruzi-
ziensis), chemical composition has been shown to vary
with harvest age, with cp ranging from 2.3 % to 7.3 %,
ash from 8 % to 14 %, NDF from 62 % to 66 %, ADF from
46 % to 52 %, and 1vbmD 48 % to 54 % (Ariyo et al.,
2025), supporting the representativeness of the calibra-
tion dataset used in the present study. The three-stage
regrowth harvesting strategy generated substan-
tial compositional variability, a key requirement for
the development of robust spectroscopic predictive
models (Jarque-Bascunana et al., 2021). The observed
ranges exceed the variability typically found under
uniform commercial management, thereby enhancing
the predictive capacity of the models under diverse
practical conditions.

Calibration model performance

The coefficients of determination (R?) between gray-
scale values and forage chemical composition varied
considerably among species and analytes (Table 4).
Urochloa brizantha (B. brizantha) and Urochloa dictyo-
neura cv.l (B. dictyoneura) exhibited the best overall
model performance, with R? values exceeding 0.80 for
all analytes. In Urochloa brizantha, R? reached 0.96 for
lignin, 0.95 for ap¥, 0.92 for NDF, 0.94 for ash, 0.91 for cp,
and 0.92 for rvomp. Similarly, Urochloa dictyoneura cv.1
(B. dictyoneura) achieved R? values of 0.95 for lignin,
0.91 for apr, 0.82 for npF, 0.81 for ash, 0.84 for cp, and
0.83 for rvpmb.

The remaining species exhibited moderate to
low predictive performance for certain components.

Multispectral camera for evaluation of tropical grasses

Generally, Urochloa dictyoneura cv. 2 (B. humidicola)
showed the lowest R? values (0.35-0.63). Notably,
Urochloa eminii cv. 1 (B. decumbens) exhibited excellent
predictive performance for cp (R2 = 0.96), whereas the
model fit for ;vbmp was more moderate (R? = 0.56).
Ash content generally showed the weakest model per-
formance across species, possibly due to variability
associated with contamination by mineral particles
during manual harvesting. These results indicate that
spectral information provided by the 17 selected wave-
lengths effectively captured compositional variability,
consistent with the physicochemical principles gov-
erning light-matter interactions. In the visible region
(428-650 nm), differential absorption by chlorophylls
and carotenoids is indirectly correlated with leaf pro-
tein concentration. Approximately 50-70 % of foliar
nitrogen is located within chloroplasts, primarily in
proteins involved in the photosynthetic apparatus
(Luo et al., 2021). The art bands centered at 428 nm,
445 nm, 630 nm, and 650 nm correspond to chlorophyll
absorption regions, which likely explains the high R?
values obtained for cp prediction.

In the near infrared region (780-940 nm), reflec-
tance is largely governed by multiple scattering within
the leaf mesophyll and is proportional to the volume
of intercellular spaces. Progressive lignification during
plant maturation reduces air spaces, resulting in lower
NIR reflectance (Robles-Zazueta et al., 2022). This rela-
tionship may explain the moderate to high R? values
for NDE, ADF, and lignin predictions.

Validation of predictive models

The validation parameters are shown in Table 5. The
predictive performance of the models dependent on
both species and analyte, and the prediction coefficients
of determination (R?p) varied considerably among

Table 4. Coefficients of determination (R?) of calibration models for chemical components and digestibility of tropical grasses.

Species NDF ADF Lignin Ash cp IVDMD
Urochloa brizantha (B. brizantha) 0.92 0.95 0.96 0.94 091 0.92
Urochloa dictyoneura cv.1 (B. dictyoneura) 0.82 0.91 0.95 0.81 0.84 0.83
Urochloa eminii cv. 1 (B. decumbens) 0.69 0.87 0.59 043 0.96 0.56
Urochloa eminii cv. 2 (B. ruziziensis) 0.66 0.59 0.86 0.51 0.74 0.68
Urochloa dictyoneura cv. 2 (B. humidicola) 0.63 0.61 0.60 0.35 0.63 0.55
Megathyrsus maximus 0.74 0.76 0.58 0.43 0.66 0.74

~NDF = neutral detergent fiber; Apr = acid detergent fiber; cp = crude protein; rvpmp = in vitro dry matter digestibility (%).

Acta Agricola y Pecuaria 12: e0121027

Arroyave-Jaramillo et al.



