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Abstract

The candelilla plant is a natural resource of importance in the arid and semiarid areas of Mexico,
it provides marginal economic benefits to the inhabitants of the places where it grows in the wild.
The overexploitation and lack of management plans for its conservation motivated to conduct this
research in 2019 and as an objective, to select a model to estimate the pv= green weight (kg) or
plant yield in the north of Zacatecas. The following morphometric variables were measured; h=
average plant height (m); dma= largest aerial diameter (m); dme= smallest aerial diameter (m);
coba= aerial cover (m?). The model selected was pv= -0.1882 + 3.7831 (dme); with an adjusted
coefficient of determination; RZ%g= 0.9689; mean square error; MSE= 0.0371; coefficient of
variation; CV= 15.29% and Akaike information; AIC= 0.7909, in this way it was possible to
estimate the yield table for the plant.
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Introduction

The natural resources in Mexico in addition to admired are known for showing a great plant wealth
that can be explained by the combination of the factor’s climate, elevation, orography and soil,
among others. Scientists in the past mentioned that the synergy given by the physiognomy and
composition for millions of years caused the types of vegetation present in the country, of them,
the one with the highest proportion is the xerophilous shrubland, which occupies approximately
40% of the total area. This represents the arid and semiarid national areas where forestry and
agricultural activities are carried out, such as subsistence gathering carried out in conditions of
great climatic variation by peasants who live in these places (Velazco, 1991; Rzedowski, 2006;
Villarreal, 2006; Martinez, 2013).

The peasant activity of subsistence harvest of vegetable products of arid and semiarid climate is
distributed in the Mexican Plateau, in the states of Querétaro, Guanajuato, Aguascalientes,
Zacatecas, San Luis Potosi, Durango, Chihuahua, Coahuila, Nuevo Leon, Sonora and the peninsula
of Baja California. On a smaller scale in the states of Oaxaca, Puebla, Hidalgo, State of Mexico
and Tamaulipas, without it being less important for the benefit of the people who carry it out
(Beltrén et al., 1964; Rzedowski, 2006; Villarreal, 2006; Martinez, 2013). This use focuses on wild
vegetation such as Euphorbia antisyphilitica Zucc. (candelilla), Agave lechuguilla Torr.
(lechuguilla), Lippia spp. (oregano), Opuntia spp. (nopal), Nolina spp. (palmilla), Yucca
carnerosana Trel. (yucca) and Dasylirion spp. (sotol), among others (Martinez, 2013).

The activities carried out by man in these areas have produced changes in the landscape, which has
impacted to a greater extent on the vegetation and the soil, an example has occurred in E.
antisyphilitica, which ranks third in use nationwide with approximately 14 million hectares
(Beltrén et al., 1964; Norma Oficial Mexicana, 2003; Rzedowski, 2006; Canales et al., 2006;
CITES, 2009). The harvest of E. antisyphilitica is done manually, the individual is taken from the
reproductive part called tiller and pulled from the ground with everything and root, if there are
remnants, they recover slowly in periods of more than five years. Subsequently, by a field
extraction process, a wax highly valued by the cosmetic industry is obtained (soaps, lipsticks, body
creams, hair preparations and dental protections, among others).

This fact allows seeing that there is an alternative methodology that avoids the destruction of
individuals, in which statistical models are used, which estimate the green weight or biomass of
the plant from the quantification of morphometric variables easy to identify and quick to measure
in the field, as a whole, the literature designates this procedure, sampling, measurement and
application of statistical methods as allometry. Its usefulness lies in the fact that it can be applied
to obtain yield tables of the species, a desirable action for inventories, characterization and
conservation of E. antisyphilitica and in general of other species collected by peasants (Beltran et
al., 1964; Norma Oficial Mexicana, 2003; Cano et al., 2005; Rzedowski, 2006; Tapia and Reyes,
2008; CITES, 2009).

