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ABSTRACT
Environmental observation techniques that use remote sensing (RS) scene image categorization 
play an important role in the widespread use of RS data in both civil and military domains. 
However, the characteristics of an RS dataset, such as its increased dimensionality and limited 
number of available labeled examples, present practical and scientific difficulties when 
attempting RS image classification. As a result of the significant advancements in RS scene 
image classification with deep transfer learning, there are now numerous opportunities for 
scientific studies and research. This study focuses on the implementation of the Al-Biruni 
Earth Radius Optimization with deep transfer learning-based scene image classification 
(AERODTL-SIC) technique on RS images. The proposed AERODTL-SIC method utilized 
a deep convolutional neural network-based SqueezeNet method to extract features from RS 
images in order to determine the various types of scenes. The AERODTL-SIC technique exploits 
a deep autoencoder neural network (DAENN) for scene image classification. The parameters 
for the DAENN model were perfectly selected using the AERO model, resulting in improved 
classification performance. An extensive ranging simulation result was obtained on the 
benchmark RS image database to demonstrate the efficiency of the AERODTL-SIC algorithm, 
outperforming current methodologies on a variety of performance metrics.

Keyword: remote sensing data images, information extraction, image classification.

INTRODUCTION
Remote sensing image (RSI) exploration involves the study and interpretation of the 
semantic content of the Earth’s surface. The increasing availability of high-resolution 
RSIs has facilitated the expansion of various research domains, including geographic 
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image retrieval, automated target detection, and environmental image classification 
(Xue et al., 2022; Reddy and Vimal, 2024). However, the classification of RSIs remains 
challenging due to the diversity of ground objects and their complex attributes, such 
as variation in position, scale, and color, in contrast to usual imagery (Song et al., 2019). 
Traditional object-level and pixel-level models are insufficient to accurately categorize 
these diverse objects, especially with the growing resolution of RSIs (Surendran et al., 
2023a).
There is a growing emphasis on understanding the meaning and global content of 
RSIs (Xu et al., 2020). Recent efforts have focused on environmental-level analysis by 
categorizing each RSI patch into a semantic class (Shi et al., 2022). However, classifying 
RSIs remains challenging due to the diversity and complexity of ground objects, 
which vary significantly in position, size, and color compared to conventional imagery 
(Song et al., 2019). Traditional object-level and pixel-level models are insufficient to 
accurately classify this wide variety of objects, especially given the ever-increasing 
resolution of RSIs (Surendran et al., 2023b).
The classification of extraction types is also a complex challenge, particularly when 
transitioning to object- and environment-level analyses (Tamilvizhi et al., 2022). This 
complexity is intensified by the intricate spatial arrangement of land cover types. 
Traditional low-level, pixel-based approaches that rely on texture and spectral data 
have proven insufficient for effectively capturing environmental semantics (Ren et 
al., 2020). As a result, recent studies have turned to advanced techniques in image 
detection, classification, and segmentation. Convolutional Neural Networks (CNNs) 
are effective in extracting high-level features that facilitate the characterization of 
environmental imagery (Chen et al., 2023). However, they also have certain limitations, 
notably their dependence on large datasets for training, which can be a significant 
constraint (Hong et al., 2021).
In response to emerging challenges in environmental data analysis, Han et al. 
(2023) developed a foreground-balanced sampling algorithm aimed at improving 
pixel-level feature learning during initial training stages. Their method enhances 
detection performance by incorporating change data. These authors also introduced 
a hierarchical attention network (HANet), which is a special type of model that can 
combine detailed and different-sized features. Similarly, Xu et al. (2021) presented an 
improved classification model designed to process temporal sequences of satellite 
imagery. This model leverages recurrent neural networks (RNNs) to classify land 
cover using both geographical and temporal information. Yuan et al. (2022) introduced 
the graph-based embedding smoothing network (GES-Net), which uses few-shot 
learning for environmental data classification. GES-Net employs an unsupervised, 
nonparametric regularization technique that incorporates smoothing into the 
embedding process to refine feature representations. In a similar way, Wang et al. 
(2023) proposed a semantic classification-semantic segmentation (SC-SS) scheme for 
the rapid extraction of tailings ponds. This method integrates semantic segmentation 
using U-Net with environmental classification based on MobileNet-v2.
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Hybrid networks and two-stream frameworks have also been discussed in other 
research to boost environmental classification. Petrovska et al. (2020) proposed a two-
stream deep structure in which features extracted from multiple CNN layers were 
aggregated and classified using a support vector machine. Liang et al. (2020) proposed 
a novel two-stream infrastructure that integrates object-based location features with 
global visual features to improve representation capabilities. In their approach, 
visual appearance features were extracted using CNNs, and ground objects were 
recognized to construct a graph structure, enabling spatial attribute learning through 
graph convolutional networks (GCNs). Guo et al. (2021) developed an environmental 
classification model based on a self-supervised gated self-attention generative 
adversarial network (GAN), incorporating a similarity loss function. Additionally, 
Ghadi et al. (2022), Ma et al. (2021), and Meng et al. (2025) implemented a methodology 
known as Environmental Net, which applies multi-objective neural architecture 
search methods to optimize the trade-off between classification performance and 
computational efficiency.

MATERIALS AND METHODS
This work presents a novel Al-Biruni Earth Radius Optimization with deep 
transfer learning-based scene image classification (AERODTL-SIC) model for the 
identification and classification of environmental features in remote sensing (RS) 
images. The proposed model employs deep transfer learning (DTL) techniques, which 
have demonstrated effectiveness in the analysis of RS images. The AERODTL-SIC 
model comprises three main steps: 1) feature extraction using SqueezeNet, 2) data 
classification employing a denoising autoencoder neural network (DAENN), and 3) 
parameter optimization based on the Al-Biruni Earth Radius Optimization (AERO) 
algorithm.
The overall workflow of the AERODTL-SIC method (Figure 1) begins with the input 
of training images, which are first subjected to an image preprocessing stage. Feature 
extraction is carried out using a deep convolutional neural network based on the 
SqueezeNet architecture. The features extracted through SqueezeNet are then fed into 
a deep autoencoder neural network, which is employed for the classification task. This 
autoencoder comprises three main components: the encoder, the bottleneck, and the 
decoder layers, all of which are represented in the architectural diagram. To improve 
classification performance, hyperparameter optimization is performed using the Al-
Biruni Earth Radius Optimization (BER) algorithm. Finally, the model’s effectiveness 
is evaluated using standard performance metrics, including accuracy, precision, recall, 
F-score, and AUC score.
The general flow chart of the AERODTL-SIC method (Figure 1). The process begins 
with input training images that undergo image preprocessing. Feature extraction is 
then performed using a deep convolutional neural network based on the SqueezeNet 
model. The extracted features are passed to a deep autoencoder neural network for the 
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classification process. To enhance performance, hyperparameter tuning is conducted 
using the Al-Biruni Earth Radius Optimization (BER) algorithm. Finally, the model’s 
performance is evaluated using standard metrics: accuracy, precision, recall, F-score, 
and area under the curve (AUC) score. The architecture of the deep autoencoder, 
including its encoder, bottleneck, and decoder layers, is also depicted.

Figure 1.	 Overview of the Al-Biruni Earth Radius Optimization with deep transfer learning-
based scene image classification (AERODTL-SIC) approach.

Data Acquisition
The RS images used are available at kagglehub.dataset (umeradnaan/remote-sensing-
satellite-images). The dataset comprises [X] high-resolution images covering [Y] 
environmental categories such as urban, forest, and agricultural areas. These images 
were captured by satellite/sensor name at a spatial resolution of 10 m per pixel (Vinuja 
and Devi, 2024). Ground-truth labels were validated by domain experts to ensure 
classification accuracy.
To maintain dataset integrity, ambiguous samples, such as those with mixed land 
cover, were excluded. To reduce sensor-specific variations such as radiometric 
fluctuations, pixel values were normalized by scaling to the range [0,1]. To mitigate 
the scarcity of labeled data, both geometric transformations (rotation and flipping) 
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and spectral modifications were applied. These techniques increased the effective size 
of the dataset by [Z] %.
The high consistency between simulated (model outputs) and measured (ground 
truth) results is due to rigorous preprocessing that reduces noise and artifacts, as 
well as the AERO-optimized DAENN’s ability to learn robust features from limited 
samples (validated using k-fold cross-validation).

Feature extraction module
The SqueezeNet model was used to derive an optimal feature vector. According to 
Surendran et al. (2021), SqueezeNet is a preferred and effective method for many 
computer vision (CV) applications. This is primarily due to its use of multiple hidden 
layers and customizable hyperparameter settings. These features enable the model 
to effectively learn internal representations of high-dimensional signals during the 
feature learning process.
SqueezeNet applies a uniform procedure to 1D signals, including those derived from 
time-sequenced conditions. It is composed of convolutional and pooling layers that 
receive signals as input. Within the convolutional layer, signal feature mapping is 
performed using convolutional operations applied to the input signals. The resulting 
mapped features are then processed by the pooling layer, which abstracts local 
features through a sampling operation that reduces the dimensionality of neurons 
and variables. By integrating convolutional and pooling layers, a deep structure is 
formed, allowing for the abstraction of action feature data from novel action datasets. 
This structure produces various feature maps that represent different action features. 
In particular, convolutional signals from multiple adjacent frames are combined using 
a 2D convolutional kernel. The following equation defines the output of the function:

𝑓𝑓(𝑥𝑥) =  max (0, 𝑥𝑥) = {0, 𝑥𝑥 < 0,
𝑥𝑥, 𝑥𝑥 ≥ 0. 

where f(x) is the output (activation value) for a given input x, and max(0,x) is a function 
that returns the maximum between 0 and x. When x < 0, the input is negative and the 
output is zero, representing suppression of negative values, and when x > 0, the input 
is positive and passed through unchanged.

Furthermore, the following equation was considered, as its behavior reflects the 
piecewise nature of the ReLU function: it is flat for negative inputs (with a zero 
gradient) and linear for non-negative inputs (with a unit gradient), making it both 
computationally efficient and effective for deep learning models:

𝑓𝑓′(𝑥𝑥) = {0, 𝑥𝑥 < 0,
1, 𝑥𝑥 ≥ 0. 
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where f’(x) represents the gradient of the function in relation to the input x during the 
backpropagation process. When the input is less than 0 (x < 0), f’(x) is 0, indicating that 
no weight updates occur for that neuron. When x is greater than or equal to 0 (x ≥ 0), 
the derivative f′(x) is 1, allowing the gradient to pass through and enabling learning 
to take place.

The convolution kernels 2 × 36, 2 × 8, and 2 × 18 were used in the first step. Convolution 
processing seems to be impossible when the filter cannot be able to manage the data 
in a particular direction. The decreasing signal data set can be avoided by presenting 
the padding variable, setting it as “SAME”, and including zero to the edge of input 
signals. Following the convolution operation, a non-linear activation function can be 
used to generate the output of the convolution layer. The positive data value remains 
unchanged, while the negative data value is transformed to zero using the ReLU 
function in this extraction feature network. As a result, the CNN convolutional layer 
makes use of the ReLu function.
The SqueezeNet architecture (Figure 2) incorporates a pooling layer that reduces the 
number of feature mappings and variables. Among commonly used pooling methods, 
max pooling and average pooling are well known. The max pooling approach is 
particularly suitable for sensor-based human behavior detection. Therefore, all 
pooling layers in SqueezeNet use the max-pooling method. The extension and squeeze 
functions use ReLU units. The squeeze function compresses the depth of the feature 
maps, while the expand function increases it, preserving the original feature size. 
During processing along the depth dimension of the input tensor, the outputs are 
layered with a concatenation operation. 
The architecture of the SqueezeNet-based deep convolutional neural network used 
for feature extraction begins with an input image processed by a convolutional layer 

Figure 2. Architecture of the SqueezeNet-based deep convolutional neural network for feature 
extraction.
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(Conv1) containing 96 filters, followed by a MaxPooling layer with a stride of two. 
This is succeeded by a sequence of Fire modules, ranging from Fire2 to Fire9, which 
constitute the fundamental components of the SqueezeNet architecture. Each Fire 
module comprises a squeeze layer utilizing 1 × 1 convolutions, followed by an expand 
layer that integrates both 1 × 1 and 3 × 3 convolutions, progressively enhancing the 
depth of the feature maps. MaxPooling is selectively applied after Fire3, Fire5, and 
Fire7 to downsample the spatial dimensions of the feature maps. Following Fire9, the 
network includes a final convolutional layer (Conv10) with 512 filters, after which 
global average pooling is employed to condense each feature map into a single 
representative value (Figure 2). The network concludes with a Softmax layer that 
outputs class probabilities across 1000 categories.
When the feature maps and channels are denoted as FM and C, respectively, the kernel 
indicates the output layer of the squeeze operation f(y), w, expressed as:

𝑓𝑓{𝑦𝑦} = ∑ ∑𝑤𝑤𝑐𝑐𝑓𝑓
𝑐𝑐

𝑐𝑐=1

𝐹𝐹𝐹𝐹

𝑓𝑓𝑓𝑓1=1
𝑥𝑥𝑐𝑐𝑓𝑓𝑓𝑓1 

 
where f{y} Î RN and represents the output vector after the squeeze operation, w 
Î R(c×1×FM2) and is the weight tensor applied during the squeeze, C is the number of 
channels, and xc

fm1 indicates the input feature value from channel c at feature map index 
fm1. FM2 may represent a second feature map index or a subsequent transformation 
stage.

The squeeze output describes a weighted combination of various tensor mapping 
features. The max pooling layers from the network, in addition to the spatial 
dimensional, execute a down-sampling operation. With the average global pool, the 
class map with features can be changed to a single value.

Environmental image classification module
Muneer et al. (2022) proposed the use of a deep autoencoder neural network (DAENN) 
for the classification of environmental images in RS data. The DAENN is a type of 
artificial neural network that uses an encoder-decoder setup to create simpler 
versions of complex RS data. The encoder component systematically reduces the 
input dimensionality through a series of nonlinear transformations, often utilizing 
rectified linear unit (ReLU) activation functions to extract meaningful features 
while eliminating redundant information. The information bottleneck uses a low-
dimensional embedding (generally 256–512 dimensions applied to standard RS 
scenes) to represent most discriminative features of the given input data.
The decoder network employs the transposed convolution operation to reconstruct 
the original input from its reduced representation, optimizing the method through a 
reconstruction loss, typically computed as the mean squared error. To further enhance 



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i5.3380
Scientific Article 621

convergence and classification performance, the AERO algorithm is proposed to 
adaptively adjust hyperparameters, including learning rate, layer depth, and 
regularization coefficients. This architecture is particularly effective in RS applications, 
where it facilitates the sub-sampling of the spectral complexity and dimensionality 
of multispectral and hyperspectral data while minimizing computational overhead. 
Experimental tests on benchmark datasets demonstrate a classification accuracy 
of 94.7 %, indicating that the learned representations generated by the DAENN 
significantly outperform handcrafted features and shallow learning approaches in 
terms of generalization by a factor of approximately 20–40 ×.

The structure of the DAENN is defined by the following equations:

ym = a (xW1 + b1)

t = ym W2 + b2

yd = a (tw3 + b3)

𝑥̂𝑥 = 𝑦𝑦𝑑𝑑𝑊𝑊4 + 𝑏𝑏4  
 

where x is the input vector, ym represents the mapping layer, t corresponds to the 
bottleneck layer, yd indicates the demapping layer, and refers to the output layer. The 
variables W and b denote the weight matrices and bias vectors, while a stands for the 
nonlinear activation function.

The objective of training the auto-associative neural network is to determine the 
optimal values of W and b that minimize the variance between the input and output, 
known as the reconstruction error, which is calculated using the following equation:

𝐸𝐸 =
∑ ∑ (𝑚𝑚

𝑗𝑗=1
𝑛𝑛
𝑖𝑖=1 𝑥𝑥𝑖𝑖𝑖𝑖 − 𝑥𝑥^𝑖𝑖𝑖𝑖)2

𝑛𝑛𝑛𝑛  

 
where E represents the mean squared error, xij is the actual value at row i and column 
j, x^ij is the predicted value at the same position, n is the number of rows, and m is the 
number of columns.

Parameter tuning module
Abdelhamid et al. (2022) and Hilal et al. (2022) used the aerial exploration and 
reconnaissance optimization (AERO) approach to tune the parameters of the DAENN 
method. The AERO algorithm is designed to identify the optimal solution within 
predefined boundaries. The population is represented as a vector S = S1, S2, ..., Sd, 
where Sd corresponds to the dimension of the search space and d is the parameter 
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or feature being optimized. In the initial phase, the population is generated through 
random sampling. Prior to executing the AERO algorithm, several parameters must 
be defined, including the upper and lower bounds for acceptable solution sizes, the 
fitness function, population size, number of candidate solutions, and the problem 
dimensionality. This setup enables the search for the fitness-maximized vector S*. 
The core of the AERO algorithm lies in its exploration and exploitation mechanisms 
(Surendran et al., 2023; Miao et al., 2023).
The exploration stage of the AERO algorithm aims to identify promising regions 
within the search space and to avoid premature convergence to local optima, thereby 
increasing the likelihood of finding globally optimal solutions. This phase involves 
a process known as local scouting, in which an agent simultaneously examines its 
surrounding environment to detect potentially beneficial areas. The method relies on 
iterative improvement to select the best options among neighboring candidates. The 
exploratory behavior of the algorithm is quantitatively characterized by the following 
equations:

𝑟𝑟 = ℎ cos(𝑥𝑥)
1 − cos(𝑥𝑥) 

 
𝐷𝐷 = 𝑟𝑟1(𝑆𝑆(𝑡𝑡) − 1) 

𝑆𝑆(𝑡𝑡 + 1) = 𝑆𝑆(𝑡𝑡) + 𝐷𝐷(2𝑟𝑟2 − 1) 

where 0 < x ≤ 180, h Î [0,2] is a randomly selected scalar, and r1​ and r2​ are coefficient 
vectors evaluated as in the first equation. S(t) is the solution vector at iteration t, and D 
represents the search diameter determining the scope of exploration.

The exploitation phase aims to enhance the quality of existing solutions. After each 
iteration, AERO evaluates the fitness of all candidate solutions and prioritizes the best-
performing ones. Two mechanisms are used in this phase.
The directed movement towards better solutions is represented as follows:

𝑆𝑆(𝑡𝑡 + 1) = 𝑟𝑟2(𝑆𝑆(𝑡𝑡) + 𝐷𝐷) 

𝐷𝐷 = 𝑟𝑟3(𝐿𝐿(𝑡𝑡) − 𝑆𝑆(𝑡𝑡)) 

In this case, D is the distance vector directing the search towards L(t), the best solution 
at iteration t, and r3 is a random coefficient vector.
The neighborhood search around the optimal solution explores the vicinity of the 
current best solution to find slightly improved alternatives:

𝑆𝑆′(𝑡𝑡 + 1) = 𝑟𝑟(𝑆𝑆∗(𝑡𝑡) + 𝑘𝑘) 
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𝑘𝑘 = 1 + 2 × 𝑡𝑡2
Max𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖2  

The best solution is represented as S*(t), which is selected after comparing S(t+1) and 
S’(t+1). The subsequent formula is used to mutate the solution once the better fitness 
was not altered at the final two iterations:

𝑆𝑆(𝑡𝑡 + 1) = 𝑘𝑘 ∗ 𝑧𝑧2 − ℎ cos(𝑥𝑥)
1 − cos(𝑥𝑥)  

where z is a random integer within [0,1], and t is the current iteration number.

The AERO method ensures superior optimization by integrating mutation-driven 
exploration with local neighborhood enhancement to find the best solution in 
subsequent cycles. Initially, parameters such as mutation frequency, number of 
iterations, and population size are input into the BER module. AERO dynamically 
assigns individuals to either exploration or exploitation groups and adaptively adjusts 
their sizes throughout the iterations. Each group has distinct strategies to either 
explore new areas or exploit high-performing regions. The global optimum solution 
(leader) is retained throughout the process to ensure stability and prevent its loss, 
thereby improving convergence and search efficiency.
The AERO system begins with a fitness function to achieve improved classifier 
performance. It returns a positive integer that reflects the effectiveness of the proposed 
approach. A reduced classifier error rate can be expressed using a fitness function as 
follows:

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑥𝑥𝑖𝑖) = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑥𝑥𝑖𝑖) = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 100 

 

RESULTS AND DISCUSSION
The SqueezeNet-based convolutional neural network (CNN) effectively extracted 
discriminative features from RS images. It reduced dimensionality while preserving 
critical spatial information. Comparative analyses demonstrated a 15 % improvement 
in feature discriminability over traditional methods such as VGG-16 and ResNet-50 
when applied to high-dimensional RS datasets.
The deep autoencoder neural network (DAENN), optimized through the AERO 
model, achieved an average classification accuracy of 94.7 %, outperforming baseline 
models. Confusion matrices revealed strong performance in distinguishing urban, 
agricultural, and forest scenes, with minimal misclassification observed. The AERO 
algorithm significantly enhanced DAENN’s convergence rate, reducing training time 
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by 22 % compared to genetic algorithm (GA) and particle swarm optimization (PSO) 
(Table 1). The simulation analysis of the AERODTL-SIC method was tested on the 
UCM data set (Figure 3), which comprises 2100 instances across 21 classes (http://
weegee.vision.ucmerced.edu/datasets/landuse.html).

Figure 3. Sample satellite images from the UCM dataset categorized by land-use class. Each row 
in the grid contains satellite views of similar scenes.

Table 1. Performance comparison of Al-Biruni Earth Radius Optimization with deep transfer 
learning-based scene image classification (AERODTL-SIC) with state-of-the-art methods.

Model Accuracy (%) Precision Recall F1-Score

AERODTL-SIC (Proposed) 94.7 0.93 0.95 0.94
CNN + PSO 89.2 0.88 0.90 0.89
ResNet-50 85.6 0.84 0.86 0.85

The confusion matrix produced by the AERODTL-SIC model using a 70:30 ratio of 
True Positive Rate (TPR) to True Negative Rate (TNR) (Figures 4A and 4B) showed 
that the model accurately identified and classified all 21 class labels. The precision-
recall (PR) evaluation of the AERODTL-SIC methodology is illustrated (Figure 4C), 
indicating that the system achieved the highest PR values across all 21 categories. 
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Similarly, the receiver operating characteristic (ROC) analysis is depicted (Figure 4D), 
showing that the AERODTL-SIC approach delivered optimal performance with the 
highest ROC values for all 21 classes.
A detailed assessment of the environmental classification performance of the 
AERODTL-SIC model across multiple categories (Table 3) reveals that the AERODTL-
SIC model outperforms other models. Specifically, with a 70 % true positive rate 
(TPR), the model attained average values of 99.6 % for accuracy, 95.91 % for precision, 
95.83 % for recall, 95.84 % for F-score, and 97.81 % for AUC. Likewise, with a 30 % true 
negative rate (TNR), the system achieved average values of 99.61 % for accuracy, 95.81 
% for precision, 95.78 % for recall, 95.77 % for F-score, and 97.79 % for AUC (Figure 5).

Figure 4. Classifier outcome of the Al-Biruni Earth Radius Optimization with deep transfer 
learning-based scene image classification (AERODTL-SIC) approach confusion matrices (A, B), 
precision-recall curve (C), and receiver operating characteristic curve (D).
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Table 3. Environmental classifier result of Al-Biruni Earth Radius Optimization with deep 
transfer learning-based scene image classification (AERODTL-SIC) model with a 70:30 true 
positive/true negative rate (TRP/TNR).

Class Accuracy
(Accuy, %)

Precision
(Precn, %)

Recall
(Reca1, %) F-score (%) AUC score 

(%)

Training phase (70 %)
Agricultural (C-1) 99.39 92.77 96.25 94.48 97.91

Airplane (C-2) 99.39 98.48 89.04 93.53 94.48
Baseball diamond (C-3) 99.73 98.51 95.65 97.06 97.79

Beach (C-4) 99.59 96.97 94.12 95.52 96.99
Buildings (C-5) 99.52 96.83 92.42 94.57 96.14
Chaparral (C-6) 99.73 97.37 97.37 97.37 98.61

Dense Residential (C-7) 99.59 94.03 96.92 95.45 98.32
Forest (C-8) 99.73 97.01 97.01 97.01 98.44

Freeway (C-9) 99.84 100.00 96.55 98.25 98.28
Golf Course (C-10) 99.37 97.06 91.67 94.29 95.75

Harbor (C-11) 99.52 95.83 92.00 93.88 95.92
Intersection (C-12) 99.68 96.77 96.77 96.77 98.30

Medium Residential (C-13) 99.84 97.44 100.00 98.70 99.92
Mobile home park (C-14) 99.52 96.55 93.33 94.92 96.58

Overpass (C-15) 99.37 92.31 92.31 92.31 95.99
Parking lot (C-16) 100.00 100.00 100.00 100.00 100.00

River (C-17) 99.52 94.29 97.06 95.65 98.36
Runway (C-18) 99.68 92.31 100.00 96.00 99.83

Sparse residential (C-19) 99.37 96.77 90.91 93.75 95.37
Storage tanks (C-20) 99.84 97.22 100.00 98.59 99.92

Tennis court (C-21) 99.84 96.77 100.00 98.36 99.92
Average 99.61 95.81 95.78 95.77 97.79

Testing phase (30 %)
Agricultural (C-1) 99.37 90.00 90.00 90.00 94.84

Airplane (C-2) 99.68 96.30 96.30 96.30 98.07
Baseball diamond (C-3) 99.68 100.00 93.55 96.67 96.77

Beach (C-4) 99.52 93.94 96.88 95.38 98.27
Buildings (C-5) 99.52 94.29 97.06 95.65 98.36
Chaparral (C-6) 99.68 95.83 95.83 95.83 97.83

Dense residential (C-7) 99.37 94.29 94.29 94.29 96.97
Forest (C-8) 99.52 94.12 96.97 95.52 98.32

Freeway (C-9) 99.84 100.00 96.55 98.25 98.28
Golf Course (C-10) 99.37 97.06 91.67 94.29 95.75

Harbor (C-11) 99.52 95.83 92.00 93.88 95.92
Intersection (C-12) 99.68 96.77 96.77 96.77 98.30

Medium residential (C-13) 99.84 97.44 100.00 98.70 99.92
Mobile home park (C-14) 99.52 96.55 93.33 94.92 96.58

Overpass (C-15) 99.37 92.31 92.31 92.31 95.99
Parking lot (C-16) 100.00 100.00 100.00 100.00 100.00

River (C-17) 99.52 94.29 97.06 95.65 98.36
Runway (C-18) 99.68 92.31 100.00 96.00 99.83

Sparse residential (C-19) 99.37 96.77 90.91 93.75 95.37
Storage tanks (C-20) 99.84 97.22 100.00 98.59 99.92

Tennis court (C-21) 99.84 96.77 100.00 98.36 99.92
Average 99.61 95.81 95.78 95.77 97.79

AUC: Area under the receiver operating characteristic (ROC) curve.
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The stimulation value indicates that the AERODTL-SIC model achieved high accuracy 
(Figure 6A) at the maximum number of epochs. Additionally, the higher validation 
accuracy compared to the training accuracy suggests that the AERODTL-SIC model 
performed effectively on the test dataset. The AERODTL-SIC approach yields similar 
values for both training and validation loss (Figure 6B), indicating that the system is 
capable of effective learning on the test database.

Figure 6. Accuracy (A) and loss (B) curve of the Al-Biruni Earth Radius Optimization with deep 
transfer learning-based scene image classification (AERODTL-SIC) method.

Figure 5. Average result of the Al-Biruni Earth Radius Optimization with deep transfer learning-
based scene image classification (AERODTL-SIC) approach with a 70:30 true positive/true 
negative rate (TRP/TNR).
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The results of the environmental image classification using the AERODTL-SIC system 
were compared with recent approaches (Table 4). The analysis revealed that the FBA 
and TS-Fusion methods produced inferior performance. In contrast, the models 
evaluated by Jameer and Syed (2023) and Santhanaraj et al. (2023), which included 
IV3-CapsNet, Bi-MobileNetv2, MVFLN + VG, and DTLF-ERSIC, achieved moderately 
similar performance levels. However, the AERODTL-SIC model outperformed them, 
achieving superior results with an accuracy of 99.61 %, a precision of 95.81 %, a recall 
of 95.78 %, and an F-score of 95.77 %. Furthermore, the stimulation value demonstrated 
that the AERODTL-SIC method achieved the highest performance across various 
evaluation metrics when compared with the methods proposed by Zhai et al. (2019), 
Periasamy et al. (2024), and Hemamalini et al. (2024).

Table 4. Comparative result of the Al-Biruni Earth Radius Optimization with deep transfer learning-
based scene image classification (AERODTL-SIC) algorithm with other existing systems.

Methods Accuracy (%) Precision (%) Recall (%) F-score (%)

FBA Model 97.40 93.88 94.89 93.11
TS-Fusion 98.00 94.19 93.42 94.34

IV3-CapsNet 99.10 93.33 95.00 94.73
Bi-MobileNetv2 99.03 94.13 93.38 93.79
MVFLN+VGG 99.01 93.60 94.38 93.11
DTLF-ERSIC 99.07 94.85 94.43 94.36

AERODTL-SIC 99.61 95.81 95.78 95.77

CONCLUSIONS
This investigation proposes the use of the Al-Biruni Earth Radius Optimization with 
deep transfer learning-based scene image classification (AERODTL-SIC) model for 
automated environmental scene detection in remote sensing (RS) data. The model 
employs SqueezeNet-based feature extraction to ensure low computational cost while 
preserving discriminative spatial-spectral features. Robust dimensionality reduction 
and classification are achieved through a deep autoencoder neural network (DAENN). 
To enhance model convergence and accuracy, hyperparameter optimization is 
performed using the Al-Biruni Earth Radius Optimization (AERO) algorithm.
Extensive testing on benchmark RS datasets demonstrates that AERODTL-SIC 
outperforms previous methodologies, achieving an accuracy of 94.7 %. These results 
confirm the model’s effectiveness in handling high-dimensional RS data with limited 
labeled samples. The enhanced DAENN framework facilitates more efficient feature 
learning, making the model suitable for real-world applications such as land cover 
mapping and environmental monitoring. Future research should focus on improving 
the model’s discriminative capabilities by integrating synthetic aperture radar (SAR) 
and light detection and ranging (LiDAR) data with optical imagery using attention-
based fusion strategies. Adapting the model for real-time inference on edge devices 
through quantization and pruning techniques is also recommended.
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ABSTRACT
This study examines the relationship between the phenolic content (total phenols and tannins) 
of three diets for sheep (Ovis orientalis aries L.) containing Guazuma ulmifolia Lam. (Gu0: 0 %, 
Gu30: 30 %, and Gu60: 60 %) and the removal of feces by dung beetles fed on sheep excreta. 
The study was conducted in two stages: in the first, nine Pelibuey sheep (40 ± 4 kg live weight), 
randomly assigned to one of three groups, were fed the experimental diets (Gu0, Gu30, and 
Gu60). For 9 d, feces were collected and stored at 8 °C. In stage two, three dung beetle species 
(Canthidium pseudopuncticolle, Canthon leechi, and Canthon chiapas [Coleoptera: Scarabaeinae]) 
were captured, artificially paired in couples, and placed in terraria to evaluate dung removal, 
during 29 d. Sheep preferred the Gu30 diet, of which they consumed 33.5 ± 1.7 g of dry matter 
(DM) kg-1 of live weight (LW). All diets had similar chemical composition, except Gu60, which 
maintained a higher concentration of total tannins (3.5 ± 0.3 mg g-1 DM). In feces, Gu0 showed 
the highest concentration of phenols (0.507 ± 0.3 mg g-1 DM; p ≤ 0.05) and total tannins (0.317 ± 
0.1 mg g-1 DM; p ≤ 0.05). Canthon leechi removed the highest amount of feces (249.6 g) and had 
the strongest day × diet interaction effect (p ≤ 0.05). Adding up to 30 % G. ulmifolia forage in the 
diet did not compromise dry matter intake of sheep and maintains good nutritional quality; the 
concentration of phenolic compounds in the diet and feces changed according to the proportion 
of G. ulmifolia in the diet. Although the beetles removed less excreta from sheep that consumed 
G. ulmifolia (Gu30 and Gu60), it is not possible to conclude whether phenolic compounds are 
responsible for this response.

Keywords: excreta, phenols, tannins.

INTRODUCTION
Dung beetles inhabit a wide range of environments, from temperate to tropical 
climates. They use organic matter for food and nesting (Martínez-Morales et al., 2015). 
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Dung beetles are important for grasslands as they contribute to the removal and 
decomposition of livestock manure (Martínez-Morales and Lumaret, 2022). Removal 
is the action of relocating the dung away from the source, either by rolling it or burying 
it in galleries (under the source) to elaborate masses or nest balls, to lay eggs, or simply 
to feed on organic matter (Tonelli, 2021). Telecoprid or rolling species elaborate dung 
balls that they transport away from the source using their hind legs, while paracoprid 
or burrowing species elaborate galleries (tunnels) and feeding chambers where they 
deposit food masses and nest balls, finally dweller species feed and breed inside the 
food mass (Martínez-Morales et al., 2015).
Through feces removal, dung beetles provide important ecosystem services such 
as pasture cleaning, dung dispersal and degradation, as well as soil improvement, 
secondary seed dispersal, and burial of invertebrate organisms that parasite herbivores 
and affect their health (Basto-Estrella et al., 2016). However, dung beetle communities 
are sensitive to environmental changes, such as the destruction of primary vegetation 
(Halffter and Arellano, 2002), changes in land use, landscape fragmentation (Tec-
Pardillo et al., 2024), and the increase of invasive species (Morales-Trejo et al., 2024).
New techniques for feeding livestock include silvopastoral systems with native or 
introduced woody forage species. These forage species contain a diversity of secondary 
compounds that provide benefits to the livestock diet (Villalba et al., 2014). Guazuma 
ulmifolia Lam. is a deciduous forest species widely used in silvopastoral systems 
due to its adaptation to tropical areas with long dry seasons and its forage attributes 
(Manríquez-Mendoza et al., 2011), although it contains phenolic compounds in stems, 
leaves, and fruits (López et al., 2004; Márquez and Suárez, 2008; Rafi et al., 2020).
The biological benefits that secondary compounds have to herbivores have recently 
been recognized. For example, phenols and saponins have antiparasitic and rumen 
fermentation-regulating properties that reduce methane gas emission (Sepúlveda-
Vázquez et al., 2018; Pereira et al., 2019). The study of secondary compounds in 
ruminant diets has focused mostly on phenolic compounds as they bond with proteins, 
protecting them from ruminal degradation and facilitating their absorption at the 
duodenum level (Torres-Acosta et al., 2008). On the other hand, phenols also inhibit 
fungal growth and can deter nematodes, mites, and insects (Nava-Pérez et al., 2012).
It is currently unknown whether dung beetles are affected during their nesting process 
and removal activities when they break down feces of herbivores fed on forages with a 
high concentration of phenolic compounds. Therefore, in this study, feces removal by 
dung beetles was measured when they fed on sheep feces containing varying amounts 
of G. ulmifolia.

MATERIALS AND METHODS

Location and experimental site description
This research was conducted at a site located in Manlio Fabio Altamirano municipality, 
in central Veracruz, Mexico. The territory has an Aw1” (w)(i) g (warm-dry-regular) 
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climate based on the Köppen classification (García, 2004), having a long dry period 
and abundant rainfall from June to September. The experimental site is located at 63 
masl, with an average temperature of 26 °C and average annual rainfall of 1191 mm 
(SMN, 2010).

Research stages
The research was conducted in two stages. The first phase involved cultivating and 
harvesting forage to create three distinct diets for nine young females of the Pelibuey 
sheep breed (n = 3 sheep in each diet) (40 ± 4 kg live weight, LW), kept in confinement to 
collect dung, for a period of 8 d. During the second stage, dung beetles were captured 
and maintained in conditions similar to those prevailing in the area. Three species that 
were suited to eating sheep dung were selected. A couple of each beetle species was 
assigned to each treatment to evaluate dung removal and their behavior.

Stage 1. Sheep diet and feces collection
At this stage, three experimental diets containing two concentrations of G. ulmifolia 
(Gu30: 70 % grass with 30 % G. ulmifolia and Gu60: 40 % grass with 60 % G. ulmifolia) 
and a control diet (Gu0: 100 % grass) were prepared using 70-d regrowth green foliage 
of G. ulmifolia and 60-d regrowth green grass Megathyrsus maximus Jacq. cv. Cuba 
22). Each diet was analyzed for crude protein (CP) using the AOAC (1990) method. 
Neutral detergent fiber (FDN), acid (FDA), and lignin content were determined using 
the filter bag method (ANKOM Technology). The concentration of total phenols and 
tannins was calculated according to the FAO (2000) methods.
From September 3 to 15, 2021 (12 days), fresh forage from G. ulmifolia and M. maximus 
was harvested every day, and the amounts required for each experimental diet were 
chopped. The amounts offered daily to each sheep were calculated on a dry basis for 
an intake of 3 % LW but were mixed and offered on a wet basis. The amount required 
by each sheep was offered throughout the day to ensure a constant supply of forage; 
rejected forage was collected daily to determine the sheep’s voluntary intake based 
on the difference between the offered and rejected forage. Both offered and rejected 
forage were corrected for dry matter before calculating the difference to account for 
weight loss caused by spontaneous water loss throughout the day.
During this period, feces were collected every day between 8:00 and 17:00 h and stored 
at 8 °C for 10 to 27 days until use. Samples for phenolic compounds analysis were 
dried in a forced air oven at 40 °C during 72 h and kept at room temperature until 
analysis.

Stage 2. Diet-related behavior of the beetles
At this stage, pit fall traps baited with different types of excreta (cattle, sheep, and human 
feces) were placed to capture beetles. These traps were made of 1 L plastic containers 
with a partially perforated lid (triangle-shaped perforation that allows beetles to enter) 
and a plastic plate suspended upside down over the trap to prevent direct exposure to 
light or rainwater. The traps were placed from August 13 to September 4, 2021, in sites 
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where cattle and sheep were grazing. All captured dung beetles were identified using 
taxonomic keys and kept in temporary terraria under conditions like those of their 
environment, feeding them with feces from grazing sheep. The beetle species Canthon 
leechi, Canthon chiapas, and Canthidium pseudopuncticolle were chosen as they displayed 
constant use of sheep dung in the terraria; the three species showed good adaptation 
to environmental conditions (humidity and temperature) and had enough individuals 
to form couples for each type of diet.
Canthidium pseudopuncticolle is a small (4 to 6 mm long), paracoprid, coprophagous, 
and diurnal species (Rivera-Cervantes and Halffter, 1999). On the other hand, C. chiapas 
is a medium-sized (7 to 13 mm) and widely distributed species in tropical climates, 
which withstands high temperatures, direct sunlight, and low humidity (Martínez-
Morales and Montes de Oca, 1994), making it abundant in grasslands (Basto-Estrella 
et al., 2014). Finally, C. leechi is a small-sized (3.5 to 6 mm), habitat generalist, and 
diurnal species (Rivera-Cervantes and Halffter, 1999). The preference of dung beetle 
communities (which include these species) for sheep dung is known (Correa et al., 
2013), and their presence has been associated with environments where sheep forage 
(Ortega-Martínez et al., 2021; Ríos-Díaz et al., 2021); however, it is not known yet 
whether these species use sheep dung for nesting.
Terraria were prepared using 1 L rectangular-shaped plastic containers (21 × 13 × 7 
cm) with perforated sides and lids to allow air circulation. Each terrarium was filled 
with sterilized soil to 2/3 of its capacity. The terraria were placed horizontally for the 
telecoprid or rolling species, (C. leechi and C. chiapas), and vertically for the paracoprid 
or burrowing species (C. pseudopuncticolle). Forty-two terraria were set, 27 for C. leechi 
(nine per treatment), nine for C. pseudopuncticolle (three per treatment), and six for C. 
chiapas (two per treatment). The number of terraria for each treatment corresponded 
to the number of couples formed with the captured individuals.
Initially, 10 g of manure were placed in the center of each terrarium, according to every 
treatment (Gu0, Gu30, or Gu60). Terraria were checked on a daily basis throughout 
the experiment (September 13 to October 12). Each time, the remaining dung on the 
surface was weighed to determine whether it was removed by burial or displacement 
(by weight difference), and more feces were added when all had been removed or 
there was fungal contamination. Terraria were kept moist by spraying water with a 
spray bottle when the soil was dry. Throughout the experimental period, temperature 
(ranging from 23 to 30 °C) and relative humidity (ranging from 62 to 90 %) were 
recorded daily under the prevailing environmental conditions.
The behavior of the couples was monitored to assess whether the diet they received 
(feces from sheep that consumed G. ulmifolia) affected the survival and behavior of 
the species. Every day (for 3 hours), the surface of each terrarium was checked, and 
seven activities performed by the beetles were recorded: male on surface, female on 
surface, couple on surface, presence of balls, entrance to galleries (holes), dead male, 
and dead female. Additionally, the state of the food was checked (dung with fungi, 
disintegrated dung, and buried dung). Finally, the terraria were opened and checked 
for buried dung. The frequency of these activities was recorded.
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Statistical analysis
The variables dry matter intake by sheep, chemical composition, and concentration 
of phenolic compounds (total phenols and tannins) of the diets were analyzed with a 
completely randomized design using the analysis of variance (ANOVA) procedure of 
SAS/STAT (SAS Institute Inc., Cary, NC, USA) and the Tukey test to compare means 
between treatments, with an alpha of 0.05. Feces removal by dung beetles was analyzed 
with the MIXED procedure of SAS/STAT; the model included treatment (n = 3 types 
of feces from sheep fed three different diets), day of the experiment (1 to 29 days), as 
well as the treatment × day interaction as a fixed effect, and species as a random effect. 
An autoregressive AR(1) covariance structure was used for autocorrelating values. 
Treatment means were compared with the LS-means test, and X2 contingency tables 
were built to analyze whether activities performed by dung beetles and dung condition 
were independent of diet (treatments); these analyses were performed for each species 
separately. To analyze the relationship between the amount of dung removed and 
temperature and relative humidity, Kendall correlations were performed. The last two 
analyses were performed using the PAST program version 2.13 (Hammer et al., 2001).

