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Abstract

Environmental factors affect plant physiological processes. Understanding these factors
can increase productivity, especially in tropical mountain ecosystems, where they vary with
altitude. This study aimed to analyze the physiological variations related to water vapor
and gas exchange in Prunus persica L. Batsch according to the altitudinal gradient in North
Santander. One plant was selected per altitude, and six leaves were selected per plant and
per branch across three phenological stages. Conductance (gs), stomatal resistance (SR), and
transpiration (E) were determined using a calibrated portable porometer over two cycles.
Linear mixed-effects models with repeated measurements over time, phenological effects,
altitude, and light conditions were used. At higher altitudes, gs and E decreased and SR
increased, possibly due to higher ultraviolet radiation and lower temperatures with increas-
ing altitude. Maximum values were reached at EF6. gs and E exhibited diurnal patterns,
decreasing at the end of the day to minimize water loss during periods of lower solar
radiation. The cultivar adjusted its stomatal and water regulation mechanisms according
to altitude. These findings provide advanced insights into plant acclimatization strategies
in mountain ecosystems and inform the sustainable management practices needed in the
face of impending global climate variability.

Keywords: stomatal conductance; stomatal resistance; transpiration; leaf; deciduous

1. Introduction
1.1. Importance and Development of Prunus persica L. Batsch Cultivation

The peach tree (Prunus persica L. Batsch) is one of the most economically important
fruit crops worldwide. With an annual production exceeding 24.6 million tons, it ranks
among the top ten most cultivated fruits globally [1]. The fruit sector has experienced rapid
growth in recent decades, and peaches now represent the second most widely produced
temperate fruit in the Rosaceae family, following apples and pears [2–4]. In Colombia, the
cultivation of deciduous fruit trees, including peach, constitutes a key agricultural sector [5].
In 2022, the country recorded an average yield of 13.82 t.ha−1 across 2.265 hectares, with
the department of Boyacá accounting for 35.92% of the total planted area, largely due to its
favorable climatic conditions [6,7].

Traditional peach cultivars typically require 500 to 800 chilling hours during winter to
ensure proper dormancy release [8]. However, peach is a genetically dynamic crop, and
by the 1990s, more than 500 cultivars had been developed worldwide through breeding
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programs aimed at improving adaptability and fruit quality [8]. Some of these cultivars
exhibit lower chilling requirements [4] and thus are suitable for tropical and subtropical
regions, facilitating the crop’s geographic expansion [2,3].

Research in Brazil, such as the study conducted by Anzanello and Lampug-
nani (2020) [9], proposed the following classification scale for chilling requirements in
peach cultivars: low (<200 chilling hours), medium (201–400 chilling hours), and high
(>400 chilling hours). This categorization enabled the appropriate regional allocation of
cultivars within the state of Rio Grande do Sul. For instance, cultivars such as Flor da
Prince, Vanguarda, Mandinho, Cerrito, Libra, Kampai, Granada, and Bonão require fewer
than 200 chilling hours; Fascínio, Baby Gold, Atenas, Maciel, Santa Aurea, and Chimarrita
require 201–400 h; while Barbosa, Planalto, Della Nona, and Robidoux require over 400 h.
Consequently, cultivars with lower chilling requirements are suitable for most regions in
the state, whereas those with medium and high requirements are recommended for specific
subregions, such as the western border and the Serra Gaúcha highlands, respectively.

The Jarillo Venezuelan Creole peach plant (P. persica) originated from a limited set of
genotypes introduced to Venezuela from the United States in the late 19th century. Due to
its high degree of self-pollination and narrow genetic base, this cultivar exhibits limited
genetic diversity [10]. It is adapted to altitudes ranging between 1800 and 2200 m above
sea level (m a.s.l.) [11]. Its low chilling requirement [12,13] enables its cultivation in cold
tropical climates under both continuous and forced production systems by suppressing
dormancy-inducing factors [11,14,15].

The cultivar is characterized by a delayed onset of fruit production but exhibits high
yield potential, with reported averages of 1917 fruit per plant and 135 kg fruit per plant [16].
Fruit development is notably slow [7], with duration exceeding 125 days from full bloom
(defined as the point at which 50% of flowers are open) to commercial harvest, and in
some cases extending up to 270 days [17]. The fruit is round, with yellow pericarp and
trichomes, though susceptible to staining when handled under humid conditions [16].
Morphologically, the fruit is small, with an average weight of 85.6 g, a polar diameter
of 4.5 cm, an equatorial diameter of 5.3 cm, and a pulp-to-seed ratio of 7 [18]. They are
suitable for both fresh consumption and industrial processing, owing to their small size
and post-harvest handling tolerance.