Multispectral camera for evaluation of tropical grasses

species and analytes (Figure 2). For Np¥, five species
achieved R?p values greater than 0.60 (M. maximus, 0.85;
U. dictyoneura cv. 1, 0.78; U. brizantha 0.68; U. eminii cv.
1, 0.68; and U. eminii cv. 2, 0.65), whereas U. dictyoneura
cv. 2 exhibited a substantially lower value (0.19). For
ADF, four species achieved R?p values exceeding 0.80 (LL.
dictyoneura cv. 1, 0.98; U. brizantha 0.88; U. eminii cv. 1,
0.89; M. maximus, 0.83). cp content showed R?p values
above 0.70 in five species, except B. humidicola (0.38).
vpMp exhibited the highest overall predictive perfor-
mance, with R?p values greater than 0.70 in four species
(U. dictyoneura cv. 1, 0.98; U. brizantha, 0.82; M. maximus,
0.78; U. eminii cv. 1, 0.74). rMseP values were consis-
tently lower for lignin (0.25-1.09) and ash (0.20-2.75)
than for npF (1.38-4.01), apr (0.61-2.95), and 1rvbmb (1.05-
8.56). Urochloa dictyoneura cv. 2 (Brachiaria humidicola)
exhibited the highest rmsep values for several compo-
nents, consistent with its low R?p values. For 1vpbmp,
the validation rmsep reached 8.56 %, compared with a
calibration error of 1.30 %, indicating possible overfit-
ting for this component in this species. This limitation
is further supported by the low R?p value observed for
lignin (0.36) in the same species, suggesting that an
increased sample size will be required in future calibra-

tions. Stepwise selection with arc reduced the number
of active predictors in the models, partially mitigating
this risk. However, with a sample size of only n = 16,
this approach is insufficient to ensure robust model
generalization across all analytes.

The results revealed two distinct groups of com-
ponents: those with consistently high predictive
performance across most species (ADF, Pc, IVDMD, with
R?p > 0.70 in at least four of six species evaluated); and
those showing variable or limited performance that
would benefit from additional calibration efforts (lignin
in Urochloa dictyoneura cv.1 and Urochloa brizantha, ash
in several species, and all analytes in Urochloa dictyo-
neura cv. 2).

Statistical comparison between methods

Table 6 presents the comparison between reference
values and predictions generated by the Arr camera.
No statistically significant differences (p > 0.05) were
detected in 96.7 % of the comparisons (35 out of 36
cases). The only exception was lignin content in Urochloa
dictyoneura cv. 2 (B. humidicola, p = 0.02), for which the
predicted values underestimated the reference values

Figure 2. Prediction correlation coefficients (R?p). Black: data used for model construction, orange: data used in model validation.
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Table 5. Validation parameters for predictive models for chemical components and digestibility of tropical grasses.

Species Component n value R?p RMSEP SEP

Megathyrsus maximus NDF 6 0.85 2.24 2.45
ADF 6 0.83 1.70 1.86

Lignin 6 0.84 0.29 0.32

Ash 6 0.61 0.20 0.22

cp 6 0.71 1.59 1.74

IVDMD 5 0.78 3.95 4.33

Urochloa brizantha (B. brizantha) NDF 5 0.68 1.95 2.14
ADF 5 0.88 1.02 1.12

Lignin 5 0.36 0.33 0.36

Ash 5 0.52 0.52 0.57

cp 5 0.81 2.00 2.19

IVDMD 8 0.82 8.56 9.38

Urochloa dictyoneura cv.1 (B. dictyoneura) NDF 8 0.78 3.79 424
ADF 8 0.98 1.10 1.23

Lignin 8 0.22 0.77 0.86

Ash 8 0.41 2.75 3.07

cp 8 0.78 2.00 224

IVDMD 6 0.98 1.05 1.17

Urochloa dictyoneura cv. 2 (B. humidicola) NDF 6 0.19 4.01 4.29
ADF 6 0.47 2.95 3.15

Lignin 6 0.31 1.05 1.12

Ash 6 0.48 0.69 0.74

cp 6 0.38 3.86 4.13

IVDMD 6 0.69 7.20 7.70

Urochloa eminii cv. 2 (B. ruziziensis) NDF 6 0.65 1.38 1.51
ADF 6 0.53 1.67 1.83

Lignin 6 0.55 0.25 0.27

Ash 6 0.44 0.76 0.83

cp 6 0.75 1.63 1.79

IVDMD 6 0.57 2.93 3.21

Urochloa eminii cv. 1 (B. decumbens) NDF 6 0.68 1.82 1.99
ADF 6 0.89 0.61 0.67

Lignin 6 0.28 1.09 1.19

Ash 6 0.79 0.37 0.41

cp 6 0.92 0.72 0.79

IVDMD 6 0.74 3.01 3.30

R2p = coefficient of determination of prediction; RMsEP = root mean square error prediction; sep = standard error of prediction. sep = RMsEP x V(n/(n-1)).
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Table 6. Statistical comparison between measured and predicted values with the AFT camera.