RESULTS AND DISCUSSION

Chemical composition of experimental diets
The nutritional value of the experimental diets did not vary among treatments (p ≥ 
0.05). Total phenolic compound concentrations were consistent across all diets (p ≥ 
0.05); however, the total concentration of tannins was higher in diets that included 
G. ulmifolia (p ≤ 0.05) (Table 1). The grass treatment (Gu0) had low concentrations of 
tannins; as this group of plants is adapted to herbivory, they do not need chemical 
defenses to protect themselves from herbivores and pathogens (Provenza et al., 1996).

Table 1. Nutritional value (%) and phenolic compound concentration (mg g-1 DM) of diets Gu0 
(100 % grass [Megathyrsus maximus Jacq. cv. Cuba 22]), Gu30 (70 % grass and 30 % Guazuma ulmifolia 
Lam.), and Gu60 (40 % grass and 60 % G. ulmifolia) fed to ewes (Ovis orientalis aries L.)

Variables Gu0 Gu30 Gu60

CP (%) 6.17 ± 0.27 6.24 ± 0.27 7.35 ± 0.27
NDF (%) 68.10 ± 0.67 70.16 ± 0.67 70.00 ± 0.67
ADF (%) 42.20 ± 1.37 46.06 ± 1.37 51.20 ± 1.37
Lig (%) 7.80 ± 1.55 11.83 ± 1.55 19.43 ± 1.55

TP (mg g-1 DM) 5.48 ± 0.29 5.88 ± 0.29 6.10 ± 0.29
TT (mg g-1 DM) 1.36 ± 0.29b 4.11 ± 0.29a 3.51 ± 0.29a

a, b Mean values having different superscript letter within a row differ (p ≤ 0.05). DM: dry matter; CP: 
crude protein; NDF: neutral detergent fiber; ADF: acid detergent fiber; Lig: lignin; TP: total phenols; 
TT: total tannins.
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Diet intake by sheep
Dry matter intake by sheep differed by the effect of the amount of G. ulmifolia foliage 
in the diet (p ≤ 0.05). Those fed Gu60 (27.4 ± 1.7 g kg-1 LW) had a lower intake than 
those fed Gu30 (33.5 ± 1.7 g kg-1 LW) or Gu0 (33.8 ± 1.7 g kg-1 LW). Livestock ingests 
tannin-containing plants as part of a diverse diet (Clemensen et al., 2020); however, 
individuals can regulate their intake to use the nutrients these plants contain without 
compromising their health. It is estimated that domestic ruminants can include 
between 5 and 30 % of tannin-containing foliage in their diet with no negative effects 
on intake (Márquez and Suarez, 2008), so the sheep in treatment Gu60 may have been 
regulating the amounts consumed from the mixture offered.
The dry matter intake of the sheep in this study is greater than that of grazing 
sheep supplemented with varying amounts of G. ulmifolia (Sosa-Rubio et al. 2004) 
and penned sheep exposed to both Taiwan grass and G. ulmifolia foliage offered 
simultaneously (unpublished data). Grazing sheep consumed between 2.9 and 3.2 % 
LW (approximately 32 g DM kg-1 LW), whereas housed sheep consumed 107.9 to 123.6 
g MS kg-1 LW. The consumption of both forages was 1:1 (nearly 50 % of each forage) at 
the end of the period evaluated in the second study, which contrasts with the behavior 
of the animals in this experiment, as their limit was the diet with 30 % G. ulmifolia 
foliage, possibly because both forages were integrated. This may be because the sheep 
evaluated in those studies were younger. On the other hand, the animals exposed to 
free choice could make more homogeneous use of both forages over time.
García et al. (2008) offered G. ulmifolia to goats in a cafeteria test (free choice among 
several forage types offered simultaneously) and classified it as a moderately accepted 
foliage (0.164 kg DM day-1), and associated the chemical composition of the forage with 
the concentration of secondary compounds and other possible deterrent properties. 
This could explain why the intake in Gu0 is statistically different from Gu60, due to the 
concentration of phenolic compounds in the diet. In addition, the rumen environment 
could be modified and affect the intake. In contrast, the maximum inclusion of 30 % G. 
ulmifolia (Gu30) in the diet did not affect sheep intake (p ≥ 0.05) in this study.

Total phenols and tannins in sheep feces
Total phenols (p ≤ 0.05) and total tannins (p ≤ 0.05) in feces differed as an effect of 
different amounts of G. ulmifolia in the diet; Gu0 had the highest concentrations of 
phenols and tannins (Table 2). Phenolic compounds in food are not completely 
metabolized in the gastrointestinal tract of organisms; the majority is broken down 
into low molecular weight phenolic acids and accumulates in the organism, exerting 
physiological effects such as regulating bacterial communities or as gastrointestinal 
prebiotics (i.e., Clostridium perfringens, C. difficile, and Bacteroides spp.) (Lee et al., 2006).
Chen et al. (2018) fed tea polyphenols to rats (Pure Herbal Remedies, Pte Ltd., Singapore) 
and observed the benefits of these compounds in moderating bacterial populations in 
the organisms. During their metabolism, phenols underwent drastic changes, with 
4-hydroxyphenylacetic acid being the main phenolic compound found in feces and 
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plasma. Lower amounts of phenols in the diet are excreted, so it is reasonable to find 
traces in feces. The concentration of phenolic compounds in feces could depend on the 
changes in chemical structure that these compounds undergo through the digestive 
tract and the way they are metabolized. It is likely that a fraction is absorbed at the 
blood level or that not all compounds read in the excreta correspond to phenols.
The differences in the amounts of phenolic compounds in feces could suggest that 
the compounds excreted are not the same as those contained in the feed because their 
chemical structure is modified as they are metabolized through the digestive tract 
(Vollmer et al., 2018), which could have interfered with the readings of total phenols 
and tannins. Another explanation is that tannins create bonds with proteins depending 
on the pH of their environment, and there is a possibility that the pH of the feces 
and the bonds created with proteins did not allow a correct reading of the phenolic 
compounds sought. The background on the study of phenolic compounds in feces is 
limited, but most of it is focused on the analysis of phenols in forages and feeds or 
testing methodologies for their estimation.
Chen et al. (2018) analyzed phenolic compounds in rat eces after digestion of diets 
containing high and low fats. They used gas chromatography to detect metabolites 
derived from phenolic compounds. This method could be better method for detecting 
phenols and metabolites in herbivore feces. Our findings are inconclusive and require 
further analysis to relate them to dung beetle behavior. However, it is possible to relate 
the forages and chemical composition of diets fed to sheep to dung beetle activity 
without looking for a chemical explanation.

Dung removal by the beetle species
The amount of feces removed by dung beetles differed by effect of the diet consumed 
by sheep (p ≤ 0.05) and the dung beetle species (p ≤ 0.05). Beetles removed more dung 
(p ≤ 0.05) from Gu0 (0.727 ± 0.03 g d-1) and Gu30 (0.716 ± 0.03 g d-1) than Gu60 (0.567 
± 0.03 g d-1). Canthidium pseudopuncticolle removed 0.294 ± 0.03 g d-1, C. leechi removed 
0.319 ± 0.02 g d-1, while C. chiapas removed 1.396 ± 0.04 g d-1, a higher amount than the 
first two species (p ≤ 0.05), perhaps because it was the largest species in size (Nervo et 
al., 2014). However, it was also observed that the amount of dung removed by C. leechi 

Table 2. Total phenolic and tannin concentration in feces of ewes (Ovis orientalis aries L.) fed on 
diets Gu0 (100 % grass [Megathyrsus maximus Jacq. cv. Cuba 22]), Gu30 (70 % grass and 30 % 
Guazuma ulmifolia Lam.), and Gu60 (40 % grass and 60 % G. ulmifolia).

Variables Gu0 Gu30 Gu60

Total phenols (mg g-1 DM) 0.507 ± 0.3a 0.395 ± 0.3ab 0.345 ± 0.3b

Total tannins (mg g-1 DM) 0.317 ± 0.1a 0.273 ± 0.1ab 0.221 ± 0.1b

a, b Mean values having different superscript letter within a row differ (p ≤ 0.05). DM: Dry matter.
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depended on the treatment × day interaction (p ≤ 0.05), manifested in the removal 
peaks that the couples made in all treatments, mainly between days 1 and 12 of the 
experimental period (Figure 1). There were removal peaks in all three treatments, but 
on different days (days 1, 6, 8, and 10 in Gu0; days 1, 6, 10, and 12 in Gu30; and days 
1, 3, and 6 in Gu60). Toward the end of the period, dung beetles in Gu0 removed more 
uniformly than in Gu30 and Gu60.
Canthidium pseudopuncticolle and C. chiapas also showed removal peaks (Figures 2 
and 3), apparently in greater synchrony between treatments, as no interaction was 
observed (p ≥ 0.05). These removal peaks shown by the dung beetles, regardless of 
an interaction, may be due to the consumption, nesting, and reproduction habits of 
each species, but also to natural fluctuations that individuals may show during their 
processes, for example, removing one day and then spending some time manipulating, 
feeding, or nesting in the removed dung mass (Martínez-Morales and Lumaret, 2022) 
to start again.
The time the dung beetle species were in the laboratory may not have been enough 
to fully observe their habits, because the nesting periods of these species vary. For 
example, C. chevrolati, a closely related species with similar habits and size to C. chiapas, 
has a 30 to 40 d pre-nidification period, and the first egg laid occurs approximately 10 
days after the first mate (Martínez-Morales and Lumaret, 2022). These times are longer 
than the observation period in our research, so it was not sufficient to observe the 
nesting stage, assuming that this had not taken place before capture.
The activities of each beetle species and the condition of the dung provided during the 
experimental period were affected by the diets (treatments) (Table 3). The behavior 

 

 

Figure 1. Dung removal (g d-1) by the species Canthon leechi in treatments Gu0 (100 % grass 
[Megathyrsus maximus]), Gu30 (70 % grass with 30 % Guazuma ulmifolia) and Gu60 (40 % grass with 
60 % G. ulmifolia). 
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Figure 1. Dung removal (g d-1) by Canthon leechi in treatments Gu0 (100 % grass [Megathyrsus 
maximus Jacq. cv. Cuba 22]), Gu30 (70 % grass and 30 % Guazuma ulmifolia Lam.), and Gu60 (40 
% grass and 60 % G. ulmifolia).
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of C. leechi (df = 12, X2 = 22.9, p = 0.028) was not independent of the type of manure 
removed because couples, males, and females, were seen interchangeably several 
times on the surface; only on the Gu60 diet were males seen on the surface fewer times 
than males in the other treatments. The presence of dung balls and gallery entrances 

Figure 3. Dung removal (g d-1) by Canthon chiapas in treatments Gu0 (100 % grass [Megathyrsus 
maximus Jacq. cv. Cuba 22]), Gu30 (70 % grass and 30 % Guazuma ulmifolia Lam.), and Gu60 (40 % 
grass and 60 % G. ulmifolia).

 

Figure 3. Dung removal (g d-1) by the species Canthon indigaceus chiapas in treatments Gu0 (100 % 
grass [Megathyrsus maximus]), Gu30 (70 % grass with 30 % Guazuma ulmifolia) and Gu60 (40 % grass 
with 60 % G. ulmifolia). 
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Figure 2. Dung removal (g d-1) by Canthidium pseudopuncticolle in treatments Gu0 (100 % grass 
[Megathyrsus maximus Jacq. cv. Cuba 22]), Gu30 (70 % grass and 30 % Guazuma ulmifolia Lam.), 
and Gu60 (40 % grass and 60 % G. ulmifolia).
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with 60 % G. ulmifolia). 
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throughout the terraria was higher in Gu30. This observation could denote that those 
beetles were preparing for nesting using available feces. The presence of fungi in the 
food offered to this species was highly frequent, and disintegrated and buried dung 
was observed; however, the condition in which dung was found was independent of 
the diet (df = 4, X2 = 6.9, p = 0.144).
The behavior of C. chiapas was not independent of diet (df = 12, X2 = 19.3, p = 0.013), 
but a greater participation of females on the surface in treatments Gu0 and Gu30 and 
of couples in Gu0 was observed. There was a scarce presence of dung balls, more 
entries to galleries in Gu60, and no dead individuals. No fungi were observed in any 
treatment; however, dung condition is not independent of treatment (df = 2, X2 = 8.6, p 
= 0.013). While there was more disintegrated manure in G30, more buried manure was 
observed in Gu0 and Gu60, using all the manure offered.
Finally, the activity of C. pseudopuncticolle was independent of the type of manure 
consumed (df = 12, X2 = 14.5, p = 0.272). Although there was a greater presence of 
females on the surface in very similar frequencies among treatments, few dung balls, 
entries into galleries, and deaths were observed. The manure provided to this species 
did not develop fungi, but broken-down and buried dung were high (df= 2, X2 = 9.03, 
p ≤ 0.01).

Table 3. Frequency of activities performed by the dung beetle species Canthon leechi, Canthidium 
pseudopuncticolle, and Canthon chiapas assigned to treatments Gu0 (100 % grass [Megathyrsus 
maximus Jacq. cv. Cuba 22]), Gu30 (70 % grass and 30 % Guazuma ulmifolia Lam.), and Gu60 (40 % 
grass and 60 % G. ulmifolia).

Type of 
observation

C. leechi C. pseudopuncticolle C. chiapas

Gu0 Gu30 Gu60 Gu0 Gu30 Gu60 Gu0 Gu30 Gu60

Frequency of activities performed by the dung beetles
MS 21 14 4 1 3 3 1 0 0
FS 38 61 49 10 7 6 4 4 0
CS 28 22 24 0 1 5 6 2 0

PDB 3 5 3 0 2 1 0 1 1
ET 14 9 16 4 5 2 3 1 8
DM 5 3 1 1 2 2 0 0 0
DF 1 3 1 0 1 2 0 0 0

Frequency of dung condition in the terraria
DFu 29 38 47 0 0 0 0 0 0
DD 50 59 39 2 16 10 1 5 0
BD 17 25 21 7 7 2 16 10 15

MS: male on the surface; FS: female on the surface; CS: couple on the surface; PDB: presence of 
dung balls; ET: entries to tunnels (holes on the surface); DM: dead male; DF: dead female; DFu: 
dung with fungi; DD: dispersed dung; BD: buried dung.
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Laboratory environmental conditions influenced removal behavior in all studied 
dung beetle species. The behavior of C. leechi and C. pseudopuncticolle was negatively 
correlated with temperature (τ = -0.32, p = 0.015 and τ = -0.29, p = 0.03, respectively) 
and positively correlated with humidity (τ = 0.33, p = 0.01 and τ = 0.43, p = 0.001, 
respectively); that is, their removal activity decreased as temperature increased but 
improved with increased relative humidity. This is because these species are native to 
tropical dry forests and have adapted to thrive in humid environments. On the contrary, 
the removal of C. chiapas showed a marginal negative correlation with temperature (τ 
= -0.24, p = 0.06) and did not have a significant correlation with humidity, which could 
be explained by the fact that this species is mostly present in pastures where solar 
radiation is high.

CONCLUSIONS
Guazuma ulmifolia foliage can be included up to 30% in sheep diets when offered 
integrated with other components of the diet, as it is well accepted by sheep and does 
not compromise voluntary intake. When integrated into the grass-based diet, the 
chemical-nutritional content of the mixture increased compared to the diet containing 
only grass. Although G. ulmifolia was used as a source of secondary metabolites for 
the purpose of this research, further evidence of the potential of this species to be 
integrated into sheep production systems was generated.
The results on the presence of phenolic compounds in feces are inconclusive because 
quantification must be done with other more appropriate methods that allow separation 
of these compounds from other products of ruminant digestion. The activity of dung 
beetles varied when exposed to sheep manure fed different proportions of G. ulmifolia. 
Canthon chiapas showed higher removal activity in all treatments, although it made 
greater use of the grass-only diet because it is a species adapted to consume the dung 
of cattle that feed on grass.
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ABSTRACT
The inappropriate selection of maize varieties with higher water demand or a late growth 
cycle is a factor that reduces yield in rainfed conditions in Northern Mexico. This study 
aimed to evaluate the dry matter yield (DMY), total digestible nutrient content (TDN), and 
yield stability of eight maize (Zea mays L.) varieties under four moisture conditions in an arid 
region of Mexico. A randomized complete block design with a split-plot arrangement was used, 
with three replicates per treatment. The main plot factor was the soil moisture level (rainfed 
conditions only and rainfed plus one supplemental irrigation). Subplots consisted of eight maize 
varieties or genotypes. Data were analyzed through combined analysis of variance, additive 
main effects and multiplicative interaction (AMMI) modeling, principal component analysis 
(PCA), and biplot visualization to evaluate genotype stability. Under rainfed conditions, the 
varieties CHLHW09029, V-209, and CAFIME showed the highest DMY, while 35p12 had 
the highest TDN content. Under rainfed plus irrigation conditions, Ocelote exhibited the 
greatest DMY, and CHLHY02502, V-209, and VS-204 recorded the highest TDN. The AMMI 
model for DMY indicated that CAFIME, V-209, and CHLHY02502 were stable in Rain Y17, 
Rain Y18, and Rain + Irrigation Y18, respectively. For TDN, the compatibility of varieties with 
specific MLs was as follows: 35p12 was most suited to Rain Y17, VS-204 aligned with Rain 
Y18, and CHLHY02502 performed well under any irrigation treatment. The CAFIME genotype 
demonstrated consistently high performance in all moisture conditions. Given its adaptability 
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and the potential for seed reuse, it is recommended for smallholder farmers in arid and semi-
arid regions of Mexico.

Keywords: hybrids, rainfed conditions.

INTRODUCTION
Maize (Zea mays L.) plays an important role in human food security and livestock 
systems. Due to its adaptability to different environmental conditions, it is one of 
the main crops cultivated worldwide. Under rainfed conditions, maize is the best 
alternative for farmers challenged by climate variability, as this crop usually presents 
scarce biomass loss from drought effects (Kumar et al., 2019; Haarhoff et al., 2020). 
In addition, maize has better water use efficiency than other forage crops, including 
Sudan grass, millet, soybean, common vetch, and oats, with an efficiency of up to 26.4 
kg ha-1 mm-1 (Zhang et al., 2018).
Maize is native to Mexico, where its cultivation is an important agricultural activity at 
the national level (Rasgado-Cabrera et al., 2019; Martínez-Borrego and Vallejo-Román, 
2019). In semi-arid areas of northern Mexico, the use of native varieties of maize for 
forage is still being adopted. Rivas-Jacobo et al. (2020) demonstrated that native maize 
produced similar yield and fibers to hybrid varieties in semiarid conditions, with a 
mean yield of 31 Mg ha-1. Hernández et al. (2007) mentioned that achieving high yields 
under rainfed conditions requires implementing good management practices and 
varieties that present stability to the region.
The additive main effects and multiplicative interaction (AMMI) model allows to 
identify the stability of varieties and technologies under different environmental 
conditions or multiregional sites. This model uses analysis of variance and principal 
components to present an effective test, since it captures a large proportion of the 
sum of squares and accurately separates the main effects (genotype) from those 
corresponding to the interaction (genotypes × environment) (Crossa et al., 1990; 
Legesse et al., 2018). This model has helped other studies improve their interpretation 
of interactions (Božović et al., 2020; Mousavi et al., 2021).
In Zacatecas, Mexico, forage maize is grown in two agroecosystems: optimal and 
suboptimal, with the amount of precipitation being the primary distinguishing factor. 
Rainfall in optimal areas averages around 700 mm, with a forage maize area of 
168 861 ha. In contrast, in the suboptimal area, the precipitation is around 450 mm, 
with an extended area of 1 471 613 ha planted to forage maize (Medina-García et al., 
2001). In 2019, 96 104 ha were planted under rainfed conditions in Zacatecas, but 24 % 
were reported as damaged, ranking first in damage at the national level (SIAP, 2019).
The inappropriate selection of varieties or hybrids with greater water demand or a 
late growth cycle is a factor that reduces yield; therefore, it is recommended to choose 
varieties adapted to the region. Nevertheless, in Zacatecas, there is scarce information 
about the yield performance of maize varieties for forage production and their 
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adaptability under different rainfed conditions. Hence, the objective of this study was 
to determine dry matter yield and total digestible nutrient content of eight varieties of 
maize, as well as to test their stability under four moisture level conditions in an arid 
region of Zacatecas, Mexico.

MATERIALS AND METHODS
The study was carried out in 2017 and 2018 at the Zacatecas Experimental Station of 
the National Institute of Forestry, Agricultural and Livestock Research (INIFAP) in 
Mexico, located at 22° 54’ N and 102° 39’ W, with an altitude of 2197 m, an annual 
average temperature of 14.6 °C and 333 mm of precipitation (Figure 1), mainly 
recorded from June to September (Medina-García and Ruiz-Corral, 2004). 

Figure 1. Monthly precipitation (mm) and temperature (°C, maximum and minimal) registered 
at the Zacatecas Experimental Station in 2017 and 2018.

The soil texture is clay loam, with a pH of 7.7, 1.6 % organic matter, and a bulk density 
of 1.4 g cm-3. Planting was done manually in moist soil from rainfall at a seeding rate 
of 44 000 seeds per hectare on July 8, 2017, and July 1, 2018. A complete randomized 
block experimental design with three replicates under a split-plot arrangement was 
used annually. The main plots were assigned to two soil moisture treatments: 1) 
rainfed conditions and 2) rainfed plus a single irrigation event during the vegetative 
stage. Subplots included eight maize genotypes: 35P12 (Pioneer), Ocelote (Asgrow), 
CHLHY02502 (CIMMYT), CHLHW09029 (CIMMYT), VS-209 (INIFAP), VS-204 
(INIFAP), VS-201 (INIFAP), and CAFIME (INIFAP). Each experimental unit consisted 
of four rows, 8 m in length and spaced 0.76 m apart. Data collection was performed 
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on the two central rows, with samples taken from 7 m of row length after excluding 
0.5 m at each end.
Fertilization was carried out at sowing with a rate of 80 kg ha-1 of nitrogen (N) and 40 
kg ha-1 of phosphorus (P). After plant emergence, a surface drip system was installed 
on plots with rainfed plus irrigation treatment. The separation between irrigation 
tapes was 76 cm, and the distance between emitters was 20 cm, with a discharge of 
1 L h-1. In 2017 and 2018, supplemental irrigation of 12 mm was applied 20 and 25 d 
after planting, respectively. This decision was based on the absence of rainfall during 
the 10 d preceding irrigation and a low probability of rainfall in the subsequent 5 d, as 
indicated by our internal forecasting system. 
Harvest was carried out manually at the doughy grain stage. The measured variables 
included dry matter yield (DMY, kg ha-1) and total digestible nutrient content (TDN, 
%), which was calculated based on the chemical composition determined through wet 
chemistry following AOAC methods. To assess DMY, the two central rows of each 
plot were cut at a height of 0.15 m and weighed to estimate fresh forage production. 
Additionally, two plants were randomly sampled and dried in a forced-air oven at 
55 °C for 72 hours, or until constant weight, to determine dry matter content.
The chemical composition used to estimate TDN was obtained as follows: total nitrogen 
(N) was measured by dry combustion (FP-528, Leco Instruments, St. Joseph, MO, 
USA). Neutral detergent fiber (NDF), acid detergent fiber (ADF), and lignin content 
were determined sequentially using a fiber analyzer (A200, Ankom Tech., Macedonia, 
NY, USA). The NDF analysis included the use of α-amylase and sodium sulfite, ADF 
was determined using CTAB solution, and lignin was analyzed with 72 % sulfuric acid 
in beakers. Ash content was quantified by incinerating samples at 600 °C for 6 h. The 
ether extract value was assumed to be 2.89 (NRC, 2001). TDN values were calculated 
based on the NRC (2001) guidelines using the chemical composition data obtained.
Prior to statistical analysis, a normality test and homogeneity of variance test were 
applied to the dry matter yield dataset. The arcsine function was used to convert 
the total digestible nutrients. The total digestible nutrients were transformed using 
the arcsine function. A combined analysis of variance (ANOVA) was conducted to 
determine the main effects of year and varieties, as well as the interaction effect (Year 
× Genotype) under each moisture condition. Replication was nested within moisture 
level to improve precision (Fotso et al., 2018). To evaluate the stability of the varieties 
across moisture regimens, an AMMI analysis was performed. This included an 
ANOVA to assess the F-values associated with varieties, moisture regimes, and their 
interaction. Finally, a principal component (PC) analysis was conducted to derive 
eigenvectors and visualize the stability of the varieties in a biplot (SAS, 2011).

RESULTS AND DISCUSSION
Under rainfed conditions, dry matter yield (DMY) and total digestible nutrient 
content (TDN) showed statistically significant differences (p ≤ 0.05) between years 
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and among varieties. However, no significant differences were observed for the Year 
× Genotype interaction (p > 0.05). Varietal performance was superior in 2017, with 
higher values for DMY (7664 kg ha-1) and TDN (49 %) compared to 2018. Regarding 
varietal comparisons, the DMY reported for VS-204 (5485 kg ha-1) was significantly 
surpassed (p ≤ 0.05) by CHLHW09029, V-209, and CAFIME. In terms of TDN, the 
hybrid 35P12 achieved the highest mean value (50.45 %), followed by CHLHW09029, 
VS-204, and CAFIME, which showed similar percentages.
Results obtained under rainfed conditions plus one irrigation showed statistically 
significant differences (p ≤ 0.05) across both years and varieties. However, no significant 
Year × Genotype interaction was detected (p > 0.05). Under these conditions, the year 
2017 exhibited the best forage characteristics, with a DMY of 10 697 kg ha-1 and TDN 
of 70.83 %. The Ocelote hybrid recorded the highest DMY (11 302 kg ha-1) and was 
superior (p ≤ 0.05) to V-209 and VS-204, but there was no significant difference (p > 
0.05) compared to the other varieties. The genotypes CHLHY02502, V-209, and VS-204 
accumulated more than 70 % TDN and were statistically different from VS-201 (Table 
1).

Table 1. Dry matter yield (DMY) and total digestible nutrient content (TDN) of eight maize 
varieties (Zea mays L.) under different moisture regimes, evaluated in 2017 and 2018 at the 
Zacatecas Experimental Station, Mexico.

Soil moisture level condition
Rainfed Rain + irrigation

Year DMY
(kg ha-1)

TDN
(%)

DMY
(kg ha-1)

TDN
(%)

2017 7664 a 49.6 a 10697 a 70.83 a
2018 6339 b 48.04 b 8907 b 68.06 b

Varieties
35p12 6995 ab 50.45 a 10829 ab 69.34 ab

Ocelote 7070 ab 46.37 c 11302 a 68.64 ab
CHLHY02502 6472 ab 48.67 b 10758 ab 70.43 a
CHLHW09029 7528 a 49.49 ab 10651 ab 69.11 ab

V-209 7921 a 47.03 c 8667 bc 70.71 a
VS-204 5485 b 50.15 ab 7467 c 70.1 a
VS-201 6850 ab 48.88 b 9271 abc 67.33 b

CAFIME 7691 a 49.51 ab 9473 abc 69.92 ab
Year × Genotype 

(significance level) 0.4109 0.399 0.644 0.51

Ns: no significance.

During the evaluation years, total precipitation exceeded the historical average of 
333 mm, with accumulations of 11.7 mm in 2017 and 98 mm in 2018. However, in 
2018, the months of July (36 mm) and August (45 mm) received only 61 and 45 % 
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of their respective historical averages (Figure 1). Only 2017 showed a precipitation 
pattern comparable in both accumulation and distribution to the historical average. 
Due to the irregular rainfall distribution in 2018, yields under both moisture levels 
decreased by 18 to 20 %. This reduction aligns with previous reports suggesting that 
water restrictions during maize development can lead to yield losses of 15 to 20 % 
(Siatwiinda et al., 2021).
The amount of accessible water during the growing season is critical. Some authors 
have observed that water shortages from the tasseling to milk stage can reduce 
yield more severely than shortages during the vegetative stage (Gheysari et al., 2017; 
Marković et al., 2021). In both years, rainfall was concentrated in September, benefiting 
the tasseling stage (65 d after sowing), as rainfall exceeded the historical average. 
Therefore, the vegetative stage emerged as the critical period for water availability in 
this region.
To address this, auxiliary irrigation of approximately 12 mm was applied, resulting 
in yield increases equivalent to more than 2.4 Mg ha⁻¹. This additional forage could 
feed a 450 kg cow for 178 d during a drought period. Moreover, TDN, which indicates 
the projected energy content of a feedstuff (NRC, 2001), varied significantly between 
moisture treatments. Under rainfed conditions, TDN values ranged from 47 to 50.5 %, 
while the addition of irrigation increased TDN values to 67–70.4 %.
Water restriction during the vegetative stage can decrease photosynthetic rate, 
limiting leaf area and ear growth, and leading to increased fiber content and reduced 
digestibility (Gallo et al., 2014; Johansouz et al., 2014). Thus, the application of 12 mm 
of irrigation not only enhances yield but also significantly improves forage nutritional 
quality, contributing to the dietary requirements of cows from mid-gestation to 
delivery (van Die and Entz, 2022).
The AMMI analysis for DMY showed highly significant differences (p ≤ 0.0001) for the 
moist level (ML), while the ML × Genotype interaction was not significant (p > 0.05). 
ML was the main factor affecting dry matter, resulting in 53.7 % of the total variation, 
while the other sources contributed less than 18 % (Table 2).

Table 2. Analysis of variance by the additive main effects and multiplicative interaction (AMMI) 
model for dry matter yield (DMY) under four moisture levels and eight maize varieties (Zea mays L.) 
evaluated in 2017 and 2018 in Zacatecas, Mexico.

Source of 
variation

Degrees of 
Freedom

Sum of 
squares

Percentage of sum 
of squares F value

ML 3 276 526 506 53.77 26.1**
Rep(ML) 12 92 101 588 17.91 2.17*
Varieties 7 65 394 221 12.72 2.65*

ML × Genotype 21 80 215 544 15.60 1.08 Ns

ML: moisture level; Rep(ML): repetition by moisture level; ML × Genotype: interaction between 
moisture level and varieties; *(p ≤ 0.05); **(p ≤ 0.0001); λNs: no significance.
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Principal component analysis of DMY showed that the first and second components 
accounted for 51.05 and 32.43 % of the total variance, respectively, together explaining 
83.49 % of the variation. The biplot analysis revealed notable differences in moisture 
levels, and the evaluated varieties exhibited distinct performance patterns for DMY, 
each occupying separate sectors. Among the varieties tested, CAFIME, VS-209, and 
CHLHY02502 displayed longer vectors and demonstrated stability under varying 
moisture conditions corresponding to Rain Y17, Rain Y18, and Rain + Irrigation Y18, 
respectively (Figure 2).

Figure 2. Biplot of dry matter yield of eight maize varieties (Zea mays L.) evaluated on four 
different moisture levels in Zacatecas, Mexico. Moisture level ( ); genotype (●).

Varieties CAFIME and V-209 performed particularly well under rainfed conditions 
(Rain Y17 and Rain Y18), suggesting they are suitable alternatives for smallholder 
farmers in north-central Zacatecas. According to Luna-Flores et al. (2005), these 
varieties have an early development cycle, reaching tasseling between 59 and 65 d, 
which facilitates seed production for future planting cycles. Additionally, Rumayor-
Rodríguez et al. (2006) found that the V-209 genotype is beneficial in drought mitigation 
strategies in rainfed agriculture due to its lower risk of yield loss under water stress. 
Conversely, the Ocelote hybrid is better adapted to high soil moisture environments 
and is therefore recommended for the southwestern region of Zacatecas, where rainfall 
is more abundant and consistent (Medina-García and Ruiz-Corral, 2004).
The AMMY analysis for TDN revealed significant differences (p ≤ 0.0001) in moisture 
levels. Furthermore, there were significant differences (p ≤ 0.05) between varieties 
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and the ML × Genotype interaction. Moisture levels were the primary effect of TDN, 
accounting for 97.83 % of total variation; the remaining sources explained less than 2.2 
% of the variation (Table 3).

Table 3. Analysis of variance of the additive main effects and multiplicative interaction (AMMI) 
model for the total digestible nutrient content (TDN) under different moisture levels and eight maize 
varieties (Zea mays L.) evaluated in 2017 and 2018 in Zacatecas, Mexico.

Source of 
variation

Degrees of 
freedom

Sum of 
squares

Percentage of 
sum of squares F value

ML 3 9248.9 97.83 1007.5**
Rep(ML) 11 24.9 0.263 0.73 Ns
Genotype 7 76.8 0.81 3.57*

ML × Genotype 21 103.34 1.09 1.76*

ML: moisture levels; Rep(ML): repetition by moisture levels; ML × Genotype: interaction between 
moisture levels and varieties; *(p ≤ 0.05); **(p ≤ 0.0001); Ns: No significance.

Principal component analysis of TDN content revealed that the first (76.21 %) and 
second (16.23 %) components together account for 92.44 % of the total variance. The 
biplot analysis identified three distinct moisture level groupings based on TDN content. 
One of these moisture levels includes Rain + Irrigation Y17 and Rain + Irrigation Y18, 
as they are positioned in the same sector of the biplot. The remaining conditions, Rain 
Y1 and Rain Y2, each form independent moisture levels, being located in different 
sectors.
Regarding varietal performance, genotypes with the longest vectors and highest 
compatibility with specific moisture levels included 35P12 (under Rain Y17), VS-
204 (close to Rain Y18), and CHLHY02502 (across all irrigation treatments) (Figure 
3). Hybrids 35P12 and CHLHW09029 and the open-pollinated varieties VS-204 and 
CAFIME exhibited high TDN content under both irrigated and rainfed conditions. 
Among these, CAFIME produced a higher DMY than VS-204, making it the most 
suitable option for forage production under rainfed systems.
To enhance forage quality and fiber digestibility, the adoption of higher cutting heights 
at harvest is recommended, particularly for V-209 and potentially for CAFIME as well 
(Dejene et al., 2021; Kolar et al., 2022). Additionally, breeding efforts for V-209 should 
prioritize improvements in nutritional quality, as this genotype holds potential as a 
climate-resilient forage alternative for rainfed areas.
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CONCLUSIONS
The additive main effects and multiplicative interaction (AMMI) analysis revealed 
high variability in moisture level conditions for both dry matter yield and total 
digestible nutrient (TDN) content. The genotypes CAFIME, VS-209, and CHLHW09029 
exhibited stability in the environments Rain Y17, Rain Y18, and Rain + Irrigation Y18, 
respectively. Additionally, 35p12 performed best in Rain Y17, VS-204 in Rain Y18, 
and CHLHW09029 showed superior TDN content across all irrigation treatments. 
Although CAFIME did not display stability under certain conditions, its performance 
consistently matched or slightly exceeded the overall mean. Therefore, CAFIME is 
recommended for smallholder farmers, as it enables seed saving from their own 
harvests, contributing to self-sufficiency.
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ABSTRACT
Native species with aquatic potential can be found in Southeastern Mexico, such as the Mayan 
cichlid (Cichlasoma uropthalmus Günther), which is commercially valuable and adaptable to 
farming conditions. The aim of this study was to evaluate the cytotoxicity and the effect of 
yerba mate (Ilex paraguariensis A. St. Hil.) on the growth parameters of the Mayan cichlid when 
added to a balanced tilapia feed. Dried, lightly toasted, and crumbled yerba mate from the 
ROSAMONTE brand was used. The cytotoxicity test was carried out using a bioassay with 
Artemia salina L. Serial dilutions from the yerba mate aqueous extract (0.78–100 mg mL-1) were 
used to determine the mortality of the nauplii after 24 h of exposure and to calculate the lethal 
dose (DL50). The fish were distributed at random in nine interconnected fish tanks within a 
recirculation system, with 10 fish per unit. For 45 d, the fish were fed with a commercial tilapia 
diet (PURINA), homogenously mixed with non-pelletized yerba mate. Three replicates were 
established per treatment, corresponding to diets with 0, 1, and 2 % yerba mate (treatments T1 
to T3). The feed was offered until the fish were satiated three times a day. A probit analysis was 
carried out to evaluate DL50. The productive parameters were evaluated with normality and 
homogeneity tests and arcsine transformation for the percentage data, followed by a one-way 
analysis of variance (ANOVA) and a Tukey test (p < 0.05). The DL50 obtained was 42.42 mg mL-1, 
indicating a lack of toxicity. No significant differences were found in the productive parameters 
(p > 0.05). The best values were recorded in T3 for final weight (0.53 ± 0.04 g), food conversion 
rate (2.69 ± 0.06), and condition factor (1.86 ± 0.43), and in T2 for weight gain (0.43 ± 0.06 g) and 
specific growth rate (4.16 ± 0.89 %). The highest survival rate was obtained in T1 (93.3 ± 11.51 %) 
and T3 (93.3 ± 5.77 %). Yerba mate is not toxic and can be added to the diets of C. urophthalmus, 
although it does not significantly improve their growth.

Keywords: feed additive, cytotoxicity, growth parameters.
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INTRODUCTION
The Mayan cichlid (Cichlasoma uropthalmus Günther) is a fish from the cichlid family. 
Its distribution ranges from the Coatzacoalcos River to Isla Mujeres in Mexico and 
includes Belize, Guatemala, Honduras, and Nicaragua (Villarreal et al., 2011). The 
species is promoted (Calzada-Ruiz et al., 2019) and introduced into aquaculture 
programs (Jiménez-Martínez et al., 2009), based on research on its reproduction, 
fecundity, nutrition, and population density (Jiménez-Martínez et al., 2012). 
Yerba mate (Ilex paraguariensis A. St. Hil.) is consumed on a daily basis as an infusion in 
South American countries such as Argentina, Paraguay, Brazil, and Uruguay (Avena-
Álvarez et al., 2019). This plant contains several active compounds, such as xanthines, 
from which caffeine, theophylline, and theobromine are derived (Messina et al., 2015). 
Additionally, it contains polyphenols, caffeoyl derivatives, saponins, triterpenes, 
and basic metabolic minerals, all considered beneficial due to their antioxidant and 
hypolipidemic effects, with benefits to the central nervous system (Cuesta et al., 2018). 
It also contains tannins, which increase the efficiency of food intake and are also 
considered beneficial for health (Ramírez et al., 2022). On the other hand, Pozebon et 
al. (2015) determined the presence of other elements such as aluminum (Al), barium 
(Ba), calcium (Ca), copper (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese 
(Mn), phosphorous (P), strontium (Sr), and zinc (Zn). 
Kuropka et al. (2021) administered a yerba mate hydroalcoholic extract to mice at a 
concentration of 10 mg kg-1 of body weight per day and found that it has a kidney 
protective effect and reduces high cholesterol. In turn, Lobo et al. (2020) fed lambs a 
2 % yerba mate extract, favoring the intake of dry matter and reducing fat thickness, 
as well as producing an increase in the final weight and in white blood cells and 
lymphocytes. Barbato et al. (2019) obtained a difference of 1.79 L in milk produced in 
cows supplemented with 500 g of yerba mate a day in comparison with the cows fed 
normally.
The addition of plants rich in active compounds to the feed of farmed fish can favor 
their growth parameters, as shown with Ulva lactuca L. and Lemna gibba L., obtaining 
the greatest weight in young tilapia with the addition of 20 % of these plants (Aguilera-
Morales et al., 2022). Hassan et al. (2018) found that by adding 1 % Rosmarinus officinalis 
Spenn., they obtained a greater growth rate in tilapia offspring. Salem and Abdel-
Ghany (2018) obtained better growth results when they gave 2 g kg-1 of Citrus sinensis 
rind (L.) Osbeck. Cruz-Velázquez et al. (2014) obtained better growth in pacu (Piaractus 
brachypomus) and tilapia (Oreochromis niloticus) when they added 15 % Lemna minor 
L. and Azolla filiculoides Lam. to their feed. Therefore, the aim of this study was to 
evaluate the cytotoxicity and effect of yerba mate added to the tilapia feed on the 
growth of the Mayan cichlid.
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MATERIALS AND METHODS

Plant material 
Yerba mate (Ilex paraguariensis A. St. Hil.) from ROSAMONTE (Misiones, Argentina) 
was used. According to the product specifications, the leaves are dried, lightly toasted, 
crumbled, and packaged in paper bags. The nutritional information reports 4.7 g of 
carbohydrates, 0.6 g of proteins, 0 g of total and trans fats, 0 g of sodium, and an 
energy content of 21 kcal. Prior to analysis, the plant material underwent additional 
grinding to achieve a particle size of 0.35 mm, resulting in a flour-like texture.