For this reason, the objective of this study was to select a linear, allometric or geometric model that
estimates the green weight or biomass of the E. antisyphilitica plant to construct a yield table based
on morphometric variables such as plant height, largest aerial diameter, smallest aerial diameter
and aerial cover of the plant in wild populations in the north of Zacatecas.
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Materials and methods
Study area

The wild populations of E. antisyphilitica object of this research are in the Ejido El Rodeo,
municipality of Mazapil, north of Zacatecas. The geographical location was located at the
coordinates 102° 11’ 00” west longitude and 24° 54’ 00” north latitude at an altitude of 1 990 m
(CONABIO, 2014), the total area of the farm was 10 317.553 ha (Figure 1), this area is part of the
Chihuahuan Desert, and a large proportion of the farm is covered by desert rosette-like shrubland.
Species such as A. lechuguilla (lechuguilla), D. cedrosanum Trel. (sotol), Hechtia glomerata Zucc.
(quapilla) and Agave stricta Salm-Dyck (espadin), among others, were observed in the place, they
were sometimes mixed with non-thorny small-leaved shrubland associated with Larrea tridentata
Cov. (Creosote bush) and Y. carnerosana Trel. (Villa, 1981).

° Poblacién

|:| Ejido El Rodeo

Figure 1. Location of the study area.
Sampling of E. antisyphilitica plants with harvest maturity characteristics

Random points were located 100 m apart from each other in the study area, thus representing 48
sites in the field. In each of them, four quadrants were drawn, taking the north-south direction as the
main axis and the east-west direction as the secondary. From the center, the nearest plant with
characteristics of harvest maturity, such as largest aerial diameter of the individual greater than 0.25
m and minimum height of 0.3 m, was taken (Norma Oficial Mexicana, 2003; Velasco et al., 2009).

Four individuals per site were measured to have representativeness in the sampling and to be
able to evaluate the variation, plants with smaller and greater measures than the previous ones
and that are known to be harvested in a practical way were included. To be consistent with the
regulations in force, there was a notice of use and the respective technical study, mentioning
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the actual stocks of the candelilla plant at the sampling site (Zar, 1999; Norma Oficial
Mexicana, 2003). In total, n= 192 plants were measured to achieve statistical representativeness
and meet the objective of this study.

Morphometric variables studied

The following was measured: h= plant height (m); dma= largest aerial diameter (m); and dme=
smallest aerial diameter (m), specified in NOM-018-SEMARNAT-1999 (NOM-018, 2003). To
determine the aerial diameters of each plant, an ellipse-shaped geometric figure was considered,
from which the dma (m) was obtained by placing a tape measure on the widest part of the aerial
cover in question, which represented the major axis of the ellipse. The dme (m) was measured by
placing the tape measure on the narrowest part of the plant’s aerial cover, which represented the
minor axis.

Subsequently, the semi-major axis (dma/2) and the semi-minor axis (dme/2) were obtained; the
coba= aerial cover (m?) of each plant was the result of times the product of the two semi-axes. The
variable pv= individual green weight (kg) was obtained after the measurement of the previous
variables. Each plant was extracted in its entirety (including the root), each sample was shaken to
reduce impurities (mostly soil), tied with tapes and each one was identified with a label,
subsequently they were moved to a storage center where they were weighed with a digital scale
(Canales et al., 2006; CITES, 2009; Martinez, 2013).

Statistical analysis of data

The numerical information of the present work was ordered in a double-entry database in Excel made
up of the variables, h (m); dma (m); dme (m); coba (m?); and pv (kg), the latter represented the
biomass of each plant including root. Once the digital information was formed in a matrix of rows
and columns, it was exported to the R CRAN software, a data exploration analysis was performed
on the variables, obtaining the estimators of the sample mean, sample deviation, minimum and
maximum values, interval X + s (Where: X= sample mean and s= sample deviation). The Shapiro-
Wilk test (W) for normality was applied in each of the variables (Everitt and Hothorn, 2014).

To know the linear relationship between the possible pairs of variables of the matrix, Pearson’s
simple correlation coefficient= r was estimated, statistical significance was obtained, focusing on
values of p< 0.01. Because the main interest was the estimation of the pv (kg) of E. antisyphilitica,
the associations of this with respect to the others were addressed. In this way, all the data were
averaged in ten ranges (0.1-1 m) of the variable with the highest correlation with pv (kg) and the
lowest P-value (Walpole et al., 2007) in the variables of the database.

Statistical models (Table 1) were adjusted to estimate pv (kg), considering the most significant
morphometric variables (p< 0.01) of the database. The selection criteria were the highest value of
the adjusted coefficient of determination (R%g;), minimum value of the mean square error (MSE),
minimum percentage value of the coefficient of variation (CV), lowest probability value of making
the type I error (P) in the regression model and the lowest value of the Akaike information (AIC)
(Crawley, 2007; Walpole et al., 2007; Anderson, 2008; The R Core Team, 2017). Subsequently,
confidence bands were constructed with the model (p=0.05) in such a way that the data of pv (kg)
involved were included at 95% reliability of the estimate.
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Table 1. Models used to estimate pv (kg) of E. antisyphilitica.