Species Component Analytic Measurement p-value
determination AFT camera
Urochloa eminii cv. 1 (B. decumbens) cP 19.13 19.12 0.99
NDF 64.35 64.37 0.95
ADF 27.53 27.50 0.96
Lignin 3.08 3.06 0.97
Ash 322 3.21 0.99
IVDMD 59.30 59.32 0.84
Urochloa dictyoneura cv.1 (B. dictyoneura) cp 13.26 13.28 0.99
NDF 70.04 70.06 0.96
ADF 34.25 34.26 0.98
Lignin 3.26 3.27 0.99
Ash 3.95 3.96 0.99
IVDMD 59.58 59.53 0.99
Urochloa brizantha (B. brizantha) cP 15.41 15.42 0.95
NDF 66.84 66.83 0.98
ADF 31.79 31.72 0.99
Lignin 3.84 3.83 0.96
Ash 2.85 2.85 0.99
IVDMD 54.81 54.85 0.99
Urochloa dictyoneura cv. 2 (B. humidicola) cp 15.40 18.39 0.07
NDF 66.31 68.70 0.14
ADF 31.46 31.64 0.87
Lignin 3.77 3.13* 0.02
Ash 3.01 3.29 0.18
IVDMD 59.86 63.55 0.57
Urochloa eminii cv. 2 (B. ruziziensis) cP 12.65 12.68 0.96
NDF 66.70 66.68 0.99
ADF 33.40 33.83 0.98
Lignin 4.40 442 0.89
Ash 2.82 2.80 0.97
IVDMD 51.58 51.58 0.99
Megathyrsus maximus cp 15.00 15.01 0.99
NDF 69.26 69.36 0.97
ADF 31.83 31.85 0.99
Lignin 3.85 3.87 0.96
Ash 2.68 2.70 0.91
IVDMD 50.78 50.80 0.99

*Significant difference p < 0.05.
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(3.13 % vs. 3.77 %, respectively). For cp, the predicted
values showed excellent agreement with the reference
measurements, with absolute differences of less than
0.03 percentage points in five species. For NDF, deviations
were generally below 0.5 %, except in U dictyoneura cv.
2 (2.4 %), although this difference was not statistically
significant. Cell wall constituents (apr, and lignin) also
exhibited high agreement between methods, with mean
differences below 0.2 % for apr and below 0.1 % for
lignin, excluding U. dictyoneura cv. 2.

The absence of significant differences between art
predictions and reference measurements in 96.7 % of
cases validates the accuracy of the system for nutri-
tional assessment and decision-making. Differences
below 1 % for cp, NDF, and ADF were within the
expected intralaboratory analytical variability of the
reference methods described by Van Soest et al. (1991),
indicating that the arr system provides nutritionally
equivalent information to that obtained through con-
ventional laboratory analyses.

Methodological comparison: PLs vs. stepwise
regression in Urochloa eminii cv. 2 (B. ruziziensis)

Table 7 compares the performance of pLs with cross-vali-
dation and stepwise regression with holdout validation
for Urochloa eminii cv. 2. The pLs models identified two
latent factors explaining 47-84 % of the variance in the

Multispectral camera for evaluation of tropical grasses

evaluated analytes. For NDF, pLs showed superior cal-
ibration (R? = 0.84 vs. 0.66) with Q? = 0.58 and similar
prediction error (RMsecv = 1.43 % vs. RMSEP = 1.38 %).
Lignin showed the highest predictive capacity in the
pLs models (Q? = 0.71; R? = 0.75), although stepwise
regression yielded a lower prediction error. cp and Apr
exhibited moderate predictive performance in both
approaches, whereas ash and vbmp were predicted
less accurately (R? < 0.51), likely reflecting their greater
intrinsic variability. pLs provided a more parsimonious
modeling framework by reducing the original set of
correlated spectral variables to two latent factors, an
important advantage when dealing with multicol-
linearity in spectral databases. Both methods identified
~NDF and lignin as best-estimated components. For small
datasets (n < 50), pLs maximizes efficiency (Jarque-
Bascufiana et al., 2021; Parrini et al., 2018); for larger
datasets (n > 100), stepwise improves interpretability.
Results agree with Nirs calibrations for Urochloa spp.
(formerly Brachiaria spp). (Monrroy et al., 2017) using
NIRS (R? = 0.87 for nDF, 0.88 for apF), validating that the
AFT system achieves performance comparable to com-
mercial equipment.