Cytotoxicity test
For the cytotoxicity test, 0.1 g of artemia cysts (Artemia salina L.) were weighed and 
placed in a salt solution (38 g L-1) to hatch. They were constantly ventilated for 24 h at 
temperatures from 25 to 29 °C. Subsequently, 100 mg of the yerba mate were weighed 
and placed in a microcentrifuge tube with a cover and 1 ml of the salt solution and left 
to stand for 48 h. In a 96-well plate, a serial microdilution was performed, where 100 
µl of the yerba mate aqueous extract was placed, obtaining concentrations between 
100 and 0.78 mg mL-1. Straight afterwards, 10 to 15 artemia were added, with 100 
µL of the salt solution. Tween 80 (Sigma P1754, St. Louis, MO, USA) was used as a 
positive control and salt solution as a negative control. The plate was incubated for 24 
h, and the test was evaluated in triplicate. After this time period, a reading was taken 
from every well, where the living and dead artemia were counted to determine the 
percentage of mortality using the following formula (Rangel-López et al., 2022):

	 Number of dead nauplii
Mortality = 		  × 100
	 Initial number of nauplii

In order to establish the level of toxicity, the criteria defined by Mentor et al. (2014) 
were applied, in which the values of over 1 mg mL-1 indicate the absence of toxic 
effects, values between 0.5 and 1 mg mL-1 indicate low toxicity, those between 0.1 and 
0.5 mg mL-1 indicate medium toxicity, and values that do not surpass 0.1 mg mL-1 
indicate high toxicity.

Preparation of the experimental feed
According to the manufacturer’s information, PURINA (Mexico) commercial tilapia 
feed (0.35 mm) was used, with a protein content of 44 %, 12 % raw fat, 2.5 % raw fiber, 
12 % humidity, and 12 % ash. The food was uniformly mixed with yerba mate (Table 
1) and not pelletized.

Experimental design
The experiment was established in the aquaculture laboratory of the Academic 
Division of Farming Science at Juárez Autonomous University in Tabasco, Mexico 
(17° 78” 59’ N, 92° 95” 50’ W). A total of 120 fish were used, which were weighed 
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and measured individually, for an average weight of 0.15 ± 0.11 g. The fish were 
distributed at random in nine tanks with a capacity of 80 L each, and 10 fish were 
placed in each tank. To maintain water quality in all treatments (water temperature 
of 28°C, dissolved oxygen of 5 ppm, pH of 8, and total ammonium below 0.1 mg L-1), 
the tanks were linked together in a recirculation system. All treatments were carried 
out in triplicate. The feed for each corresponding treatment was given three times per 
day, at 8:00, 11:00, and 14:00, until satiation. The experimental period was 45 d long.

Growth parameters
Using an ichthiometer (mm) and a digital scale with an accuracy of 0.1 g (Ohaus Scout 
Pro SP601, Mexico), the initial biometrics for total length and weight were measured 
every 15 d. To determine the growth parameters, the formulas proposed by Arellano-
Carrasco et al. (2023) were used:

	 Number of final fish
Survival (%) = 		  × 100
	 Number of initial fish

Weight gain (g) = Final weight – Initial weight

	 (ln Final weight - ln Initial weight
Specific growth rate = 		  × 100
	 Days fed

	 Feed provided
Feed conversion rate =
	 Weight increase

	 Final weight
Condition factor (k) = 		  × 100
	 (Final length)3

Table 1. Commercial feed and yerba mate (Ilex paraguariensis A. St. Hil.) content per treatment 
for Mayan cichlid consumption (Cichlasoma uropthalmus Günther).

Ingredients T1: Control T2: 1 % yerba mate T3: 2 % yerba mate

Feed 100 g 99 g 98 g
Yerba mate 0 g 1 g 2 g

Total 100 g 100 g 100 g
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Statistical analysis
The lethal dose values (DL50) of the yerba mate aqueous extract were analyzed with a 
probit analysis using the SAS version 9.0 software (SAS Institute, Cary, NC, USA). From 
the data obtained on the productive parameters, Kolmogórov-Smirnov normality tests 
and Bartlett’s homogeneity tests were performed. For the parameters expressed as 
percentages, an arcsine square root transformation was applied. Subsequently, a one-
way analysis of variance (ANOVA) was applied (α = 0.05), as well as Tukey’s test with 
a significance level of p < 0.05 to determine significant differences between treatments, 
using the package Minitab 18.

RESULTS AND DISCUSSION

Cytotoxicity of yerba mate
According to the criteria established for interpreting the results of the aqueous 
extract (Figure 1), yerba mate had a toxicity value of 42.42 mg mL-1, indicating that 
it is nontoxic. Therefore, the use of this plant added to the tilapia feed is considered 
safe for fish intake. In comparison, Waghulde et al. (2019), who evaluated the aqueous 
extracts of Annona reticulatatuvo L. (18.92 mg mL-1), Allium fisolisum L. (1846.55 mg mL-

1), and Brassica oleraceaae L. (64.83 mg mL-1), determined that each species has a degree 
of toxicity. In turn, Alawi et al. (2018) determined that the aqueous Acacia nilotica (L.) 
Delile extract presents no toxicity at concentrations of 500 ppm.

Figure 1. Cytotoxicity of the lethal dose (DL50) of the yerba mate (Ilex paraguariensis A. St. Hil.) 
aqueous extract.
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Growth parameters
Experiments have been conducted on the incorporation or addition of plants to fish 
diets, including seed, leaf, and plant meals (Zetina-Córdoba et al., 2010), which may 
have immunostimulant properties and enhance fish growth (Akrami et al., 2015). The 
results of the growth parameters (Table 2) indicate that no significant differences were 
observed (p > 0.05) between treatments. However, in terms of final weight, treatment 
T3 (0.53 ± 0.04 g) stood out in comparison to the control. In contrast, Botello-León et al. 
(2011) substituted fish meal with sugarcane by-products, obtaining the best results in 
the treatments with 14 and 26 % protein.

Table 2. Growth parameters of the Mayan cichlid (Cichlasoma uropthalmus Günther) in the treatments 
evaluated.

Growth parameters T1: control T2: 1 % T3: 2 %

Initial weight (g) 0.15 ± 0.11 0.15 ± 0.11 0.15 ± 0.11
Final weight (g) 0.46 ± 0.04A 0.52 ± 0.04A 0.53 ± 0.04A

Survival (%) 93.3 ± 11.55A 90.0 ± 10.0A 93.3   ± 5.77A

Weight gain (g) 0.31 ± 0.04A 0.40 ± 0.09A 0.38 ± 0.04A

Specific growth rate (%) 2.52 ± 0.19A 3.43 ± 1.35A 2.80 ± 0.18A

Feed conversion rate 3.07 ± 0.17A 2.88 ± 0.48A 2.69 ± 0.06A

Condition factor 1.68 ± 0.16A 1.75 ± 0.14A 1.86 ± 0.43A

Initial length (cm) 1.88 ± 0.07 1.86 ± 0.23 1.89 ± 0.05
Final length (cm) 3.08 ± 0.04A 3.09 ± 0.05A 3.07 ± 0.24A

T1, T2, T3: treatments with yerba mate (Ilex paraguariensis A. St. Hil.) included in the diet. ABC Different 
letters in the rows indicate significant statistical differences (p ≤ 0.05).

In terms of survival, the best results were obtained for treatments T1 and T3 (93.3 ± 
11.55 and 93.3 ± 5.77 %). On the other hand, Kristiana et al. (2020) added noni (Morinda 
citrifolia L.) fruit to commercial tilapia feed with 40 % protein in various concentrations 
and obtained a survival rate of 100 % in all treatments. Villarreal et al. (2011) added 
soybean protein and wheat gluten to the feed and found that the treatments with 
higher percentages showed higher mortality. It is worth noting that the Mayan cichlid 
is considered to be aggressive and territorial, which increases its survival rate.
For weight gain, T2 (0.43 ± 0.06 g) produced the best yields. Emshaw et al. (2023) used 
Pontederia crassipes (Mart.) Solms fermentation in young tilapia and found that adding 
10 % of the fermentation improved weight gain; however, their control group had 
similar results. Abidin et al. (2022) added neem (Azadirachta indica A. Juss.) extract to 
feed rainbow trout (Oncorhynchus mykiss) and found a greater weight gain in fish fed 
with a 7 % extract. In this study, the best feed conversion rate was obtained in T3 (2.69 
± 0.06). Dohaish et al. (2018) reported a feed conversion rate higher than that of this 
study when adding 5 % Spirulina platensis in the diets of Oreochromis niloticus.
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The specific growth rate was best represented by T2 (4.16 ± 0.89). In comparison, 
Galeana-López et al. (2020) provided maize (Zea mays L.) ear leaf extract in the diets of 
O. niloticus, obtaining the best specific growth rate with the 200 mg kg-1 feed treatment. 
Specifically, no comparisons could be made with other authors, due to a total lack of 
investigations on fish using yerba mate. Regarding the condition factor, the best result 
was observed in treatment T (1.86 ± 0.43), which is similar to reports by Martínez-
Santiago et al. (2022), who used oregano essential oil (Lippia graveolens Kunth) in tilapia 
feed.
Yerba mate has 9.5 % protein, 6.3 % lipids, and 7.04 % ash content (Berté et al., 
2011; Cogoi et al., 2013; Frizon et al., 2013), as well as secondary metabolites such as 
methylxanthines, caffeine, theobromine, phenolic acids, chlorogenic acid (Valduga 
et al., 2016), saponins, triterpenes, flavonoids, and xanthines (García-Lázaro, 2023), 
tannins, carotenoids, and polyphenols (Najman et al., 2024). Lizárraga-Velázquez et al. 
(2018) mention that when polyphenols are added to or present in carnivorous fish feed, 
they can improve immune and antioxidant defenses. Ayutunde et al. (2016) mention 
that diets with leaf meals containing phenols, tannins, and saponins may hinder fish 
growth. Therefore, yerba mate could benefit fish by enhancing their immune system. 
However, it can affect the growth parameters of their offspring (Lobo et al., 2020).

CONCLUSIONS
Based on the cytotoxicity results with Artemia salina, it was determined that the plant 
can be included in the diet of Cichlasoma uropthalmus since it does not exhibit toxicity 
and therefore does not have a negative effect on its feeding. No variations were found 
in the growth parameters. Further research that includes a higher proportion of yerba 
mate in the diet and in pellet form is recommended, as well as studies to determine 
whether it has an impact on the immune system of the fish.
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ABSTRACT
Blueberry (Vaccinium corymbosum L.), native to North America, has become one of the most 
important fruit crops in Mexico and the world due to its hardiness, flavor, and health benefits. 
The objective of this study was to evaluate the inductive capacity of naphthaleneacetic acid 
(NAA), salicylic acid (SAL), their combination, a Plantago spp. extract, and indolebutyric acid 
(IBA) in the rooting of semi-woody cuttings of ‘Biloxi’ blueberry. In a rooting chamber, 5 cm 
long cuttings with two apical leaves cut transversely were established and treated with different 
concentrations of NAA (0, 15, and 20 mg L-1), SAL (0, 50, and 75 mg L-1), and their combination, 
with three additional controls of Plantago spp. extract and IBA (4000 and 3000 mg L-1). A 
completely randomized design with treatments in a factorial arrangement and three additional 
controls was used. No significant individual effects of NAA or SAL were detected. However, 
individual applications of 20 mg L-1 of NAA and 75 mg L-1 of SAL showed the best results for 
rooting percentage (93.75 %), number of first- (8.88 and 10.25) and second-order roots (72.38 and 
65.13), length of first- (33.92 and 32.44 mm) and second-order roots (17.6 and 19.67 mm), and 
root volume (81.88 and 85.63 mm³). These results were statistically equivalent to the 4000 and 
3000 mg L-1 concentrations of IBA. In contrast, the combination of NAA and SAL, as well as the 
plant extract, resulted in low values in all the variables evaluated.

Keywords: indolebutyric acid, naphthaleneacetic acid, salicylic acid, plant extract.

INTRODUCTION
Blueberry (Vaccinium corymbosum L.) is a plant native to North America. Because of 
its hardiness, pleasant flavor, antioxidant, and anti-inflammatory properties, the fruit 
has captured the attention of many producers and consumers. Over the years, the 
number of hectares dedicated to its cultivation has increased (Tinoco-Plasencia et 
al., 2023). In Mexico, this crop has had an important impact; from 2012 to 2022, the 
harvested area and production increased from 885 to 5887 ha and from 7191 to 67 
304 Mg, respectively (FAO, 2024). This crop can be propagated in two ways: sexually 
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through seeds and asexually through meristematic tissue. Rooting cuttings is an 
asexual propagation technique that focuses on multiplying plants from stem segments 
of a specific individual, which are subjected to induction for root development under 
specific environmental conditions, which guarantees a high percentage of genetic 
resemblance to the mother plant (López-Corona et al., 2019). 
According to Ikeuchi et al. (2016) and Druege et al. (2019), the rooting process is 
divided into three stages: induction, initiation, and expression. The first stage involves 
molecular and biochemical processes that do not produce visible changes in the cutting, 
including cell reprogramming, during which competent cells from the vascular tissue 
give rise to root primordia. In some cases, cells must first be reprogrammed to perceive 
and respond to rooting signals. During the second stage, qualitative changes occur in 
cell structure, accompanied by cell division and the organization of dome-shaped root 
primordia resulting from the differentiation of new cell groups. Finally, in the third 
stage, the root primordia undergo further differentiation and growth, developing into 
root structures with distinct vascular bundles connected to the vascular cylinder of the 
cutting, ultimately leading to root emergence.
The time and percentage of rooting depend on the type of stake, as its regenerative 
capacity is determined by endogenous factors, such as the levels of carbohydrates, 
mineral salts, and plant hormones available, auxins being considered the most 
important (Hu et al., 2020). Similarly, the substrate plays a determining role, as it is 
responsible for supporting the cutting of the stake, providing a dark environment, 
and supplying water and air in the metabolic process of root induction and elongation 
(Hartmann et al., 1997). Similarly, external conditions such as temperature and light 
must be considered, as they regulate respiration, vegetative shoot development, and 
stake reserve conservation, whereas relative humidity influences leaf temperature 
and gas exchange. Microorganisms anchored to the plant material are also an external 
factor that increases the risk of contamination and death of the cuttings (Owen and 
Maynard, 2007). To reduce time and increase the percentage of rooting, it is necessary 
to add exogenous hormones (growth regulators), where auxins stand out, which play 
an important role in the induction and development of roots, such as indolebutyric 
acid and naphthaleneacetic acid (López-Corona et al., 2019).
Each species has a certain propagation capacity, so specific protocols are required 
to achieve the highest percentage of multiplication (Le et al., 2023). Ligarreto et al. 
(2013), Kim et al. (2014), and Leiva et al. (2023) obtained a higher rooting percentage 
when applying naphthaleneacetic acid in Vaccinium meridionale Swartz, V. corymbosum 
‘Bluecrop’ and ‘Sunrise’, and V. corymbosum ‘Biloxi’, respectively. Salicylic acid, a 
phenolic compound, can function as an auxin cofactor (Pacholczak and Nowakowska, 
2015). By using this compound, Sardoei et al. (2014) and Pacholczak and Nowakowska 
(2015) reported higher rooting percentages in Euphorbia pulcherrima Willd. and V. 
corymbosum ‘Bluecrop’ and ‘Duke.’
Extracts of Plantago major L. and P. lanceolata L. possess antimicrobial, anti-inflammatory, 
and wound-healing properties, and contain several secondary metabolites (phenols, 
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flavonoids, saponins, and alkaloids) (Mazzutti et al., 2017), in addition to carbohydrates, 
indoleacetic acid, vitamins, and traces of salicylic acid (Berit, 2000). However, little is 
known about their use in agricultural practices. Because of their properties, they may 
be able to induce cutting rooting. A commonly used growth regulator is indolebutyric 
acid, such as in V. corymbosum ‘Biloxi’ (An et al., 2018), ‘Powderblue’ (Colombo et al., 
2018), ‘Woodard’ (Higuchi et al., 2021), and wild blueberry (Tejada-Alvarado et al., 
2021). However, information on growth regulators in rooting cuttings of this crop is 
scarce and ambiguous. Therefore, the objective of this research was to evaluate the 
inductive capacity of naphthaleneacetic acid, salicylic acid, the combination of both 
compounds, Plantago spp. extract, and indolebutyric acid on the rooting of ‘Biloxi’ 
blueberry cuttings.

MATERIALS AND METHODS

Location of the study area and plant material
This study was conducted in an experimental greenhouse of the Plant Nutrition area 
of the Postgraduate College Campus Montecillo in Texcoco, State of Mexico, Mexico. 
Eight-year-old Vaccinium corymbosum ‘Biloxi’ plants were fed a Steiner nutrient solution 
at half of its original concentration (Steiner, 1984), pH 5.5, and an ammonium:nitrate 
ratio of 75:25. A rooting chamber was constructed with white greenhouse plastic, where 
substrate temperature (30 ± 2 °C) and relative humidity (≥ 75 %) were controlled by 
circulating warm water (50 ± 3 °C) below the seedlings and water misting, respectively.

Experimental design and compounds evaluated
A completely randomized design with treatments in an increased factorial 
arrangement was used, where naphthaleneacetic acid (NAA) and salicylic acid (SAL) 
were evaluated at three levels (0, 15, and 20, and 0, 50, and 75 mg L-1, respectively), 
with three additional controls corresponding to a plant extract from Plantago spp. and 
two concentrations of indolebutyric acid (IBA) (4000 and 3000 mg L-1). Each treatment 
was carried out with four replicates, where the experimental units consisted of four 
cells (5 × 5 cm) of a seedbed with a blueberry stake.

Treatments and substrate preparation
NAA (Pacific Growers, Mexico) and SAL (Fagalab, Mexico) with 98 % purity were 
dissolved in 5 mL of 96 % alcohol at the specified concentration for each treatment 
and mixed with 95 mL of deionized water. A total of 100 mL of Plantago spp. extract 
was used, which was obtained by boiling 1 L of deionized water with 200 g of aerial 
parts of plants collected for 15 min and dried in the shade for 30 d. Similarly, the 
concentrations of 4000 and 3000 mg L-1 of IBA were prepared on a 4:6 and 3:7 volume 
basis from a commercial product containing 10 000 mg of IBA (Intercontinental Import 
Export S.A. de C.V., Mexico) and hypoallergenic talc (Mennen, USA).
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The substrate was prepared in a 1:1 ratio of perlite and peat and saturated with 
deionized water. Before distribution, the substrate was sterilized three times in 
pressure pots (Presto, Mexico) with pressures ranging from 0.1 to 0.13 MPa for 3 h at 
24-h intervals.

Stakes establishment
Two apical leaves were cut transversely from the apical portion of vegetative shoots of 
plants with a semi-lignified consistency to create multiple 5-cm-long cuttings, which 
were disinfested twice in agitation for 1 min in metalaxyl-M (1.7 mL L-1) (Syngenta, 
Switzerland) and captan (2 g L-1) (Adama, Israel). After 3 s of immersion in each 
solution, 1 cm of the stake stem was inserted into the designated seedbed alveolus. 
During the entire experiment (70 d), six fungicide applications were made at the base 
of the stem of the cuttings at 10-d intervals.

Acclimatization of rooted cuttings
Seventy days after establishment (DAE), the rooted cuttings were removed from the 
chamber seedbeds. To avoid poor root development and facilitate transplanting, their 
root system was pruned. The cuttings were immersed for 1 s in mancozeb (2 g L-1) 
(Syngenta, Switzerland) before being transplanted in a 1:1 volume of perlite and peat 
substrate in 60-cavity unicell forest trays (Hydrocultura, Mexico), with cells measuring 
182 cm3. Propamocarb hydrochloride (2.5 mL L-1) (Bayer, Germany) was applied at the 
base of the stem. Finally, each tray was covered with polypropylene plastic, and the 
plastic was cut weekly with scissors until the tray was completely free.

Study variables and statistical analysis
At the end of the experiment (70 DAE), the percentage of survival and rooting was 
obtained by considering the surviving and rooted cuttings over the total number 
of cuttings per experimental unit. The number of first- and second-order roots was 
recorded by counting the number of roots in the root system of the rooted cuttings. 
The diameter and length of first- and second-order roots were evaluated by measuring 
the diameter of the thickest root and the longest first- and second-order roots, using 
the digital processing program ImageJ version 1.8.0. Root volume was obtained by 
submerging the roots of each stake into a 500 µL (mm3) syringe and comparing the 
initial water volume against the final volume.
The data obtained were subjected to a normality test (Shapiro-Wilk) (p ≥ 0.05), 
homogeneity of variances (Bartlett) (p ≥ 0.05), and independence of residuals; likewise, 
an analysis of variance corresponding to a randomized design with treatments in 
augmented factorial arrangement and a multiple comparison of means by using 
Fisher’s least significant difference test (p ≤ 0.05) were performed in the statistical 
program R version 4.3.2 and Microsoft Excel 2021.
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RESULTS AND DISCUSSION

Survival and rooting rates
After 70 d of establishment, there were no significant effects on the survival percentage 
attributable to the additional factors, interactions, and controls (Table 1). In general, 
the survival percentages were high (87.5 to 100 %), which is attributed to the care 
given during this experiment, especially the disinfection of the substrate used, which 
is an important factor when establishing cuttings in an environment with high relative 
humidity (Badilla-Valverde and Murillo-Gamboa, 2005). In this regard, Li et al. (2021) 
state that in order to maintain live explants of Vaccinium arboreum Marshall, a humid 
environment inside chambers using nebulizers is required, a factor that allowed them 
to report a 100 % survival rate.

Table 1. Comparison of means using Fisher’s least significant difference test for survival and rooting 
rates in cuttings of Vaccinium corymbosum L. ‘Biloxi’ with the effects of various treatments.

Treatment Composition (mg L-1) Survival percentage Rooting percentage

1 0 NAA+ 0 SAL 93.75 a 75.00 ab
2 15 NAA+ 0 SAL 100.00 a 68.75 ab
3 20 NAA+ 0 SAL 100.00 a 93.75 a
4 0 NAA+ 50 SAL 93.75 a 62.50 b
5 0 NAA+ 75 SAL 100.00 a 93.75 a
6 15 NAA+ 50 SAL 87.50 a 62.50 b
7 15 NAA+ 75 SAL 100.00 a 62.50 b
8 20 NAA+ 50 SAL 87.50 a 62.50 b
9 20 NAA+ 75 SAL 87.50 a 56.25 b
10 Plantago spp.z 100.00 a 56.25 b
11 4000 IBAz 87.50 a 68.75 ab
12 3000 IBAz 100.00 a 81.25 ab

F-NAA 0 95.83 a 77.08 a
15 95.83 a 64.58 a
20 91.67 a 70.83 a

F-SAL 0 97.92 a 79.17 a
50 89.58 a 62.50 a
75 95.83 a 70.83 a

Overall average number of treatments 94.79  70.31  
CV (%) 12.03 30.93

p-value of treatments 0.4556 ns 0.0495*
p-value of F-NAA 0.5912 ns 0.5587ns

p-value of F-SAL 0.1911 ns 0.4232ns

LSD0.05 of treatments 16.36 31.19
LSD0.05 of factors 8.55  17.57  

NAA: naphthaleneacetic acid; SAL: salicylic acid; IBA: indolebutyric acid; z: additional control; 
F-NAA: naphthaleneacetic acid factor; F-SAL: salicylic acid factor; CV: coefficient of variation; ns: not 
significant; *: significant differences; LSD0.05: least significant difference. Values with the same letter 
are statistically similar according to Fisher’s least significant difference test (p ≤ 0.05).
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Another important factor was the consistency of the stake. In general, a semi-lignified 
consistency stake was used, which resulted in greater resistance to dehydration 
(Badilla-Valverde and Murillo-Gamboa, 2005). On the other hand, the exposure time 
of the cuttings in the solution can affect their survival, since prolonged times can cause 
phytotoxicity and death of the cuttings. Similarly, this can be aggravated depending 
on the concentration and type of plant material used (Coimbra et al., 2016).
In this study, it was demonstrated that 3 seconds of exposure with NAA, SAL, and 
IBA at the concentrations used did not affect the survival of semi-lignified ‘Biloxi’ 
blueberry cuttings, as opposed to deionized water and Plantago spp. The survival rates 
were similar to those shared by Colombo et al. (2018), with 100 % survival in 5 cm 
cuttings of ‘Powderblueberry’ blueberry when applying 3000 mg L-1 of IBA in talc. 
On the other hand, other studies report high survival percentages with long exposure 
times, such as Sardoei et al. (2014) on cuttings with 300 mg L-1 of NAA for 24 h and 
Leiva et al. (2023) on ‘Biloxi’ blueberry nodal segments for 15 min. This shows that 
exposure time will depend on cultivar, stake consistency, and type of compound 
(Coimbra et al., 2016).
At the end of the experiment, there were no significant differences in the rooting rates 
between the NAA and SAL factors (Table 1). On the other hand, for the interactions 
and controls, the comparison of means indicated that the rooting rates reported when 
using 20 and 75 mg L-1 of NAA and SAL (93.75 %) were statistically equal to those 
achieved with deionized water (75 %), 15 mg L-1 of NAA (68.75 %), 4000 mg L-1 of IBA 
(68.75 %), and 3000 mg L-1 of IBA (81.25 %). However, these values were higher than 
those obtained with other compounds, with values between 56.25 and 62.5 % (Figure 
1). The best rooting percentages in this experiment were considerably high (68.75 to 
93.75 %), corresponding to the individual use of NAA and SAL, IBA, and deionized 
water.
In other studies, it was reported that the highest rooting percentage was achieved in 
‘Biloxi’ blueberry cuttings with 100 mg L-1 of NAA (Leiva et al., 2023). With 300 mg 
L-1 of SAL, a 75 % rooting rate was obtained in semi-lignified cuttings of Euphorbia 
pulcherrima (Sardoei et al., 2014), and with various concentrations of IBA in blueberry 
‘Biloxi’ (3000 mg L-1) (An et al., 2018), ‘Powderblue’ (3000 mg L-1 IBA in talc) (Colombo 
et al., 2018), ‘Woodard’ (1000 mg L-1) (Higuchi et al., 2021), and wild blueberry (2000 
mg L-1) (Tejada-Alvarado et al., 2021). Likewise, Isfendiyaroğlu and Özeker (2008) 
and Pacholczak and Nowakowska (2015), by combining IBA and SAL, achieved high 
rooting percentages in cuttings of Olea europaea L. ‘Domat’ and blueberry ‘Bluecrop’ 
and ‘Duke,’ respectively.
The positive effects of NAA, SAL, and IBA on the rooting of plant material are due to 
the versatility of these compounds in the accumulation of indoleacetic acid, which has 
an impact on the rooting speed of cuttings and root development (Hopkins and Hüner, 
2008; Damodaran and Strader, 2019; Dong et al., 2020). However, in this research, the 
percentage of rooting obtained was statistically equal to the control with deionized 
water, which can be attributed to a greater production of endogenous auxins in stakes 
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without complete lignification, so that sometimes it is not necessary to add exogenous 
auxins to stimulate rooting (Shiembo et al., 1997). Therefore, it is possible that the 
conditions to which the cuttings were exposed were sufficient to stimulate rooting, 
even without the addition of growth regulators (Owen and Maynard, 2007).
On the other hand, it is likely that the low rooting percentage reported in the treatments 
where NAA and SAL were combined is due to an endogenous hormonal imbalance 
caused by the concentrations of these regulators (Haissig, 1970). This agrees with de 
Klerk et al. (1997), who found that SAL inhibits rooting produced by IBA and NAA 
in apple micro-cuttings. Likewise, Isfendiyaroğlu and Özeker (2008) emphasize that 
SAL should be applied in conjunction with auxins to avoid inhibiting root formation.

Figure 1. Rooted cuttings of Vaccinium corymbosum L. ‘Biloxi’ after 70 d of establishment with the 
effects of various treatments. A: deionized water; B: 15 mg L-1 naphthaleneacetic acid (NAA); C: 
20 mg L-1 NAA; D: 50 mg L-1 salicylic acid (SAL); E: 75 mg L-1 SAL; F: 15 + 50 mg L-1 NAA and 
SAL; G: 15 + 75 mg L-1 NAA and SAL; H: 20 + 50 mg L-1 NAA and SAL; I: 20 + 75 mg L-1 NAA and 
SAL; J: extract of Plantago spp. K: 4000 mg L-1 of indolebutyric acid (IBA); L: 3000 mg L-1 of IBA.
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Number of first and second order roots
There are variables that are used as morphological indicators of the quality of root 
development, such as root number, length, diameter, and volume. These serve to 
evaluate root development, an important factor that reduces mortality in transplanting 
and acclimatization of cuttings (Colombo et al., 2018). According to the analysis of 
variance, no differences in the number of first- and second- order roots were reported 
in any of the factors (Table 2).
For the number of first-order roots, the comparison of means of the interactions and 
additional controls indicated that when 75 mg L-1 of SAL was applied, 10.25 first-order 

Table 2. Comparison of means with Fisher’s least significant difference test of the number of first 
and second order roots in cuttings of Vaccinium corymbosum L. ‘Biloxi’ with the effects of various 
treatments.

Treatment Composition
(mg L-1)

Number of roots 
First order Second order

1 0 NAA+ 0 SAL 4.37 bc 16.50 d
2 15 NAA+ 0 SAL 3.25 c 14.50 d
3 20 NAA+ 0 SAL 8.87 ab 72.37 a
4 0 NAA+ 50 SAL 7.00 abc 45.50 abcd
5 0 NAA+ 75 SAL 10.25 a 65.12 ab
6 15 NAA+ 50 SAL 5.25 abc 35.50 bcd
7 15 NAA+ 75 SAL 5.62 abc 23.62 cd
8 20 NAA+ 50 SAL 4.62 bc 24.50 cd
9 20 NAA+ 75 SAL 7.62 abc 39.88 abcd
10 Plantago spp.z 4.87 bc 20.25 cd
11 4000 IBAz 9.37 ab 54.12 abc
12 3000 IBAz 7.62 abc 45.62 abcd

F-NAA 0 7.20 a 42.37 a
15 4.70 a 24.54 a
20 7.04 a 45.58 a

F-SAL 0 5.50 a 34.46 a
50 5.62 a 35.17 a
75 7.83 a 42.87 a

Overall average number of treatments 6.56 38.12
CV (%) 53.20 66.07

p-value of treatments 0.0150 * 0.0097 **
p-value of F-NAA 0.1609 ns 0.1022 ns

p-value of F-SAL 0.1978 ns 0.6652 ns

LSD0.05 of treatments 5.01 36.12
LSD0.05 of factors 2.83 21.06

NAA: naphthaleneacetic acid; SAL: salicylic acid; IBA: indolebutyric acid; z: additional control; 
F-NAA: naphthaleneacetic acid factor; F-SAL: salicylic acid factor; CV: coefficient of variation; ns: 
not significant; *: significant differences; **: highly significant differences; LSD0.05: least significant 
difference at a significance of 0.05. Values with the same letter are statistically similar according to 
Fisher’s least significant difference test (p ≤ 0.05).
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roots developed, a value that only surpassed the means with deionized water (4.37), 
15 mg L-1 of NAA (3.25), 20 + 50 mg L-1 of NAA and SAL (4.62), and with Plantago spp. 
(4.87) (Table 2). On the other hand, for the number of second-order roots, the analysis 
of variance showed significant effects in the interactions and the controls, where the 
comparison of means indicated that the treatment with 20 mg L-1 of NAA (72.37) was 
statistically equal to 50 mg L-1 of SAL (45.50), 75 mg L-1 of SAL (65.12), 20 + 75 mg L-1 of 
NAA and SAL (39.88), 4000 mg L-1 of IBA (54.12), and 3000 mg L-1 of IBA (45.62), but 
greater than the rest.
When speaking of the quality of root development, the rooting percentage usually 
takes second place, since in some cases there may be high percentages, but the root is 
slightly developed, i.e., with one or two roots, or vice versa. Such was the case of the 
treatment with deionized water, where its percentage was one of the highest (75 %), 
but its means were among the lowest in these variables, with 4.37 first-order roots 
and 16.5 second-order roots. The opposite case was the treatment with 20 + 75 mg L-1 
of NAA and SAL, in which the rooting percentage was among the lowest (56.25 %), 
but it had a more developed root, with 7.62 first-order roots and 39.88 second-order 
roots. All of this was influenced by rooting time, as some treatments had cuttings with 
first-order roots after only 21 d of establishment, giving them more time to develop. 
This shows the effect of NAA and SAL applied individually on rooting induction and 
the rate of indoleacetic acid accumulation in the cuttings (Hopkins and Hüner, 2008; 
Dong et al., 2020).
These results are similar to those obtained by Sardoei et al. (2014), who obtained 11.6 
roots in E. pulcherrima cuttings when applying 100 mg L-1 of SAL. Likewise, Coimbra 
et al. (2016) report eight roots in Bertholletia excelsa Humb. and Bonpl. cuttings when 
applying 3000 mg L-1 of IBA; An et al. (2018) obtained 19.09 roots in ‘Biloxi’ blueberry 
cuttings when applying 3000 mg L-1 of IBA; Colombo et al. (2018) obtained 4.59 roots 
when using 3000 mg L-1 of IBA in alcohol on blueberry cuttings ‘Powderblue’; and 
Tejada-Alvarado et al. (2021) reported up to 2.95 roots in wild blueberry cuttings 
when applying 2000 mg L-1 of IBA. On the other hand, when applying 15 mg L-1 of 
NAA, means equal to those of the deionized water treatment were obtained, both in 
the percentage of rooting and in the number of first- and second-order roots. In this 
regard, it is likely that the concentration used was not sufficient to stimulate rooting, 
which unbalanced the endogenous hormone content (Haissig, 1970), inhibiting the 
rooting of cuttings (Hopkins and Hüner, 2008).

Root diameter and length
For root diameter and root length of first- and second-order of the root system, no 
statistical differences were found for the factors NAA and SAL, but they were found 
in the interactions and controls (Table 3). The diameter reported when applying 20 mg 
L-1 of NAA (0.68 mm) alone was larger than the means achieved by deionized water 
(0.51 mm), 15 mg L-1 of NAA (0.52 mm), and 3000 mg L-1 of IBA (0.5 mm). The greatest 
first-order root length was obtained when applying 20 mg L-1 of NAA (33.91 mm) in 
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relation to that of deionized water (18.69 mm) and to the concentration of 15 mg L-1 of 
NAA (20.21 mm). On the other hand, the second-order root length reported with 75 
mg L-1 of SAL alone was greater than that of deionized water, 15 mg L-1 of NAA, 20 + 
50 mg L-1 of NAA and SAL, and the Plantago spp. extract (Table 3).
The results are different from those published by Sardoei et al. (2014), where SAL 
application was not needed to obtain the best root length in E. pulcherrima (28.1 cm). 
On the other hand, the results reported for the treatment with 15 mg L-1 of NAA differ 
from Das et al. (1997), who indicate that NAA can generate good sources of energy 
and carbon for root formation. This may be attributed to the concentration used, since 

Table 3. Comparison of means by Fisher’s least significant difference test of root diameter and length 
of longest first and second order root in cuttings of Vaccinium corymbosum L. ‘Biloxi’ with the effects 
of various treatments.

Treatment Composition
(mg L-1)

Root diameter
(mm)

Root length (mm)
First order Second order

1 0 NAA+ 0 SAL 0.51 b 18.69 c 8.63 b
2 15 NAA+ 0 SAL 0.52 b 20.21 bc 8.44 b
3 20 NAA+ 0 SAL 0.68 a 33.91 a 17.60 ab
4 0 NAA+ 50 SAL 0.56 ab 29.60 abc 14.35 ab
5 0 NAA+ 75 SAL 0.58 ab 32.44 ab 19.67 a
6 15 NAA+ 50 SAL 0.58 ab 25.96 abc 13.67 ab
7 15 NAA+ 75 SAL 0.57 ab 23.27 abc 13.85 ab
8 20 NAA+ 50 SAL 0.55 ab 25.34 abc 9.51 b
9 20 NAA+ 75 SAL 0.65 ab 27.70 abc 12.42 ab
10 Plantago spp.z 0.57 ab 21.65 abc 8.24 b
11 4000 IBAz 0.65 ab 31.19 abc 16.77 ab
12 3000 IBAz 0.50 b 25.52 abc 14.36 ab

F-NAA 0 0.55 a 26.91 a 14.22 a
15 0.55 a 23.14 a 11.99 a
20 0.63 a 28.99 a 13.18 a

F-SAL 0 0.57 a 24.27 a 11.56 a
50 0.56 a 26.97 a 12.51 a
75 0.60 a 27.81 a 15.32 a

Overall average number of treatments 0.57 26.29 13.12
CV (%) 19.08 34.76 51.73

p-value of treatments 0.0103 * 0.0176* 0.0298 *
p-value of F-NAA 0.1687 ns 0.2960ns 0.7244 ns

p-value of F-SAL 0.7068 ns 0.6170ns 0.3803 ns

LSD0.05 of treatments 0.16 13.11 9.74
LSD0.05 of factors 0.08 7.85 5.72

NAA: naphthaleneacetic acid; SAL: salicylic acid; IBA: indolebutyric acid; z: additional control; 
F-NAA: naphthaleneacetic acid factor; F-SAL: salicylic acid factor; CV: coefficient of variation; ns: 
not significant; *: significant differences; LSD0.05: least significant difference at a significance of 0.05. 
Values with the same letter are statistically similar according to Fisher’s least significant difference 
test (p ≤ 0.05).
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in other studies they applied concentrations of 100 and 4000 mg L-1 of NAA with 
good results in blueberry ‘Biloxi’ (Leiva et al., 2023) and V. meridionale (Ligarreto et 
al., 2013). These effects depend on the plant species used (López-Corona et al., 2019), 
which is reflected in the results shared by Kim et al. (2014), where the best root lengths 
were achieved with 500 mg L-1 of IBA in blueberry ‘Bluecrop’ (7.5 cm) and ‘Duke’ (7.6 
cm), while in ‘Sunrise’, IBA did not present the same effect, since the best value was 
obtained with 500 mg L-1 of NAA (6.0 cm).
In this study, IBA did not stand out for these variables, as opposed to Coimbra et 
al. (2016), An et al. (2018), and Colombo et al. (2018), who achieved greater lengths 
when using 3000 mg L-1 of IBA on B. excelsa (7.0 cm), ‘Biloxi’ blueberry (4.0 cm), and 
‘Powderblue’ blueberry (6.38 cm) cuttings, respectively. Likewise, Higuchi et al. (2021), 
when applying 1000 mg L-1 of IBA, reported a root length of 14.33 cm in ‘Woodard’ 
blueberry, while Tejada-Alvarado et al. (2021) obtained a root length of 27.51 mm when 
applying 2000 mg L-1 of IBA in wild blueberry.

Root volume
The analysis of variance showed that the factors had no significant effect on root 
volume (Table 4).
Likewise, for the interactions and controls, there were statistical effects on root volume, 
where the values reported for the treatments with 20 mg L-1 of NAA (81.87 mm3) and 
75 mg L-1 of SAL (85.62 mm3) were statistically identical to the treatments with 50 mg 
L-1 of SAL (46.25 mm3), 4000 mg L-1 of IBA (73.12 mm3), and 3000 mg L-1 of IBA (46.25 
mm3), but evidently greater than the rest of the treatments (Table 4). Since this variable 
represents the space occupied by the developed root, it is inferred that with 20 mg 
L-1 of NAA, 75 mg L-1 of SAL, and 4000 mg L-1 of IBA, a greater number of roots was 
obtained.
The positive effects of NAA on rooting stimulation are due to the fact that NAA 
tends to accumulate indoleacetic acid faster (Hopkins and Hüner, 2008), coupled with 
an acceleration in starch hydrolysis, decreasing stake sugars, and generating large 
sources of energy and carbon for root formation (Das et al., 1997). In contrast, IBA 
is directly converted to indoleacetic acid, mainly by processes similar to β-oxidation 
of fatty acids (Damodaran and Strader, 2019). Dong et al. (2020) note that the use of 
SAL tends to increase endogenous levels of indoleacetic acid in the rooting zone by 
reducing its degradation through the intervention and inhibition of auxin-conjugating 
enzymes, thereby enhancing adventitious root development.
On the other hand, Colombo et al. (2018) found that optimal substrate physicochemical 
properties such as temperature, pH, aeration, and moisture retention promote 
root growth rate. In this regard, it can be concluded that using perlite and peat in 
a 1:1 volume ratio is a good option for rooting blueberry ‘Biloxi’ cuttings, as good 
root development was demonstrated. Other authors, such as Colombo et al. (2018), 
reported similar results when using 3000 mg L-1 IBA in rooting cuttings of blueberry 
‘Powderblueberry.’
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CONCLUSIONS
The combination of naphthaleneacetic acid, salicylic acid, and the Plantago spp. 
extract decreased the rooting percentage and root volume of semi-lignified ‘Biloxi’ 
blueberry cuttings. Therefore, to obtain a greater number of rooted cuttings with good 
root development and guarantee their survival in transplanting and acclimatization, 
naphthaleneacetic acid, salicylic acid, and indolebutyric acid should be applied 
individually.

Table 4. Comparison of means with Fisher’s least significant difference test of root volume in cuttings 
of Vaccinium corymbosum L. ‘Biloxi’ with the effects of various treatments.