No. Equation
pv=a+ b (coba)
pv=a+ b (dma)
pv=a+ b (dme)
pv= abcoba
pv= abdma
pv= abdme
pv= a(coba)®
pv=a(dma)®
pv=a(dme)P

pv = weight (kg); a and b = estimators of the regression parameters; h = plant height (m); dma = largest aerial diameter
(m); dme= smallest aerial diameter (m); coba= aerial cover (m?).

O N O O b WN -

©

Table of yield of pv (kg) for E. antisyphilitica

Once the model was selected, the yield table was created from ranges (0.1-1 m) of the
morphometric variable with the highest statistical significance of the linear correlation between
pairs of variables. This supported the separation of individuals at harvest maturity through a
quantitative criterion supported by current regulations (Norma Oficial Mexicana, 2003). The
tabular yield estimate was based on the included values of the space of the confidence bands (95%)
of the selected model (Walpole et al., 2007; Anderson, 2008; The R Core Team, 2017).

Results and discussion

Statistical analysis and correlation between morphometric variables of E. antisyphilitica

The data exploration analysis of the n= 192 plants showed the estimators reported in Table 2. The
correlation between the study variables (Table 3) showed the linear relationship and statistical
significance (p< 0.01). All pairs of variables were significant (p< 0.01), the highest values of the
correlation coefficients were, between coba (m?) and dme (m) (r= 0.90718), and coba (m?) and
dma (m) (r= 0.88426). However, the pv (kg) also had them (p< 0.01) with the rest of the
morphometric variables evaluated, although lower than the first mentioned. It should be noted that
the correlations of interest are in the last row of Table 3, which consider the pv (kg) with respect
to h (m); dma (m); dme (m); and coba (m?), respectively.

Table 2. Descriptive statistics for the morphometric variables of E. antisyphilitica, n= 192 plants.

h (m) dma (m) dme (m) pv (kg)
Interval 0.578 £0.156 0.394 £0.122 0.3350.124 0.923 £0.594
Minimum 0.2 0.2 0.15 0.15
Maximum 0.98 1 0.9 3.89
W< P 0.1086 1.079 E-08 2.013 E-09 8.071 E-15

h=height of the candelilla plant; dma= largest aerial diameter; dme=smallest aerial diameter; W= Shapiro-Wilk statistic.
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Table 3. Correlation coefficients for the morphometric variables of E. antisyphilitica, n= 192

plants.
h dma dme coba pv
h 1
dma 0.36805™ 1
dme 0.26291™ 0.71582™ 1
coba 0.32912™ 0.88426™ 0.90718™ 1
pv 0.36573™ 0.63625™ 0.54529™ 0.63599™ 1

So, by taking r= 0.63625 of the linear relationship between pv (kg) and dma (m) as the highest
correlation value, it was possible to form intervals with a distribution of 0.1-1 m. Subsequently, the
scatter plots of Figure 2 were obtained for two involved variables. It can be noted that by choosing
dma (m) for the reorganization of the information (Figure 2), the association of h (m); r= 0.8626
(before r=0.36573); dme (m); r= 0.9861 (before r=0.54529); that of dma (m); r= 0.9761 (before
r=0.63625) and coba (m?); r= 0.965 (before r= 0.63599) with respect to pv (kg) improved.

r=0.8626 + ’ r=0.9761 ¢

0.0 0.2 0.4 0.6 0.8 1.0
dma (m)

7 dme (m) 7 7 coba (mz)r 7
Figure 2. Scatter plots showing the correlation (r) between pairs of morphometric variables in E.
antisyphilitica plants.

