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Abstract

Forest plantations stand out among the most frequent activities in Mexico to combat deforestation and restore
degraded forest areas. However, the results of these efforts, measured in terms of plant survival, have not
exceeded 70 %. The objective of this study was to evaluate the effect of applying an antitranspirant (AT), a
moisture retainer (RH), a fertilizer (F), and their different combinations (AT-RH, AT-F, RH-F, AT-RH-F) on the
initial survival and growth in height and root collar diameter of Pinus greggii plants. The study was conducted at
the Valle de México Experimental Field of the National Institute of Forest, Agriculture and Livestock Research,
Mexico. The experimental design was completely randomized with four replicates and the experimental units
consisted of nine plants. The variables were measured monthly from August 2023 to February 2024. Survival data
were analyzed using a Generalized linear model. Growth in height and root collar diameter was analyzed using
Mixed models with a repeated measures approach. Regarding survival, AT was statistically different from F. As for
height growth, AT was different from RH. Finally, in root collar diameter growth, F was different from AT. It is
concluded that the application of AT has the best effect on survival and growth in root collar diameter and height.
The application of F can have a negative effect on survival, a crucial variable in forest plantations.
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Resumen

Las plantaciones forestales sobresalen entre los trabajos mas frecuentes en México para combatir la deforestacion
y recuperar las areas degradadas. Sin embargo, los resultados de esos esfuerzos, medidos en la supervivencia de
las plantas, no superan 70 %. El objetivo de este trabajo fue evaluar el efecto de la aplicacion de un
antitranspirante (AT), un retenedor de humedad (RH), un fertilizante (F) y sus diferentes combinaciones (AT-RH,
AT-F, RH-F, AT-RH-F) sobre la supervivencia, crecimiento en altura total y didmetro del cuello iniciales en Pinus
greggii. El experimento se establecid en el Campo Experimental Valle de México del Instituto Nacional de
Investigaciones Forestales, Agricolas y Pecuarias, México. El disefo experimental fue completamente al azar, con
cuatro repeticiones y las unidades experimentales se conformaron de nueve plantas. Las variables se midieron
mensualmente de agosto de 2023 a febrero de 2024. Los datos de supervivencia se analizaron con un Modelo
lineal generalizado. El crecimiento en altura y didametro de cuello se analiz6 mediante Modelos mixtos con un
enfoque de medidas repetidas. Respecto a la supervivencia, AT resulté estadisticamente diferente a F. En cuanto
al crecimiento en altura, AT es diferente a RH. Finalmente, en el crecimiento en diametro de cuello, F resultd
diferente a AT. Se concluye que la aplicacion de AT tiene el mejor efecto en la supervivencia, y el crecimiento en
diametro de cuello y altura. La aplicacion de F puede tener un efecto negativo en la sobrevivencia, variable que
es fundamental en plantaciones forestales.

Palabras clave: Altura de planta, antitranspirante, didmetro de cuello, fertilizacion, reforestacién, retenedor de
agua.

Development of the topic

In Mexico, reforestation of degraded areas has been a constant in forestry activity
since the last century (Prieto-Ruiz et al., 2016a); however, survival rates remain low
(Torres-Rojo, 2021). Several factors explain this, one of the main ones being drought
(Prieto-Ruiz et al., 2016b). This phenomenon affects root function, which is crucial
for soil exploration and water absoption, by altering cellular hydraulic conductivity

and modifying root growth (Maurel & Nacry, 2020).

Pinus greggii Engelm. ex Parl. is a tree endemic to Mexico, valuable for its multiple
ecological and economic benefits (Ramirez-Herrera et al., 2005). It is one of the most
widely used conifer species in reforestation programs (Flores et al., 2021). However,
drought conditions hinder its growth (Hernandez-Pérez et al., 2001). This motivates
research on the use of water-retaining agents, antitranspirants, and initial

fertilization, given the problem of water scarcity in Mexico.
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The objective of this study was to evaluate the effects of an antitranspirant, a water-
retaining agent, and a fertilizer on the survival, root collar diameter growth, and initial

total height of Pinus greggii.