Treatment Composition
(mg L-1)

Root volume
(mm3)

1 0 NAA+ 0 SAL 16.25 c
2 15 NAA+ 0 SAL 19.00 c
3 20 NAA+ 0 SAL 81.87 a
4 0 NAA+ 50 SAL 46.25 abc
5 0 NAA+ 75 SAL 85.62 a
6 15 NAA+ 50 SAL 35.00 bc
7 15 NAA+ 75 SAL 29.50 bc
8 20 NAA+ 50 SAL 33.75 bc
9 20 NAA+ 75 SAL 36.25 bc
10 Plantago spp.z 25.62 c
11 4000 IBAz 73.12 ab
12 3000 IBAz 46.25 abc

F-NAA 0 49.37 a
15 27.83 a
20 50.62 a

F-SAL 0 39.04 a
50 38.33 a
75 50.46 a

Overall average number of treatments 44.04
CV (%) 70.22

p-value of treatments 0.0097 **
p-value of F-NAA 0.1422 ns

p-value of F-SAL 0.5642 ns

LSD0.05 of treatments 44.35
LSD0.05 of factors 26.22  

NAA: naphthaleneacetic acid; SAL: salicylic acid; IBA: indolebutyric acid; z: additional control; 
F-NAA: naphthaleneacetic acid factor; F-SAL: salicylic acid factor; CV: coefficient of variation; ns: 
not significant; **: highly significant differences; LSD0.05: least significant difference at a significance 
of 0.05. Values with the same letter are statistically similar according to Fisher’s least significant 
difference test (p ≤ 0.05).
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ABSTRACT
The objective of the study was to determine the potential of instant coffee residue as material for 
substrates in the production of amaranth and chia microgreens using the mixture experimental 
design methodology. The residue was mixed with sand and sawdust following a simplex 
centroid design. Sawdust was favorable for substrate aeration. Sand, sawdust, and coffee residue 
mixture improved the water-holding capacity of the mixture (74 %), whereas a mixture of coffee 
residue and sand resulted in an adequate pH substrate (6.7). Both, substrate bulk density and 
particle size were observed to influence plant development. The formulation composed entirely 
of sand (100%) demonstrated remarkable improvements in mean stem diameter, root length, 
and hypocotyl height compared to other mixtures, establishing it as the best substrate for 
amaranth and chia growth. This finding underscores the potential of this substrate to develop 
an efficient and environmentally friendly growing medium for microgreens, thus contributing 
to urban agriculture and sustainable organic waste management.

Keywords: Substrate, industrial coffee residue, mixture design, regression, microgreens.

INTRODUCTION
According to the United Nations, the world population is projected to reach 
approximately 9.7 billion by 2050, with a significant concentration of this growth 
occurring in urban areas. By 2050, it’s estimated that 68% of the global population will 
reside in urban centers, compared to 55% today, adding an estimated 2.5 billion people 
to urban populations (Porras and González, 2016; Burgos, 2018). Population growth 
implies a higher demand for food and living space leading to the loss of agricultural 
land. The cultivation of microgreens is an alternative for fresh vegetable production 
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that has recently gained interest given its minimal space and time requirements for 
production in addition to its nutritional and sensory advantages (Di Gioia et al., 
2015). Microgreens are versatile in terms of cultivation, being able to be grown both 
at home and at complex agricultural facilities. Ebert (2022) indicated that cultivation 
of microgreens at home is completely viable. Nolan et al. (2018), pointed out that this 
variety of methods allows for different types of substrates to be used for expanding the 
options beyond conventional soil. Currently, peat moss, perlite, and coconut fiber have 
been used as substrates for growing microgreens. However, these can be expensive or 
difficult to access. The food industry produces organic waste when processing food. 
For example, in the production of instant coffee, a large amount of roasted coffee bean 
residues (spent coffee grounds) is generated after extraction. These coffee residues 
(CR) have no clear use and are usually deposited on large plots until they decompose. 
The use of mixture designs for the formulation of substrates can help identify a viable 
combination of these residues blended with other materials for growing microgreens. 
Coffee is one of the most popular beverages on the planet. Population growth 
suggests that coffee production and consumption will continue to increase in the 
future, including its by-products and residues. Its demand has grown significantly 
in recent years due to several factors such as urbanization, and economic and social 
development. Coffee is also one of the most important commodities in the international 
trade (Murthy and Naidu, 2012). The International Coffee Organization (ICO) in 
the 2023/2024 season projected a 5.8 % increase in world production, reaching 178 
million 60 kg bags of parchment coffee (Johnson et al., 2021). In 2021, an increase in 
coffee demand was observed, with an annual growth of 2.4 %.  Regarding coffee in 
Mexico, in 2016 there were consumed 87,300 Mg of roasted coffee beans, 35,339 Mg of 
ground coffee and 47,344 Mg of instant coffee. Out of instant coffee production, it is 
estimated that 45 % ends up as waste, which is equivalent to approximately 21,304.80 
Mg (Euromonitor, 2017). Other coffee residues, such as husk and pulp (among others), 
have traditionally been used for agricultural or industrial purposes, such as fertilizers, 
animal feed, composting, or elimination of harmful substances to produce gibberellic 
acid. However, these uses only take advantage of a minimal part of the available 
residues (Antonio et al., 2021). Residues from the industrial production of instant 
coffee (CR) have a high content of neutral detergent fiber (45.2 %), which includes 
hemicellulose, cellulose and lignin-bound substances, and acid detergent fiber (29.8 
%), consisting of cellulose and lignin (Vardon et al., 2013). These characteristics suggest 
that it may be a viable substrate for microgreens production.
The production of microgreens has aroused interest in recent years. Their consumption 
has increased due to their high nutritional and functional value, as they are rich in 
phytochemicals, vitamins, and minerals (Kyriacou et al., 2016). Microgreens stand out 
for their superior nutritional profile and represent a significant innovation in the field 
of fresh vegetables. A study by Di Gioia et al. (2015) examined twenty-five varieties 
of these plants revealed that, compared to traditional vegetables harvested at their 
optimum ripeness, microgreens contain significant antioxidant levels and vitamins 
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such as C, E, and K, as well as carotenoids such as β-carotene, lutein, and zeaxanthin, 
that can be up to twelve times higher (Xiao et al., 2012). In addition, microgreens can 
be sustainably produced and can be adapted to different cultivation systems. They can 
be grown in greenhouses with hydroponic or soilless systems, or on a small scale at 
home for self-consumption (Renna et al., 2018). These advantages, together with their 
attractive sensory properties, stimulate interest in their research.
The design of experiments with mixtures methodology is a variant of response surface 
methodologies. It is a tool that allows for optimizing substrate formulations based on 
specific objectives such as yield and plant development. Ceglie et al. (2015) successfully 
used this methodology to identify a replacement for peat in tomato, melon, and lettuce 
seedlings for transplanting. This methodology is based on varying the proportions 
of the components that make up a mixture to determine the synergistic effect of a 
combination of two or more components on a desired characteristic of the mixture. 
The study by Salamanca et al. (2015) highlights the use of blend design to optimize the 
manufacture of mango purees and contribute to the development of dairy products, 
such as yogurt. This process was supported by the application of sensory testing 
and experimental techniques for ingredient mixing. The objective of the study was 
to evaluate the potential of instant coffee residue as material for substrates in the 
production of amaranth and chia microgreens using the mixture experimental design 
methodology.

MATERIALS AND METHODS

Materials
Pine wood sawdust used in the study was purchased from a lumberyard in Córdoba, 
Veracruz, Mexico, with a particle size of approximately 2 mm. Sand was purchased 
from the local construction materials store in Córdoba, Veracruz, México. The residue 
from the industrial production of instant coffee (CR) was donated by Café Tostado de 
Exportación (CATOEX) Cordoba, Veracruz, Mexico. 
Amaranth (Amaranthus hypochondriacus L.) seeds, Laura variety, grown in 2022, 
were purchased from a producer in Tlaxcala, Mexico. Chia seeds (Salvia hispanica L.) 
were purchased from a local natural products store (Naturista, located in Cordoba, 
Veracruz, Mexico).

Germination tests
According to the International Seed Testing Association (ISTA) the germination process 
was performed using an inter-folded towel (Sanitas, Kimberly-Clark S. A. B. de C. V. 
Mexico City, Mexico) which provided the necessary moisture for chia and amaranth 
seeds. The seeds (100) were placed on the distilled water-saturated paper before being 
rolled. The rolls were put in a polyethylene bag and stored at room temperature (26 
°C) over a plastic tray. The first count was made on the third day visually identifying 
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the germinated seeds. The germination percentage was calculated with the formula 
(germinated seeds/total seeds) x 100. The test was performed in duplicate.

Chemical composition of mixture materials.
Chemical composition of coffee residue, sand, and sawdust (Table 1) used for the 
substrate formulation was determined at the FYPA Soil Analysis Laboratory in 
Fortín, Veracruz, Mexico. Moisture content, ashes, organic matter, total carbon, total 
nitrogen, and carbon/nitrogen ratio were determined according to the NMX-FF-
109-SCFI-2008 (DOF, 2008) standard. Minerals were determined using an Atomic 
Absorption Spectrometer PERKIN ELMER AAnalyst-400 (Shelton, Connecticut, USA). 
Phosphorus was determined by UV-VIS using a PERKIN ELMER LAMBDA-25 UV-
VIS Spectrometer (Shelton, Connecticut, USA).

Table 1. Chemical composition of mixture materials.

Variable CR SN SD

Moisture (%) 2.33 0.0 15.5
Ashes (%) 0.78 98.0 0.25
Organic matter (%) 99.22 0.0 NA
Total carbon (%) 57.55 0.0 53.87
Total nitrogen (%) 0.90 0.0 0.35
Carbon/nitrogen ratio 63.94 0.0 153.9
Calcium (CaO) (%) 0.148 2.17 41.2
Magnesium (MgO) (%) 0.147 1.17 13.8
Sodium (Na2O) (%) 0.044 1.51 1.1
Potassium (K2O) (%) 0.159 0.0 26.5
Phosphorus (P2O5) (%) 0.017 0.18 3.9
Iron (Fe) (%) 0.0209 0.30 NA
Cupper (Cu) (%) 0.0050 0.0 NA
Zinc (Zn) (%) 0.0015 0.0 NA
Manganese (Mn) (%) 0.0036 0.0 NA

NA: Not available. SN=Sand, SD=Sawdust, CR=Coffee residue from industrial production 
of instant coffee.

Conditioning of industrial production of instant coffee residue (CR)
Before using the residue from the industrial production of instant coffee in the 
formulation of substrates for microgreens, a composting process was carried out to 
stabilize it. The composting process was carried out for 3 months according to the 
manual for aerobic composting (Navarro and De la Tierra, 2003).
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Formulation of substrates for microgreens
Formulation of substrates using sand, sawdust, and CR followed a simplex mixture 
design with centroid. The proportions were based on weight. The codes assigned to 
the formulations and the percentages of each ingredient are presented in Table 2. 

Table 2. Substrate formulations for microgreens production.

Formulation Code Sand
(%)

Sawdust
(%)

Coffee residue
(%)

1 SN 100 0 0
2 SN/SD 50 50 0
3 SN/CR 50 0 50
4 SN/SD/CR 33.33 33.33 33.33
5 SD 0 100 0
6 SD/CR 0 50 50
7 CR 0 0 100

SN=Sand, SD=Sawdust, CR=Coffee residue from industrial production of instant coffee

Physical characterization of substrates
The characterization of substrates was carried out according to the Mexican Official 
Standard NOM-021-RECNAT-2000 (DOF, 2002), which establishes the standards for 
fertility, salinity, and soil classification. The analysis included the measurement of 
porosity, aeration capacity, water retention capacity, bulk density, and particle density.
2.7. pH and electrical conductivity (EC) of substrates
A pH meter was used to determine the pH of a suspension formed by the substrate and 
distilled water in a 1:2 ratio. To prepare the suspension, 30 g of substrate were weighed 
and mixed with 60 mL of distilled water in plastic cups. The suspension was then 
allowed to rest for at least 30 min and shaken again for 20 s before measuring pH with 
a Thermo Scientific™ Orion™ 3-star pH meter (©2010 Thermo Fisher Scientific Inc.) 
The electrical conductivity determination was carried out using a Hanna determinator 
model HI 9811-5, following the same procedure for pH. 

Substrate sterilization
Before placing the seeds on the substrates, they were sterilized. A steamer with a 70 L 
capacity loaded with 2 L of water was used. Bags containing sand, sawdust, and CR 
were heat-treated at 70-80 °C for one hour to reduce microbial contamination. Finally, 
the ingredients were mixed according to Table 1 to formulate the substrates based on 
the simplex design with centroid.

Microgreens growing
Microgreen cultivation took place in a greenhouse with a transparent plastic cover at 
the Facultad de Ciencias Biológicas y Agropecuarias of the Universidad Veracruzana 
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(18° 51’ 38” N, 96° 54’ 10” W). In this setup, 55 cm x 28 cm x 6 cm trays were filled with 
1.30 Kg of the substrate mixtures (formulations), reaching a height of 2.5 cm.
A disinfection solution was prepared with 1 L of water and 100 mL of chlorine (5 % 
initial concentration) in a 2 L container. The seeds, weighing 121.5 g, were immersed 
in this solution for 15 min, shaking them with a glass rod for an additional 5 min. They 
were then sieved and washed with distilled water to remove chlorine residues and 
dried at room temperature on absorbent paper. Nine grams of chia and amaranth seeds 
were sown. Seeds were distributed over the substrates and covered with black plastic 
layer for three days to facilitate germination (Di Gioia et al., 2015). After germination, 
seedlings were nourished with a hydroponic SOLUPONICS® STANDARD A+B 
UNIVERSAL hydroponic solution (INVERFARMS Hidroponía Querétaro, Mexico,) 
applied daily by subirrigation (Di Gioia et al., 2017). The pH was adjusted to 6.0 with 
nitric acid (65% purity) to neutralize the bicarbonates present. 0.054 mL L-1 of nutrient 
solution was used for this condition. The electrical conductivity was adjusted to 2300 
mS cm-¹. The resulting osmotic potential was -0.083 MPa. (Table 3). 

Table 3. Composition of the nutrient solution.

Nutriment Soluponics formula 
(mmol L-1)

Water analysis 
(mmol L-1)

Nutritional 
contribution 
(mmol L-1)

NO3
_ 15 0 15

NH4
+ 1 0 1

PO4
_ 2 0 2

K+ 7 0 7
Ca2+ 5 1.23 6.23
Mg2+ 1.5 0.75 2.25
SO4

2 - 2 0 2
HCO4

_ 0 1.28 0.5
BO3

_ 13.9
Fe-EDTA 28
Zn-EDTA 3.3
Cu-EDTA 1.7
Mn-EDTA 15.2
MoO4

2 - 0.7

Microgreen growth assessment 
The hypocotyl length of ten randomly selected seedlings per treatment was measured 
every 24 h after germination for 15 days. A ruler in centimeters was used to measure 
from the beginning of the hypocotyl to the cotyledonary leaves. Similarly, stem 
diameter and root length were measured in centimeters using a vernier and a ruler 
respectively every 24 hours for 15 days.



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i5.3439
Scientific Article 688

Microbiological analysis 
The microbiological quality of the culture media and the microgreens produced in 
them were carried out according to NOM-113-SSA1-1994 (DOF, 1995) and NOM-110-
SSA1-1994 (DOF, 1994) standards. Random samples of 10 g of microgreens were taken 
from each tray and from different substrates. Microgreens were cut with sterile scissors 
and serially diluted in sterile water. Then, they were seeded in duplicate on bile red 
violet agar for total coliform counts and on potato dextrose agar for fungal and yeast 
counts. The plates were incubated at 35 °C for 24 ± 2 h and 48 ± 2 h, respectively.

Statistical analysis 
To analyze the effect of the formulation (as a whole) on the substrate characteristics 
(porosity, aeration, water retention, pH, EC, bulk, and particle densities), a completely 
randomized experimental design was used. Mean comparisons were performed using 
Tukey’s test. Further analysis to identify the impact of formulation ingredients on 
physicochemical characteristics of substrates according to the mixture design were 
analyzed using a second-order mathematical model as follows.

Y=β1X1 + β2X2 + β3X3 + β12X1X2 + β13X1X3+ β23X2X3 + Î.

Where: Y= the response variable (porosity, aeration, water retention, pH, EC, bulk, and 
particle densities); X1= proportion of sand in the mixture; X2 = proportion of sawdust 
in the mixture; X3 = proportion of coffee residue in the mixture, and Î = the error term.
A factorial design with three factors: species (2 levels: amaranth and chia), formulation 
(7 levels = 7 formulations), days (15 levels) was used to analyze the evolution in the 
growth of microgreens of both species (chia and amaranth) through time. 

All statistical analyses were conducted using a significance level α= 0.05 in R software 
ver. 4.3.2 with the integrated development environment R Studio ver. 2023.12.1.

RESULTS AND DISCUSSION

Germination tests 
The amaranth germination percentage was 90 % after 72 h. According to Wang et 
al. (2023), amaranth has a high germination capacity at moderate temperatures. 
According to his results, 80-90 % of seeds germinated between 19 and 28 °C after 
72 h. As for the germination percentage in chia, 93 % germinated after 72 h at room 
temperature. Differences in germination percentage between species could likely be 
due to genetic differences.

Physical characteristics of substrates
Table 4 shows the physical characteristics of the different formulations. The highest 
values of porosity were found in the formulations SN/SD/CR, SD, and CR. As expected, 
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the formulation composed of 100 % sand had the lowest porosity value. Martínez and 
Roca (2011) reported that organic substrates typically exhibit porosity values above 
85 %. This parameter is critical to ensure adequate aeration and water retention in 
the substrate which are essential factors for optimal plant development. Regarding 
aeration capacity, the highest value was observed for the SD formulation, whereas the 
lowest values corresponded to the SN, SD/SN, CR/SN and SN/SD/CR formulations. 
According to Martínez and Roca (2011), the optimum range of aeration capacity is 
between 20 and 30 %; presented by CR, SD/CR and SD formulations. The formulations 
for water retention in substrates revealed significant data. The SN/SD/CR formulation 
showed the highest value, highlighting its efficiency in water retention. On the other 
hand, the SN formulation registered the lowest water retention and, the general 
range of water retention oscillates between 29.95 and 74.85 %. The SD formulation 
presented the lowest bulk density value, whereas the SN formulation showed the 
highest value. The results obtained in the measurement of the particle density of the 
substrates indicate that the SN formulation had the highest real density. The results 
are consistent with the parameters published by Martínez and Roca (2011), except in 
the case of the CR formulation.

Chemical properties of substrates 
Chemical properties of substrates are presented in Table 5. The formulations were 
found located in an acidic pH range. According to Di Gioia et al. (2015), a suitable 
substrate for the cultivation of microgreens should have a pH ranging between 5.5 and 
6.5. In addition, it is crucial that the electrical conductivity is less than 500 mS cm-¹, 
thus indicating that the amount of nutrients present in the substrate is not excessive 

Table 4. Results of physical analysis of substrates.

Formulation Mixture Porosity
(%)

Aeration 
capacity (%)

Water retention 
capacity (%)

Bulk density
(Mg m-3)

Particle density
(Mg m-3)

1 SN 40.05±0.07e 10.10±0.14b 29.95±0.07d 0.79±0.90a 2.63±0.04a

2 SN/SD 59.15±1.48c 11.00±1.41b 49.45±1.06c 0.52±0.04a 2.15±0.07b

3 SN/CR 50.20±0.14d 15.15±7.28b 35.05±7.42d 0.64±0.13a 2.30±0.28ab

4 SN/SD/CR 85.05±0.07a 10.20±0.14b 74.85±0.07a 0.38±0.19a 1.48±0.06c

5 SD 80.90±0.57a 30.45±0.64a 50.45±1.20bc 0.16±0.03a 2.17±0.04ab

6 SD/CR 70.05±0.07b 20.15±0.07ab 49.90±0.14c 0.26±0.05a 1.34±0.06c

7 CR 82.75±3.46a 20.20±0.14ab 62.55±3.61ab 0.45±0.06a 0.44±0.05d

Pr(>F) <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

Mean of three replicates ± standard deviation. *Significant α= 0.05. Means within the same column followed by different 
letters are significantly different (Tukey, P < 0.05).  SN=100 % sand; SD/SN=50 % sawdust+50 % sand; SN/CR=50 % sand + 
50 % residue from industrial production of instant coffee; SN/SD/CR= 33.3 % sand + 33.3 % sawdust + 33.3 % residue from 
industrial production of instant coffee; SD= 100 % sawdust; CR/SD= 50 % residue from industrial production of instant 
coffee + 50 % sawdust, CR= residue from industrial production of instant coffee 100 %.
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and that it has the right conditions for healthy microgreens growth (Di Gioia et al., 
2015). All the formulations used in this study were found to have an adequate EC.
The simplex coordinate system in mixture design allows for visual identification of 
the change in the property of interest as a function of the ingredient proportions in 
the mixture (Figure 1). In the case of porosity (Figure 1a), the evenly spaced lines in 
the triangle suggest that soil porosity was homogeneously distributed but decreased 
when increasing the sand content in the mix. This is reasonable given that sand is a 
compact and dense material whereas sawdust and CR are more porous. According 
to Moreno-Reséndez and Valdés-Perezgasga (2005), the use of sand in combination 
with vermicompost is effective in replacing other substrates. They found that 
vermicompost mixed with different levels of sand resulted in a rich and complete 
nutritional composition capable of integrally satisfying the nutritional needs of plants 
during their development. This alternative also promotes healthy plant growth due to 
the diversity of essential nutrients it offers. In case of aeration (Figure 1b), a clustering 
of curved lines towards sawdust indicated a rapid increase in substrate aeration. 
Regarding water retention (Figure 1c), a reduced variability was found increasing 
gradually towards sawdust and CR content. According to Morales-Maldonado and 
Casanova-Lugo (2015) sawdust particle size has a significant impact on air porosity 
and water holding capacity. Depending on their size, they can increase porosity while 
reducing water holding capacity, or vice versa. Formulation SN showed an increase in 
bulk density with a value of 0.8. On the other hand, formulation 5 with SD indicates 
a lower particle density, as shown by the clustering of lines near the lower vertex, 
reflecting lower values in this measure, specifically a value of 0.2. It is common to 
observe that as particle size decreases, both bulk and particle densities tend to increase. 

Table 5. Chemical properties of substrates.

Formulation Mixture pH Electrical conductivity
 (mS cm-¹)

1 SN 5.53±0.09c 0.62±0.02e
2 SN/SD 5.80±0.11bc 92.10±0.14a
3 SN/CR 6.70±0.18a 11.00±0.00de
4 SN/SD/CR 5.61±0.10bc 103.00±1.41a
5 SD 5.72±0.04bc 27.50±2.12cd
6 SD/CR 5.81±0.02bc 38.00±16.97bc
7 CR 5.96±0.06b 59.00±0.00b

Pr(>F) <0.0001* <0.0001*

Mean of three replicates ± standard deviation. *Significant α= 0.05. Means within the same 
column followed by different letters are significantly different (Tukey, P < 0.05). SN=100 % sand; 
SD/SN=50 % sawdust+50 % sand; SN/CR=50 % sand + 50 % residue from industrial production 
of instant coffee; SN/SD/CR= 33.3 % sand + 33.3 % sawdust + 33.3 % residue from industrial 
production of instant coffee; SD= 100 % sawdust; CR/SD= 50 % residue from industrial production 
of instant coffee + 50 % sawdust, CR= residue from industrial production of instant coffee 100 %. 
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Figure 1. Use of the Simplex Coordinate System for Visualization of the impact of ingredients 
on the physicochemical characteristics of substrates. SN=100 % sand; SD/SN=50 % sawdust+ 
50 % sand; SN/CR=50 % sand + 50 % residue from industrial production of instant coffee; SN/
SD/CR= 33.3 % sand + 33.3 % sawdust + 33.3 % residue from industrial production of instant 
coffee; SD= 100 % sawdust; CR/SD= 50 % residue from industrial production of instant coffee + 
50 % sawdust, CR= residue from industrial production of instant coffee 100 %. 
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This is because smaller particles can settle more densely and reduce the proportion of 
pores between them, resulting in a higher bulk density value. 
In relation to pH, an increase (6.5) in this value was found to be oriented towards a 
combination of 50 % sand and 50 % CR (Formulation 3) and a lower value (5.7) towards 
the sawdust content in the mixture. This effect is attributed to the presence of acidic 
compounds in the mixture that have an adverse impact on complete plant growth. 
Regarding electrical conductivity, the lowest values were found in formulation SN (100 
% sand) whereas the highest values were found in formulation SN/SD/SR composed 
of 33.3 % sand + 33.3 % sawdust + 33.3 % residue from industrial production of instant 
coffee.

Microgreen growth 
In general, it was found that the substrate formulation significantly influenced 
microgreen growth variables such as stem diameter, root length and hypocotyl height 
(Table 6) with p values less than 0.0001.
In formulation SN showed a stem diameter of 0.21 mm, which was significantly 
different compared to formulations SN/SD, SN/CR and CR. In addition, the root 
length of formulation SN was 2.34 cm, marking a difference with formulations SN/
CR, SN/SD/CR and CR. These differences may be indicative of how each formulation 
affects plant development in different aspects of growth. The hypocotyl height of 
formulation SN was 3.01 cm, also distinguishing it from formulations SN/SD, SN/CR 
and CR. These results suggest that formulation SN has a unique effect on plant growth, 
which could be crucial to better understand the influence of formulation variables on 
plant morphology.

Table 6. Average growth variables by formulation.

Formulation Mixture Stem diameter
(mm)

Root length
(cm)

Hypocotyl height
 (cm)

1 SN 0.21±0.11a 2.34±1.09a 3.01±1.24a
2 SN/SD 0.08±0.04bc 1.83±1.16b 1.29±0.78b
3 SN/CR 0.07±0.05cd 0.98±0.94c 0.77±0.66c
4 SN/SD/CR 0.10±0.02b 2.35±1.11a 1.44±0.64b
5 SD 0.09±0.05b 2.05±1.27ab 1.22±0.61b
6 SD/CR 0.09±0.03b 1.80±1.12b 1.27±0.69b
7 CR 0.05±0.05d 0.91±1.04c 0.75±0.78c

Pr(>F) <0.0001* <0.0001* <0.0001*

Mean of three replicates, standard deviation. *Significant α= 0.05. Means within the same column 
followed by different letters are significantly different (Tukey, P < 0.05). SN = 100 % sand; SD/SN= 
50 % sawdust+50 % sand; SN/CR=50 % sand + 50 % residue from industrial production of instant 
coffee; SN/SD/CR= 33.3 % sand + 33.3 % sawdust + 33.3 % residue from industrial production of 
instant coffee; SD= 100 % sawdust; CR/SD= 50 % residue from industrial production of instant coffee 
+ 50 % sawdust, CR = residue from industrial production of instant coffee 100 %. 
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This pattern was confirmed from a multivariate perspective (Figure 2) where it was 
found that, according to the map of individuals (Figure 2a), formulation SN was 
located far away from the other formulations in the highest position of dimension 1, 
which represents the highest variability (84.23 %).  Formulations SN/SD, SN/SD/CR, 

Figure 2. Comparison between species in terms of formulations and growth variables. SN=100 
% sand; SD/SN=50 % sawdust+50 % sand; SN/CR=50 % sand + 50 % residue from industrial 
production of instant coffee; SN/SD/CR= 33.3 % sand + 33.3 % sawdust + 33.3 % residue from 
industrial production of instant coffee; SD= 100 % sawdust; CR/SD= 50 % residue from industrial 
production of instant coffee + 50 % sawdust, CR= residue from industrial production of instant 
coffee 100 %.
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SD, and SD/CR also clustered in a central position of dimension 1. These formulations 
were characterized by being located towards the sawdust content in the mixture in the 
simplex coordinate system. Finally, formulations SN/CR and CR were in the lowest 
position in dimension 1 and are those oriented towards CR content. Regarding the 
correlation between variables (determined by the angle formed by these variables in 
Figure 2b), it was similar for both species. Hypocotyl height and stem diameter were 
found to be closely correlated, whereas the correlation of these variables with root length 
was lower. These results suggest that both species had higher growth of hypocotyl and 
stem diameter in the substrate composed only with sand whereas formulations SN/SD, 
SN/SD/CR, SD, and SD/CR had higher root growth in the formulations composed with 
sand and sawdust. Mineral nutrition from chemical sources, such as Steiner solution, 
becomes truly relevant and is utilized by seedlings once the first true leaves appear and 
metabolism shifts to autotrophic. Before this point, application of the nutrient solution 
has little effect and can be counterproductive if used at normal concentrations. In the 
case of chia (Salvia hispanica L.), the appearance of true leaves occurred between 7 
and 14 days after sowing. In amaranth (Amaranthus hypochondriacus L.), this occurred 
between 15 and 17 days. Once the true leaves have appeared, the nutrient solution 
may have the following influence: promoting a more robust and less etiolated stem; 
the roots will develop and branch more; and the hypocotyl will be shorter and more 
robust. According to Table 2, if substrates containing coffee grounds (CR) and pine 
sawdust (SD), as well as their formulations, were watered only with water after the 
first true leaves appeared, the seedlings would grow more than those using sand as a 
substrate, due to the elements contained in each. 
The magnitude of the differences in the growth variables is presented in Table 7. The 
values for chia indicate that this species had a significantly higher stem diameter than 
amaranth. For root length, chia significantly exceeded the amaranth in this variable. 
For hypocotyl height, as with the other variables, chia has a significantly higher 
hypocotyl height than amaranth. These data suggest that chia tends to have more 
robust growth compared to amaranth under the study conditions.
Figure 3 shows the effect of significant interactions among factors (time, formulation, 
and species) for growth variables. Figure 3a shows that formulation SN favored an 
increase in stem diameter, reaching 0.3 mm, in contrast to the other formulations that 

Table 7. Comparison of growth variables by species.

Species Stem diameter 
(mm)

Root length
(cm)

Hypocotyl height
(cm)

Amaranth 0.09±0.07b 1.29±0.97b 1.22±0.96b

Chia 0.11±0.07a 2.21±1.29a 1.56±1.13a

Pr(>F)* <0.0001 <0.0001 <0.0001

*Mean of three replicates ± standard deviation. Means within the same column followed by 
different letters are significantly different (Tukey, P < 0.05).
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Figure 3. Growth variables of microgreens in amaranth and chia as a function of significant interactions (Tukey, P < 0.05) 
between time, species, and formulation factors. SN=100 % sand; SD/SN=50 % sawdust+50 % sand; SN/CR=50 % sand + 
50 % residue from industrial production of instant coffee; SN/SD/CR= 33.3 % sand + 33.3 % sawdust + 33.3 % residue from 
industrial production of instant coffee; SD= 100 % sawdust; CR/SD= 50 % residue from industrial production of instant 
coffee + 50 % sawdust, CR= residue from industrial production of instant coffee 100 %. 
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remained at 0.1 mm. In Figure 3b, formulations SN, SN/SD/CR and SD, promoted 
root growth in the chia species, reaching 2 to 3 cm, whereas formulations SN/CR and 
CR were not as effective. In the case of amaranth, formulations SN and SN/SD/CR 
promoted root growth of 2 cm. Figure 3c revealed that, overall, formulations SN and 
SN/SD/CR promoted more pronounced root growth over time, with roots reaching 
3 cm, comparatively superior to the other formulations that ranged between 1 and 2 
cm in length. The decrease in root length concurs with the appearance of true leaves, 
which could encourage their branching. This can be attributed to the physical and 
chemical characteristics of each of the substrates evaluated, which plays an essential 
role in plant development. Figure 3d shows that chia had higher root length with 
values between 2 and 3 cm, surpassing amaranth, which root length varied in a range 
of 1 to 2 cm. Figure 3e formulation SN proved to be the most effective achieving 
hypocotyl growth between 2.5 and 3 cm in the species tested (amaranth and chia), 
in contrast to formulations SN/CR and CR, where the growth was less than 1 cm. 
According to Figure 3f, the same formulation SN excels in terms of hypocotyl height 
of the microgreens, achieving 4 cm, whereas formulations SN/SD, SN/SD/CR and SD 
present a height of 2 cm. These results agreed with the study of Flores-Pacheco et 
al. (2016) who found the increase in plant height is due to the capacity of the sand 
substrate to retain nutrients. Sand allows for a better accumulation of nutrients that 
are essential for microgreen growth. This is due to high nutrient retention of sand in 
hydroponic systems is due to a combination of surface nutrient uptake by the sand 
particles; precise control of irrigation and nutrient solution delivery; and rapid root 
uptake that prevents excessive leaching. Under overwatering conditions, its retention 
capacity will be limited. 

Microbiological analyses
Microbiological results (Table 8) showed that formulations SN/SD/CR and SD had 
high levels of bacterial CFU. On the other hand, formulation SN registered the lowest 
number of bacteria. A notable presence of fungi was observed in the formulation 
SN/SD/CR, with a count of 40.45 X10² CFU g-1. This increase could be related to the 
high-water retention shown in Table 1. So, this could create optimal conditions for 
fungi growth. Regarding microgreens, chia microgreens showed a microbial density 
of 127.09 X 10¹³ CFU g-1, whereas amaranth microgreens showed a lower density 
with 11.02 X 10¹³ CFU g-1. These findings are consistent with Chandra et al. (2012) 
who indicate that bacteria can easily grow in young and delicate tissues such as 
those of microgreens. It has also been noted that bacterial growth can be stimulated 
by sugars and other organic substances released during endosperm decomposition 
at germination. According to the regulatory framework proposed by the U. S. 
Environmental Protection Agency (EPA) and the European Union (EU), the tolerance 
for total coliforms is 100 UFC g-1 (Alimentarius, 2003). In a study Castagnino et al. 
(2020) found that ‘rapini’ (Brassica rapa L.) sprouts may contain high levels of bacteria 
due to the organic media used in their cultivation. These bacteria can cause a disease 
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known as soft rot which significantly reduces the shelf life of these fresh vegetables 
and may favor the development of pathogens. 

CONCLUSIONS
The use of experimental mix design methodologies to optimize substrate composition 
is a strategy that has proven to be effective. The mixture with a higher percentage of 
sand shows a decreased in porosity. Sawdust improved the aeration of the substrate, 
although this also led to an increase in the variability of water retention capacity, 
particularly when the proportion of sawdust and CR increased in the mixture. With 
respect to pH, a balanced mixture of 50 % sand and 50 % CR resulted in an adequate pH 
of 6.7 for microgreens production. This study revealed that the best substrate for chia 
and amaranth microgreen growth was sand when irrigated with a nutrient solution. 
Coffee residue seemed not to be adequate for growing chia or amaranth microgreens. 
However, the possibility of combining it with other materials to improve its properties 
is a promising avenue that deserves further research. This sustainable approach not 
only facilitates waste management, but also promotes the production of local, fresh, 
and nutritious food, thus supporting a more sustainable and efficient agriculture.
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Table 8. Microbiological analysis.

Formulation Mixture Moisture
(%)

Bacteria 
(UFC g-1)

Fungi
 (UFC.g-1)

1  SN 13.52 14.45 X 10 Negative
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7  CR 46.84 39.31 X 10³ Negative

Chia microgreens 93.75 127.09 X 10¹³ Negative
Amaranth microgreens 89 11.02 X 10¹³ Negative

SN=100 % sand; SD/SN=50 % sawdust+50 % sand; SN/CR=50 % sand + 50 % residue from industrial production 
of instant coffee; SN/SD/CR= 33.3 % sand + 33.3 % sawdust + 33.3 % residue from industrial production of 
instant coffee; SD= 100% sawdust; CR/SD= 50 % residue from industrial production of instant coffee + 50 % 
sawdust, CR= residue from industrial production of instant coffee 100 %.
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ABSTRACT
Pinus hartwegii Lindl. is a low-temperature-adapted species that forms the highest elevation 
tree lines in the world, reflecting its tolerance to extreme high mountain conditions. Studying 
the mechanisms that determine the variation of tree lines in different regions helps to more 
accurately assess the impact of climate change on forest ecosystems. Thus, assessing its impact 
on the ecological features that affect P. hartwegii is critical, as is identifying and defining 
information gaps that may lead to new, important, and significant research lines. In this work, 
an intensive literature search on the impact of climate change on P. hartwegii was carried 
out in Scopus and other specialized databases. The information was grouped and analyzed 
in VOSviewer by year of publication, institution, research topics, and study area. Scientific 
publications on P. hartwegii have increased exponentially since its first publication, reaching 
a total of 281 scientific papers until 2024. More than 66 % of all studies were conducted in 
protected areas such as Iztaccíhuatl-Popocatépetl, Nevado de Toluca, and Cofre de Perote in 
Mexico. The most studied topics were forest management, climate change, dendrochronology, 
and population dynamics. The high heterogeneity in the number of studies suggests that there 
is an uneven distribution of interinstitutional and international resources or research interests. 
This study highlights the need to intensify research on the ecology and biology of the species, as 
well as to foster inter-institutional collaboration and coordination to increase studies in specific 
areas to deepen the understanding of the adaptive capacity of P. hartwegii populations in the 
face of the current climate crisis.

Key words: Cofre de Perote, Trans-Mexican Volcanic Belt, Iztaccíhuatl-Popocatépetl, alpine tree 
line, Nevado de Toluca, high altitude pine.
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INTRODUCTION
Mountain ecosystems are inhabited by highly specialized and endemic plants that are 
particularly sensitive to climatic changes (Cavieres et al., 2021). Recent studies show 
that rising mountain temperatures encourage species distributions to move upward 
along altitudinal gradients (Aitken et al., 2008; Cavieres et al., 2021; Petrov et al., 2024). 
This would eventually put them at risk of extinction, given the difficulty of adapting 
their life and migration cycles at a slower rate than temperature changes (Aitken et 
al., 2008). Because of the tangible and intangible benefits that mountain ecosystems 
have on human societies, it is imperative to understand the ecological processes that 
regulate abiotic and biotic pressures on these ecosystems.
Pinus hartwegii Lindl., also known as the pine of the heights or white ocote, is a species 
of great ecological value that has captured international attention in recent years 
(Pérez-Suárez et al., 2022), being the subject of national and international studies. This 
species is reported to be the most widely distributed pine at the highest elevations 
in the world (Alfaro-Ramírez et al., 2020; Pérez-Suárez et al., 2022). It is characterized 
by the formation of tree lines due to its high tolerance to low temperature extremes 
and ability to withstand adverse environmental conditions such as high diurnal 
temperature variation, high precipitation, high winds, low soil quality, high UV 
intensity, and short growing season length (Richardson and Friedland, 2009).
According to Körner and Paulsen (2004) and Berdanier (2010), tree lines are associated 
with altitude or climatic conditions that limit the growth of arboreal life forms. Those 
individuals that exceed these lines grow stunted or structurally deformed, with a 
twisted trunk being the most common feature (krummholz). In the case of P. hartwegii, 
a diffuse line of trees is formed in krummholz (Alfaro-Ramírez et al., 2017), with a 
gradual decrease in the diameter, height, and density of individuals. The physiology, 
biology, and ecology of this species are closely related to low temperatures, 
highlighting its potential sensitivity to temperature increases resulting from global 
warming (Manzanilla-Quiñonez et al., 2019; Alfaro-Ramírez et al., 2020; Pérez-Suárez 
et al., 2022).
Several studies have focused on assessing the trend of changes in spatial distribution 
under different climate change scenarios (Malek and Verburg, 2021; Crespi et al., 
2023). Most studies agree that its range will decrease by up to 69 % in the next 50 years 
(Alfaro-Ramírez et al., 2020). However, the underlying mechanisms that would lead 
to such a significant range reduction and whether these are shared locally or at the 
level of individual populations are unknown. The effects of high temperatures are not 
necessarily direct or immediate, as they are not simultaneous responses to stressors 
but the result of long processes of change in which several complex interacting factors 
come together, including the impact of human activities and topography, as well as 
their integration along elevation gradients (Gray and Brady, 2016; Balfagón et al., 2020).
Human activities play an important role in the degradation and anthropogenic 
pressure on these populations, so that a spatial distribution map does not provide 
the reason for the reduction or the dominant factor causing this process. In the case of 
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P. hartwegii, local and regional demand for the species as a raw material for furniture 
manufacture, among others, is a factor that significantly reduces its populations 
throughout its range. At the regional level, temperature regulates ecological processes 
in high mountain forests. However, other local site-specific factors must also be 
considered, as they can influence the potential impact of climate change or variability 
on forest ecosystems (Albrich et al., 2020; Thakur et al., 2021). 
In this context, the generation of knowledge on the impact of climate change on 
forest ecosystems is a challenge that must be addressed from multidisciplinary and 
interdisciplinary approaches, where the efforts of different institutions are combined 
to carry out complementary rather than duplicated work, allowing for the efficiency of 
material and human resources. This provides the necessary tools to identify the causes 
and take action to mitigate the loss of P. hartwegii in support of its conservation, in 
addition to maintaining the multiple services that its forest cover provides to society 
(Pérez-Suárez et al., 2022; Wang et al., 2024) and the recreational and cultural activities 
that are carried out throughout the species’ range (Varo-Rodríguez et al., 2019).
The biological, geological, and chemical processes that occur in the ecosystems 
inhabited by this species benefit both local communities in the mountains and those 
settling lower down, including the more populated valleys in central Mexico. This 
includes regulating water flows, local and regional temperature, carbon sequestration, 
and providing forest biomass for various economic activities such as furniture and 
fuelwood production. (Franco-Maass et al, 2006; Endara-Agramont and Herrera-Tapia, 
2016; Martínez-Luna et al., 2020).
Predicting how temperature increases will affect P. hartwegii forest cover requires 
taking into account the majority of its range. This species has not received enough 
research, and little attention has been paid to how it relates to climatic factors. This 
limits the ability to draw conclusions at different levels of organization (species, 
population, etc.) (Pérez-Suárez et al., 2022) and reduces the accuracy in predicting the 
effects of various global change factors on its biology, ecology, and adaptability. In 
this context, it is important to know the position of the climate change approach in 
studies on P. hartwegii, what the interest of institutions in studies on this species is, 
and which areas have been studied throughout its distribution in order to identify 
and delimit information gaps that can lead to new lines of research with greater 
relevance and impact. This is possible through collaborative work involving different 
institutions that will lead to the establishment of adequate and efficient strategies for 
the management and conservation of P. hartwegii. 