This allowed finding better adjustments for similar morphometries in the species studied, a reason
supported and recommended by the basic theory of regression (Zar, 1999; Walpole et al., 2007),
which coincided with works on other species of forest interest, for example, woody and legumes
(Ares et al., 2002; Iglesias and Barchuk, 2010). In addition, including a correlation analysis
provided the quantitative estimators and graphs of the linear associations (Table 3, Figure 2) that
showed contrasts with other similar studies in the lack of a reproducible methodology with the
evident interest of making estimates with models designated as allometric, when reviewing the
literature, it refers to exponential or geometric curves that are linearized with the application of
laws of logarithms and are based on the application of the least squares method where the
coefficients are linear, have statistical support and it is not always easy to apply them (Ares et al.,
2002; Walpole et al., 2007; Fonseca et al., 2013).
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In the studies by Ares et al. (2002); Segura and Andrade (2008), a non-destructive methodology
was applied to plant individuals to estimate biomass with allometric models, the present study also
did so, in addition to showing an order through a reproducible methodology and aimed at selecting
the best model under defined statistical criteria and that coincided with other studies (Segura and
Andrade 2008; Iglesias and Barchuk, 2010; Fonseca et al., 2013).

Adjusted models and estimation of the table of yield of the pv (kg) of E. antisyphilitica

The estimation through models for the morphometric variables organized in intervals of 0.1-1 m
and the selection criteria are concentrated in Table 4. The adjustment of the regression of each of
the models showed that the first three that represent lines are the ones that had the best statistical
estimators, followed by the geometric ones and finally the allometric ones, they exhibited lower
values of R%j and higher values in the AIC.

Table 4. Adjusted regression models for the morphometric variables of E. antisyphilitica.

Model RZaj MSE CV (%) P AIC
1 0.9226 0.0926 24.16 6.28 E-06 8.3657
2 0.9468 0.0636 20.03 1.39 E-06 4.6063
3 0.9689 0.0371 15.29 1.59 E-07 0.7909
4 0.7515 0.0873 136.39 0.000714 57.2297
5 0.6236 0.1324 167.95 0.004011 51.4759
6 0.5973 0.1416 173.7 0.005322 51.1438
7 0.2908 0.2495 230.52 0.062194 21.1029
8 0.4198 0.2041 208.51 0.025409 4.2571
9 0.3019 0.2456 228.72 0.057898 6.9131

pv= weight (kg); a and b= estimators of the regression parameters; h= plant height (m); dma= largest aerial diameter
(m); dme= smallest aerial diameter (m); coba= aerial cover (m?).

Model three, pv=-0.1882 + 3.7831 (dme) (Table 4), was chosen for the estimation of the candelilla
yield table, Table 5 shows the estimate through intervals of 0.1-1 m dme (m). Using linear equation
three, all observations were included in the estimation space of the 95% confidence bands (Figure
3). If the model selection criteria for the n= 192 plants evaluated are taken as a basis, the estimation
of the table with linear model three; pv=-0.1882 + 3.7831 (dme) practically only uses a field-
measurable morphometric variable; dme (m), in this way pv (kg) will be obtained including the
root, which represented an advantage, because it would no longer be necessary to extract
individuals and consequently their destruction would be avoided, a result similar to that of Iglesias
and Barchuk (2010) in legumes.

The statistical criteria indicated that the model on average estimated the value of biomass (kg)
for values of the independent variable dme (m) that are substituted in the equation, this prediction
falls within the 95% confidence bands of pv (kg). Divergent results were obtained by Fonseca et
al. (2013), perhaps due to the inclusion of models to estimate biomass and carbon with criteria
for linear coefficients in exponential curves without showing data exploration and correlation
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analysis, giving greater importance to the normal distribution of the models used, when
theoretically it is incorrect. According to Zar (1999); Crawley (2007); Walpole et al. (2007);
Everitt and Hothorn (2014); The R Core Team (2017), normality is possible for the continuous
variables evaluated or the random error of a linear model and, in its case, also for one linearized
with the help of logarithms, this was the reason why a size of n= 192 plants was ensured to meet
a reliability of 95%.

Table 5. Yield table for the estimation of pv (kg) in E. antisyphilitica.

dme (m) pv (kg)
0.1 0.19006
0.2 0.56838
0.3 0.9467
0.4 1.32501
0.5 1.70333
0.6 2.08165
0.7 2.45997
0.8 2.83828
0.9 3.2166

1 3.59492

- BCS

351 R?=0.9724

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
dme (m)

Figure 3. Confidence bands for the regression model pv=-0.1882 + 3.7831 (dme). Where: BCI= lower
confidence band; BCS= upper confidence band, at 95%.