The study was conducted at the Valle de México Experimental Field of the National
Institute of Forestry, Agriculture and Livestock Research (INIFAP, for its acronym in
Spanish), located in Coatlinchan, Texcoco, Mexico, at 19°26'41.7” N and 98°53’6.1"
E, and at 2 275 m above sea level. The plantation is located in a rectangular plot

measuring 72x36 m, with an area of 2 592 m?2.

An antitranspirant (Vapor Gard®, Miller Chemical & Fertilizer, USA), a fertilizer
(diammonium phosphate, generic), and a water-retaining agent (Terra Sorb®,
Bioiberica S. A. U., Spain), as well as their combinations, were evaluated and
constituted the treatments (Table 1). The antitranspirant was applied by via foliar
spray (10 mL L'1) one day before planting; while the diammonium phosphate fertilizer
(16 g plant) and the water-retaining agent (5 g plant!) were applied to the bottom
of the planting hole.

Table 1. Treatments applied in the evaluation of the survival and initial growth of

Pinus greggii Engelm. ex Parl.

Treatment Description Key
Antitranspirant AT

2 Water-retainer RH
3 Fertilizer F
4 Antitranspirant+Water-retainer AT-RH
5 Antitranspirant+Fertilizer AT-F
6 Antitranspirant+Water-retainer+Fertilizer  AT-RH-F
7 Water-retainer+Fertilizer RH-F
8 Control T
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The experiment followed a completely randomized design, with eight treatments and
four replicates. Each experimental unit consisted of nine plants in a 4.5x4.5 m square

area.

Evaluations were conducted monthly, beginning six days after planting in August 2023
and concluding in February 2024. Survival was assessed by direct counting (live or
dead). Root collar diameter (mm) was measured with a model HER-411 Steren®

digital caliper, and plant height (cm) with a 50 cm ruler.

A generalized linear model was used for the survival analysis. In this case, the
response variable Y was considered a Bernoulli random variable with a probability of
Success=p and of Failure=1-p, where Success represented the survival of the plant
of interest at the end of the experiment, and Failure represented non-survival. Under
this consideration, the set of responses Yjx was modeled using a generalized linear
model with a binary response Yii, a linear component associated with the treatment
effect, and an identity link function; that is, it was considered that Yi~Bin(nj,m;),
i=1,..,8. In the above expression, n; is the sample size associated with the
observations under the /- treatment, while n; is the probability of Success,
conditioned by the indicated treatment level. The estimation of parameters and
effects was performed using the maximum likelihood method with the GENMOD
procedure of the SAS system version 9.4 (SAS Institute Inc., 2023).

The Generalized likelihood ratio statistic indicates a differentiated treatment effect
(p<0.0174), such that the experimental evidence suggests that at least one estimate
fi; is statistically different from the others. To determine which estimates #; can be
considered statistically different from each other, a pairwise comparison was made
using the Likelihood ratio criterion for the reduced and full models; the estimation in
the reduced model assumes parametric equality of the compared pair, while the full

model assumes that the parameters #; are different.

Treatment AT (86.1 %) showed the highest survival rate, followed by treatment RH
(80.6 %), although there was no significant difference between the two. Treatment F

registered the lowest percentage (55.6 %) (Table 2), but there were no significant
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differences compared to AT or RH in combination with F and AT. These results agree
with those obtained by Albaugh et al. (2004) in Pinus radiata D. Don plantations. The
low survival rate of the AT-RH-F treatment may be attributed to negative interactions

between the treatments, which generate physiological stress.

Table 2. Grouping of estimates according to the Generalized likelihood ratio
criterion (a=0.05).

Treatment Estimation Group
AT 0.8611 a

RH 0.8056 a b

AT-F 0.7778 a b c
AT-RH 0.6944 a b c d
RH-F 0.6111 b ¢ d
AT-RH-F 0.5833 c d
T 0.5833 c d
F 0.5556 d

AT = Antitranspirant; RH = Moisture retainer; F = Fertilizer; T = Control.

Treatments with different letters indicate significant differences (a<0.05).