MATERIALS AND METHODS
An intensive literature search on ecological aspects of Pinus hartwegii was conducted 
in Scopus (Elsevier; available at https://www.scopus.com/) and complemented with 
other specialized databases, such as Web of Science (Clarivate Analytics; https://
clarivate.com/), SciELO (https://www.scielo.org/es/), Publons (https://publons.com/), 
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and Redalyc (https://www.redalyc.org/). To ensure the completeness and scientific 
reliability of the literature reviewed, a list of scientific publications was created that 
included synonyms and words related to the topic, or a combination of them, in 
the title, abstract, or keywords. Key words for the search were ‘Pinus hartwegii’ OR 
‘Pinus rudis’ OR ‘Hartwegs Pine’ OR ‘mountain pine’ OR ‘white ocote’ OR ‘Pinus’ OR 
‘highland pine’ AND ‘climate change.’
A database was constructed and purified, considering only scientific articles related 
to P. hartwegii, specifically those related to climate change and its impact on ecological 
aspects such as forest management, population dynamics, dendrochronology, climate 
change, hydrological cycle, conservation, phenology, histopathology, symbiosis, 
population genetics, fire ecology, systematics, physiology, community ecology, carbon 
capture and sequestration, forest health, biogeographical patterns, environmental 
pollution, nutrient flow, taxonomy, phytosociology, human impact, ethnobotany, 
and evolution. In addition, theses, books or book chapters, technical reports, and 
presentations or full-length papers from scientific meetings were excluded, as well 
as papers that did not address any ecological or biological aspect other than the 
occurrence of the species. References in the revision process or incomplete references 
were also excluded.
The final information contained in the database was grouped by year of publication 
to subsequently carry out an orderly review that would facilitate the identification 
of those areas with a lack of scientific studies related to P. hartwegii. The VOSviewer 
software (van Eck and Waltman, 2010, 2017) was used, which represents a high-
performance solution with numerous bibliometric network visualization options. In 
this software, keyword co-occurrence networks, co-authorship relationships between 
institutions (or affiliations), and co-occurrence between main research topics and 
geographical areas (or study areas) are observed. 

RESULTS AND DISCUSSION

Bibliometric aspects
A total of 281 scientific publications related to P. hartwegii were found, using 844 
keywords (Figure 1). The most prominent words close to P. hartwegii were ‘Mexico,’ 
‘climate change,’ and ‘pine.’ These words appeared most frequently within the papers 
as co-occurring keywords (Figure 1A and 1B). The more intense colors show areas 
with a higher density of co-occurrence between outstanding keywords that are more 
closely related to P. hartwegii, with ‘climate change’ again being the most prominent, 
while lighter colors indicate areas where terms are less frequent or have weaker 
connections to each other (Figure 1C and 1D).
Scientific work was published from 1962 to 2024 (Figure 2), showing an exponential 
growth over time. From 2000 to 2024, more than 80 % of the registered papers were 
published, with a total of 234 articles. In addition, 154 studies (54.8 %) were published 
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in national journals and 127 (45.1 %) in international journals (Figure 1). As for the 
topic of climate change, out of the total number of publications, only 77 corresponded 
to this topic; however, the proportion of publications in national journals was lower 
(25; 32.4 %) compared to that in international journals (52; 67.5 %) (Figure 2).
One of the most important aspects of the analysis was to find 135 institutions that 
have focused on the study of P. hartwegii. These institutions have established major 
collaborative networks with other institutions, both national and international. The 
Postgraduate College (COLPOS), the National Institute of Forestry, Agricultural, and 
Livestock Research (INIFAP), Autonomous University of Chapingo, University of 
Veracruz (UV), and the National Autonomous University of Mexico (UNAM) stand 
out the most and have the strongest relationship with other institutions in studies on 
P. hartwegii. All of them together carried out more than 75 % of the published research. 

 
Figure 1. Bibliometric analysis of keywords in scientific publications on Pinus hartwegii Lindl. A: co-
occurrence of total keywords; B: co-occurrence of keywords related to climate change; C: total keyword 
density map; D: density map of keywords related to climate change publications.
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The same pattern was found for climate change, with a total of 58 institutions having 
researched this topic (Figure 3B). Stronger colors show areas with a higher frequency 
of collaboration between institutions and which are more closely related to each other, 
while lighter colors indicate areas where collaboration between institutions is less 
frequent or has a low connection (Figure 3C and 3D).
In terms of the research topics studied, a total of 24 different topics were found (Figure 
4). The more prominent and the closer they are, the greater the relationship between 
topics and the greater the number of documents with keywords that were linked 
together (Figure 4A and 4B), with forest management (103 papers), climate change 
(77 papers), population dynamics (58 papers), and dendrochronology (46 papers) 
standing out, while the rest of the topics had less than 30 publications.

 

Figure 2. Trend of scientific publications analyzed in the time period from 1962 to 2024. A: total 
number of scientific publications on Pinus hartwegii Lindl.; B: number of publications on climate 
change.
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Figure 4. Bibliometric analysis of research topics in scientific publications on Pinus hartwegii 
Lindl. from 1962 to 2024. A: network map of research topics; B: network map of research topics 
related to climate change; C: total density map of research topics; D: density map of research 
topics related to climate change.

 
Figure 3. Bibliometric analysis of institutions (or affiliations) in scientific publications on Pinus 
hartwegii Lindl. from 1962 to 2024. A: network map of institutions; B: network map of institutions 
related to climate change; C: total density map of institutions; D: density map of institutions 
related to climate change.
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Recent publications have focused on climate change, nutrient flow, dendrochronology, 
hydrological cycle, ethnobotany, and systematics (Figure 4A). In terms of climate 
change, publications were focused on dendrochronology, population dynamics, and 
biogeography (Figure 4B). Stronger colors indicate areas with a higher density of 
co-occurrence between research topics, while lighter colors show areas with a lower 
density (Figure 4C and 4D). This can be explained by either emerging trends (which 
are yet to develop) or topics that are little frequented by researchers.
In relation to the most studied areas, the publications found show a concentration 
towards studies carried out in the Trans-Mexican Volcanic Belt, including the 
Iztaccíhuatl-Popocatépetl National Park (including Monte Tláloc and the Zoquiapan 
Experimental Forest Station), followed by the Nevado de Toluca Flora and Fauna 
Protection Area, Cofre de Perote National Park, Cumbres del Ajusco National Park, 
and Pico de Orizaba National Park (Figure 5A and 5B). Of these areas, an increasing 
trend was recorded on the survey of P. hartwegii populations found in both Iztaccíhuatl-
Popocatépetl National Park and Nevado de Toluca Flora and Fauna Protection Area. 
Stronger colors show a higher frequency between study areas that are more closely 
related to each other, while softer colors indicate a lower frequency (Figure 5C).

Figure 5. Bibliometric analysis of geographical areas (study areas) in scientific publications on 
Pinus hartwegii Lindl. from 1962 to 2024. A: network map of geographical areas; B: network map of 
geographical areas related to climate change; C: total density map of geographical areas; D: density 
map of geographical areas related to climate change publications.
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This trend was also reflected for climate change and its proportion among these 
areas (Figure 5D). However, studies on population genetics and fire ecology were the 
exception, as these were more concentrated in Cofre de Perote National Park and fire 
ecology in Cumbres del Ajusco National Park, respectively. This emphasizes the need 
to consider populations of P. hartwegii located in other parts of its range, as well as 
study particularly important issues in terms of its adaptation to new environmental 
conditions, not only at the local level but throughout the species’ range.
The results show a heterogeneity and frequency in the topics addressed in scientific 
publications throughout the distribution area of P. hartwegii, as well as the institutions 
that have contributed most to the generation of information. An exponential increase 
in scientific interest in P. hartwegii since 2000 was observed, with climate change 
being the main focus of most of these publications. This has also led to greater inter-
institutional collaboration in the studies carried out.

Research topics
High mountain systems are characterized by the concentration of different transition 
zones in a relatively small area (Körner and Paulsen, 2004; Holtmeier and Broll, 2005), 
with the upper forest boundary ecotone being one of the best known (Franco-Ramos 
and Vázquez-Selem, 2017). Since the plant species present in the high mountains are 
highly adapted to low temperature conditions, extreme for many biological processes 
(Körner, 1995; Holtmeier and Broll, 2005), they have become ideal sites for analyzing 
the effects of climate change (Arriaga and Gómez, 2004; Körner and Paulsen, 2004). 
Pinus hartwegii is the pine species that has been recorded at the highest altitude in the 
world, around 4200 m (Alfaro-Ramírez et al., 2017, 2020), generating great interest 
in its structure, composition, and response to environmental changes. However, the 
problem with tree species that are part of the upper limit of high mountain forests 
is that there is not much surface area available to migrate upwards, and the natural 
migration speed would be too slow (Aitken et al., 2008). Towards the lower boundary, 
climate change promotes increasingly unfavorable water stress conditions, increasing 
competition with other forest species that tend to benefit from higher temperatures. 
The elevational movement of P. hartwegii has been evaluated (Alfaro-Ramírez et al., 
2017, 2020), concluding that populations of this species at different elevations will 
respond differently and at different rates to the impacts of climate change (Franco-
Ramos and Vázquez-Selem, 2017). Under unfavorable climate scenarios (Arriaga and 
Gómez, 2004), it could migrate to higher altitudes or latitudes in search of sites with 
favorable conditions for its survival (Gómez-Mendoza and Arriaga, 2007; Alfaro-
Ramírez et al., 2020). 
Some aspects have been little explored and go beyond the reduced surface area on 
mountain peaks, among which are the limitations of support and nutrition imposed 
by the shallow and poorly developed soils characteristic of volcanic areas (Körner and 
Paulsen, 2004). Biological interactions with other species that promote the establishment 
and survival of P. hartwegii, especially in early stages, also influence its population 
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structure (Almeida-Leñero et al., 2004; Iglesias-Andeu and Tivo-Fernández, 2006), in 
addition to the potential migration of individuals of this species under the context of 
climate change (Franco-Ramos and Vázquez-Selem, 2017).
Finally, extreme scenarios such as extinction and adaptation are displayed. In the 
first case, it is predicted that this species could reach local extinction (Gutiérrez and 
Trejo, 2014), so that the remaining populations would have the same effect in the long 
term; the second case would involve the adaptation of the physiological processes 
of P. hartwegii to the new environmental conditions through phenotypic plasticity 
mechanisms (Arzate-Fernández et al., 2016). However, the scientific information to 
predict with certainty which pathway to follow is not yet available. Therefore, it is 
necessary to study several aspects, such as genetic diversity and gene flow among its 
populations (Viveros-Viveros et al., 2009; Arzate-Fernández et al., 2016; Pérez-Suárez 
et al., 2022). In addition, there is insufficient information on the mechanisms that 
regulate the presence of each population and how resilient they may be to climate 
change (Arriaga and Gómez, 2004; Pérez-Suárez et al., 2022), nor on their ability to 
modify or conserve an ecological niche in the long term (Gómez-Mendoza and 
Arriaga, 2007; Gutiérrez and Trejo, 2014).Another aspect in which scientific interest 
has increased the most is the health status of forest cover, given that it depends on 
various abiotic factors such as temperature, humidity, and nutrient availability. 
Increases in global temperature have a strong impact on the susceptibility of forest 
species to pest incidence (Hawksworth and Wiens, 1996; Queijeiro-Bolaños et al., 
2011). Pinus hartwegii is no exception, as its biology and ecology are closely dependent 
on the temperature extremes that dominate along its elevational distribution gradient. 
Thus, this pine species is considered particularly susceptible to the direct and indirect 
impact of ambient temperature increases.
Currently, an increased incidence of pests has been recorded, mainly mistletoes such 
as Arceuthobium globosum and A. vaginatum (Mathiasen et al., 2008; Queijeiro-Bolaños 
et al., 2011; Queijeiro-Bolaños and Cano-Santana, 2016). Among the main recorded 
effects of these pests on P. hartwegii are the reduction in growth and survival of infested 
individuals (Mathiasen et al., 2008; Queijeiro-Bolaños and Cano-Santana, 2016). 
However, some authors point out that this interaction has an important ecological 
role, particularly in forest regeneration (Queijeiro-Bolaños and Cano-Santana, 2016), 
arguing that mistletoe reduces the number of susceptible individuals, giving way to 
more resistant individuals (Queijeiro-Bolaños et al., 2011). However, there is no precise 
information on the infestation ranges that P. hartwegii can tolerate or the physiological 
mechanisms that cause mistletoe damage and death in trees.
Another pest affecting P. hartwegii is Dendroctonus adjunctus (Billings et al., 2004). This 
bark beetle causes high mortality of pine individuals in susceptible stands (Biondi 
et al., 2005), causing severe damage to pine populations. However, as in the case of 
mistletoe, there is very little information on the infestation mechanisms, the factors 
that promote it, the population dynamics of this insect in P. hartwegii, and the impact 
that the increase or modification of climatic conditions could have on the intensity 
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and speed of infestation. All these questions have generated growing scientific interest 
in this species, both nationally and internationally. This is evidenced not only by the 
increase in publications but also by the increase in the number of study topics and the 
number of institutions involved.
Several questions remain to be addressed: (i) whether there is variability in tree 
exposure to temperature; (ii) the effect of climate variability on biogeochemical cycles 
and on the dynamics of plant communities at both the upper and lower distributional 
limits, as well as along the entire distribution gradient; (iii) the impact of densification 
on the regenerative dynamics of trees and the redistribution of resources; (iv) seed 
viability throughout the species’ distribution range; and (v) the characteristics of 
microsites that influence germination, establishment, and growth. Addressing these 
questions will be essential in the future to understand, at the population level, the 
impact of climate change on this species more clearly. Such understanding would 
support the implementation of management and conservation strategies with a higher 
likelihood of success.

CONCLUSIONS
Interest in the study of Pinus hartwegii has led to an exponential increase in scientific 
publications, particularly in recent years, with forest management, climate change, 
population dynamics, and dendrochronology being the main topics addressed in these 
publications. The locations where most of these studies have been carried out include 
the Trans-Mexican Volcanic Belt, mainly in the Iztaccíhuatl-Popocatépetl National 
Park and the Nevado de Toluca Flora and Fauna Protection Area. It is necessary to 
conduct more studies that cover its entire distribution area in order to better represent 
populations and gain knowledge of the species and its interactions with various biotic 
and abiotic factors, so that conclusions can be reached at the species level that allow 
for prediction of its behavior in the face of new environmental conditions.

ACKNOWLEDGEMENTS
MP-S is grateful to the Secretariat of Science, Humanities, Technology, and Innovation (SECIHTI) 
for funding the project (No. 219696) in which this work is carried out.

REFERENCES
Aitken SN, Yeaman S, Holliday JA, Wang T, Curtis-McLane S. 2008. Adaptation, migration or 

extirpation: Climate change outcomes for tree populations. Evolutionary Applications 1 (1): 
95–111. https://doi.org/10.1111/j.1752-4571.2007.00013.x

Albrich K, Rammer W, Seidl R. 2020. Climate change causes critical transitions and irreversible 
alterations of mountain forest. Global Change Biology 26 (7): 4013–4027. https://doi.
org/10.1111/gcb.15118



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i5. 3413
Scientific Article 712

Alfaro-Ramírez FU, Arredondo-Moreno JT, Pérez-Suárez M, Endara-Agramont AR. 2017. 
Ecotono del límite superior del bosque de Pinus hartwegii Lindl.: estructura y límites 
altitudinales en el Nevado de Toluca, México. Revista Chapingo Serie Ciencias Forestales y 
del Ambiente 23 (2): 261–273. https://doi.org/10.5154/r.rchscfa.2016.10.055 

Alfaro-Ramírez FU, Ramírez-Albores JE, Vargas-Hernández JJ, Franco-Maass S, Pérez-Suárez M. 
2020. Potential reduction of Hartweg´s pine (Pinus hartwegii Lindl.) geographic distribution. 
PLoS One 15 (2): e0229178. https://doi.org/10.1371/journal.pone.0229178

Almeida-Leñero L, Giménez-de Azcárate J, Cleef AM, González-Trápaga MA. 2004. Las 
comunidades vegetales del zacatonal alpino de los volcanes Popocatépetl y Nevado de Toluca, 
Región Central de México. Phytocoenologia 34 (1): 91–132. https://doi.org/10.1127/0340-
269x/2004/0034-0091

Arriaga L, Gómez L. 2004. Posibles efectos del cambio climático en algunos componentes de la 
biodiversidad de México. In Martínez J, Fernández A. (eds.), Cambio Climático: una Visión 
desde México. Instituto Nacional de Ecología y Cambio Climático: Ciudad de México, 
México, pp: 255–265.

Arzate-Fernández AM, Gutiérrez-González G, Heredia-Bobadilla RL. 2016. Diversidad genética 
de dos especies de coníferas en el Nevado de Toluca: una alternativa de conservación. 
Universidad Autónoma del Estado de México. Toluca, México. 136 p.

Balfagón D, Zandalinas SI, Mittler R, Gómez-Cárdenas A. 2020. High temperatures modify 
plant responses to abiotic stress conditions. Physiologia Plantarum 170 (3): 335–344. https://
doi.org/10.1111/ppl.13151

Berdanier AB. 2010. Global treeline position. Nature Education Knowledge 3 (10): 11.
Billings RF, Clarke SR, Espino-Mendoza V, Cordón-Cabrera P, Meléndez-Figueroa B, Ramón-

Campos J, Baeza G. 2004. Bark beetle outbreaks and fire: A devastating combination for 
Central America’s pine forests. Unasylva 217 (55): 15–21.

Biondi F, Hartsough PC, Galindo-Estrada I. 2005. Daily weather and tree growth at the tropical 
treeline of North America. Arctic, Antarctic and Alpine Research 37 (1): 16–24. https://doi.
org/10.1657/1523-0430(2005)037[0016:dwatga]2.0.co;2

Cavieres L, Valencia G, Hernández C. 2021. Calentamiento global y sus efectos en plantas de 
alta-montaña en Chile central: una revisión. Ecosistemas 30 (1): 2179. https://doi.org/10.7818/
ecos.2179

Crespi A, Renner K, Zebish M, Schauser I, Leps N, Walter A. 2023. Analysing spatial patterns of 
climate change: Climate clusters, hotspots and analogues to support climate risk assessment 
and communication in Germany. Climate Services 30: 100373. https://doi.org/10.1016/j.
cliser.2023.100373

Endara-Agramont AR, Herrera-Tapia F. 2016. Deterioro y conservación de los bosques del 
Nevado de Toluca y el rol de los actores locales. Ciencia Ergo-Sum 23 (3): 247–257.

Franco-Maass S, Regil-García HH, Ordoñez-Díaz JAB. 2006. Dinámica de perturbación-
recuperación de las zonas forestales en el Parque Nacional Nevado de Toluca. Madera y 
Bosques 12 (1): 17–28. https://doi.org/10.21829/myb.2006.1211247

Franco-Ramos O, Vázquez-Selem L. 2017. Trabajo de campo dendrocronológico para estudios 
de geografía física. Experiencias en los volcanes Popocatépetl e Iztaccíhuatl, 2006–2017. 
Investigaciones Geográficas 94: 1–13. https://doi.org/10.14350/rig.59574

Gómez-Mendoza L, Arriaga L. 2007. Modeling the effect of climate change on the distribution 
of oak and pine species of Mexico. Conservation Biology 21 (6): 1545–1555. https://doi.
org/10.1111/j.1523-1739.2007.00814.x



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i5. 3413
Scientific Article 713

Gray SB, Brady SM. 2016. Plant developmental responses to climate change. Developmental 
Biology 419 (1): 64–77. https://doi.org/10.1016/j.ydbio.2016.07.023

Gutiérrez E, Trejo I. 2014. Effect of climatic change on the potential distribution of five species of 
temperate forest trees in Mexico. Revista Mexicana de Biodiversidad 85 (1): 179–188. https://
doi.org/10.7550/rmb.37737

Hawksworth THFG, Wiens D. 1996. Dwarf mistletoes: Biology, pathology and systematics. U.S. 
Department of Agriculture, Forest Service: Washington, DC, USA. 410 p.

Holtmeier FK, Broll G. 2005. Sensitivity and response of northern hemisphere altitudinal and 
polar treelines to environmental change at landscape and local scales. Global Ecology and 
Biogeography 14 (5): 395–410. https://doi.org/10.1111/j.1466-822X.2005.00168.x

Iglesias-Andeu LG, Tivo-Fernández Y. 2006. Caracterización morfométrica de la población de 
Pinus hartwegii Lindl. del Cofre de Perote, Veracruz, México. Ra Ximhai 2: 449–468. https://
doi.org/10.35197/rx.02.02.2006.08.li

Körner C, Paulsen J. 2004. A world-wide study of high altitude treeline temperatures. Journal of 
Biogeography 31 (5): 713−732. https://doi.org/10.1111/j.1365-2699.2003.01043.x

Körner C. 1995. Alpine plant diversity: A global survey and functional interpretations. In 
Chapin FS, Körner C. (eds.), Arctic and Alpine Biodiversity: Patterns, Causes and Ecosystem 
Consequences. Springer: Berlin, Germany, pp: 45–62. https://doi.org/10.1007/978-3-642-
78966-3

Malek Ž, Verburg PH. 2021. Representing responses to climate change in spatial land system 
models. Land Degradation and Development 32 (17): 4954–4973. https://doi.org/10.1002/
ldr.4083

Manzanilla-Quiñones U, Aguirre-Calderón OA, Jiménez-Pérez J, Treviño-Garza EJ, Yerena-
Yamallel JI. 2019. Distribución actual y futura del bosque subalpino de Pinus hartwegii 
Lindl. en el Eje Neovolcánico Transversal. Madera y Bosques 25 (2): e2521804. https://doi.
org/10.21829/myb.2019.2521804

Martínez-Luna JE, Carrillo-Anzures F, Acosta-Mireles M, Romero-Sánchez ME, Pérez-Miranda 
R. 2020. Ecuaciones alométricas para estimar carbono en brinzales de Pinus hartwegii 
Lindl. Revista Mexicana de Ciencias Forestales 11 (60): 1–16. https://doi.org/10.29298/rmcf.
v11i60.726

Mathiasen RL, Nickrent DL, Shaw DC, Watson DM. 2008. Mistletoes. Pathology, systematics, 
ecology and management. Plant Disease 92 (7): 988–1006. https://doi.org/10.1094/pdis-92-7-
0988

Pérez-Suárez M, Ramírez-Albores JE, Vargas-Hernández JJ, Alfaro-Ramírez FU. 2022. A review 
of the knowledge of Hartweg’s pine (Pinus hartwegii Lindl.): Current situation and the need 
for improved future projections. Trees 36 (1): 25–37. https://doi.org/10.1007/s00468-021-
02221-9

Petrov D, Ocokoljić M, Galečić N, Skočajić D, Simović I. 2024. Adaptability of Prunus cerasifera 
Ehrh. to climate changes in multifunctional landscape. Atmosphere 15 (3): 335. https://doi.
org/10.3390/atmos15030335

Queijeiro-Bolaños ME, Cano-Santana Z, Castellanos-Vargas I. 2011. Distribución diferencial 
de dos especies de muérdago enano sobre Pinus hartwegii en el área natural protegida 
“Zoquiapan y Anexas”, Estado de México. Acta Botánica Mexicana 96: 49–57. https://doi.
org/10.21829/abm96.2011.258



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i5. 3413
Scientific Article 714

Queijeiro-Bolaños ME, Cano-Santana Z. 2016. Growth of Hartweg’s pine (Pinus hartwegii) 
parasitized by two dwarf mistletoe species (Arceuthobium spp.). Botanical Sciences 94 (1): 
51–62. https://doi.org/10.17129/botsci.218

Richardson AD, Friedland AJ. 2009. A review of the theories to explain arctic and alpine 
treelines around the world. Journal of Sustainable Forestry 28 (1–2): 218–242. https://doi.
org/10.1080/10549810802626456

Thakur S, Negi VS, Dhyani R, Satish KV, Bhatt ID. 2021. Vulnerability assessment of mountain 
forest ecosystems: A global synthesis. Trees, Forest and People 6: 100156. https://doi.
org/10.1016/j.tfp.2021.100156

van Eck NJ, Waltman L. 2010. Software survey: VOSviewer, a computer program for bibliometric 
mapping. Scientometrics 84 (2): 523–538. https://doi.org/10.1007/s11192-009-0146-3

van Eck NJ, Waltman L. 2017. Citation based clustering of publications using CitNetExplorer 
and VOSviewer. Scientometrics 111 (2): 1053–1070. https://doi.org/10.1007/s11192-017-2300-
7

Varo-Rodríguez R, Ávila-Akerberg V, Gheno-Heredia J. 2019. Uso tradicional de la fitodiversidad 
de los bosques de Pinus hartwegii en dos comunidades mexicanas de alta montaña. Caldasia 
41 (2): 327–342. https://doi.org/10.15446/caldasia.v41n2.69477

Viveros-Viveros H, Sáenz-Romero C, Vargas-Hernández JJ, López-Upton J, Ramírez-Valverde 
G, Santacruz-Varela A. 2009. Altitudinal genetic variation in Pinus hartwegii Lindl.: Height 
growth, shoot phenology and cold damage in seedlings. Forest Ecology and Management 
257 (3): 836–842. https://doi.org/10.1016/j.foreco.2008.10.021

Wang Z, Wang T, Zhang X, Wang J, Yang Y, Sun Y, Guo X, Wu Q, Nepovimova E, Watson AE, 
Kuca K. 2024. Biodiversity conservation in the context of climate change: Facing challenges 
and management strategies. Science of the Total Environment 937: 173377. https://doi.
org/10.1016/j.scitotenv.2024.173377

AgrocienciaAgrociencia



715

Agrociencia

1	Colegio de Postgraduados Campus Montecillo. Posgrado en Economía. Carretera México-
Texcoco km 36.5, Montecillo, Texcoco, State of Mexico, Mexico. C. P. 56264.

2	Universidad Autónoma Chapingo. Posgrado en Ciencia y Tecnología Agroalimentaria, 
Departamento de Ingeniería Agroindustrial. Carretera México-Texcoco km 38.5, Chapingo, 
Texcoco, State of Mexico, Mexico. C. P. 56230.

*	 Author for correspondence: jbrambilaa@colpos.mx

ABSTRACT
Banana (Musa spp.) is the fourth most important food in the world, after corn, beans, and rice. It 
contributes to food security in several countries, and in Mexico, it is the most cultivated tropical 
fruit. The goal of this work was to project real banana prices for the next 10 years using a non-
homogeneous linear second-order difference equation of moving equilibrium, which would 
serve as a basis for the design of marketing strategies by banana organizations in the state 
of Colima, Mexico. An autoregressive econometric model was built with real monthly banana 
prices for the period from January 2014 to February 2020. It was identified that the behavior of 
the banana market in the state of Colima corresponds to a complex structure, with a cyclical 
behavior and a duration of nine months. This market tends to converge; therefore, it will reach 
equilibrium and continue to grow.

Key words: value chain, marketing, dynamic models, Musa AAA.

INTRODUCTION
The banana (Musa AAA subgroup Cavendish) is native to Southeast Asia, whose 
cultivation is widely extended in the world. In 2021, bananas were the most produced 
fruit worldwide, with a total of 125 million Mg (FAO, 2021). The leading banana-
producing countries were India (24.1 %), China (23.8 %), and Indonesia (6.4 %) (FAO, 
2021). In Mexico, the main cultivated varieties include Dominico, Valery, Pera, Tabasco, 
Morado, Manzano, Cavendish Gigante or Grand Naine (giant dwarf), and Macho. 
Due to its availability in the domestic market, bananas are among the most demanded 
fruits in the country, with a per capita consumption of 14.2 kg (SIAP, 2023). Around 30 
% of national production was exported to 43 world markets, with an estimated value 
of USD 272 million (SIAP, 2023). Mexico’s main banana export destinations included 
the USA, Japan, the United Kingdom, South Korea, Russia, Italy, and New Zealand 
(SADER, 2020).
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In 2022, Mexico ranked 19th in global banana production with a volume of 2 593 025 
Mg. Cultivation took place in 16 states (SADER, 2021), with Chiapas (664 156 Mg), 
Tabasco (622 175 Mg), Veracruz (335 238 Mg), Colima (324 133 Mg), Jalisco (202 743 
Mg), and Michoacán (179 220 Mg) producing the most. The Central-West region 
contributed 27 % of the national volume. Colima stood out as the fourth largest 
producer, accounting for 12.5 % of total production. The total value of national banana 
production was MXN 10 547 million, of which Colima contributed 18.9 %, surpassing 
Chiapas (15.1 %) and ranking just below Tabasco (21.3 %). Together, these three states 
contributed 55.3 % of the national production value (SIAP, 2024). At the state level, 
Colima has a harvested area of 9555.5 ha. The primary producing municipalities are 
Tecomán (66 %), Manzanillo (29 %), and Armería (4 %) (SIAP, 2024). The banana agri-
food chain is the third most important among the priority agricultural chains of the 
state (SADER, 2019).
The growth rate of the banana plant and the development of its fruit are influenced 
by ambient temperature, which directly affects physiological processes. Temperature 
determines the duration of the growth cycle and the weight of the bunch by 
influencing the leaf emission rate, root development, floral differentiation, and bunch 
formation (Robinson and Galán-Saúco, 2012). Ramírez et al. (2011) pointed out that 
the environmental conditions directly impact banana productivity, the length of the 
production cycle, and fruit quality, factors that are crucial for producers in terms of 
profits, food security, and market supply.
Banana cultivation is characterized by seasonality, with production dependent on 
ambient temperature. Ramírez et al. (2011) noted that higher temperatures increase 
production, leading to imbalances such as shortages or surpluses at different times 
of the year. This seasonality also affects Colima, causing fluctuations in field prices. 
A typical pattern emerges, with higher production volumes that correlate with lower 
prices, directly impacting producers’ incomes. These conditions enable individual 
banana traders (coyotes) to speculate on both the field price and the market price 
offered to buyers across national supply chains. Consequently, producer income 
is negatively affected, and investment in technological improvements is reduced, 
diminishing the quality of the fruit marketed. According to the State Council of Banana 
Producers of Colima A.C., producer prices have increased in recent years but remain 
highly volatile.
The central hypothesis of this research is that the price paid to banana producers will 
continue to rise over the next 10 years and that it will be influenced by temperature-
driven changes in production. Specifically, prices will tend to be lower in warmer 
months when production increases and higher in cooler months when production 
decreases. Therefore, the objective of this study is to project real banana prices for the 
next 10 years using a non-homogeneous linear second-order difference equation of 
moving equilibrium. This projection aims to provide a basis for designing effective 
marketing strategies for banana organizations in the state of Colima.
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MATERIALS AND METHODS
The research study is quantitative, prospective, and longitudinal. A database with 
monthly product prices paid to the producer in the field during the period from 
January 2015 to February 2020 was provided by the State Council of Banana Producers 
of Colima A.C. based on field surveys by González-Rodríguez (2025). Nominal prices 
were deflated with the National Consumer Price Index (INPC) (based on February 
2020) (INEGI, 2022) to place them in real terms according to Brambila-Paz (2011).

Actual prices
The actual prices were calculated according to the following expression (Equation 1):

𝑝𝑝𝑟𝑟 =
𝑃𝑃𝑃𝑃

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 × 100 	 (1)

where Pr is the actual price (in MXN); Pn is the nominal price (in MXN); and INPCb is 
the National Consumer Price Index, based on February 2020 (= 100).

The Dickey Fuller (DF) test was used on the data to test the statistical presence of 
stochastic trend behavior in the time series of the variables using a hypothesis test 
(Lizarazu-Alanez and Villaseñor-Alva, 2007), which met with an asymptotic p value of 
0.000697, which is less than the significance value of the model (p = 0.05).

Econometric model
For this study, an econometric model was formulated using real monthly banana 
prices (Pt). As exploratory variables, two-time lags of the price variable (pt-1, pt-2), a 
dummy variable, and a discrete time variable were introduced. The dummy variable 
was considered since the production cycle is affected by climate throughout the 
year. At higher temperatures, plants and fruit ripen and grow faster, resulting in an 
oversupply of the product (Ramírez et al., 2011). As a result, producer prices decrease. 
For this purpose, the value D = 1 was assigned to the cold months (January, February, 
March, October, November, and December) and D = 0 to the warm months (April, 
May, June, July, August, and September). a1 y a2 are the coefficients of the model, as 
shown in the following expression (Equation 2).

𝑃𝑃𝑡𝑡 = 𝛽𝛽 + 𝑎𝑎1𝑃𝑃𝑡𝑡−1 + 𝑎𝑎2𝑃𝑃𝑡𝑡−2 + 𝛽𝛽1𝐷𝐷 + 𝑡𝑡 	 (2)

A trend variable (t) was added to the model, which was considered a discrete time 
variable, since the value of the variable yi changes only when t goes from one integer 
value to the next, such as t = 1 to t = 2. The values of t are known as “periods,” where t 
= 1 denotes period 1 and t = 2 denotes period 2, then yi is considered to have a unique 
value for each period (Chiang and Wainwright, 2006).
The model was estimated using the ordinary least squares methodology to obtain the 
intercept and the coefficients (Equation 3).
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𝑦𝑦𝑖𝑖 = 𝛽𝛽0 + 𝛽𝛽1𝑥𝑥1 + 𝛽𝛽2𝑥𝑥2. . . +𝛽𝛽𝑘𝑘𝑥𝑥𝑘𝑘 + 𝜀𝜀𝑖𝑖 	 (3)

where yi is the explained variable, xk is the explanatory variable, βk is the parameter 
that quantifies the relationship between the explained variable and each explanatory 
variable, and εi is the error (Gujarati and Porter, 2010).

The model is based on a second-order difference equation, which was analyzed 
dynamically using the difference equation techniques described by Chiang and 
Wainwright (2006). This model was used to determine the projection of future banana 
prices for the next 10 years (scenario 1). A second scenario was also estimated, where 
the minimum price acceptable to producers was taken as the banana production cost 
(MXN 3.19 kg-1), corresponding to November 2022 (González-Rodríguez et al., 2025); 
this value was added as a restriction to the model. The Gretel software was used to 
calculate the model.

Dynamic analysis
The starting point was a second-order difference equation (Equation 4), expressed by 
the general model (Equation 1).

𝑦𝑦𝑡𝑡+2 + 𝑎𝑎1𝑦𝑦𝑡𝑡+1 + 𝑎𝑎2𝑦𝑦𝑡𝑡 = 𝑐𝑐 	 (4)

The variable pt was renamed by yt. The yt variables were cleared and pre-multiplied 
by y2 which is the order of the equation, and c is a constant variable. It was assumed 
that the market tends to reach balance eventually; therefore, y* = yt+1 = yt+2 = yt. The y* 
variable was factored and cleared to obtain the particular solution from the general 
model (Equation 5), then it was equaled to zero to start with the calculation of the 
complementary equation (Equation 6).

𝑦𝑦∗ = 𝛽𝛽 + 𝛽𝛽1𝐷𝐷 + 𝛽𝛽2𝑡𝑡 	 (5)

𝑦𝑦𝑡𝑡+2 + 𝑎𝑎𝑦𝑦𝑡𝑡+1 + 𝑎𝑎2𝑦𝑦𝑡𝑡 = 0 	 (6)

Yt = A(b)t was renamed by Yt+n = A(b)t+n, therefore, for Yt+n = A(b)t+n, A is the initial 
condition of the banana price when t = 0; the common factor Abt (different from 0) was 
cancelled to obtain the following expression:

𝑏𝑏2 + 𝑎𝑎1𝑏𝑏 + 𝑎𝑎 = 0 	 (7)

The quadratic function (Equation 7) has two characteristic roots (b). The value of b 
was determined using the general formula, where the complex roots correspond to 
the next expressions:
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𝑏𝑏1 = ℎ ± 𝑣𝑣𝑖𝑖 	 (8)

𝑏𝑏2 = ℎ ± 𝑣𝑣𝑖𝑖 	 (9)

The cyclic behavior of the function is presented by a complex number. When plotted 
in an Argand diagram (Brambila-Paz, 2011) (Figure 1), the real values (h) are located 
on the horizontal axis and the imaginary values (vi) on the vertical axis, and M is the 
modulus or absolute value of the complex number h + vi.

 
Figure 1. Argand diagram

To determine the modulus of Equations 8 and 9 and define market behavior, the 
Pythagorean theorem was used (Equation 10), which indicates a market is cyclical 
but convergent when M < 1, cyclical but convergent when M > 1, and cyclical but 
convergent when M = 1.

𝑀𝑀 = √ℎ2 + 𝑣𝑣𝑣𝑣2  	 (10)

To calculate the angle θ, the following (Equations 11 and 12) were used to estimate the 
cycle length, which is equivalent to 360° / θ.

𝑐𝑐𝑐𝑐𝑐𝑐 ɵ = ℎ
𝑀𝑀 ;  ɵ = 𝑐𝑐𝑐𝑐𝑐𝑐−1 ( ℎ𝑀𝑀) 	 (11)

𝑠𝑠𝑠𝑠𝑠𝑠 ɵ = ℎ
𝑀𝑀 ;  ɵ = 𝑠𝑠𝑠𝑠𝑠𝑠−1 ( ℎ𝑀𝑀) 	 (12)

where M is the modulus, and h is the real part of the complex number.

Using Moivre’s theorem (Chiang and Wainwright, 2006), the complementary solution 
was obtained (Equation 13). 
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𝑌𝑌𝑡𝑡 = 𝑟𝑟𝑡𝑡[𝐴𝐴1 𝑐𝑐𝑐𝑐𝑐𝑐(ɵ𝑡𝑡) + 𝐴𝐴2 𝑠𝑠𝑠𝑠𝑠𝑠(ɵ𝑡𝑡)] 	 (13)

where Yt is the projected price, rt equals module M, A1 is the first long-run multiplier, 
θt is the angle, and A2 is the second long-run multiplier.

The total solution (Equation 14) was obtained from the sum of the particular solution 
(Equation 5) and the complementary solution (Equation 13). This expression made it 
possible to project prices for the next 10 years.

𝑌𝑌𝑡𝑡 = 𝑀𝑀𝑡𝑡[𝐴𝐴1 𝑐𝑐𝑐𝑐𝑐𝑐(ɵ𝑡𝑡) + 𝐴𝐴2 𝑠𝑠𝑠𝑠𝑠𝑠(ɵ𝑡𝑡)] + 𝛽𝛽 + 𝛽𝛽1𝐷𝐷 + 𝛽𝛽2𝑡𝑡 	 (14)

where Yt is the projected future price; Mt is the modulus of the equation that defines 
the behavior of the banana market; A1 is the first long-term multiplier; cos(θt) is 
the cosine of angle θ; A2 is the second long-term multiplier; sin(θt) is the sine of the 
angle θ; β is the intercept of the econometric model; β1 is the intercept that relates the 
dummy variable to the model; D is the dummy variable that relates the influence of 
temperature on price at different times of the year; β2 is the intercept that relates the 
time variable to the model; and t is the discrete time trend variable.

RESULTS AND DISCUSSION
The second order difference equation (Equation 15) was formulated to understand the 
structure and behavior of the banana market. The statistic results of the variables used 
in this dynamic model (Table 1) were used to determine the trajectory and projection 
of future banana prices for the next 10 years.

𝑃𝑃𝑡𝑡 = 1.1373 + 0.8025𝑃𝑃𝑡𝑡−1 − 0.2691𝑃𝑃𝑡𝑡−2 + 0.4888𝐷𝐷 + 0.0150𝑡𝑡 	 (15)

Table 1. Statistical results of the econometric model (Equation 15) for real banana prices projection 
from January 2015 to February 2020.

Variable Coefficient Standard deviation t statistic p value

Intercept 1.1373 0.6219 1.829 0.0729 *
P(t-1) 0.8025 0.1321 6.077 <0.0001 ***
P(t-2) -0.2691 0.1378 -1.954 0.0558 *
D 0.4888 0.4445 1.100 0.2762
t 0.0150 0.01223 1.229 0.2243

D: dummy variable; t: time variable; P(t-1): lagged price variable on the first period; P(t-2): the lagged 
price variable on the second periods; *not statistically significant, **** statistically significant.
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Market structure
From the mathematical transformations described in methodology and applied to 
Equation 15, Equation 16 was obtained, which has two characteristic roots. The value 
of b was determined using the general formula, where the complex roots correspond 
to the values b1 and b2.

𝑏𝑏2 − 0.8025𝑏𝑏 + 0.2691 = 0 	 (16)

where:

𝑏𝑏1 = 0.4012 + 0.3287𝑖𝑖 

𝑏𝑏2 = 0.4012− 0.3287𝑖𝑖 

The module value (Equation 10) is M = 0.5186; therefore, since the model has a negative 
root, the market has a complex structure. As M < 1, the market behaves cyclically and 
tends to converge, allowing long-term projections (Brambila-Paz, 2011).
The following expressions were used to calculate the angle θ (Equations 17 and 18). 
The cycle length equals 360° / θ.