1.2. Ecophysiology of Plants Under Contrasting Conditions

Tropical regions are characterized by relatively uniform temperatures throughout
the year, lacking clearly defined thermal seasons. However, temperature decreases pro-
gressively with elevation, giving rise to altitudinal thermal “paradises” that enable the
cultivation of temperate crops in tropical latitudes [19]. Along with temperature, other
environmental variables are also modified with increasing altitude. Notably, precipitation
tends to decline, while solar radiation, particularly ultraviolet (UV) radiation, increases
markedly [20–23]. UV radiation rises by approximately 10–12% for every 1000 m gain in
elevation due to reduced atmospheric filtering caused by the thinner air column at high
altitudes [20].
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Light conditions in mountainous environments also fluctuate significantly due to
diurnal cycles, cloud cover, and canopy shading [24]. According to [25], during sunrise
and sunset -when the sun is at a lower solar angle-solar radiation must traverse a longer
atmospheric path, increasing the scattering and absorption of light, and resulting in reduced
light intensity. These variations directly influence plant physiological functions such as
photosynthesis and stomatal regulation [12,25,26].

Altitude exerts a strong effect on temperature, with an average decrease of 0.6 ◦C per
100 m of elevation [23], and it also influences water evaporation rates and atmospheric
water-holding capacity. Consequently, ecosystems at different altitudes but similar latitudes
exhibit distinct thermal and moisture regimes. In addition, the atmospheric pressure of
gases such as CO2, O2, and N2—as well as water vapor—declines with elevation, affecting
plant gas exchange and metabolism [21].

Moreover, high-altitude tropical ecosystems exhibit pronounced diurnal climate varia-
tion, often surpassing seasonal variation, and are increasingly relevant in the context of
global climate change due to their sensitivity to environmental fluctuations [23,27].

Studies such as [28] have shown that plants at higher elevations display higher tran-
spiration rates and increased stomatal conductance compared to those growing at lower
altitudes. This suggests the existence of specific adaptation strategies along altitudinal
gradients. According to [29], species exposed to environmental variability across altitudinal
gradients develop broad physiological tolerance via molecular mechanisms that enable
acclimation and survival under diverse climatic conditions [30]. However, the specific eco-
physiological responses of the Venezuelan Jarillo peach cultivar (P. persica) across altitudinal
gradients remain poorly understood.

The department of North Santander, located in the eastern Andean range of Colombia,
contains a mountainous physiographic zone classified as the Middle Andean Orobiome
(Om-A), ranging between 1800 and 2800 m a.s.l. [31]. This region includes the upper basins
of the Orinoco and Catatumbo rivers. Within the upper Orinoco basin, the municipality of
Silos (1810 m a.s.l.) records an average temperature of 12 ◦C and an atmospheric pressure of
817.27 hPa; Cácota (1950 m a.s.l.) reports 14 ◦C and 815.93 hPa; and Chitagá (2150 m a.s.l.)
registers 18 ◦C and 806.60 hPa. All three sites share a unimodal rainfall pattern with annual
precipitation below 1000 mm.

Two additional sites in the upper Catatumbo basin were also selected for this study.
Pamplonita (1860 m a.s.l.) exhibits an average temperature of 20 ◦C, atmospheric pressure
of 814.60 hPa, and approximately 900 mm of annual precipitation. Pamplona (2170 m a.s.l.)
shows an average temperature of 16 ◦C, atmospheric pressure of 805.27 hPa, and 1200 mm
of annual precipitation. Both municipalities display a bimodal precipitation regime [32].

1.3. Light-Dependent Functions and Integration in Metabolism

Understanding the climatic requirements for the development of a species, ecotype, or
crop—and even specific cultivars within a crop—is essential for improving productivity.
This is achieved by identifying the physiological mechanisms that mediate organismal
responses to environmental cues [33]. In this context, previous research has shown that
the adaptation of fruit trees to high-altitude zones (typically ranging between 1600 and
3200 m a.s.l.) is strongly modulated by local climatic factors [27].

Light is not only essential as the energy source for photosynthesis, captured by
pigment-protein complexes in the chloroplasts, but it also acts as a central regulator of a
wide array of physiological processes. Among these are stomatal dynamics and guard cell
metabolism. Blue light, for instance, promotes stomatal opening by activating plasma mem-
brane H+-ATPases and K+ influx through phototropin-mediated signaling pathways [34].
Red light complements this process by enhancing ATP production through local photosyn-
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thesis in guard cells [35]. These light responses are coordinated with sugar metabolism
and starch degradation, ensuring the osmotic changes necessary for guard cell turgor and
sustained stomatal opening [35].

At the ecophysiological level, photoprotection and repair mechanisms are crucial to
prevent damage to photosystem II (PSII) caused by excessive light intensity, which is a
frequent stressor in low-latitude, high-irradiance environments [36,37]. In P. persica, studies
suggest that the PpLhc gene expression is light-harvesting chlorophyll from light, thereby
playing a role in drought tolerance by modulating the response to water stress [38]. These
mechanisms can significantly influence photosynthetic efficiency and stomatal response to
changes in light quality and intensity along altitudinal gradients.