The performance of the aArr system must be con-
textualized in relation to established forage analysis
technologies. For example, Monrroy et al. (2017) cal-
ibrated N1rs models for Urochloa spp. reporting R? of
0.87 for NDF, 0.88 for apr, with pLs, values comparable

Table 7. Statistical comparison between pLs with cross-validation and stepwise regression with holdout validation for
Urochloa eminii cv. 2 (B. ruziziensis) as a methodological model.

Component Method No factors / R? Calibration RMSECV/ RMSEP Q?
variables

cp PLS 2 0.51 2.13 0.55
Stepwise 17 0.74 1.63 -

NDF PLS 2 0.84 1.43 0.58
Stepwise 17 0.66 1.38 -

ADF PLS 2 0.59 2.85 0.43
Stepwise 17 0.59 1.67 -

Lignin PLS 2 0.75 0.38 0.71
Stepwise 17 0.86 0.25 -

Ash PLS 2 0.47 322 0.27
Stepwise 17 0.51 0.76 -

IVDMD PLS 2 0.51 3.86 0.51
Stepwise 17 0.68 2.93 -

pLs = partial least squares regression; R? = coefficient of determination; Q? = cross-validation prediction coefficient; RMsEcv = root mean square error of cross-
validation; RMSEP = root mean square error of prediction; cp = crude protein (%); NDF = neutral detergent fiber (%); apr = acid detergent fiber (%); 1vbmD = in vitro

dry matter digestibility (%).
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to those obtained with the arr system for Urochloa
eminii cv. 2 (B. ruziziensis) (R? = 0.84 for npr with pis;
Table 7), and 0.65 (cp), with RMSEPs of 1.71 %, 1.36 %,
and 0.71%, respectively. Likewise, the rmsep values
obtained with the arr system for U. brizantha (NDF
1.95 %, apr 1.02 %) and Urochloa eminii cv. 2 (B. ruz-
iziensis) (NDF 1.38 %) were within the range reported
for n1rs. Notably, the R?p values obtained for cp (0.71-
0.92) consistently exceeded those reported with Nirs,
possibly due to greater emphasis on chlorophyll-sensi-
tive visible bands in the arT design.

Thomson et al. (2018) used Nirs to be mixed for-
ages samples and obtained R? values ranging from
0.76-0.91, with standard calibration errors of 13.4 % for
NDF and 18.5 % for Apr. In comparison, the sep values
obtained with the ArT system were generally lower
(3.07-17.98 % for ~npF and 0.83-6.77 % for ADF), sug-
gesting that the multispectral arr approach efficiently
captures variability in tropical forages. Hughes et al.
(2017) reported considerably lower predictive perfor-
mance using a spap-502 meter, with R? values ranging
from 0.08 to 0.34 for apr and from 0.14 to 0.31 for NDF
in Urochloa (Brachiaria) and Megathyrsus. These values
were substantially lower than those achieved with the
AFT system (0.59-0.95 for apF, 0.63-0.92 for NpF). Using
the NDVI meter, the same authors obtained R? values of
0.54-0.79 for apr, which also remained below the best
results obtained with the arr system. The principal
advantage of the developed system lies in its acquisi-
tion of multidimensional spectral information across
17 bands, compared with the limited spectral infor-
mation provided by conventional biosensors, thereby
enabling more robust predictive modeling.

Variability between species and spectroscopic
fundamentals

The variability in model performance among species
(U. dictyoneura cv. 2 R2=0.35-0.63 vs. U. brizantha=0.91-
0.96) may be attributed to differences in leaf optical
properties that influence reflectance independently
of chemical composition. Urochloa dictyoneura cv. 2 (B.
humidicola) is characterized by dense leaf pubescence
and prominent epicuticular waxes (Namazzi et al,
2020) that could have increased specular scattering,
reducing compositional information in a captured
diffuse signal. Previous research has shown that leaf
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trichomes increase reflectance within 400-700 nm range
by 15-30 %, partially masking absorption by photosyn-
thetic pigments (Xiong et al., 2015).