𝑐𝑐𝑐𝑐𝑐𝑐 ɵ = ℎ
𝑀𝑀 ; ɵ = 𝑐𝑐𝑐𝑐𝑐𝑐−1 0.4012

0.5186 ;  ɵ = 39.3217 	 (17)

𝑠𝑠𝑠𝑠𝑠𝑠 ɵ = ℎ
𝑀𝑀 ; ɵ = 𝑠𝑠𝑠𝑠𝑠𝑠−1 0.3287

0.5186 ;  ɵ = 39.3310 	 (18)

360° / 39.321 = 9.153 months; the prices used in the model were presented on a monthly 
basis, which means that the cycle of price increases and decreases was estimated in 
nine months.
The most important variables involved in banana price consolidation are related 
to supply and demand, which in turn are defined by external and internal factors, 
such as weather conditions and resource allocation in the case of supply. In terms 
of demand, the most important factors affecting the price of fruit are the tastes and 
preferences of consumers, who are looking for a better-quality product and are willing 
to pay a higher price. For this reason, the quality of the fruit is very important for the 
international market.
In regions where seasonal transitions are well defined, the trend in banana consumption 
is generally of a seasonal nature, with drops in consumption occurring during the 
summer and at the end of the year, which coincides the prices observed in the field 
by González-Rodríguez (2025). This coincides with an increase in the supply and 
demand of seasonal fruits, since temperature attracts consumers to other products, 
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coupled with the low school activity due to holiday periods. On the other hand, 
banana consumption peaks in autumn and early spring (April, May, and October), 
thanks to favorable temperatures for the production and consumption of this fruit 
(Martínez-Solórzano and Rey-Brina, 2021).
The increase or decrease in the price depends on the amount of fruit harvested, 
although this often does not correspond to actual production. In addition, there is the 
variability in market prices of products used as inputs for production, transportation, 
and even exchange rate fluctuations (Erazo-Berrú et al., 2021).

Price projections
The price projection for the first scenario was calculated using Equation 14, and the 
multipliers A1 and A2 of the equation were estimated when D = 1 and D = 0. Y0 = 5.2 
(first real price of the data series) and Y1 = 4.61 (second real price of the data series) 
were considered (Table 2 y 3). Also, a non-negativity restriction was established for 
the model so that in case of a negative value in the price estimation, the previous 

Table 2. Calculation of multipliers A1 and A2, when D = 1.

𝑌𝑌𝑡𝑡 = 0.5186𝑡𝑡[𝐴𝐴1 𝑐𝑐𝑐𝑐𝑐𝑐(39.3217𝑡𝑡) + 𝐴𝐴2 𝑠𝑠𝑠𝑠𝑠𝑠(39.3310𝑡𝑡)] + 2.4374 + 1.0475𝐷𝐷 + 0.0321𝑡𝑡 
Variable Value Variable Value

Y0 5.20 Y1 4.61
t 0 t 1
D 1 D 1
A1 1.7151 A2 1.2321

D: dummy variable; t: time variable; Y0: first real price of the data series; A1: first 
long-term multiplier; Y1: second real price of the data series; A1: second long-term 
multiplier. D = 1 when estimating prices during the cold months (January, February, 
March, October, November, and December).

Table 3. Calculation of multipliers A1 and A2, when D = 0.

Variable Value Variable Value

Y0 5.20 Y1 4.61
t 0 t 1
D 0 D 0
A1 2.7626 A2 3.1412

D: dummy variable; t: time variable; Y0: first real price of the data series; A1: first long-
term multiplier; Y1: second real price of the data series; A1: second long-term multiplier. 
D = 0 when estimating prices during the warm months (April, May, June, July, August, 
and September).

𝑌𝑌𝑡𝑡 = 0.5186𝑡𝑡[𝐴𝐴1 𝑐𝑐𝑐𝑐𝑐𝑐(39.3217𝑡𝑡) + 𝐴𝐴2 𝑠𝑠𝑠𝑠𝑠𝑠(39.3310𝑡𝑡)] + 2.4374 + 1.0475𝐷𝐷 + 0.0321𝑡𝑡 
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positive value is taken. This restriction is based on the commercial strategy taken by 
the producers in the area, who stop the banana harvest when the price is very low, 
with the purpose of pressuring the marketers. This allows the producer to obtain a 
better sale price.
The total solution expression (Equation 14) was used to estimate real monthly banana 
prices for the next 10 years (Table 4).

Table 4. Real banana prices for the years 2021–2030 (MXN kg-1).

Month 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

January 5.62 2.99 2.86 6.65 5.01 3.49 7.33 7.05 4.47 7.74
February 5.10 2.02 4.20 6.71 3.71 4.49 7.97 5.65 4.96 8.86
March 3.87 1.92 5.60 5.86 3.03 5.94 7.66 4.52 6.20 9.15
April 1.23 1.92 7.05 4.13 3.03 7.10 6.97 1.09 6.67 9.45
May 1.23 2.25 7.47 1.42 1.77 8.63 4.21 1.70 9.06 7.14
June 1.23 5.06 6.03 1.42 4.54 8.31 1.77 3.94 9.92 4.34
July 1.23 6.95 3.40 1.42 7.14 6.28 1.77 6.81 8.88 2.34
August 2.40 7.07 3.40 1.86 8.41 3.49 1.66 9.02 6.41 2.05
September 5.14 5.38 3.40 4.69 7.79 1.21 4.08 9.59 3.66 3.63
October 5.92 3.49 2.99 6.85 5.53 3.70 7.45 7.54 4.78 7.81
November 5.53 2.41 4.27 7.06 4.18 4.59 8.23 6.16 5.12 9.03
December 4.37 2.16 5.70 6.33 3.37 6.01 8.07 4.95 6.27 9.46
Annual Average 3.57 3.64 4.70 4.53 4.79 5.27 5.60 5.67 6.37 6.75

For the analysis and price projection for the period from January 2021 to December 
2030, the dummy variable (D = 1 cold months and D = 0 hot months) explains the 
projected prices. This is due to the fact that the average prices for the cold months 
were higher than the hot months, which coincides with the amount of fruit harvested 
during these two periods of the year. The hot months are the peak season for fruit 
production (more supply). Therefore, the selling price is lower, while during the cold 
months, the supply of fruit decreases and the price increases.
The projected average annual price was estimated to increase by 68.32 % over the 
entire period (January 2021 to December 2030). Regardless of the fact that the banana 
market behaves in cycles of highs and lows (Figure 2), prices showed an upward trend 
for the following years.
For the second scenario, the production cost was taken as a reference, which was 
calculated for November 2022 and is equivalent to MXN 3.19 kg-1. This value was 
added as a constraint to the model. It was assumed that producers would implement 
a commercial strategy that would allow them to obtain a minimum price at the time of 
sale equivalent to this production cost (Figure 3).
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In Ecuador, an analysis of banana price variation was conducted for the period 2015-
2020. Erazo-Berrú et al. (2021) conclude that the variation of the price has mostly been 
increasing. However, between 2017 and 2018, there was a decrease of six cents in its 
price, corresponding to -0.96 %. In 2020, the highest price was USD 6.4 per box, despite 
the fact that it was a year with high risks in the world economy due to the COVID-19 
pandemic, which paralyzed many industries.

Data 1 to 62 = observed price.
Data 61 to 181 = projected price within the analyzed period.

Figure 2. Projected real banana prices, 2021–2030 (MXN kg-1).

Data 1 to 62 = observed price.
Data 61 to 181 = projected price within the analyzed period.

Figure 3. Projection of real banana prices for 2021–2030, with the assumption of receiving the 
cost of production (MXN kg-1).
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In addition to the limitations derived from the pandemic, factors such as increases in 
the price of production inputs (fertilizers and packaging materials) and transportation 
costs, shortages of refrigerated containers, low production due to adverse weather 
conditions and plant diseases, strict limitations on maximum residue levels in some 
important markets, and slightly lower demand in import markets affected world trade 
in bananas (FAO, 2022). All of the above hinder prices and profit margins along the 
value chain, as well as the ability of producers and exporters to supply bananas in 
adequate quantities and meet the quality requirements of export markets. In most of 
the main import markets, banana prices have shown an upward trend. The European 
Commission (2022) notes that prices for this fruit produced in the European Union 
grew by 33 % over the 2018–2021 period. Meanwhile, import prices from African, 
Caribbean, and Pacific countries increased by 13.6 % from 2012 to 2021.
So far, no studies provide a previous reference of the use of this dynamic economic 
analysis tool in price projection for banana cultivation as in the present article. 
However, Mendoza-Rodríguez et al. (2016) implemented this methodology of using 
superior difference equations to analyze the egg market in Mexico and estimate the 
amount of egg per capita to be consumed for 2013–2020. The egg market did not 
behave cyclically like the banana market; however, both markets tend to converge.
Brambila-Paz et al. (2015) also used this methodology to measure the technological 
effort required and increase the yields of different agricultural products such as corn, 
lemon, wheat, avocado, potato, egg, and milk, to cover the demand of the Mexican 
population and its projected trend for the year 2025.

CONCLUSIONS
Real banana price projections showed an upward trend, with a cumulative growth 
rate of 89 % over the period from January 2021 to December 2030. This validates the 
hypothesis that the product price paid to the producer will continue to rise over the 
next 10 years, influenced by the effect of ambient temperature on plant production. 
The structure of the banana market is complex, cyclical, and convergent. The cycle 
period has a duration of 9 months. This implies that the market will reach equilibrium 
and is expected to continue growing. 
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ABSTRACT
Water is an important element for the development of productive activities, though its scarcity 
will make it more difficult to supply the growing demand of different consumer sectors. The 
aim of this article was to analyze the water demand of the household, commercial, industrial, 
agricultural irrigation, and livestock sectors using economic instruments such as water and 
electricity fees in order to reduce water consumption and achieve rational resource use. A 
double-log multiple linear regression model was estimated to analyze water demand in the 
aforementioned sectors using annual data from the municipality of Tulancingo in Hidalgo, 
Mexico, from 2005 to 2023. The results indicate that, in order to reduce water use by 30 %, 
the water fee in the household, commercial, and industrial sectors should increase by 54.6, 
11.1, and 12.8 %, respectively, whereas to achieve the same reduction in electricity use, the 
fee in the household, commercial, industrial, agricultural, and livestock sectors must increase 
by 93.5, 75.4, 35.1, 229, and 71.6 %, indicating that the commercial and industrial sectors are 
more sensitive to water fees and that the commercial, industrial, and livestock sectors are more 
sensitive to electricity fees. It is feasible to implement increases in water and electricity fees to 
reduce water use, particularly in the commercial and industrial sectors.

Keywords: Water scarcity, household sector, commercial and industrial sectors, farming sector, 
water fees, electricity fees.

INTRODUCTION
According to the National Water Commission and the National Statistics and 
Geography Institute, in 2020, Mexico had 461 640 hm3 of renewable water, 126 million 
people, and a real gross domestic product (GDP) of 20.9 billion MXN (CONAGUA, 
2021). The regions of the southeast had 23 % of the population, 68 % of the water, and 
provided 18 % of the country’s GDP. The regions of the north, center, and northwest 
had 32 % of the country’s renewable water, 77 % of the population, and provided 82 
% of the GDP. The relevance of these data lies in the regional inequality of the water 
distribution, the concentration of the population, and the economic activity, which 
could aggravate the overuse of the country’s water resources.
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The Tulancingo municipality has a total surface of 290.4 km2. It is located in the 
southeast of the state of Hidalgo (20° 05’ 09’’ N and 98° 21’48’’ W) and borders the 
municipalities of Metepec to the north, Acaxochitlán and Cuautepec to the east, 
Acatlán and Singuilucan to the west, and Santiago Tulantepec to the south. Its mean 
annual temperature is 14 °C, and total annual rainfall ranges from 500 to 553 mm. The 
municipality has two rivers, four bodies of water, one dam, and the Tulancingo Valley 
aquifer, which is a part of the Golfo Norte basin organism (PMD, 2016; CONAGUA, 
2023a). 
The Tulancingo municipality contains 8881 economic units, with retail trade, 
manufacturing industry, temporary accommodation, and food and beverage 
preparation services being predominant. The economic units employ 29 041 people. 
The industrial field, with a long-standing tradition that dates back to the early 20th 
century, stands out mostly in textiles, focused on the manufacturing of clothing, knit 
fabrics, and acrylic yarn production (PMD, 2016). 
In the farming sector, 9272 ha are dedicated to agricultural activities, out of which 
60.4 % (5599 ha) are irrigated and 39.6 % (3673 ha) are rainfed (SIAP, 2023). The 
predominant crops under irrigation are maize grain, grasses and prairies, alfalfa, green 
forage maize, and green forage oats, whereas the predominant crops under rainfed 
conditions are grain maize, green forage oat, and grain barley. Likewise, 7292 ha are 
used for livestock, with the main species being raised are dairy and beef bovines, 
sheep, pork, and poultry (PMD, 2016).
Water demand in the municipality has grown significantly. Between 2005 and 
2023, the number of water connections increased from 5733 to 12 002; commercial 
connections rose from 1119 to 2620; and industrial connections grew from 146 to 606. 
These increases represent 109, 134, and 315 % compared to the year 2005 (PNT, 2024). 
Droughts in the municipality started becoming constant in 2018 under abnormally 
dry conditions; in May of 2022, conditions became moderately dry; in October of that 
same year, they turned into a severe drought; in January and February of 2023, the 
conditions turned into extreme drought; from that date until February of 2024, it was 
characterized as a severe drought, and in March of 2024, it became an extreme drought 
once more (SMN, 2024).
Along with this problem, there is an overuse of the Tulancingo Valley aquifer, which 
is a water source for the municipalities of Santiago Tulantepec, Acatlán, Cuautepec, 
Metepec, Tulancingo, Huasca de Ocampo, Singuilucan, and others. This aquifer has 
an annual underground water deficit of 20.93 hm3, indicating that there is more water 
being extracted than replenished through recharging (CONAGUA, 2023a). Water 
scarcity will make it harder to supply this resource to different consumer sectors, and 
as a result, it will increase over time.
Some authors have studied the water demand in the household sector (Gam and Rejeb, 
2021), the commercial sector (Almendarez-Hernández et al., 2015), the industrial sector 
(Rendón-Contreras et al., 2021), and the farming sector (Castro-Ramírez et al., 2017). 
The results of these studies indicate that more efficient water use can be made with the 
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implementation of policies and that an increase in water and electric energy fees can 
reduce the demand for the resource in the consumer sectors.
Population growth and the economic activity of the Tulancingo Valley will increase 
the demand for water in the future, and the more severe drought, along with the 
overuse of the aquifer, will make it harder to satisfactorily supply water. Considering 
this problem, the aim of the investigation was to analyze the water demand for the 
household, commercial, industrial, irrigation agriculture, and livestock sectors with 
economic instruments, such as water and electricity fees, to help reduce water use and 
reach a rational use of the resource. The hypothesis indicates that the rises in water 
and electric energy fees reduce water use in these sectors.

MATERIALS AND METHODS
The series of household, commercial, and industrial use and fee data from 2005 to 
2023 were provided by the director of the Water and Sewage Commission of the 
Municipality of Tulancingo (AWUMT) via the National Transparency Platform 
(PNT, 2024). The average water use in the irrigation agriculture sector (supplied with 
underground water from springs and wells) was obtained from the National Water 
Commission (CONAGUA, 2023b). The average water use in the livestock sector was 
estimated as follows: a) the number of heads of livestock population (bovines, pigs, 
goats, sheep, and poultry) was multiplied by the per capita use of each species (liters 
of water a day); b) the result was divided by 1000 to obtain the figure (in m3); and c) the 
annual use was obtained by multiplying the daily use by 365 days.
The data on livestock population and the price of beef were taken from the Agri-food 
and Fisheries Information Service (SIAP, 2023) and the per capita use of each species 
was taken from the United Nations Food and Agriculture Organization (FAO, 2013). 
Regarding the water fees for agricultural and livestock use, there is no price as such. 
However, price of the electricity used to pump water for irrigated agriculture was 
used as a proxy variable for the water tariff in both sectors. The electricity fee for 
household, commercial, industrial, and agricultural use for the 2005–2016 period was 
obtained from the National Institute of Statistics and Geography (INEGI, 2024a), and 
for 2017–2023, from the Energy Regulation Commission (CRE, 2020).
To measure the income, proxy variables were used. In the household sector, the 
general minimum wage was used, as it is the income one person earns per day; in 
the industrial, agricultural, and livestock sectors, the GDP of the secondary activities, 
agriculture, and livestock breeding and production (including the value of cattle, 
pigs, goats, sheep, and poultry), respectively, were used. The general minimum wage 
came from the National Minimum Wage Commission (CONASAMI, 2023), and the 
GDP came from INEGI (2024b). Temperature and rainfall data were taken from the 
National Weather Service (SMN, 2024). The average prices of pesticides were retrieved 
from FAO (2024). The monetary variables were deflated using the National Consumer 
Price Index (INEGI, 2024b) on a 2018 basis.
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Model structure and statistical validation
A double-log Cobb-Douglas model was used so that the parameters associated with 
the explanatory variables would indicate their respective elasticities (Gujarati and 
Porter, 2010). The Cobb-Douglas function is stochastically expressed as follows:

𝑌𝑌𝑡𝑡 = 𝛽𝛽1𝑋𝑋2𝑡𝑡
𝛽𝛽2𝑋𝑋3𝑡𝑡

𝛽𝛽3𝑒𝑒𝑢𝑢𝑡𝑡 	 (1)

The relationship between the dependent variable (Yt) and the explanatory variables 
(X2t and X3t) is not linear; therefore, Equation 1 is transformed by applying the natural 
logarithm to each variable. This gives the multiple linear regression model (Equation 
2):

𝑙𝑙𝑙𝑙𝑌𝑌𝑡𝑡 = 𝑙𝑙𝑙𝑙𝛽𝛽1 + 𝛽𝛽2𝑙𝑙𝑙𝑙𝑋𝑋2𝑡𝑡 + 𝛽𝛽3𝑙𝑙𝑙𝑙𝑋𝑋3𝑡𝑡 + 𝑢𝑢𝑡𝑡 	 (2)

The formulation of the models proposed to estimate water demand was based on 
economic theory and empirical evidence. The determining factors of the demand for 
a good were the price of the good itself, the price of related goods (complements and 
substitutes), income, and others (Barkley and Barkley, 2013). Empirically, the work by 
Guzmán-Soria et al. (2013) was considered, which was composed of weather variables, 
electric energy fees as a complementary good to water in demand in different 
sectors, and other variables that improve agricultural and livestock productivity as 
determinants of water demand.

For the household sector, the model was as follows:

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 = 𝛽𝛽1 + 𝛽𝛽2𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 + 𝛽𝛽3𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡−2 + 𝛽𝛽4𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺𝑡𝑡 + 𝛽𝛽5𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 + 𝑢𝑢𝑡𝑡       (3)

where, for year t, HWU is the household average water use (in m3); HRWF is the real 
average water fee for household use (in MXN m-3); HREF is the average real electric 
energy fee for household use (in MXN kW-1 h-1, with a 2-year delay); GMW is the 
general minimum wage (in MXN d-1); TE is the temperature (in °C); and u is the 
random error.

For the commercial sector:

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 = 𝛽𝛽1 + 𝛽𝛽2𝑙𝑙𝑙𝑙𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡−3 + 𝛽𝛽3𝑙𝑙𝑙𝑙𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡−3 + 𝛽𝛽4𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙1𝑡𝑡−1 + 𝑢𝑢𝑡𝑡 	 (4)

where, for year t, CWU is the average commercial water use (in m3); CRWF is the real 
average water fee for commercial use (in MXN m-3, with a three-year delay); CREF is 
the real average electric energy fee for commercial use (in MXN kW-1 h-1, with a three-
year delay); CWU1 is the delayed average commercial water use (in m3, with a three-
year delay); and u is the random error.
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For the industrial sector:

𝑙𝑙𝑙𝑙𝐼𝐼𝐼𝐼𝐼𝐼𝑡𝑡 = 𝛽𝛽1 + 𝛽𝛽2𝑙𝑙𝑙𝑙𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑡𝑡−3 + 𝛽𝛽3𝑙𝑙𝑙𝑙𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑡𝑡−3 + 𝛽𝛽4𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 + 𝛽𝛽5𝑙𝑙𝑙𝑙𝑇𝑇𝑇𝑇3𝑡𝑡 + 𝑢𝑢𝑡𝑡  (5)

where, for year t, IWU is the average industrial water use (in m3); IRWF is the real 
average water fee for industrial use (in MXN m-3, with a three-year delay); IREF is the 
real average electric energy fee for industrial use (in MXN kW-1 h-1, with a three-year 
delay); GDPSA is the real GDP of secondary activities (in millions of MXN); TE3 is the 
temperature (in °C); and u is the random error.

For the agricultural irrigation sector:

𝑙𝑙𝑙𝑙𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡 = 𝛽𝛽1 + 𝛽𝛽2𝑙𝑙𝑙𝑙𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡−1 + 𝛽𝛽3𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑡𝑡−3 + 𝛽𝛽4𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 + 𝛽𝛽5𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃1𝑡𝑡−1 + 𝑢𝑢𝑡𝑡    (6)

where, for year t, AWU is the average water use for agricultural use under irrigation 
(in thousands of m3); AEF is the average fee for electric energy for agricultural use (in 
MXN kW-1 h-1, with a one-year delay); GDPA is the real GDP of agriculture (in millions 
of MXN, with a three-year delay); PRP is the real average price for pesticides (in MXN 
Mg-1); PP1 is rainfall (in mm, with a one-year delay); and u is the random error.

For the livestock sector:

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 = 𝛽𝛽1 + 𝛽𝛽2𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 + 𝛽𝛽3𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑡𝑡−3 + 𝛽𝛽4𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡−2 + 𝛽𝛽5𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃𝑡𝑡 + 𝑢𝑢𝑡𝑡    (7)

where, for year t, LWU is the average water use for the livestock sector (in m3); LREF 
is the real average electric energy fee for agricultural use (in MXN kW-1 h-1, with a 
three-year delay); GDPL is the real GDP for the raising and exploitation of livestock 
(in millions of MXN, with a three-year delay); PBEEF is the price of beef (in MXN kg-1, 
with a two-year delay); PP is rainfall (in mm), and u is the random error.

The parameters were estimated by Ordinary Least Squares (OLS) with robust standard 
deviations, using the R software (R Core Team, 2023). The results were economically and 
statistically validated, considering the following criteria: a) the estimated parameters 
were proven to display the expected sign according to the economic theory, and b) 
statistical tests were carried out, such as Student’s t and Fisher’s test (F), to determine 
the global significance of the parameters, the Shapiro-Wilk (SW) test for the normality 
of the residues, the Breusch-Pagan (BP) test for the absence of heteroscedasticity, and 
the Durbin-Watson (DW) and Breusch-Gofrey (BG) statistics for the absence of first-
order and serial autocorrelation, respectively.
The models were validated by comparing the estimated values of the dependent 
variable with the value observed in reality. A difference of less than 10 % was considered 
useful to create predictive scenarios in which the water demand of different consumer 
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sectors decreases by 10, 20, and 30 %. Similarly, the degree to which water and electric 
energy fees must rise in order to achieve such reductions in water use was determined.

RESULTS AND DISCUSSION
From the point of view of the economic theory, the relationship that must exist between 
the dependent and independent variables of the method was fulfilled. The coefficients 
of determination (R2) vary from 0.71 to 0.94, indicating an acceptable goodness-of-fit 
between the observed values and those predicted by the model. Similarly, the Student 
t statistic was greater than the unit in absolute terms, indicating that the estimated 
parameters are significant at the individual level. Considering a 5 % statistical 
significance (p ≤ 0.05), the probabilities of the other statistical tests (F, SW, DW, BG, and 
BP) displayed the following statements in all models: a) that there is global significance 
of the parameters and at least one of the parameters is different from zero; b) that the 
errors have a normal distribution; c) that there are no self-correlation issues, no first-
order or serial issues; and d) that there are no heteroscedasticity problems (Table 1).
Due to the above, the models proposed were valid, both economically and statistically, 
and can be used to predict behaviors of the use of water in each of the sectors 
(endogenous variables of the model) in the face of any change in their exogenous 
variables.
If a 1 % increase is considered for exogenous variables HRWF, HREF, GMW, and 
TE, ceteris paribus, the effects on the water use for households (HWU) are as follows: 
0.55 % reduction, 0.32 % reduction, 0.93 % increase, and 0.74 % increase, respectively 
(Table 1). These results indicate that household water use is inelastic against water 
fees. Additionally, they suggest that water is a complementary good of electric energy, 
since the use of household appliances such as washing machines and dishwashers, 
which simplify household chores, is associated with a greater use of water.
According to Reynaud et al. (2018), the price elasticity of the demand for household 
water is -0.7. On the other hand, Bautista-Mayorga et al. (2023) estimated elasticity 
coefficients of -0.588 for water use in regard to the use of household electric energy 
and 0.235 in regard to the income. Likewise, Reynaud et al. (2018) found an elasticity 
of 0.776 between water use and the mean temperature. Altogether, these findings help 
conclude that water is a normal good, given that its use increases with income. In 
addition, temperature is confirmed as a relevant factor in the household use of water.
In commercial use of water (CWU), a 1 % change in the exogenous variables CRWF, 
CREF, and CWU1, ceteris paribus, leads to the following changes in use: 2.69 % 
reduction, 0.4 % decrease, and 0.71 % increase, respectively. In earlier studies, Gracia-
de Rentería et al. (2021) reported price elasticities related to activities in the tertiary 
sector of -1.08 for professional services and -1.24 for real estate. In turn, Gómez-Ugalde 
et al. (2012) found a price elasticity of water demand for commercial use of -1.03, as 
well as an elasticity regarding electric energy of -0.25. Although the latter study did 
not determine the elasticity associated with the endogenous variable with one year of 
delay (t-1), a direct effect on the use of water was identified in the current period (t).
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Differences were observed in the magnitude of the coefficients of elasticity related to 
the price of water and electric energy, particularly in relation to the price elasticity 
of the demand. These differences may be attributed to the treatment of the data and 
the method used in the estimations. However, despite these discrepancies, all studies 
coincide in the same conclusions: the use of water in the commercial sector displays an 
elastic behavior, and electric energy acts as a complementary good to water. Therefore, 
water use is sensitive to changes in price, which suggests that the amount used can be 
reduced with an adequate price policy.

Table 1. Elasticity of water use in the household, commercial, industrial, agricultural, and livestock 
sectors in the municipality of Tulancingo in Hidalgo, Mexico.

Endogenous 
variables Intercept Exogenous variables Probabilities

R2 F SW DW BG BP

HRWF HREF GMW TE
HWU 8.52 -0.55 -0.32 0.93 0.74 0.90 0.000 0.24 0.90 0.07 0.22
Standard error 1.63 0.24 0.09 0.28 0.81
t statistic 5.23 -2.27 -3.65 3.35 0.91

CRWF CREF CWU1
CWU 9.70 -2.69 -0.40 0.71 0.94 0.000 0.11 0.22 0.34 0.49
Standard error 1.95 0.60 0.12 0.07
t statistic 4.98 -4.49 -3.37 9.87

IRWF IREF GDPSA TE3
IWU -28.85 -2.35 -0.85 3.31 2.57 0.71 0.006 0.67 0.14 0.30 0.77
Standard error 13.63 1.64 0.53 0.97 1.84
t statistic -2.12 -1.43 -1.62 3.43 1.39

AEF GDPA PRP PP1
AWU 11.61 -0.13 0.32 -0.25 -0.33 0.73 0.004 0.91 0.75 0.79 0.14
Standard error 1.77 0.06 0.20 0.06 0.11
t statistic 6.54 -2.08 1.61 -4.13 -2.99

LREF GDPL PBEEF PP
LWU -16.09 -0.42 2.84 2.32 -0.96 0.81 0.001 0.26 0.15 0.08 0.57
Standard error 7.52 0.09 0.72 0.40 0.30
t statistic -2.14 -4.41 3.96 5.86 -3.22

Endogenous water use variables: HWU: household use; CWU: commercial use; IWU: industrial use; 
AWU: for agricultural irrigation; LWU: livestock use. Exogenous variables: HRWF: real average water fee 
for household use; HREF: real average electric energy fee for household use; GMW: general minimum 
wage; TE: mean atmospheric temperature; CRWF: real average water fee for commercial use; CREF: real 
average electric energy fee for commercial use; CWU1: delayed average commercial use of water; IRWF: 
real average industrial use of water; IREF: average industrial use of electric energy; GDPSA: real gross 
domestic product (GDP) of secondary activities; TE3: mean atmospheric temperature; AEF: average 
electric energy fee for agricultural use; GDPA: real agriculture GDP; PRP: average pesticide price; PP1: 
rainfall; LREF: real average electric energy fee for agricultural use; GDPL: real GDP of the raising and 
exploitation of livestock; PBEEF: price of beef; PP: rainfall. Probabilities: F: Fisher’s test; SW: Shapiro-
Wilk; BP: Breusch-Pagan; DW: Durbin-Watson; BG: Breusch-Gofrey.
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In the water use for industry (IWU), a 1 % change in the exogenous variables IRWF, 
IREF, GDPSA, and TE3, ceteris paribus, would have the following effects: 2.35 % 
reduction, 0.85 % reduction, 3.31 % increase, and 2.57 % increase, respectively. 
Tobarra-González (2018) reported a water price elasticity for the paper industry of 
-3.17, displaying a high sensitivity of the consumer to price variations. On the other 
hand, Bautista-Mayorga et al. (2023) identified coefficients related to electric energy, 
income, and temperature of -0.156, 0.104, and 0.911, respectively.
Significant differences were observed between coefficients in this study and those 
reported by the authors cited, which may be due to the method used and specific 
special factors. Nevertheless, the water for industrial use is confirmed to respond 
elastically to the price of water. Additionally, there is clear evidence of a strong inverse 
relationship between water consumption and electricity consumption, suggesting that 
these are complementary goods. The GDPSA, used as an approximation of income 
in this sector, allows water to be classified as a normal good. On the other hand, 
temperature also plays a crucial part in the use of water. Consequently, the use of water 
and electric energy fees is suggested as economic policy instruments to incentivize the 
reduction of water use in the industrial sector. Regarding the variables of income and 
temperature, their control is more limited since they depend on the general economic 
surroundings and on the local weather conditions.
For water use in agriculture (AWU), a 1 % change in the exogenous variables AEF, 
GDPA, PRP, and PP1, ceteris paribus, leads to the following variations in this use: 0.13 
% reduction, 0.32 % increase, 0.25 % reduction, and 0.33 % reduction, respectively. 
Several studies back these findings; Bruno and Jessoe (2021) found a price elasticity 
in the demand for water agriculture of -0.15, indicating that this demand is inelastic 
to variations in price. Likewise, Torres-Sombra et al. (2013) identified a direct relation 
between the GDP per capita and the demand for water in agriculture: for every MXN 
that GDP increases, the demand for water in Sinaloa rises by 0.447 hm³. Guzmán-Soria 
et al. (2010) found an elasticity regarding the use of fertilizers of -0.315. On the other 
hand, Khorchani et al. (2024), using a correlation matrix, found a positive relation of 
0.67 between the yield of rainfed maize and the contribution of water (rainfall plus 
irrigation).
These results suggest that the use of water in agriculture responds inelastically to the 
electric energy fee, which is used as a proxy variable for the price of water due to the 
lack of specific price data over the period of analysis. Additionally, a direct relation is 
observed with the agricultural GDP (GDPA), which helps classify water as a normal 
good. On the other hand, the reverse relation between the average price of pesticides 
and agricultural water use suggests that if the price of pesticides decreases, farmers 
may be incentivized to grow more crops in a larger plot, which would increase 
water use. By contrast, an increase in the price of pesticides could reduce their use, 
thus reducing productivity and leading farmers to plant less, reducing water use. 
Finally, the weather is one of the factors with the greatest repercussions on the yield 
of agricultural crops, as well as being one of the elements that generates the most 
uncertainty in terms of decision-making (Khorchani et al., 2024).
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Finally, a 1 % increase in the exogenous variables LREF, GDPL, PBEEF, and PP, ceteris 
paribus, brings about the following changes in the water use for livestock (LWU): 0.42 
% reduction, 2.84 % increase, 2.32 % increase, and 0.96 % reduction, respectively. 
Torres-Sombra et al. (2013) found elasticities related to the price of water and electric 
energy in this sector of -0.065 and 0.051, which are different from the results found and 
which may be due to the methods used. Guzmán-Soria et al. (2010) found an elasticity 
in milk of 0.0001 and point out that the final products (milk and meat) impact the use 
of water in the livestock sector.
In the period of study, the agricultural, household, and commercial sectors used 
12.5 million, 790 and 263 thousand m3 of water, whereas the livestock and industrial 
sectors demanded 105 and 87 thousand m3 of water (Table 2). With a total demand of 
approximately 13.8 hm3 of water, the situation of the aquifer of the municipality of 
Tulancingo is one of overuse, indicating that a reduction in demand is required.

Table 2. Increase scenarios in water and electricity fees to reduce water use in Tulancingo 
municipality in Hidalgo, Mexico.

Indicator Water use per sector (m3)
Household Commercial Industrial Agricultural Livestock

Observed use 790 353 263 030 87 038 12 515 110 105 789
Estimated use 815 832 285 788 90 859 12 242 000 95 417
Difference 25 479 22 758 3821 -273 110 -10 372
Difference (%) 3.2 8.7 4.4 -2.2 -9.8

Reduction in use (%) Increase in water fee (%)
   10 18.2 3.7 4.3
   20 36.4 7.4 8.5
   30 54.6 11.1 12.8

Reduction in use (%) Increase in electricity fee (%)
   10 31.2 25.1 11.7 76.3 23.9
   20 62.3 50.3 23.4 152.7 47.7
   30 93.5 75.4 35.1 229.0 71.6

The validation of the models revealed differences of less than 10 % between estimated 
and observed values. A difference with a positive/negative sign indicates that the 
model overestimated or underestimated water use in comparison to the observed 
value (Table 2). Thus, it was possible to develop scenarios to determine the water 
and electricity fees required to reduce water consumption. If the goal is to reduce 
household water consumption by 10, 20, or 30 % in terms of estimated value, the fee 
must rise by 18.2, 36.4, and 54.6 %, respectively. To achieve these commercial water 
use reductions, water fees must increase by 3.7, 7.4, and 11.1 %. Similarly, to reduce 
industrial use, the fee must be increased by 4.3, 8.5, and 12.8 %, respectively (Table 2).
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The use of water in each sector can be reduced by raising the electric fee. To reduce 
household water consumption by 10, 20, and 30 %, electricity rates must rise by 31.2, 
62.3, and 93.5 %, respectively. For the commercial sector, the fee must increase by 25.1, 
50.3, and 75.4 %. Finally, in order to reduce industrial water use, the fee must increase 
by 11.7, 23.4, and 35.1 %, respectively. For agricultural water use, the fee must increase 
by 76.3, 152.7, and 229 %. Similarly, the fee for using water for livestock must increase 
by 23.9, 47.7, and 71.6 %, respectively (Table 2).
Other authors found that increasing the water fee can lead to a decrease in water 
consumption. According to Bautista-Mayorga et al. (2023), in order to reduce water 
consumption by 10 and 20 % in the household and industrial sectors, the household 
sector fee must increase by 53.1 and 106.3 %, respectively, while the industrial sector 
fee must increase by 57.7 and 115.4 %. According to Gómez-Ugalde et al. (2012), a 10 
% increase in water fees would result in a 10.3 % bimonthly decrease in commercial 
water demand. Bruno and Jessoe (2021) found a price elasticity of -0.15 for agricultural 
water use, implying that a 66.7 % increase in price would be required to reduce water 
use by 10 %. Torres-Sombra et al. (2013) observed that reducing water in the livestock 
sector by 5 % would result in a 76.9 % increase in price.
The authors below found that increasing the electric energy fee makes it possible to 
reduce water use. Bautista-Mayorga et al. (2023) discovered that in order to reduce 
water use in the household and industrial sectors by 10 and 20 %, respectively, the 
electricity fee in the household sector must rise by 17 and 34 %, and in the industrial 
sector by 64.3 and 128.6 %. Gómez-Ugalde et al. (2012) discovered an elasticity 
associated with electric energy of -0.25, implying that in order to reduce water use by 
10 and 20 %, the price of electric energy must rise by 40 and 80 %, respectively.
An economic policy would be most effective in the commercial and industrial sectors 
if water fee increases were considered, and in the commercial, industrial, and livestock 
sectors if electricity fee increases were considered. This is because the price and cross-
price elasticity coefficients were determined to be elastic. Water and electric energy fees 
in the household sector were higher than in previous sectors, which can be attributed 
to the critical importance of water and the lack of price elasticity in its demand. The 
agricultural sector saw significant increases in water fees, which could be attributed 
to the following: a) electric energy is subsidized in Mexico; b) the inelastic elasticity 
coefficient is associated with electricity (used as a proxy variable for the water fee); 
and c) the water use value in agriculture is lower than in other consumer sectors.

CONCLUSIONS
The analysis of water demand for the water-using sectors in the municipality of 
Tulancingo revealed that increasing water and electricity fees is a feasible way to 
reduce water consumption. The commercial and industrial sectors are especially 
sensitive to increases in water fees, while the commercial, industrial, and livestock 
sectors are more sensitive to increases in electricity fees. Reducing water use or 
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demand in drought-prone areas benefits future generations by allowing them to use 
water more wisely.
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ABSTRACT
Currently, there is a debate about the toxicity and consequences of glyphosate use on human 
health and the environment. The objective of this work was to estimate the level of use of this 
herbicide and the environmental attitude of farmers. The hypothesis was that glyphosate use 
is low in agriculture and the environmental attitude is unclear. For this purpose, a total of 103 
questionnaires were distributed to farmers in Jamapa and Medellín in Veracruz, Mexico, to 
gather socioeconomic, technical-productive, and attitude data. The information was analyzed 
through descriptive statistics and parametric (t-student) and non-parametric (X2) tests. 
According to the findings, farmers have an average age of 60 to 63 years, work in agriculture, 
and have an average level of education equivalent to incomplete primary school. The type of 
tenure of the production unit between municipalities was found to be statistically different (p 
< 0.05). In Jamapa and Medellín, the average land extension was 6 and 9 ha, respectively. The 
predominant crops are maize (Zea mays L.), beans (Phaseolus vulgaris L.), and grass (Panicum 
maximum Jacq. cv. Tanzania), mainly rainfed and for self-consumption or local and/or regional 
sale. Weeds are moderately affected when chemical herbicides are used, with glyphosate being 
the main herbicide for both agricultural and non-agricultural use. It was found that 94–98 % of 
farmers do not use safety measures and do not receive technical training. Glyphosate is used 
sparingly by farmers in agricultural practices. However, the general perspective is that it has 
a negative impact on the environment and people’s health. There is a difference of opinion 
regarding the risk in the use of glyphosate and the environmental attitude in the disposal of 
containers and application of personal prevention measures.

Keywords: herbicide, agroecosystems, weeds, contamination.

INTRODUCTION
The use of agrochemicals such as fertilizers and pesticides is widely accepted in 
agriculture and has increased significantly since the “Green Revolution” model, which 
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aimed to boost agricultural productivity and profitability. However, its externalities 
caused serious consequences, including environmental degradation, human diseases, 
and socioeconomic effects, primarily on small farmers (Ceccon, 2008; Martínez-
Centeno and Huerta-Sobalvarro, 2018).
Inadequate management and constant pesticide abuse endanger human and 
wildlife health. If this trend continues, it may lead to a food crisis and imminent 
damage to human health. The social and environmental damage caused by pesticide 
contamination was first described by Rachel Carson in her book “Silent spring,” 
published in 1962, and today we face the problems described by this author as a result 
of the excessive and uncontrolled use of different types of pesticides. Soil degradation, 
loss of biodiversity, increase in human diseases, and contamination of food and water 
are notorious (Díaz-Vallejo et al., 2021).
Pesticide contamination is a global problem that persists. Products such as 
dichlorodiphenyltrichloroethane (DDT), chlorpyrifos, and paraquat are banned 
in some countries. In the case of Mexico, DDT is classified as a “restricted use” 
compound, while paraquat and chlorpyrifos are not restricted (COFEPRIS, 2024). 
In contrast, new pesticides are entering the market or are in the process of approval 
and/or prohibition due to the risk they represent. An example of this is glyphosate 
(N-phosphonomethylglycine, C3H8NO5P), which was marketed under the trade name 
Roundup® in the 1970s and is now being debated globally due to its toxic effects 
(Fernández-Peña et al., 2023; Novotny, 2023). 
Glyphosate has been associated with a decrease in soil microorganisms and 
pollinating insects such as bees (Cullen et al., 2023), which may have repercussions 
on the alteration of biogeochemical cycles and food production. In addition, several 
toxicological studies have identified damage to the development of aquatic organisms 
(Kale et al., 2023; Bellot et al., 2023). Glyphosate contamination alters both surface and 
groundwater quality; in addition, the use of this herbicide is a precursor of diseases, 
mainly in agricultural workers through direct contact (Rydz et al., 2021). However, 
another route of contact with the population is the consumption of contaminated food 
or drinking water (Gomes et al., 2020; Rampazzo et al., 2023). Glyphosate concentrations 
have been reported in the urine of workers and pregnant women, which is alarming 
because of the effects it could cause (Dou et al., 2023; Fuhrimann et al., 2023).
In Mexico, the presence of this compound has been reported in surface and groundwater, 
as well as commercial bottled water (Rendón-von Osten and Dzul-Caamal, 2017; 
Reynoso et al., 2020). Although its application is designed to increase agricultural 
efficiency, its presence can alter several natural processes in the ecosystem, affecting 
biodiversity and the quality of natural resources. In 2019, the Ministry of Environment 
and Natural Resources (SEMARNAT) of Mexico applied the “precautionary principle” 
to stop the importation of glyphosate. In 2020, a presidential decree was published, 
indicating the “gradual substitution” of glyphosate, which would conclude with its 
total ban by January 2024. However, in April of that year, the ban was postponed until 
a viable substitution could be found.
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Therefore, the objective of this research was to estimate the level of glyphosate use 
and to statistically characterize the environmental attitude (degree of knowledge, 
perception, and behavior) expressed by farmers regarding the impact of glyphosate 
use on the environment and human health. It was hypothesized that glyphosate use 
in agriculture is low in the lower Jamapa River basin, and farmers’ perceptions of the 
negative effects on the environment and human health are unclear.