If attention is paid to linear model one, pv=a +b (coba), it had adequate statistical estimators,
however, the variable coba (m?) is the result of the measurement of two aerial diameters (the largest
and the smallest) and subsequently, the obtaining of the major and minor semi-axes and the product
of them. Measuring coba (m?) does not provide ease in the calculations for obtaining the respective
model of a yield table, which is why this equation was not chosen, in addition, it was far from what
was found by Iglesias and Barchuk (2010) about the simplicity of the estimate, adding that they are
two measurements and an intermediate calculation.
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With respect to linear model two, pv= a + b (dma), its estimators are adequate, however, the
adjustment of the chosen model was better; operationally and as cited in NOM-018-SEMARNAT-
1999 (NOM-018, 2003), both dma (m) and dme (m) should be measured in the field; the statistical
analyses of the present study showed that the first gives an order in ranges of 0.1- m to all variables,
the second was the one that improved the adjustment of the linear model for the estimation of the
yield table. The results showed simplicity in the choice of a model, similar to what was made by
Iglesias and Barchuk (2010), who made the same reference in legumes.

The allometric models four, five and six and the geometric models seven, eight and nine had
estimators that were far from the statistical criteria, in addition, for their estimation and adjustment,
greater knowledge of regression analysis is required, if the obtaining the variable coba (m?) is added
to this, it will make it difficult to obtain this type of equations. In the present study, these models
were surpassed by linear models and although allometric models are preferred (Iglesias and
Barchuk, 2010), this was not the case for morphometric data of E. antisyphilitica in the study area.
On the other hand, we differ from Fonseca et al. (2013) since their results are aimed at the same
variable with a clear tendency to use exponential models of the geometric type.

The so-called model adjustments for biomass estimation have focused on allometric and
geometric curves, linear ones are not included in all cases (Fonseca et al., 2013, Iglesias and
Barchuk 2010), however, the statistical criteria used rely on linear estimators (Zar, 1999;
Walpole et al., 2007; Everitt and Hothorn, 2014; The R Core Team, 2017). This preference is
accompanied by the so-called linearization, which is the application of the laws of logarithms
to a model that requires it, different studies avoid the correlation between involved variables
as part of a previous and exploratory analysis of the phenomenon studied (Zar, 1999; Walpole
et al., 2007; Fonseca et al., 2013).

In this research, it was found that a single variable estimated the weight pv (kg), in this case dme
(m) with the simple linear regression model three, because the simpler it is in statistical structure
and in the conformation of the same equation, the substitution of values will be direct and fast, as
corroborated by Iglesias and Barchuk (2010) with statistical support, Zar (1999); Crawley (2007);
Walpole et al. (2007); Anderson (2008); Everitt and Hothorn (2014); The R Core Team (2017),
among others. Another benefit was the construction of a table with two columns, the first composed
of values of the variable dme in ranges of 0.1-1 m; the second was formed by the estimated variable
pv (kg), so the model, pv = -0.1882 + 3.7831 (dme), represented the biomass of the plant, which
met the objective proposed in this work.

The coincidence of the regulations of the Norma Oficial Mexicana (2003) with the correlation
theory shown in Zar (1999); Everitt and Hothorn (2014); Crawley (2007); Walpole et al. (2007);
The R Core Team (2017), was reflected in the field since it gave the possibility of leaving 20% of
the plants distributed in the area of exploitation at harvest maturity (dma > 0.25 m, h > 0.3 m),
representing no intervention in these individuals, ensuring the recovery of E. antisyphilitica for the
future and on the other hand, in the administrative sense and in compliance with current regulations,
attention was paid to the fact that the technical study had the notice of use, reporting the actual
stocks of the plant (Norma Oficial Mexicana, 2003).
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Conclusions

It was possible to estimate pv (kg) or biomass of the E. antisyphilitica plant from the dme (m),
using the linear model, pv = - 0.1882 + 3.7831 (dme), it has the characteristic of including the root
of the plants; the criteria used to choose the model were the highest value in the adjusted coefficient
of determination (RZ%g= 0.9689), minimum value of the mean square error (MSE= 0.0371);
minimum percentage value of the coefficient of variation (CV= 15.29%); lowest probability value
of making the type I error (p< 0.01) in the regression and the lowest value of the Akaike Information
(AIC=0.7909).

The correlation analysis allowed identifying the variable with the highest statistical significance
with the biomass pv (kg), which was dma (m), allowing assigning ranges of 0.1-1 m, with the
possibility of differentiating plants at harvest maturity (dma > 0.25 m, h > 0.3 m) and in this way
not intervening in 20% of them, the yield table is only recommended to make estimates of pv (kg)
in the study area located in the north of the state of Zacatecas.
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