The stratification of models by species vs. universal
model significantly improved performance in pre-
liminary calibrations, confirming that species-specific
optical characteristics justify independent calibrations.
This approach is consistent with NIrs practices, where
universal equations present errors greater than specific
calibrations (Abreu et al., 2023). The lower predictive
performance observed for ash content (U. dictyoneura
cv. 2, R?2=0.35, M. maximus, R? = 0.43) probably reflects
variability associated with mineral contamination
during manual harvesting rather than differences
in intrinsic mineral composition. Minerals generally
lack distinctive spectral features within 400-1,000 nm
range, limiting their direct prediction through reflec-
tance spectroscopy (Ancin-Murguzur et al., 2020).
Consequently, the implementation of improved sam-
pling protocols, including controlled mechanical
harvesting, could help reduce this source of variability
and enhance model performance.

Operational advantages and practical applicability

Among the advantages of the aArr camera, the analysis
time of ~5 min from sample insertion to result gen-
eration was particularly noteworthy, representing a
reduction of more than 95 % compared with conven-
tional laboratory methods, which typically require 2-5
days when drying, grinding, and chemical analysis are
considered. This rapid feedback would enable adjust-
ments to grazing management, harvest optimization,
supplement formulation, and critical applications in
precision livestock farming (Kleen & Guatteo, 2023).
Furthermore, the estimated cost of the AFT system com-
ponents (< usp 500) is substantially lower than that of
commercial NIRs equipment (usp 40,000-100,000) and
automated fiber analyzers (usp 15,000-30,000). This
favorable cost-to-benefit ratio democratizes access to
forage analysis for small and medium-scale producers
in tropical regions, who often lack access to affordable
analytical services (Fakude et al. 2025).

Operation of the system does not require haz-
ardous reagents or generate chemical waste, thereby
reducing environmental impacts and eliminating
many of the recurring costs associated with con-
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ventional laboratory analyses. The only preparation
required involves operations such as drying and
grinding, which are generally standardized for sample
preparation and preservation, so no further complexity
is required.

Implications for sustainable tropical livestock
farming
Sustainable intensification of tropical livestock
farming requires improving forage-to-animal con-
version efficiency while minimizing environmental
impacts (Erdaw, 2023). Affordable tools such as the arr
camera can support evidence-based decision-making
by optimizing harvest timing to balance forage yield
and nutritional quality (Caradus & Chapman, 2024),
adjusting supplementation through accurate protein
and energy assessment (Tan et al,, 2021), and facili-
tating the selection of forage species adapted to local
environmental conditions (Rao et al., 2015). It may also
enable early detection of pasture degradation asso-
ciated with overgrazing, enabling timely corrective
actions (Costa et al., 2021). By reducing the economic
and technical barriers to forage analysis using technol-
ogies such as the AT camera, directly contributing to
Sustainable Development Goals related to food secu-
rity and rural development in tropical regions (Ghosh
& Sahu, 2023). Future improvements may include
extending the spectral range to 950-1100 nm, integra-
tion of advanced machine-learning algorithms (Paul et
al., 2025), transferable calibrations (Zhao et al., 2019),
and miniaturization with Gps-enabled field monitoring
(Radocaj et al., 2023).

CONCLUSIONS

The arT multispectral imaging system demonstrated a
consistent capacity to estimate the chemical composi-
tion of tropical forage grasses with moderate to high
predictive accuracy (R?p = 0.35-0.98), highlighting its
potential as a rapid and low-cost alternative to con-
ventional laboratory analyses. The best predictive
performance was observed for crude protein and in
vitro dry matter digestibility, whereas ash content and
some fiber fractions exhibited lower predictive accu-
racy. Comparison between stepwise regression and rLs
regression was performed only for Urochloa eminii cv.
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2 (B. ruziziensis), where pLs showed improved predic-
tion for neutral detergent fiber, achieving performance
comparable to values reported for some NIrs-based
applications. However, these results should be inter-
preted specifically for this species and not generalized
to the entire AFT system.

Predictive performance varied among species,
with Urochloa brizantha (B. brizantha) and Urochloa dic-
tyoneura cv.1 (B. dictyoneura) showing the most robust
results (R? > 0.80), while Urochloa dictyoneura cv. 2 (B.
humidicola) was affected by surface optical properties.
Urochloa dictyoneura cv. 2 showed the lowest perfor-
mance in several components, and that rvbmp in U.
brizantha requires additional calibrations with a larger
number of samples before its practical applications.

The absence of significant differences between
reference and predicted values in most comparisons
supports the practical applicability of the aArT system
for forage quality assessment. Overall combination of
rapid analysis, low operational cost, and satisfactory
predictive performance suggest that multispectral
imaging represents a promising tool for supporting
nutritional management and decision-making in trop-
ical livestock production systems.
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