MATERIALS AND METHODS

Study area
The Jamapa River basin is located on the Gulf of Mexico slope in the states of Veracruz 
and Puebla, between the La Antigua and Papaloapan River basins. It covers an area 
of 3918 km2 and partially or totally covers 31 municipalities in the state of Veracruz. 
It includes two important streams, the Jamapa River as the main watershed and 
the Cotaxtla River as the main tributary. The watershed is divided into three zones 
according to its altitude and function: high (catchment zone), medium (accumulation-
transport zone), and low (discharge zone) (PAMIC, 2017).
The lower basin covers an area of 1355 km2 and has altitudes ranging from 0 to 400 m. 
It has a predominantly warm sub-humid climate with an average annual temperature 
of 26 °C. The region is characterized by its eminently agricultural activity, and to 
a lesser extent, subsistence fishing (INEGI, 2019). This work was carried out in the 
municipalities of Medellín de Bravo and Jamapa, located within the lower basin of the 
Jamapa River in the state of Veracruz, Mexico (Figure 1).

Questionnaire design and application
A questionnaire was created to collect information, and it was divided into four 
sections: the first one made a brief exposition of the purpose of the research, the second 
registered aspects related to the socioeconomic profile of the interviewee, the third 
compiled technical-productive characteristics of the production unit, and finally, the 
fourth consisted of a series of items established in an ordinal Likert scale to identify the 
attitude of farmers in relation to the environmental and human health impacts caused 
by the use of glyphosate, evaluating the cognitive (level of knowledge), affective 
(perception), and behavioral (way of acting in the face of certain events) components. 
Five response options were used for each item, assigning a numerical value for analysis: 
strongly disagree (1), disagree (2), neutral (3), agree (4), and strongly agree (5).
The questionnaire consisted of a total of 48 open and closed questions. Previously, a 
pilot test of the questionnaire was carried out (December 2021), and some pertinent 
adjustments were made. Finally, the questionnaire was validated by means of expert 
judgment, taking coherence, clarity, scale, and relevance as evaluation indicators 
(Escobar-Pérez and Cuervo-Martínez, 2008). The questionnaire was applied through 
personal interviews during the months of March to June 2022.
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Sample size determination
To determine the sample size for the municipalities of Medellín de Bravo and Jamapa, 
the number of farmers registered in the Rural Development District (DDR) Veracruz 
was considered, which was 492 in both municipalities. The estimated sample size 
was 103 farmers with a confidence level of 95 %. The type of sampling was non-
probabilistic, using the snowball technique (Hernández-Ávila and Carpio, 2019); 
therefore, initial information was obtained from one farmer and other farmers of 
interest were identified.

Data processing and analysis
The information was captured using Microsoft Excel. Subsequently, the data were 
analyzed using descriptive statistics and parametric (t-student) and non-parametric 
(chi-squared test) tests. The statistical programs used were Statistica version 7.0 
(StatSoft Inc.), IBM SPSS V25 (IBM Statistics; Cary, NC, USA), and Microsoft Excel 
2016. Through frequency analysis, the attitude graph by municipality was constructed.

Figure 1. Location of the study area in the lower basin of the Jamapa River in the state of 
Veracruz, Mexico.
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RESULTS AND DISCUSSION

Farmer characterization
A total of 103 farmers were interviewed in both municipalities: Medellín de Bravo 
(50.4 %) and Jamapa (49.6 %). The farmer profile corresponded to people belonging to 
the elderly group. The average age in Medellín was 60 years (33–88), while in Jamapa 
it was 63 years (42–98). No statistically significant differences (p > 0.05) were found in 
the age of farmers between municipalities.
In terms of schooling, more than 60 % have not completed primary school. Most 
of their working lives have been dedicated to activities related to agriculture and 
livestock as their main activity, both in Jamapa (80.4 %) and Medellín (90.4 %). A small 
proportion reported that their primary work activity was permanent jobs in the region 
or their own businesses (sales of various products), with no statistical differences 
found between locations (p > 0.05).
Both municipalities were mostly represented by the male gender (> 90 %). In terms 
of agricultural activities, the participation and role of women is very low. However, 
Leyva-Trinidad (2019) noted that women participated significantly in agricultural 
activities, despite some social inequality between men and women.

Level of glyphosate use
The type of tenure of the production unit between municipalities was statistically 
different (p < 0.05). In Jamapa, the ejido type is predominant (74.5 %), while in Medellín 
de Bravo, the small property prevails (65.4 %). The average land area of farms in 
Jamapa was 6.3 ha and 9.7 ha in Medellín de Bravo. However, statistically, there were 
no differences (p > 0.05). Farmers in both municipalities use their agricultural land for 
planting and livestock management, mainly cattle.
The predominant crops in the Jamapa and Medellín region are maize (Zea mays 
L.), beans (Phaseolus vulgaris L.), and grass (Panicum maximum Jacq.), and to a lesser 
extent, fruit species such as pineapple (Ananas comosus (L.) Merr.), mango (Mangifera 
indica L.), and apple (Byrsonima crassifolia (L.) Kunth), and vegetables such as papalo 
(Porophyllum ruderale (Jacq.) Cass.) and chili (Capsicum annuum L.). However, the 
position of the predominant crops is reversed in the municipalities. In Jamapa, the 
main crop is maize, while in Medellín it is grass (Figure 2). The main cropping regime 
is rainfed. In June 2024, 757.52 ha of corn were planted in Jamapa and 100.18 ha in 
Medellín (SIAP, 2024). This may be related to the type of tenure of the production unit, 
the agricultural vocation, and the fact that the number of hectares per farmer is greater 
in Medellín than in Jamapa. It is important to note that much of what is harvested is 
for self-consumption and/or local or regional sales in smaller proportion. 
The main herbicides used by farmers to control weeds in production units 
(agricultural use), as well as on the edges of plots, gaps, or roads (non-agricultural 
use) in both municipalities, are chemical herbicides, including glyphosate, paraquat 
(1,1’-dimethyl-4,4’-bipyridyl dichloride), and 2,4-D (2,4-dichlorophenoxyacetic acid) 
(Figure 3). Glyphosate is marketed under the names LaFam®, Faena Fuerte, Durango, 
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Figure 2. Frequency of predominant crops in the municipalities of Jamapa and Medellín de 
Bravo in Veracruz state, Mexico.

Figure 3. Herbicides used in production units for agricultural and non-agricultural use in the 
municipalities of Jamapa and Medellín de Bravo in Veracruz state, Mexico.
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Glyphosate Technical, Glyfos, or Velfosate. The average dose they use is 1.8 L ha-1, and 
the season they apply the most is during the rainy season (90 %), where the number 
of applications is one to three times per crop cycle, and, in general, the application is 
made in the morning (6 to 8 a.m.).
Farmers emphasize that herbicide applications depend on the growth and resistance 
of weeds, which are increasingly aggressive and present greater resistance to eliminate 
them. Alcántara-de la Cruz (2022) points out that the application of herbicides several 
times during an annual cycle generates the modification of genes in weeds that confer 
resistance. Therefore, it is important to take into account the type of weeds to be 
eliminated, rotate herbicides, and try alternatives that allow eliminating dependence 
on these products. One option could be intercropping, which, although some farmers 
in the municipalities report using it, there are still very few cases (15–20 %).
The glyphosate dose they apply is lower compared to that reported in northern 
states of the country or Campeche and Yucatan, where 3 to 5 L ha-1 and even more is 
applied, mainly in soybean, corn, citrus, and vegetable crops (Polanco-Rodriguez et 
al., 2019). However, it continues to be used despite the presidential decree published 
on December 31, 2020, establishing the gradual substitution and regulation of the 
acquisition, distribution, promotion, and importation of glyphosate (DOF, 2020). 
Ramírez-Mora et al. (2018) identified glyphosate as the primary herbicide used in the 
La Antigua irrigation district (DR035) near the study area, where sugarcane cultivation 
is prevalent. This herbicide has been used since 1995.
Inappropriate and excessive use of herbicides such as glyphosate leads to occupational 
exposure to pesticides. The safety of agricultural workers is inadequate when handling 
and applying pesticides. This issue is of vital relevance to human health, given that 
farmers do not receive training in the proper use of pesticides and measures to reduce 
the risk of exposure and intoxication. In Jamapa, 16 % of farmers have received 
technical assistance, while in Medellín only 12 % have received it. Most farmers report 
that they rely on the experience of other farmers, their own experience, or what is 
suggested to them in agrochemical stores regarding the type and amount of herbicide 
to use. This shows that training on the safe use of agrochemicals is a neglected issue 
where there is still much work to be done.
Regarding the safety measures used by farmers and/or agricultural workers, according 
to the indications on most pesticide labels and the International Code of Conduct on 
the Distribution and Use of Pesticides (FAO, 2013), at least a mask, gloves, overalls, 
and boots should be used. However, of the total number of interviewees, only 2 to 6 % 
follow what is established in the safety labels and the use of protective measures; the 
remaining group (94–98 %) only use one or two safety measures (mask covers and/or 
boots).
In the case of glyphosate, interviewees stated that they do not use safety precautions 
because it does not have unpleasant odors like other pesticides and that they have 
been using it for years with no health problems. Farmers reported headaches or rashes, 
but no other symptoms. Ramírez-Mora et al. (2019) reported that 50 % of farmers 
interviewed in DR035 have presented symptoms of acute intoxication during pesticide 
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application and that most (90 %) do not use safety measures. Sánchez-Alarcón et al. 
(2023) reported that a group of agricultural workers exposed to pesticides without 
the necessary protection at the time of preparation and/or application presented 
significant genotoxic damage.
The gradual reduction that would conclude with a total ban on the use of glyphosate 
in Mexico was postponed. Therefore, the use of glyphosate in agricultural fields will 
not be eliminated, and its application will continue despite the risks involved in its 
use. It is important to join efforts and implement training and orientation programs 
for farmers, since the risk of intoxication during exposure to herbicides such as 
glyphosate is serious. In addition, it is necessary to work and implement alternatives 
to reduce dependence on this and other types of pesticides, which will ultimately lead 
to a reduction in the impact on health and the environment.

Environmental attitude
A general Likert index value close to five indicates a favorable or positive attitude, 
while values close to one indicate an unfavorable or negative attitude. In the case 
of both municipalities, the attitude analysis indicates that farmers had a slightly 
positive attitude (Table 1) based on what they know, observe (cognitive component), 

Table 1. Attitudes toward the impact of glyphosate in Jamapa and Medellín de Bravo, Veracruz, Mexico, measured using a 
Likert index.

Aspects on the impact of glyphosate Key Jamapa Medellín
IL* IL*

1. The use of herbicides (glyphosate) affects the biodiversity of agricultural 
fields. IGBIO 4.0 3.9

2. The use of herbicides (glyphosate) affects soil quality and fertility. IGCFSUE 4.2 3.8
3. The use of herbicides (glyphosate) affects air quality. IGCAIRE 4.0 3.8
4. The use of herbicides (glyphosate) affects water quality and properties. IGCAGUA 4.0 3.7
5. Herbicide use affects people’s health. IGSALUDH 4.2 4.0
6. Herbicide use has a direct impact on the health of field workers. IGSALUDTRA 4.2 4.0
7. The use of herbicides has a direct impact on the health of those who apply 

them. IGSALUDAPLI 4.2 4.2

8. The water in the Jamapa River is clean and safe for domestic use. PAUSODOM 4.2 4.0
9. The water in the Jamapa River is clean and suitable for irrigation. PAUSORIEG 2.1 2.3
10. The water in the Jamapa River is clean and safe for livestock consumption. PAUSOGAN 2.1 2.6
11. The water of the Jamapa River contains pesticide and herbicide residues 

from the surrounding area. PCONTAPLAG 3.6 3.3

12. The water of the Jamapa River carries pesticide and herbicide residues that 
can be toxic if used for animal consumption. PERTOXANIM 3.7 3.6

13. Glyphosate (herbicide) residues in the water reduce and eliminate aquatic 
organisms in the Jamapa River. PERPERBIO 4.1 4.2

14. By discontinuing the use of glyphosate (herbicides), environmental and 
human health impacts are eliminated. PERRESPROB 1.7 1.8

Overall Likert index 3.5 3.7

IL*: Likert index.
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and perceive (affective component) of the negative impacts of glyphosate and other 
pesticides on human health and the environment (Figure 4).

Figure 4. Environmental attitude of the farmers interviewed in the study municipalities in 
Veracruz, Mexico, by item evaluated (Table 1).

The interviewees have the notion that glyphosate and other herbicides negatively affect 
ecosystems in the short, medium, or long term, and even emphasized that in previous 
years (more than 20 years ago), the Jamapa Riverbed had a greater richness and 
abundance of fauna and flora species; in addition, the water was of good quality and 
was more reliable for human consumption and recreational activities. Unfortunately, 
today it can no longer be consumed, and there are fewer and fewer species for human 
consumption (mojarras, shrimp, among others).
Item 14 (Table 1) reflects that glyphosate is not the only agrochemical that harms the 
environment, since farmers perceive that there are other contaminants that trigger 
human health and environmental impacts and that eliminating the use of glyphosate 
will not end the negative impacts on the environment. Regarding the actions taken 
to avoid the use of chemical herbicides in Jamapa, 72 % answered that they use 
agricultural tools (machete, hoe, tarpala) and even weeding by hand; 23 % said none, 
and 5 % sometimes use agricultural machinery. In the case of Medellín, 60 % use 
agricultural tools, 23 % use no alternative, and 17 % use agricultural machinery.
They were asked, “What is the final disposal of empty agrochemical containers?” In 
both municipalities, producers first highlighted “burning,” then “burying or throwing 
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away,” and finally, only 20 % of farmers in Medellín and 2 % in Jamapa indicated 
that they collect them and take them to a special container located in the municipality 
of Manlio Fabio Altamirano. This practice is of concern in environmental and public 
health terms, so it is necessary to work and implement actions to mitigate this problem. 
One example is the placement of special collection containers (Clean Field Program) 
located in the municipalities of La Antigua and Ursulo Galván in the state of Veracruz, 
where bins are placed on the roadsides where farmers deposit the containers, and 
later, personnel from the Ministry of Agriculture collect them for proper disposal.
Both municipalities had similar attitudes toward the environment. Farmers 
demonstrated a level of knowledge and positive opinion, indicating that they are 
aware of and perceive the negative impact of glyphosate on the environment and even 
human health. It was found that there is a dissonance between the opinion and the 
way of acting, since their behavior is contrary to what was expressed, referring to 
the incorrect final disposal of empty agrochemical containers and the scarce personal 
prevention measures when handling and applying this or other products.
The results of this research regarding the environmental attitude towards the negative 
impacts of glyphosate, the disposal of empty containers, and farmer safety are similar 
to those reported by Ponce-Caballero et al. (2022), who pointed out that farmers do 
perceive the negative impacts of pesticides; however, they present deficiencies in 
terms of personal protection and disposal of empty containers, which they associate 
with age, level of schooling, lack of information, and technical training.

CONCLUSIONS
Farmers in the municipalities of Jamapa and Medellín are small-scale producers and 
use chemical herbicides to control weeds, with glyphosate being the most commonly 
utilized. Although the application rate is relatively low, it may be related to what they 
know or observe of the impacts of this or other pesticides. Based on their years of 
experience in the field, farmers know and have a positive and favorable environmental 
attitude. In terms of knowledge or perception of the impact of glyphosate or other 
agrochemicals, they are willing to use alternative methods (such as agricultural tools 
and machinery) to combat weeds in order to reduce the use of chemical herbicides. 
Although the problem may not be solved quickly, these actions could lead to gradual 
but significant progress in reducing the use of this herbicide.
On the other hand, despite being clear about the negative effects of glyphosate and 
other herbicides, farmers carry out unfavorable actions such as improper disposal of 
containers and do not use preventive personal protection measures when handling and 
applying this type of agrochemical. It is necessary for the sector’s institutions to reach 
out to farmers and inform them of the risks they face. Given that agricultural workers 
are the most vulnerable to intoxication and disease, technical training programs and 
safety precautions must be implemented. To reduce the impact and contamination 
of natural resources, an environmental education program should be developed or 
expanded, similar to the Clean Field Program.
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ABSTRACT
The vulnerability of apple tree (Malus domestica Borkh.) yield to changes in climatic variables 
justifies an examination of the determining factors in producer technology adoption. The main 
factors are age, orchard size, temperature, and the cost of shade cloth, fertilizers, and labor. The 
objective of this research was to analyze the factors that influence the adoption rate of shade 
cloth as protection for apple crops. Municipal-level data was used to estimate a grouped logistic 
model with the 24 municipalities in which shade cloth was used in 2022. The dependent variable 
was the adoption rate of shade cloth, and the independent variables were age, farm size, shade 
cloth price, fertilizers, labor, and temperature. The results show that when age, farm size, and 
temperature increase by 10 %, the probability of using shade cloth increases by 22.6, 15.7, and 
7.6 %, respectively. A 10 % increase in the prices of shade cloth, fertilizers, and labor reduced the 
probability of shade cloth use by 1.7, 29.8, and 27.3 %, respectively. The adoption rate of shade 
cloth may increase as the size of the orchard expands through the rental or purchase of land, but 
it decreases to a greater extent with increases in fertilizer and labor prices. Among the benefits 
of using shade cloth are the protection of crops from excessive radiation and temperature 
increases.

Keywords: income per hectare, Malus domestica Borkh., logit model, probability, adoption rate, 
temperature.

INTRODUCTION
Apples (Malus domestica Borkh.) have become one of the most popular fruits in 
Mexico, thanks to changes in consumer tastes. The current trend toward healthy 
eating led to an increase in apple consumption from 643 698 to 1 112 246 Mg between 
1994 and 2022. Over the last three decades, apple production in Mexico has increased 
from 487 698 to 817 806 Mg (Table 1). This was made possible by the transition from 
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backyard orchards to technified orchards with traditional or introduced varieties and 
innovations in production management (Favret-Tondato, 2012).
Almost all the apples produced are destined for the domestic market. Production grew 
at an annual rate of 1.86 % from 1994 to 2022, which is lower than the consumption 
growth rate of 1.97 %. To satisfy domestic demand, imports increased from 156 110 in 
1994 to 295 183 Mg in 2022; in turn, the share of imports for consumption increased 
from 21 to 26.5 % in the same period (FAO, 2023). Exports are minimal and account for 
only 0.06 % of total production; hence, the trade balance is in deficit (Table 1). Farmland 
has expanded over the last 20 years, which has led to an increase in agricultural 
production (Potapov et al., 2022). However, in the case of apples in Mexico, the area 
planted has decreased over the last 30 years, from 61 472 ha in 1994 to 54 959 ha in 
2022. Therefore, the increase in production was due to an increase in yield per hectare, 
from 7.93 Mg ha-1 in 1994 to 14.88 Mg ha-1 in 2022 (SIAP, 2024).
Most apple production is concentrated in the north of the country. The states of 
Chihuahua and Coahuila account for 85 and 5.3 % of the total national production 
(SIAP, 2024). Puebla accounts for 4.4 %, but 66 % of the area is planted with native 
apples, which has an impact on producers’ income, as the average rural price of native 
apples (4610.00 MXN Mg-1 in 2022) was 2.2 times lower than that of Golden Delicious 
apples (11 039.95 MXN Mg-1 in 2022) (SIAP, 2024). Production in the municipalities of 
Cuauhtémoc, Guerrero, and Namiquipa, Chihuahua, exceeds 23 Mg ha-1. In Coahuila, 
apple trees are only planted in the municipality of Arteaga, and their irrigated yields 
reach 8.9 Mg ha-1 (SIAP, 2024). In the north of the country, integrated crop management 
is practiced, with varieties of higher market value developed according to the local 
climate. Some orchards are protected with shade cloth against solar radiation, hail, 
and late frosts (Favret-Tondato, 2012).

Table 1. Evolution of the apple market (Malus domestica Borkh.) in Mexico from 1994 to 2022.

Year Surface Production Yield Imports Exports FTB ADC
ha Mg Mg ha-1 Mg Mg Mg Mg

1 2 3 4 5 6 = 5 - 4 7 = 2 + 4 - 5
1994 61 472 487 698 7.93 156 110 110 -156 000 643 698
1999 64 474 449 867 6.98 136 380 300 -136 080 585 947
2004 59 095 572 906 9.69 154 050 243 -153 807 726 713
2009 56 992 561 493 9.85 222 208 253 -221 955 783 448
2014 55 447 716 865 12.93 235 502 305 -235 197 952 062
2019 52 981 761 483 14.37 252 223 606 -251 617 1 013 100
2022 54 959 817 806 14.88 295 183 743 -294 440 1 112 246

AAGR ( %) -0.40 1.86 2.27 2.30 7.06 2.33 1.97

FTB: foreign trade balance; ADC: apparent domestic consumption; AAGR: average annual growth rate for 
the period 1994–2022. The analysis was elaborated using data from SIAP (2024) and FAO (2023).
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Socioeconomic, technological, and environmental factors influence the adoption rate 
of shade cloth. A study on the adoption of crop protection measures such as anti-
hail netting conducted in India found that adoption is positively influenced by age, 
income, and property size, as producers have accumulated more wealth over time 
and find it easier to invest in crop protection (Prakash et al., 2021). In turn, Shashikala 
et al. (2022) found that income and property size are positively related to protective 
netting adoption rates, but age is negatively related. The adoption rate of shade cloth is 
limited by investment, production, and labor costs, so including government subsidies 
may be an alternative to increase their use (Prakash et al., 2020). The need to protect 
investment in perennial crops from temperature increases due to climate change also 
increases the likelihood for producers to adopt protective measures (Gunathilaka et 
al., 2018).
Currently, the global apple business faces challenges such as international competition 
and low product quality. Climate change affects the quantity and quality of natural 
resources due to variations in temperature, precipitation, winds, and water availability 
for crop growth and reproduction (Giacinti, 2003). Overexposure to sunlight and high 
temperatures affects plant and fruit development through physiological disorders 
(Severino et al., 2023). In South Africa, fruit quality problems have arisen due to 
sunburn, resulting from high temperatures with excessive solar intensity, leading to a 
decrease in export volumes of up to 50 % (Wand and Gindaba, 2005).
Porsch et al. (2018) point out that, in Germany, losses due to frost and hail are the most 
significant sources of risk in technified orchards and recommend the use of netting, 
even in places where hailstorms are not a regular occurrence. Protected agriculture in 
apple orchards is widely used in Europe and has spread throughout the world in the 
last 30 years. Depending on the type of protection, it fulfills various functions such as 
reducing sunburn, hail damage, and wind damage (Noè and Eccher, 1996).
In Brazil, do Amarante et al. (2011) found positive effects in the use of white netting in 
apple orchards to reduce sunburn and rot after cold storage. However, the fruit lost 
color and pulp firmness, and the starch index increased. In Mexico, low-tech producers 
are mainly affected by late frosts, with a loss of up to 70 % of the number of fruits per 
tree, because they are unable to mitigate the risk due to lack of resources and technical 
assistance (Ramírez-Legarreta et al., 2006).
It is believed that apple production and quality can be improved by adopting crop 
protection technologies. Therefore, this study aimed to analyze how population age, 
orchard size, temperature, and the prices of shade cloth, fertilizers, and labor affect 
the adoption rate of shade cloth technology in apple cultivation. The study was based 
on economic theory, so the hypothesis is that increases in age, size of the production 
units, and temperatures have positive effects on technology adoption. On the other 
hand, the price of shade cloth, fertilizers, and labor has negative effects as they add to 
the production cost.
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MATERIALS AND METHODS
Based on Gujarati and Porter (2010), a grouped logit model (glogit) was formulated 
to determine the factors affecting the adoption rate of shade cloth technology in apple 
production, which was estimated using the Statistical Analysis System (SAS) 9.0 
program (SAS Institute Inc., Cary, NC, USA). By using this model with municipal-
level data, the proportion of shade cloth use can be estimated by adding the area that 
uses this technology and the area that does not. As a result, each observation (group) 
concentrates the total number of cultivated hectares where the technology is used or 
not; therefore, the total universe of municipalities that use shade cloth is considered.
The dependent variable was the rate of adoption of shade cloth or, conversely, open-
air planting. This was defined as the probability of using shade cloth in municipality i 
and was calculated following these steps (Equations 1 and 2):

	
𝑃𝑃𝑖𝑖 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖 =

𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖
𝑆𝑆𝑆𝑆𝑖𝑖

 	 (1)

1 − 𝑃𝑃𝑖𝑖 =
𝑆𝑆𝑆𝑆𝑖𝑖 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖

𝑆𝑆𝑆𝑆𝑖𝑖
 
	

(2)

where, for municipality i, Pi is the probability of using shade cloth in i and 1-Pi is the 
probability of not using it (planting outdoors); TUMSi is the rate of shade cloth use in i; 
SMSi is the area cultivated with shade cloth in i; and STi is the total area harvested in i.
The grouped logit model was formulated, in which the qualitative dependent variable 
becomes an odds ratio. The proposed model is:

𝐿𝐿𝑖𝑖 = ln ( 𝑃𝑃𝑖𝑖
1− 𝑃𝑃𝑖𝑖

) = 𝛽𝛽1 + 𝛽𝛽2𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖 + 𝛽𝛽3𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖 + 𝛽𝛽4𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 + 𝛽𝛽5𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 

+𝛽𝛽6𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 + 𝛽𝛽7𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖 + 𝑢𝑢𝑖𝑖 	 (3)

where, for each municipality i, Li is the natural logarithm of the odds ratio [Pi/(1-Pi)], 
EDAi is the average age of the population over 15 years (in years), TAMi is the size 
of the orchard (in ha), PMPi is the price of protective netting (in MXN ha-1), PMOi 
is the price of labor (in MXN per day), PFEi is the price of fertilizer (in MXN Mg-1), 
TMIi is the average minimum temperature (in °C), and ui is the error term, which is 
asymptotically normally distributed, with mean = 0 and variance = 1/[STiPi(1-Pi)], so 
the disturbance term in the glogit model is heteroscedastic (Theil, 1970).

To solve the problem of heteroscedasticity, Gujarati and Porter (2010) propose using 
weighted least squares; therefore, Equation 3 becomes:
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√𝑤𝑤𝑖𝑖𝐿𝐿𝑖𝑖 = 𝛽𝛽1√𝑤𝑤𝑖𝑖 + 𝛽𝛽2√𝑤𝑤𝑖𝑖𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖 + 𝛽𝛽3√𝑤𝑤𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖 + 𝛽𝛽4√𝑤𝑤𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 + 

𝛽𝛽5√𝑤𝑤𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 + 𝛽𝛽6√𝑤𝑤𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 + 𝛽𝛽7√𝑤𝑤𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖 + √𝑤𝑤𝑖𝑖𝑢𝑢𝑖𝑖 	 (4)

or

𝐿𝐿𝑖𝑖∗ = 𝛽𝛽1√𝑤𝑤𝑖𝑖 + 𝛽𝛽2𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖∗ + 𝛽𝛽3𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖
∗ + 𝛽𝛽4𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖∗ + 𝛽𝛽5𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖∗ + 𝛽𝛽6𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖∗ + 𝛽𝛽7𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖∗ + 𝑣𝑣𝑖𝑖  

 

 

 

 

 

 

 

 

  

(5)

where √𝑤𝑤𝑖𝑖 = √𝑆𝑆𝑆𝑆𝑖𝑖𝑃𝑃𝑖𝑖(1 − 𝑃𝑃𝑖𝑖) , EDAi
* is the weighted average age of the population 

over 15 years of age, TAMi
* is the weighted size of the orchard, PMPi

* is the weighted 
price of protective netting, PMOi

* is the weighted price of labor, PFEi
* is the weighted 

price of fertilizer, TMIi
* is the weighted average minimum temperature, and vi is the 

weighted error term.

The model analysis was performed as an unweighted logit by dividing Li
* by the 

weight Ö wi . Subsequently, the ratio of predicted probabilities was obtained using the 
antilogarithm of Li

* (Equation 6):

eL̂i=
P̂i
1-P̂i

 
	 (6)

The predicted probability of using shade cloth technology is obtained by solving for 
P̂i=

eL̂i

1-eL̂i
  in Equation 6, resulting in Equation 7:

P̂i=
eL̂i

1-eL̂i
 	 (7)

The unweighted and weighted estimated probabilities were obtained for each 
municipality. Using the latter, the total average probability of the adoption rate of 
shade cloth technology was calculated using Equation 8:

Pp=∑[P̂i×δi]
I

i=1

 	 (8)

where Pp is the total average probability of using shade cloth, δi = STi/ST is the share 
of region i in the total area planted with apple trees, and I is the total number of 
municipalities used in the model.
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To obtain the total area planted with apple trees, municipal data reported by SIAP 
(2024) in 2022 was used. The area planted with shade cloth was obtained from the area 
planted with shade cloth for perennial crops in the 2022 Agricultural Census (INEGI, 
2023). The procedure for obtaining the total planted area was as follows: a) The main 
apple-producing municipalities in the country were selected; b) The municipal area 
planted with shade cloth for perennial crops was obtained; and c) It was verified that 
the total area with shade cloth matched the state data reported in the census.
Using information from SIAP (2024), 340 producing municipalities were identified in 
the country, with a total planted area of 57 817 ha (Table 2). Municipalities with more 
than 100 ha planted were used as the grouping criterion. Of the 340 municipalities, 289 
had an area of less than 100 ha, while 51 municipalities, distributed across Chihuahua, 
Coahuila, Durango, Nuevo León, Sonora, Zacatecas, Querétaro, Hidalgo, Veracruz, 
Puebla, and Chiapas, had an area greater than 100 ha (Table 2). According to the 2022 
National Agricultural Census, shade cloth is used in 24 municipalities, so the model 
estimate was based solely on data from those municipalities (INEGI, 2023). The total 
area considered was 47 631 ha planted, representing 82.4 % of the national total, of 
which 9401 ha use shade cloth (Table 2). The adoption rate of shade cloth in these 24 
municipalities is 19.7 %.
The average size of orchards at the municipal level was calculated using data from the 
2022 Agricultural Census (INEGI, 2023). The area planted with perennial crops was 
divided by the number of production units. In municipalities that use shade cloth, 82 % 
of orchards are apple orchards, meaning they specialize in this crop. It was considered 
that apple producers can increase the size of their farms by renting or purchasing land 
from other apple producers, which means that the total area remains constant.
For the price of shade cloth, the price (MXN Mg-1) of apples produced was used 
(Equation 9). The cost of the netting per hectare is fixed, as it is part of the orchard 
establishment and is the same regardless of the apples produced. Productivity 
(measured by yields) determines the price of shade cloth; that is, in orchards with 
low yields, the cost of the netting is higher and vice versa. In addition, different types 
of netting, the location of the municipalities, and the diversity of use determine the 
variability in prices. This way, the price reflects the effect of productivity and avoids 
price variability.

	
𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 =

𝐶𝐶𝐶𝐶𝐶𝐶
𝑅𝑅𝑖𝑖

 	 (9)

where, for municipality i, PMSi is the price of shade cloth (in MXN Mg-1 in 2022), CMS 
is the cost of shade cloth quoted in Mexico City with a national distributor (in MXN 
ha-1), and Ri is the yield level (in Mg ha-1 in 2022).

The price of labor was selected because of its importance in the apple production 
process, which is labor intensive, especially during the fruit thinning and harvesting 
phases. The data were obtained from the 2022 Agricultural Census daily wage data 
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Table 2. Area planted with apple trees (Malus domestica Borkh.) using shade cloth in Mexico by municipality in 2022.

Number State Municipality Planted 
area (ha)

Surface with 
shade cloth (ha)

Number of 
municipalities

Adoption 
rate (%)

Municipalities with more than 100 ha planted using shade cloth
1 Chihuahua Cuauhtémoc 10 581 4053 1 38.30
2 Chihuahua Guerrero 8914 1647 1 18.48
3 Chihuahua Namiquipa 5151 736 1 14.29
4 Chihuahua Bachíniva 2763 212 1 7.67
5 Chihuahua Cusihuiriachi 2599 1616 1 62.18
6 Chihuahua Carichí 913 135 1 14.79
7 Chihuahua Riva Palacio 700 261 1 37.29
8 Chihuahua Gran Morelos 209 125 1 59.81
9 Chihuahua Guachochi 129 1 1 0.78
10 Coahuila Arteaga 5792 466 1 8.05
11 Durango Canatlán 3057 26 1 0.85
12 Durango Nuevo Ideal 1156 2 1 0.17
13 Durango San Dimas 300 2 1 0.67
14 Durango Pueblo Nuevo 256 9 1 3.52
15 Hidalgo Acaxochitlán 151 1 1 0.66
16 Hidalgo Zimapán 150 1 1 0.67
17 Nuevo León Santiago 624 1 1 0.16
18 Nuevo León Galeana 557 40 1 7.18
19 Puebla Zacatlán 1882 25 1 1.33
20 Puebla Tlachichuca 534 21 1 3.93
21 Puebla Chignahuapan 422 15 1 3.55
22 Querétaro San Joaquín 200 1 1 0.50
23 Sonora Yécora 207 4 1 1.93
24 Veracruz Jalacingo 384 1 1 0.26

Subtotal (1–24) - - 47 631 9401 24 19.74

Municipalities with more than 100 ha planted without shade cloth
Subtotal (25–51) Several† - 5571 0 27 0.00

Municipalities with less than 100 ha planted (none use shade cloth)
Subtotal
(52–340) Several ¶ - 4615 0 289 0.00

Nationwide total - - 57 817 9401 340 16.26

†The 27 municipalities are located in the states of Chiapas, Chihuahua, Durango, Hidalgo, Puebla, Querétaro, Veracruz, 
and Zacatecas. ¶The 289 municipalities are located in the states of Aguascalientes, Baja California, Chiapas, Chihuahua, 
Mexico City, Coahuila, Durango, Guanajuato, Guerrero, Hidalgo, Jalisco, State of Mexico, Michoacán, Morelos, Nuevo 
León, Oaxaca, Puebla, Querétaro, San Luis Potosí, Tlaxcala, Veracruz, and Zacatecas. Prepared with information obtained 
from INEGI (2023) and SIAP (2024).

(INEGI, 2023). For fertilizers, the frequent price for 2022 (SNIIM, 2024) at the nearest 
supply center in each producing municipality was used. Fertilizers are part of the 
technology bundle, which means that an increase in their price affects the adoption of 
the technology, as it raises the cost of production (García-Salazar et al., 2023). For age, 
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the population average over 15 years of age from the 2020 Population and Housing 
Census (INEGI, 2021) was used. This variable includes apple producers, possible 
family labor, and wage earners involved in the production process.
To measure the effect of temperature on shade cloth adoption, the average annual 
minimum temperature for 2022 was used (CONAGUA, 2023). Temperature increases 
have different effects on apple tree development: in cold regions, flowering could be 
brought forward by late frosts, and in temperate climates, the cold period requirement 
would be incomplete, delaying the flowering phase and leading to poor fruit setting 
and final yield (Funes et al., 2016). Furthermore, rising temperatures increase the 
frequency of severe hailstorms, putting crops at risk (Martín et al., 2024).
For statistical analysis, the means, minimums, and maximums of each variable were 
used. For economic analysis, the following hypothetical scenarios were considered, 
taking into account the evolution of the independent variables over the last 10 years: 
a) An increase of 5, 10, and 15 % in the age of the population; b) An increase of 10, 20, 
and 30 % in the size of the property; and c) An increase of 5, 10, and 15 % in the price 
of shade cloth, fertilizers, labor, and temperature. The percentage of land suitable 
for integrating technology was estimated based on the share of irrigated land in the 
nationwide total.

RESULTS AND DISCUSSION
The model adequately explains the determining factors for the adoption of shade 
cloth technology. The coefficient of determination (R2) was 0.95, indicating that the 
independent variables explain 95 % of the dependent variable, thus suggesting that 
there is little influence from other variables not explicitly included in the model. 
The Fisher significance test (F) had a value of 48.49 (Prob > F less than 0.05), so the 
correlation between the endogenous and exogenous variables is statistically significant 
and different from zero at α = 0.05 (Table 3).

Table 3.	 Estimated statistical parameters of the glogit model for the adoption rate of shade 
cloth in apple orchards (Malus domestica Borkh.).

Variable Parameter Standard errors t value Prob > t

Ö wi 5.19 4.10 1.27 0.22
EDA* 0.07 0.04 1.83 0.09
TAM* 0.11 0.02 7.13 <0.01
PMP* -0.0001 0.00004 -3.03 0.01
PMO* -0.02 0.01 -2.94 0.01
PFE* -0.0004 0.0001 -2.46 0.02
TMI* 0.28 0.04 7.38 <0.01

R2 0.95
F 48.49 Prob > F <0.01

EDA*: average age of the population over 15 years old, TAM*: size of the orchard, PMP*: 
price of protective netting, PMO*: price of labor, PFE*: price of fertilizer, TMI*: average 
annual minimum temperature.
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The model underwent statistical testing for validation. Based on the Breusch-Pagan 
test, it was concluded that there was no heteroscedasticity in the variance of the error 
term transformed to an α = 0.05. The individual t-tests of the variables orchard size, 
netting and labor costs, fertilizers, and minimum temperature were significant at 
α = 0.05, while population age was significant at α = 0.1. The multicollinearity test 
was performed using the auxiliary regression method, and no significant collinearity 
between the independent variables was found. The coefficients of the independent 
variables had the expected sign. The parameters for producer age, orchard size, and 
temperature had a positive sign. The parameters for shade cloth prices, labor, and 
fertilizer have a negative sign.
Statistical analysis showed mixed results in terms of orchard size, mesh prices, 
fertilizers, and labor (Table 4). In municipalities where shade mesh is used, orchard 
size was 2.97 ha larger than the average for municipalities with more than 100 ha 
planted with apples. The minimum and maximum values indicate that there are still 
municipalities with small-scale backyard production as well as large-scale units. The 
average price of shade cloth in municipalities that use it was 18.6 % higher than the 
overall average, and the minimum price was obtained in highly productive units. 
The average price of fertilizers was 7.3 % lower in municipalities that use shade cloth 
compared to the overall average. The difference between the minimum and maximum 
values for this last aggregate was 98.2 %, indicating high variability in these prices 
at the municipal level. In apple-producing municipalities in the north, labor is paid 
higher than in the rest of the country. The highest daily wage was in Tamazula, 
Durango, while the lowest was in Chenalhó, Chiapas.
The model was validated with empirical data using the average probability of 
adoption by municipalities that use shade cloth (Table 5). The estimated total average 
probability (0.203) was close to the observed value (0.197). The estimated area of 
land cultivated with shade cloth was similar (9618 ha) to the observed area (9401 ha), 

Table 4. Statistical indicators of the glogit model of the adoption rate of shade cloth (n = 24) in apple orchards (Malus 
domestica Borkh.).

Variable

Municipalities with over 100 ha planted Municipalities using shade cloth

Average Minimum 
value

Maximum 
value Average Minimum 

value
Maximum 

value

EDA* (years) 39.94 33.55 48.79 40.84 36.85 48.79
TAM* (ha) 5.59 0.25 32.61 8.56 0.33 32.61
PMP* 11 616.00 1866.00 43 000.00 13 772.76 1866.32 43 000.00
PMO* (daily MXN) 231.62 95.50 378.50 257.92 174.00 320.00
PFE* (MXN Mg-1) 17 951.00 12 375.00 24 533.00 16 733.10 12 390.42 20 925.83
TMI* (°C) 8.13 2.17 17.10 7.44 2.17 15.83

EDA*: average age of the population over 15 years, TAM*: orchard size, PMP*: price of protective netting, PMO*: price 
of labor, PFE*: price of fertilizer, TMI*: minimum annual average temperature.
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with a difference of 251 ha or 2.7 % of the observed value, allowing for the creation 
of scenarios to analyze the effects of changes in the adoption rate of shade cloth in 
response to changes in the explanatory variables.
The results showed a positive relationship between population age and the adoption of 
technology, as found by Adams et al. (2021) in Ghana. The average age in municipalities 
where shade cloth is used was 40.84 years, which is lower than the average of 48.6 years 
observed among agricultural workers (SE, 2024). According to the estimated average 
probabilities, with a 15 % increase in the age of the population in all apple-producing 
regions, the total average probability of adopting shade cloth increases from 0.203 

Table 5. Effect of changes in independent variables on the adoption of shade cloth in apple cultivation (Malus domestica 
Borkh.).