To determine whether the studied treatments had an effect on diameter and height
growth, a repeated measures analysis was performed using the linear mixed-effects
model approach (Diggle et al., 2002). Accordingly, the following linear mixed-effects

model was considered:

Yije = 0+ 7 + Sy + BT + €

Where:

Y;ix = Value of the observed response variable of interest, diameter or height, in

month j and in experimental unit k
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7; = Effect of the i-? treatment

8x@ = Random variable associated with experimental unit j under the /" treatment

B = Linear regression coefficient
T; = Month j

€;jx = Error term

In this case, i=1,...,8; j=1,...,7; k=1,..,4, and in matrix form, the mixed model considered
is of the form Y=XB+ZU+¢, in which the treatment and time effects are fixed and
represented by the component X3, while the random vector U has components d«; and
is normally distributed with a mean vector of 0 and a variance-covariance matrix 2
associated with an autoregressive process of order 1, that is, AR(1). The error vector € is
considered to be normally distributed with a mean vector of 0 and a variance-covariance

matrix o?I,, which is independent of the random effects vector U.

The choice of the AR(1) covariance structure resulted from comparing the Akaike
information criterion (AIC) value for several covariance structures. In both cases,
diameter and height, this value was lower for the AR(1) model compared to the value

associated with the compound and unstructured symmetry covariance structures.

The estimates were obtained using the MIXED procedure of the SAS system version 9.4
(SAS Institute Inc., 2023), based on restricted maximum likelihood (REML) estimation.

Regarding height, the estimation results indicate a significant difference between the
fixed effects u+t; +BT; (p<0.0001). The comparison of least squares means, ¥; =
i+ 71, + BT, associated with the estimated effects implies that the differences ¥, — Y,
and Y, — ¥; are statistically different from zero, p=0.04. The Autoregressive coefficient
estimate p=0.91 is statistically different from zero (p<0.0001), while the linear

regression coefficient estimate $=0.53 is also statistically non-zero (p<0.0001).

The treatments that showed the greatest height growth were AT (37.5 cm) and F (37.48

cm), although they were not statistically different from the other treatments, except for
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RH (34.94 cm), which reached the lowest height (Table 3). This is likely because the
moisture retainer helps keep the plant hydrated, thus promoting survival. However,
growth is related to the availability of soil nutrients that promote root development
(Hernandez et al., 2021). The results of this study are consistent with the insignificant
effect of various doses of hydrogel on the growth of Pinus oocarpa Schiede ex Schitdl.

during the dry season (Fuentes-Sandoval & Rodriguez-Méndez, 2024).

Table 3. Least squares means for height and root collar diameter of the evaluated

treatments and grouping according to the minimum significant difference.

_ Root
Treatment I-I(i':st Group di:(::lI::er Group
(mm)
AT 37.50 a 6.01 ab
RH 34.95 b 5.89 ab
F 37.48 a 6.72
AT-RH 35.92 ab 5.78
AT-F 35.82 ab 5.94 ab
AT-RH-F 37.03 ab 5.95 ab
RH-F 35.57 ab 6.00 ab
T 36.04 ab 5.72 b

AT = Antitranspirant; RH = Moisture retainer; F = Fertilizer; T = Control.

Treatments with different letters indicate significant differences (a<0.05).

Regarding root collar diameter, the results indicate significant differences between
means associated with fixed effects (p<0.0001), that the linear regression effect of
diameter on age is significant (p<0.0001), and that the autoregression coefficient
p=0.35 is also statistically non-zero (p<0.0001). In this case, the statistically non-
zero least squares mean differences are ¥; — ¥, and ¥; — ¥3, with 0.0375 and 0.0288 p
values, respectively. That is, the effect of treatment F was different from the effects
of treatments T and AT-RH, a result similar to that reported by Mason (2004) in Pinus

radiata plants.
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The obtained results make it possible to conclude that the application of
antitranspirant has a positive effect on survival, root collar diameter and height. The
fertilizer did not have a positive effect on the survival of the seedlings; however, there

was a positive effect on the growth of root collar diameter and plant height.
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