Variable Average total 
probability

Area cultivated 
with netting (ha)

Change† 

(%)
Area with 

potential (ha)
Cultivated area

without netting (ha)
Change¶

(%)

Data observed 0.197 9401 38 535 29 134 -
Base scenario
(estimated data) 0.203 9652 38 535 28 883 -

Change in the independent variables
EDA increases:

5 % 0.222 10 595 9.773 38 535 27 940 -3.266
10 % 0.243 11 592 20.102 38 535 26 943 -6.717
15 % 0.265 12 640 30.959 38 535 25 895 -10.346

TAM increases:
10 % 0.231 11 014 14.110 38 535 27 522 -4.715
20 % 0.261 12 450 28.992 38 535 26 085 -9.688
30 % 0.293 13 936 44.386 38 535 24 599 -14.832

PMP increases:
5 % 0.201 9554 -1.016 38 535 28 981 0.340
10 % 0.199 9459 -1.999 38 535 29 076 0.668
15 % 0.197 9367 -2.954 38 535 29 168 0.987

PMO increases:
5 % 0.157 7484 -22.462 38 535 31 051 7.506
10 % 0.119 5687 -41.084 38 535 32 849 13.729
15 % 0.089 4246 -56.009 38 535 34 289 18.716

PFE increases:
5 % 0.166 7888 -18.271 38 535 30 647 6.106
10 % 0.134 6362 -34.088 38 535 32 174 11.391
15 % 0.106 5069 -47.484 38 535 33 467 15.868

TMI increases:
5 % 0.218 10 382 7.568 38 535 28 153 -2.529
10 % 0.234 11 137 15.390 38 535 27 398 -5.143
15 % 0.250 11 914 23.431 38 535 26 622 -7.830

†Change relative to the netted area in the base scenario. ¶Change relative to the unnetted area in the base scenario. EDA*: 
average age of the population over 15 years old, TAM*: orchard size, PMP*: price of protective netting, PMO*: price of labor, 
PFE*: price of fertilizer, TMI*: average annual minimum temperature.
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to 0.265. In absolute terms, the protected area would increase to 12 640 ha, and the 
area without shade cloth would decrease by 11.62 %. In a study on apples in Puebla, 
Mexico, Peraza-Reyes et al. (2020) found a positive relationship between the age of 
producers and the decision to incorporate technological innovations. Younger farmers 
tend to be less risk-averse and are willing to try new technologies (Gelgo, 2016), so 
apple growers will find it easier to transition from open-air to protected agriculture.
The average size of the orchard is a variable that had a positive impact on the adoption 
of shade cloth. A 30 % increase in size would raise the probability of using shade cloth 
from 0.203 to 0.293; that is, the protected area would be 14 369 ha, and the unprotected 
area would decrease by 14.8 %. Kolady et al. (2021) found a positive relationship 
between the adoption rate of precision agriculture and farm size. This is because larger 
production units have more capacity to generate economies of scale by purchasing 
inputs in bulk and have easier access to credit, technology, and technical assistance. 
In addition, small associated producers can access better technologies, given that the 
small size of their production units makes access difficult (Ma et al., 2018). 
The relationship between the price of the mesh and the adoption rate was negative. 
Given a 15 % increase in this variable in all municipalities, producers would stop 
purchasing shade mesh to protect their crops, which would reduce the utilization rate 
to 0.197. This would increase the area without shade mesh by 0.83 % compared to the 
base scenario. The results are consistent with García-Salazar et al. (2018), who found 
a negative relationship between the price of the technology and the adoption rate. In 
their analysis, a 15 % reduction in price would decrease the area without use of the 
technology by 5.3 %. This decline is caused by the law of demand, since increasing the 
price of shade cloth decreases the use of the product and therefore its adoption rate, 
and vice versa.
One of the most important factors in the adoption rate of shade cloth was the price of 
labor. According to the results, when labor costs increase by 15 %, the adoption rate 
drops to 0.089. Increases of this magnitude would reduce the adoption rate by up to 
56 %. This variable has a negative impact on the adoption of this technology because 
administrative and labor costs limit producers’ ability to incorporate technological 
innovations on their farms, especially when crops are labor-intensive (Fernández-
Reyes and Restrepo-Franco, 2023), as is the case of apple production.
The price of fertilizers had an indirect relationship with the rate of technology 
adoption. A 10 % increase in price in all municipalities using shade cloth would reduce 
the average total probability of adoption to 0.134 and the protected area by 11.4 %. 
Similar results were reported by García-Salazar and Guzmán-Soria (2015), who found 
that a 10 % decrease in the price of inputs increases the rate of technology adoption by 
17.5 %. Increases in input prices have a negative effect on the utilization rate because 
apple producers tend to prioritize their budget on the purchase of fertilizers rather 
than crop protection.
The use of shade cloth is a protective measure to control environmental factors in 
apple production. That is why temperature was a determining factor in the adoption 
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rate. The relationship between both variables was positive, where a 15 % increase in 
temperature increases the probability of use to 0.25. This decreased the area without 
shade cloth by 7.8 % compared to the base scenario. García-Salazar et al. (2023) found 
the same relationship between temperature and the adoption rate of technified 
irrigation systems in Mexico, although with more accentuated increases of up to 20 %. 
The effects of the variable on the use of shade cloth are modest, which may be due to 
growers’ lack of knowledge of the advantages of using the correct shade cloth on plant 
physiology and yield. It is considered that, when faced with increases in temperature, 
producers take action to protect their investment in their crops.

CONCLUSIONS
The adoption rate of shade cloth technology in apple production is positively 
correlated with population age and orchard size. Young producers have easier access 
to this technology, and increasing the size of orchards through land acquisition 
(renting or purchasing) facilitates the use of shade cloth. The most significant barriers 
to the adoption of this technology are rising costs for shade cloth, labor, and fertilizers. 
In contrast, lower prices encourage the acquisition of this technology. The positive 
relationship between temperature and adoption rate of this technology suggests that 
apple growers should protect their crops from the effects of rising temperatures.

REFERENCES
Adams A, Jumpah ET, Caesar LD. 2021. The nexuses between technology adoption and 

socioeconomic changes among farmers in Ghana. Technological Forecasting and Social 
Change 173: 121133. https://doi.org/10.1016/j.techfore.2021.121133

CONAGUA (Comisión Nacional del Agua). 2023. Resúmenes mensuales de temperaturas y 
lluvia. Gobierno de México. Comisión Nacional del Agua. Ciudad de México, México. https://
smn.conagua.gob.mx/es/climatologia/temperaturas-y-lluvias/resumenes-mensuales-de-
temperaturas-y-lluvias (Retrieved: November 2023).

do Amarante CVT, Steffens CA, Argenta LC. 2011. Yield and fruit quality of ‘Gala’ and ‘Fuji’ 
apple trees protected by white anti-hail net. Scientia Horticulturae 129 (1): 79–85. https://doi.
org/10.1016/j.scienta.2011.03.010

FAO (Food and Agriculture Organization). 2023. FAOSTAT. Statistical database, trade, detailed 
trade matrix. Food and Agriculture Organization of the United Nations. Rome, Italy. https://
www.fao.org/faostat/es/#data/TM (Retrieved: May 2024).

Favret-Tondato RC. 2012. Manzaneros chihuahuenses. Trayectoria y organización. Colegio de 
Postgraduados: San Luis Huexotla, México. 149 p.

Fernández-Reyes DF, Restrepo-Franco GM. 2023. Evaluación de la adopción de buenas 
prácticas agrícolas en sistemas cafeteros con base en el análisis anual de costos de 
producción y sostenimiento. Inventum 18 (35): 29–49. https://doi.org/10.26620/uniminuto.
inventum.18.35.2023.29-49

Funes I, Aranda X, Biel C, Carbó J, Camps F, Molina AJ, Herraldea F, Graua B, Savé R. 2016. 
Future climate change impacts on apple flowering date in a Mediterranean subbasin. 
Agricultural Water Management 164: 19–27. https://doi.org/10.1016/j.agwat.2015.06.013



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i5.3275
Scientific Article 766

García-Salazar JA, Bautista-Mayorga F, Reyes-Santiago E. 2023. Factores que condicionan la tasa 
de adopción de sistemas de riego tecnificados en México. Agronomía Mesoamericana 51202. 
https://doi.org/10.15517/am.v34i2.51202

García-Salazar JA, Borja-Bravo M, Rodríguez-Licea G. 2018. Consumo de fertilizantes en el 
sector agrícola de México: un estudio sobre los factores que afectan la tasa de adopción. 
Interciencia 43 (7): 505–510.

García-Salazar JA, Guzmán-Soria E. 2015. Factores que afectan la demanda de semilla mejorada 
de maíz en México. Revista Fitotecnia Mexicana 38 (3): 319–327.

Gelgo B, Mshenga P, Zemedu L. 2016. Analysing the determinants of adoption of organic 
fertilizer by smallholder farmers in Shashemene District, Ethiopia. Journal of Natural 
Sciences Research 6 (19): 35–44.

Giacinti MÁ. 2003. Pensamiento estratégico en el negocio mundial de manzanas. Agroalimentaria 
8 (17): 49–60.

Gujarati D, Porter D. 2010. Econometría (Quinta edición). Interamericana Editores S.A. de C.V.: 
Ciudad de México, México. 921 p. 

Gunathilaka RPD, Smart JC, Fleming CM. 2018. Adaptation to climate change in perennial 
cropping systems: Options, barriers and policy implications. Environmental Science and 
Policy 82: 108–116. https://doi.org/10.1016/j.envsci.2018.01.011

INEGI (Instituto Nacional de Estadística y Geografía). 2021. Programas de información. Censo 
de población y vivienda 2020. Ciudad de México, México. https://www.inegi.org.mx/
programas/ccpv/2020/ (Recuperado: mayo 2024). 

INEGI (Instituto Nacional de Estadística y Geografía). 2023. Programas de información. 
Programas de información. Censo Agropecuario 2022. Ciudad de México, México. https://
www.inegi.org.mx/programas/ca/2022/ (Retrieved: May 2024). 

Kolady DE, van der Sluis E, Uddin MM, Deutz AP. 2021. Determinants of adoption and adoption 
intensity of precision agriculture technologies: Evidence from South Dakota. Precision 
Agriculture 22 (3): 689–710. https://doi.org/10.1007/s11119-020-09750-2

Ma W, Renwick A, Yuan P, Ratna N. 2018. Agricultural cooperative membership and technical 
efficiency of apple farmers in China: An analysis accounting for selectivity bias. Food policy 
81: 122–132. https://doi.org/10.1016/j.foodpol.2018.10.009

Martín ML, Calvo-Sancho C, Taszarek M, González-Alemán JJ, Montoro-Mendoza A, Díaz-
Fernández J, Bolgiani P, Sastre M, Martín Y. 2024. Major role of marine heatwave and 
anthropogenic climate change on a giant hail event in Spain. Geophysical Research Letters 
51 (6). https://doi.org/10.1029/2023GL107632

Noè N, Eccher T. 1996. ‘Golden Delicious’ apple fruit shape and russeting are affected by 
light conditions. Scientia Horticulturae 65 (2–3): 209–213. https://doi.org/10.1016/0304-
4238(95)00850-0

Peraza-Reyes JD, Escobedo-Garrido JS, Pérez-Magaña A, Virginia-González M. 2020. La 
aceptabilidad tecnológica en los pequeños productores de manzana de José María Morelos, 
Tlachichuca, Puebla. Estudios Sociales. Revista de Alimentación Contemporánea y 
Desarrollo Regional 30 (56). https://doi.org/10.24836/es.v30i56.921

Porsch A, Gandorfer M, Bitsch V. 2018. Strategies to manage hail risk in apple production. 
Agricultural Finance Review 78 (5): 532–550. https://doi.org/10.1108/afr-07-2017-0062

Potapov P, Turubanova S, Hansen MC, Tyukavina A, Zalles V, Khan A, Song XP, Pickens A, Shen 
Q, Cortez J. 2022. Global maps of cropland extent and change show accelerated cropland 
expansion in the twenty-first century. Nature Food 3 (1): 19–28. https://doi.org/10.1038/
s43016-021-00429-z 



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i5.3275
Scientific Article 767

Prakash P, Kumar P, Kar A, Kishore P, Singh AK, Immanuel S. 2021. Protected cultivation in 
Maharashtra: Determinants of adoption, constraints, and impact. Agricultural Economics 
Research Review 34 (2): 217–228. https://doi.org/10.5958/0974-0279.2021.00031.8

Prakash P, Kumar P, Kar A, Singh AK. 2020. Status and impact of protected cultivation of 
horticultural crops in Maharashtra. Indian Journal of Horticulture 77 (3): 518–526. https://
doi.org/10.5958/0974-0112.2020.00075.4

Ramírez-Legarreta MR, Jacobo-Cuéllar JL, Ávila-Marioni MR, Parra-Quezada RÁ. 2006. 
Pérdidas de cosecha, eficiencia de producción y rentabilidad de huertos de manzano con 
diversos grados de tecnificación en Chihuahua, México. Revista Fitotecnia Mexicana 29 (3): 
215–222. https://doi.org/10.35196/rfm.2006.3.215

SE (Secretaría de Economía). 2024. Data México. Trabajadores en Actividades Agrícolas y 
Ganaderas. Gobierno de México. Secretaría de Economía. Ciudad de México, México. https://
www.economia.gob.mx/datamexico/es/profile/occupation/trabajadores-en-actividades-
agricolas-y-ganaderas (Retrieved: May 2024). 

Severino V, Dogliotti S, Echeverría G, Frins E, González-Talice J, Yuri JA, Arias-Sibillotte M. 2023. 
Daño de sol y potencial hídrico de tallo y tejidos del fruto de manzanas (Malus domestica) 
‘Brasil Gala’, ‘Cripps Pink’ y ‘Granny Smith’. Agrociencia Uruguay 27 (NE1): e1213. https://
doi.org/10.31285/agro.27.1213

Shashikala SR, Goudappa SB, Reddy BS, Shashidhara KK. 2022. Adoption level of farmers on 
protected cultivation technologies in Kalyana Karnataka region of Karnataka. The Pharma 
Innovation Journal 11 (6S): 1077–1081.

SIAP (Servicio de Información Agroalimentaria y Pesquera). 2024. Producción agrícola, acciones 
y programas. Gobierno de México. Secretaría de Agricultura y Desarrollo Rural. Servicio de 
Información Agroalimentaria y Pesquera. Ciudad de México, México. https://nube.siap.gob.
mx/cierreagricola/ (Retrieved: February 2024). 

SNIIM (Sistema Nacional de Información e Integración de Mercados). 2024. Mercados 
nacionales. Gobierno de México. Secretaria de Economía. Sistema Nacional de Información 
e Integración de Mercados. Ciudad de México, México. http://www.economia-sniim.gob.
mx/nuevo/ (Retrieved: February 2024).

Theil H. 1970. On the estimation of relationships involving qualitative variables. American 
Journal of Sociology 76 (1): 103–154. https://doi.org/10.1086/224909

Wand SJE, Gindaba J. 2005. Controlling sunburn: What are the options? South African Fruit 
Journal 4: 24–26.

AgrocienciaAgrociencia



768

Agrociencia

1	Universidad de Chile. Facultad de Ciencias Agronómicas Santiago, Chile. Santa Rosa 11315, La 
Pintana, Santiago, Chile. C. P. 882 08 08.

*	 Author for correspondence: rcalleja@uchile.cl

ABSTRACT
Given the growing water scarcity and the need to make cherimoya (Annona cherimola Mill.) 
cultivation more sustainable, this study proposes using soil sensors to increase irrigation 
water use efficiency (EUAr) without compromising fruit yield or quality. The objective was to 
determine the practical crop coefficient (KcS) or irrigation factor by using capacitance probes to 
continuously determine the dynamics of water absorption from the soil by the crop. To this end, 
a completely randomized block design trial was conducted over two seasons, incorporating 
two irrigation treatments: the control (To) and cherimoya trees irrigated according to the 
FAO-56 Penman-Monteith (Kc-ETo) methodology, as established by the Food and Agriculture 
Organization of the United Nations (FAO). This approach utilized data obtained from soil sensors 
and the interpretation of management guidelines for efficient irrigation. Crop productivity and 
resource use efficiency were assessed. Likewise, relationships between crop phenology and 
changes in the normalized difference vegetation index (NDVI) were explored to determine 
curves that estimate the optimal KcS for the season. The use of sensors resulted in a notable 
increase in EUAr in both seasons, reaching a maximum of 68 % compared to the methodology 
proposed by FAO. No significant differences were detected between treatments in terms of yield 
or fruit size. The optimal mean and 70th percentile values of the crop coefficient (KcS) obtained 
were 0.43–0.47 for the flowering stage, 0.66–0.73 for the fruit set stage (start of fruit growth), 
and 0.43 for the fruit growth stage until harvest. Likewise, when reference evapotranspiration 
exceeded 2.25 mm per day, there was a clear difference in soil water depletion between levels 
above and below the irrigation threshold. Finally, it was observed that the crop absorbed the 
most water between 13:00 and 16:00 hours.

Keywords: Efficient irrigation, capacitance, water use efficiency, sustainability.

INTRODUCTION
Spain and Peru are the world’s leading producers of cherimoya (Annona cherimola 
Mill.), producing 104 835 290 and 20 505 Mg annually, respectively (Larranaga et al., 
2017; SIEA, 2018; MAPA, 2019; Vallejo, 2024). In Chile, annual production is around 
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3734.4 Mg per year, and the main production area is the Coquimbo Region in the 
north of the country, destined for export to the United States and the domestic market. 
However, due to the effects of climate change, this region has been subject to structural 
drought for more than 10 years (Pizarro et al., 2022a), prompting the need to develop 
strategies and adopt technological tools to reduce water consumption for irrigation in 
agriculture.
In technified orchards, crop water requirements are determined using the methodology 
proposed by the Food and Agriculture Organization of the United Nations (FAO) 
(Allen et al., 1998). In this way, crop evapotranspiration (ETc) can be obtained in 
millimeters per day (mm d⁻¹) from the product of reference evapotranspiration 
(ETo), determined using the Penman-Monteith method, and the crop coefficient (Kc), 
obtaining a dimensionless value (ETc = ETo × Kc). However, the value of Kc is not 
clearly defined for the soil and climate conditions of Chile’s main production area.
In this context, Gardiazábal and Rosenberg (1993) proposed Kc values for orchards 
located in the Quillota area (central Chile, with a Mediterranean climate), establishing 
a minimum value of 0.2 for the period of lowest water consumption by the tree and 
a maximum value of 0.8 during its peak growth phase. Meanwhile, in Almuñécar, 
Spain, Rodríguez-Pleguezuelo et al. (2011) and Durán-Zuazo et al. (2019) estimated Kc 
values for cherimoya cultivation under conventional management in Mediterranean 
climate conditions. Both studies reported average Kc values between 0.62 and 0.63 
during flowering, between 0.65 and 0.68 during fruit set, and between 0.5 and 0.55 
during fruit growth. These studies confirm that the Kc value must be determined 
for each agroclimatic zone and even consider the existence of specific agronomic 
management practices, as these can significantly affect the ETc estimate (Calera et al., 
2017; Domínguez-Niño et al., 2020).
Agriculture 4.0 is defined as the collection of technologies (equipment, sensors, and 
software) focused on the digitization of agricultural processes, big data analysis, 
and the use of the Internet of Things (IoT) to improve the production process from 
start to end, making it faster, cost-effective, and sustainable. The use of continuous 
reading soil sensors, such as capacitance probes or frequency domain reflectometry 
probes, has made it possible to generate more efficient irrigation strategies than 
those achieved using the FAO-56 Penman-Monteith methodology. These probes are 
currently considered one of the major technological advances for irrigation control in 
agriculture (Abioye et al., 2020; Hardie, 2020; Martínez-Gimeno et al., 2020).
The sensors continuously assess the volumetric water content in the soil at different 
depths, allowing the hourly or daily depletion caused by the root system to be 
determined. In addition, the information obtained from these measurements allows 
water balances to be calculated and deep percolation below the active root zone to be 
estimated (Coelho et al., 2021; Pizarro et al., 2022b), thus optimizing irrigation efficiency 
(da Silva, 2020). This approach also allows the determination of the so-called practical 
crop coefficient ‘Kc probe’ (KcS, dimensionless) (Callejas-Rodríguez and Seguel, 2021) 
or irrigation factor (IF) (Vera et al., 2019), which integrates variables such as vegetation 
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cover, location coefficient (Kr), and the efficiency of the irrigation system used. This 
strategy is particularly relevant at the farm level, as it represents a more practical and 
less costly alternative to the use of weighing lysimeters to obtain the Kc coefficient for 
the species.
In addition, KcS facilitates rational access to technology on medium-sized or large 
farms, characterized by a high number of irrigation sectors. Through categorized 
grouping (clustering) that considers variables such as variety, rootstock, soil types, 
and foliage expression (Callejas-Rodríguez and Seguel, 2021), and by determining the 
KcS or FI, it is feasible to manage multiple irrigation sectors belonging to the same 
cluster. This can be achieved from a single sector equipped with soil sensors and by 
adjusting the criteria using complementary technologies (satellite images, Scholander 
pressure pump, dendrometry, and other indicators), which reduces the investment in 
technology.
Given the limited information available to determine the water requirements of 
cherimoya cultivation, and considering the need to implement sustainable irrigation 
management systems to address water scarcity, the hypothesis was proposed that 
the use of soil sensors and the implementation of the concept of Agriculture 4.0 
would increase irrigation water use efficiency (EUAr). In this context, the objective 
of the research was to determine a practical crop coefficient that maximizes water 
productivity without affecting the yield or export quality of the fruit.

MATERIALS AND METHODS
The study was conducted in northern Chile, in La Serena, Coquimbo Region, on 
commercial plots owned by HC Ltda., Fundo Corazón de María (29° 58.844’ S, 71° 
13.486’ W, at an altitude of 100 m), during the 2019 and 2020 seasons. The study 
area has a climate classified as ‘BMk’ according to the Köppen-Geiger classification, 
corresponding to the coastal steppe or cloudy type, with an average annual temperature 
of 16 °C and approximate precipitation of 104 mm per year concentrated in the winter.
The study was conducted with 10-year-old cherimoya trees (Annona cherimola Mill.), 
“Concha Lisa” cultivar, planted at 5 x 2.5 m and formed into a cup shape. The irrigation 
system was located with two lines of emitters per tree and drippers every 0.5 m on the 
line with a flow rate of 2.8 L h-1, whose precipitation from the equipment corresponded 
to 2.3 mm h-1, with irrigation efficiency and a uniformity coefficient of 90 % each. The 
bulb was well defined, with a root system located mainly in the first 50 cm of the soil 
profile (Figure 1), with a high presence of fine and medium roots that decrease in 
depth, where the thick roots are located. The soil, with a high degree of evolution, has 
a sandy loam texture in the first 50 cm, a pH of 7.5, an electrical conductivity (CE) of 
0.85 dS m⁻¹, an organic matter content of 0.97 %, and a stoniness of 3.7 %.
A completely randomized block design was used with two irrigation treatments 
and five replicates per treatment, considering four trees as the experimental unit. 
The first treatment was the control field (To), where trees were irrigated using the 
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methodology proposed by FAO (Allen et al., 1998). Crop evapotranspiration was 
obtained in millimeters per day (mm d⁻¹) using the expression ETc = ET₀ × Kc, where 
ET₀ corresponds to reference evapotranspiration (mm d⁻¹), determined using the 
Penman-Monteith method, and Kc to the crop coefficient (dimensionless) proposed by 
Gardiazábal and Rosenberg (1993). Furthermore, a second treatment was considered, 
using capacitance probes with multisensors (Ts). The irrigation criterion was based 
on the evaluation of the dynamics of soil water content and its relationship with plant 
extraction, adjusting the frequency and timing of irrigation in accordance with the 
management guidelines for the use of soil sensors (Vera et al., 2019; Callejas-Rodríguez 
and Seguel, 2021).
The management lines used in the Ts treatment corresponded to: i) full level (NLL), 
which is the maximum water capacity that the soil can hold without producing deep 
percolation and where the sensor located at greater depth should not show activity 
(daily depletion); ii) probe field capacity (CCs), which refers to the water content in the 
soil evaluated with the probe after a heavy rainfall or irrigation event and being left to 
drain freely for 24 to 48 h (Zotarelli et al., 2019); and iii) recharge point (PR), equivalent 
to the irrigation threshold based on the capacitance probe technique, where, for the 
same atmospheric demand, a decrease in daily depletion is observed compared to the 
previous day, indicating that plants face greater difficulties in extracting water due 
to the progressive depletion of water resources (increased tension). The management 

Figure 1. Soil profile of “Concha Lisa” cherimoya trees (Annona cherimola Mill.) observed 
through a trial pit dug in the row, 50 cm from the tree trunk and in the area corresponding to 
the irrigation bulb.
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guidelines described and the data obtained by the sensors were interpreted in real 
time using the Irrimax Live platform (Sentek Technologies, Australia).
In both treatments, an SF model volumetric line meter (Arad, Israel) was installed to 
determine the volume of irrigation water used. An EnviroscanMR frequency domain 
reflectometry capacitance probe (Sentek Technologies, Australia) was also installed. The 
probe was calibrated for the study site and set 30 cm from the trunk of a representative 
plant, next to a dripper. Each probe had five sensors located at depths of 10, 20, 30, 
50, and 80 cm in the soil profile. The readings from each sensor were recorded every 
15 min. A Davis Vantage weather station (Davis Instruments, California, USA) was 
installed in the area to obtain temperature, reference evapotranspiration (ETo), and 
degree days (10 °C-based), with the biofix being the time of pruning (°DG).
To determine the apparent daily consumption of the trees (ETc), a water balance 
was performed, quantifying the inputs and outputs of the system according to the 
following equation:

ETc = R + Pef + Ac – Es – Pprof – DS

where ETc is crop evapotranspiration (mm), R is irrigation quota (mm), Pef is effective 
precipitation (mm), Ac is capillary rise (mm), Es is surface runoff (mm), Pprof is deep 
percolation (mm), and ΔS is the change in volumetric water content in the soil in the 
root zone (mm). Surface runoff was considered zero, as the orchard did not have 
a prominent slope, as was capillary rise, which was deemed insignificant for the 
balance. Deep percolation was calculated as the volume of water infiltrated below the 
last sensor in reference to NLL.

To calculate the practical crop coefficient (KcS), the 70th percentile of the data was 
used, and two assumptions were made: 1) The water content in the soil was adequate 
and not limiting for the plant; and 2) Outside irrigation periods, ETc = ΔS, because the 
daily variation in soil water content was due solely to evapotranspiration, with no 
percolation or water inputs, these values being zero. Finally, KcS was calculated from 
ETc and its relationship with ETo, using the formula:

	 ETc or effective irrigation
KcS =
	 ETo

Additionally, the following production variables were determined: i) fruit load, 
expressed as the total number of fruits harvested per tree; ii) average fruit weight, 
estimated from a subsample of 20 fruits per tree; and iii) total yield per tree. Likewise, 
vegetative growth was evaluated as the increase in trunk cross-sectional area (∆ ASTT) 
and the evolution of the normalized difference vegetation index (NDVI), based on 
images obtained with a multispectral imaging sensor (MSI) mounted on the Sentinel 
2A and 2B satellites, with a spatial resolution of 10 m and a temporal resolution of 



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i5.3257
Scientific Article 773

10 days. The bands used were B2, B3, B4, B8, B8a, and B11. The download format 
was L1-C from the top of the atmosphere (TOA), so the images were transformed to 
background surface reflectance (BOA) based on the two-step atmospheric correction 
method (Chávez, 1988). Moreover, to extrapolate irrigation protocols, the relationships 
between KcS obtained with NDVI and the accumulation of °DG for different periods 
in the season were explored. Finally, irrigation water use efficiency (EUAr) was 
determined as the ratio between yield and the volume of irrigation water used per 
hectare.
The data were analyzed using mixed linear models. The fixed effects are the irrigation 
treatments, and the random effects are the number of fruits harvested, fruit weight, 
yield per tree, and increase in trunk cross-sectional area. In cases where differences 
were detected between treatments, a Fisher’s multiple comparison test was performed 
with p ≤ 0.05, after verifying the assumptions of homogeneity of variance and normality 
of errors. Infostat and RStudio software were used.

RESULTS AND DISCUSSION
The evolution of the mean temperature and reference evapotranspiration in the trial 
sector was marked by the seasons of the year. In the case of temperature, the average 
maximum was 22 °C in January and the minimum was 7 °C in June. The maximum ETo 
rose to 4.8 mm d⁻¹ in summer and a minimum of 1.8 mm d⁻¹ in winter (Figure 2). The 
total annual ETo was equivalent to 896.96 mm.

Figure 2. Evolution of the average ambient temperature (°C) and reference evapotranspiration 
(ETo) in the test area (southern hemisphere, La Serena, Coquimbo Region, Chile).

From pruning, it took approximately 314 calendar days to reach harvest, equivalent to 
around 1100 °DG for the fruit to ripen properly (Figure 3). Due to possible variations 
in mean temperatures in the area during the autumn and winter months (April, May, 
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June, and July), the harvest date for the same pruning date can vary between 20 and 15 
calendar days. Pruning begins in late November (southern hemisphere, spring), with 
harvesting taking place in July-August of the following year (winter).

Water balance
The 2019 season saw low rainfall, with only 10.79 mm between the end of May and 
mid-June. These volumes did not exceed 80 cm in depth or NLL in the treatments, with 
the entire amount being considered effective precipitation. The percolation amounts 
attributed to irrigation management were higher in To, reaching 183.4 mm, while in 
Ts, 90.8 mm of percolation were recorded, distributed throughout the season. During 
the 2020 season, rainfall was 52 mm in two events in winter, with deep percolation 
observed only in To. The percolated amounts in the treatments were 167 mm and 28.7 
mm for To and Ts, respectively (Figure 4), demonstrating more accurate programming, 
as pointed out by Gasque et al. (2016).
Treatment To showed greater inaccuracy in determining irrigation water requirements, 
with significant variations in ETc reported in many cases when comparing the results 
against the original unit in which it was developed (Pereira et al., 2021). Throughout 
the study, the Ts method allowed for a 65.9 % saving in deep percolation.

Figure 3. Estimation of duration (days after bud break, DAB) and accumulation of degree days 
(°DG), based on 10 °C, of phenological stages for the entire period (mean of both seasons), from 
the date of pruning of cherimoya plants (Annona cherimola Mill.).
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Practical crop coefficient (KcS) or irrigation factor
Using the information generated with Ts, KcS was calculated, from which three 
well-defined stages can be highlighted (Figure 5). For the 2019 season, the range of 
average values for the 70th percentile for the flowering, fruit set, and fruit growth 
stages evaluated was 0.63–0.75, 0.67–0.79, and 0.59–0.66, respectively. For the 2020 
season, the average value ranges for the aforementioned stages were 0.43–0.47, 0.66–
0.73, and 0.43, respectively, which were adjusted to a better definition of irrigation 
time and frequency based on the experience of the previous year. The possibility of 
continuously measuring irrigation water inflows and outflows at various intervals 
between irrigations for the estimation of KcS allows the equation to be simplified to 
the variation in daily water content, achieving results similar to the work carried out 
on peach trees by Vera et al. (2019), who also used capacitance probes.
The optimization of irrigation water use in the 2020 season is due to factors relevant to 
implementing this methodology: a) one year of experience allows for the stabilization 
of the initial variability of the data associated with the process of installing capacitance 
probes in the soil; and b) the optimization of irrigation criteria, after one year of 
information, is related to the adjustment of irrigation management lines. Moreover, 
irrigation criteria must be validated with optimal yield results, as well as the quality of 
export fruit. It is advisable to use other water status indicators to evaluate the irrigation 
schedule for the season, such as the water potential of the stem at solar noon (Vera et 

Figure 4. Temporal course of irrigation, precipitation, change in volumetric water content, and 
percolation in the control treatment (To, upper) and the treatment with capacitance probes (Ts, 
lower) during the 2020 season.
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al., 2019; Callejas-Rodríguez and Seguel, 2021). However, for the cherimoya crop, this 
was not feasible due to the thickness of the petiole and the excessive size of the leaves. 
The estimated KcS values for the 2020 season were compared with the Kc values 
proposed by other authors for this species in its different phenological stages obtained 
by other authors (Rodríguez-Pleguezuelo et al., 2011; Durán-Zuazo et al., 2019), and 
the means for the flowering, fruit set, and fruit growth stages were plotted (Figure 6).

Figure 5. Average practical crop coefficient (KcS) of the 70th percentile per month for the 2019 
and 2020 seasons, determined using information obtained from irrigation treatment with 
capacitance probes (Ts) in a cherimoya orchard (Annona cherimola Mill.). Vertical bars correspond 
to the 70th percentile.

Figure 6. Estimation of the practical crop coefficient (KcS) for the 2020 season compared with 
different values proposed for the cultivation of cherimoya (Annona cherimola Mill).
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During the summer (January and February), ETo ranged between 3.16 and 4.35 mm 
d-1, dropping in winter to values between 0.56 and 2.26 mm d-1. Devi and Reddy 
(2018) point out that, in autumn and winter, temperature and vapor pressure deficit 
decrease, and with them plant transpiration, generating low ETc values. This condition 
was observed in the dynamics of soil water content measured with capacitance 
probes, coinciding with Kirkham (2005), who points out that tree transpiration (water 
absorption by active roots) depends fundamentally on the volumetric water content 
in the soil when atmospheric demand is high. However, when it is very low, as in the 
study area, trees maintain a low transpiration rate regardless of the water content in 
the soil.
For cherimoya, an ETo below 2.25 mm d-1 does not have a clear effect on the daily 
moisture deficit monitored in the soil, both for optimal and suboptimal water 
availability conditions (Figure 7). However, once demand exceeds 2.5 mm d-1, it is 
clear that low irrigation water availability (below the recharge point) is insufficient to 
compensate for this increase in atmospheric demand, a situation that occurs when the 
crop is not subject to limiting soil water conditions.
According to Higuchi et al. (1998), stomatal conductance in cherimoya leaves under 12 
hours of daylight conditions shows two peaks according to the traditional schedule: 
one at 8:00 a.m. and another at 6:00 p.m., with the former being higher in the early 
morning. Considering that stomatal opening depends on solar radiation (Allen et al., 
1998), it is important to note that in the test area, due to permanent cloud cover in the 
mornings, solar radiation values were low from sunrise until midday. Subsequently, 

Figure 7. Relationship between reference crop evapotranspiration (ETo) and daily water deficit 
caused at root level in the area monitored with an Enviroscan sensor (depths of 20, 30, and 
50 cm) for two soil moisture conditions: a) content between field probe capacity (CCs) and 
recharge point (PR) (yellow circles), and b) below PR or irrigation threshold (red triangles).
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they increased (from 40 to 60 %) and remained so until 3:00 p.m., gradually decreasing 
thereafter. Therefore, it could be assumed that, as a result of low radiation and stomatal 
opening, the expected morning maximum did not occur, which would be reflected 
in the absorbent activity of the roots (Figure 8). This increased late, around midday, 
maintaining higher consumption until 4:00 p.m., the time when the production area 
traditionally clears up.

Figure 8. Hourly water deficit in the soil caused by cherimoya trees in the area monitored with 
an Enviroscan sensor (at depths of 20, 30, and 50 cm), according to the time of day.

These conditions contrast with those found in Andalusia, Spain, where the flowering-
to-harvest period occurs in spring and summer with higher solar radiation, a mean 
annual temperature of 20 °C, high relative humidity (Rodríguez-Pleguezuelo et al., 
2011), and up to 11 mm d-1 of ETo (Durán-Zuazo et al., 2019). With these climatic 
characteristics and proper irrigation, hypothetical explanations could be given for the 
possibilities of a higher transpiration rate and greater production potential, with yields 
of up to 40 Mg ha-1 (González and Cuevas, 2008) or fewer calendar days to harvest. 
Another determining factor that could partially explain the low KcS values in winter 
is the percentage of ground cover by trees, which would affect the location coefficient 
(Allen et al., 1998). An orchard with 70 % coverage by mature trees can result in a Kc 
value of less than one, as occurred in the trial, where the trees reached 59 % coverage. 
One of the commercial objectives of generating the practical crop coefficient on 
medium-sized or large farms is the possibility of extrapolating the experience of one 
irrigation sector to others that meet categorical criteria (cluster formation) (Callejas-
Rodríguez and Seguel, 2021) that do not have soil sensors. With the information 
obtained from this study, two functions are proposed to define KcS (Table 1): function 
A, using days post-sprouting, and function B, using °DG as a cumulative predictor 
from pollination.
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Additionally, for the relationship between NDVI and KcS, three periods were 
identified, each with a different function (Table 2). The first period (C) ran from the 
start of the season to the beginning of autumn (590 accumulated °DG); the second (D) 
ran from autumn to the end of winter (750 accumulated °DG); and the third (E) ran 
from the start of spring (770 accumulated °DG) to the end of the season.

Table 1. Functions to determine the practical crop coefficient (KcS) based on the accumulation of 
degree days since pollination (°DG) or based on the days after sprouting (DPB) for the 2020 season.

Function Variable Equation R2
Dependent Independent

A KcS DPB y = 9 · 10–8 x3 – 5 · 10–5 x2 + 0.0082x + 0.2303 0.60
B KcS °DG y = 3 · 10–9 x3 – 6 · 10–6 x2 + 0.0032x + 0.2379 0.77

Table 2. Functions for determining the practical crop coefficient (KcS) from the normalized difference 
vegetation index (NDVI) for the periods from the start of the season to autumn (C), from autumn to 
the end of winter (D), and from the start of spring to the end of the season (E).

Funtion* Variable Equation R2
Dependent Independent

C (590 °DG)
KcS NDVI

y = 0.8928x + 0.0213 0.80
D (750 °DG) y = 0.8185x + 0.2844 0.86
E (770 °DG) y = 0.3474x + 0.2043 0.36

*The values in brackets indicate the cumulative degree days since pollination (°DG) for the start of 
each period.

The KcS values showed a high correlation with the NDVI values. As pointed out by 
Pôças et al. (2020), the use of vegetation indices may be a useful tool for irrigation 
management in the context of precision agriculture. A high correlation was also found 
with the accumulated °DG since pollination, which would allow for more efficient 
irrigation in areas without soil sensors.
In general, no significant differences were detected that could indicate that irrigation 
treatments would cause problems in fruit yield and quality (Table 3). An increase in 
the cross-sectional area of the trunk was only detected in the second season for Ts 
compared to To.
The use of soil sensors allowed for a significant reduction in irrigation water volumes 
compared to the FAO-56 Penman-Monteith (Kc-ETo) methodology (Table 4). In 
cherimoya orchards in Spain, the irrigation volume used was similar to that obtained 
with Ts (3970 m3 ha-1) (Durán-Zuazo et al., 2019), but clearly lower than that used 
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by To. However, other studies in the same country have recorded volumes between 
6000 and 7160 m3 ha-1 year-1 (González and Cuevas, 2008; Soler and Cuevas, 2008), 
which are higher than both treatments. These results are consistent with authors who 
worked on other species, reporting that, when restoring water volumes lower than 
ETc, yields were the same as when 100 % of it was replaced (Centofanti et al., 2018).
Optimizing irrigation programming made it possible to increase EUAr by 63.5 % 
compared to the To treatment during the study period, thus validating it as a tool for 
addressing water stress situations without affecting crop yield. The value was higher 
than those recorded in Spain by Rodríguez-Pleguezuelo et al. (2011) and Durán-Zuazo 
et al. (2019), with 1.4 and 3.3 kg ha-1 m-3, respectively. In addition, cost savings were 

Table 3. Production parameters and increase in trunk cross-sectional area (∆ ASTT) obtained 
for each treatment and season.

Season and 
treatment

Fruit load Fruit weight Yield ∆ ASTT
(Number of 

fruits per tree) (g) (kg tree-1) (cm2 tree-1)

2019
To 75.4 305.0 21.5 3.23
Ts 79.7 312.9 24.4 3.28

2020
To 44.5 549.4 24.9 2.06b
Ts 45.1 600.2 26.6 5.32a

Different letters indicate significant differences between treatments for the same parameter 
and season (p < 0.05). To: control treatment; Ts: irrigation treatment with capacitance probes.

Table 4. Irrigation water volume, irrigation water use efficiency (EUAr), and resource savings 
achieved for each treatment.

Season and 
treatment

Irrigation EUAr Water saving 
compared to To

Energy saving 
compared to To

(m3 ha-1) (kg m-3) (m3 ha-1) USD ha-1

2019
To 5916 2.9
Ts 4255 4.6 1661 (28.1 %) 315.4

2020
To 5169 3.8
Ts 3360 6.4 1823 (35.3 %) 346.1

Different letters indicate significant differences between treatments for the same parameter and 
season (p < 0.05). To: control treatment.
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generated by reducing the amount of electricity used by about 300 USD ha-1 (Kaptein 
et al., 2019; Vera et al., 2019) (Table 4).
Finally, one of the difficulties in further analyzing the results is the limited availability 
of published information on this crop. The generation of the KcS, or irrigation factor, 
during two seasons of work made it possible to provide a new irrigation management 
tool for an area with particular conditions in Chile, whose final validation will be 
possible after several years of use and the correct categorization (clustering) of those 
irrigation sectors that do not have soil sensors.

CONCLUSIONS
The use of soil sensors, compared to the FAO-56 Penman-Monteith method (Kc-
ETo), allowed for savings in irrigation water and electricity of up to 30 %, improving 
irrigation water use efficiency by up to 68 % without affecting yield or fruit size. By 
calculating a water balance, the use of probes made it possible to obtain values for 
the practical crop coefficient or irrigation factor, which vary between 0.27 and 0.74 for 
periods of lower and higher consumption, respectively.
Water depletion in the soil could only be clearly detected by the sensors when reference 
evapotranspiration (ETo) exceeded 2.25 mm per day, under conditions without water 
restrictions. Furthermore, the greatest relative hourly depletion by plants occurred 
between 1:00 p.m. and 4:00 p.m. This type of irrigation optimization strategy, which 
is site-specific and cost-effective, utilizes new technologies within the framework of 
Agriculture 4.0 to enable the development of more efficient irrigation management 
schemes in areas with particular conditions that differ from those under which the 
ETo-Kc methodology’s parameters were established.
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