For example, ref. [39] demonstrated that high-altitude accessions of Tibetan peach
(P. persica) exhibited reduced stomatal density but increased stomatal size—morphological
adaptations that reduce total stomatal conductance and transpiration. These changes are
interpreted as adaptations to hypoxic conditions, intense solar radiation, and thermal
stress. Furthermore, genetic variation in the PpEPF1 gene family appears to be involved
in regulating stomatal patterning in response to environmental gradients, representing a
potential evolutionary innovation for optimizing CO2 assimilation while minimizing water
loss under abiotic stress.

1.4. Gaseous Exchange, Water Relations, and Photosynthesis Efficiency Under Contrasting Conditions

Key physiological processes in plants—such as gas exchange, water relations, and
resource use efficiency—are highly sensitive to environmental conditions, particularly those
varying along altitudinal gradients. Stomatal regulation plays a central role in balancing
CO2 uptake for photosynthesis with water loss via transpiration. This mechanism is
especially susceptible to atmospheric vapor pressure deficit (VPD) and water availability.

According to the ecophysiological optimum model, a reduction in atmospheric pres-
sure at higher altitudes leads to a decreased partial pressure of CO2 and O2, and a higher
vapor pressure gradient between leaf and air. This results in increased transpiration per
unit of carbon fixed and prompts physiological adjustments such as a decrease in stomatal
conductance (gs) and a lower internal-to-external CO2 concentration ratio (χ) [40].

Stomatal movement is governed by a complex network of hydraulic signals, hormonal
pathways, and environmental stimuli. Among these, the phytohormone abscisic acid (ABA)
plays a pivotal role under water-deficit conditions. ABA triggers the activation of anion
channels (e.g., SLAC1), promoting ion efflux (K+, Cl−) from guard cells, which in turn
reduces turgor pressure and induces stomatal closure [35,41].

In addition, hydraulic signaling—such as a drop-in leaf or stem water potential (Ψ_leaf,
Ψ_stem)—often precedes hormonal responses, particularly in anisohydric species like many
Prunus cultivars. This early hydraulic signal enables a rapid physiological adjustment
to fluctuating environmental conditions [42]. At the cellular level, vacuolar K+ fluxes
mediated by NHX-type exchangers are also essential for maintaining guard cell turgor
during stomatal opening and closure [43].

Recent findings also highlight the influence of circadian regulation; transcription
factors such as PIFs (Phytochrome-Interacting Factors) initiate stomatal opening at dawn
by inducing the expression of the K+ channel gene KAT1, even in the absence of ABA. This
underscores the importance of endogenous day-night rhythms in stomatal behavior [44].
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In P. persica, water stress conditions that reduce stem water potential below −1.5 MPa
have been shown to drastically lower stomatal conductance (gs) and transpiration (E),
thereby affecting both vegetative and reproductive development [45]. Other water relations
parameters—such as relative water content (RWC) and Ψ_stem—are tightly associated
with photosynthetic efficiency under drought conditions [46]. For instance, the exogenous
application of lauric acid has been shown to preserve leaf water content and sustain high
net CO2 assimilation rates in peach, enhancing water use efficiency (WUE) by improving
stomatal function and activating stress-responsive gene expression [46]. Moreover, carbon
isotope discrimination (δ13C) has been validated as a reliable long-term integrator of WUE
in Prunus hybrids, allowing for the physiological evaluation of drought responses across
diverse environments [47].

Globally, it has been observed that, under open-stomata conditions, plant transpiration
can double with every 1.000 m increase in altitude due to greater solar radiation and
atmospheric vapor diffusivity [48]. Additionally, ref. [49] reported that in productive
nectarines, stomatal conductance and transpiration rates decrease under postharvest water
stress, and that VPD can become a limiting factor for gas exchange even when stomata
remain open.

1.5. Molecular Processes Integrated into Stomatal Physiology

In the context of altitudinal and climatic gradients, it is essential to understand how
molecular mechanisms regulating stomatal physiology and light-dependent metabolism
are integrated into the adaptive responses of P. persica. Stomatal opening is initiated
through light perception by specific photoreceptors—mainly phototropins (responsive to
blue light) and phytochromes (responsive to red/far-red light)—which activate a cascade
of signaling events in guard cells. These events include the stimulation of plasma mem-
brane H+-ATPases, activation of K+ channels, and the generation of osmotic gradients that
facilitate turgor-driven stomatal aperture [35,50].

These light-induced responses are tightly coupled with chloroplastic and mitochon-
drial metabolism in guard cells. Starch degradation, sugar mobilization, and ATP gen-
eration are critical for maintaining osmolyte concentrations and stomatal functionality
under favorable light conditions [51]. In parallel, under conditions of high irradiance or
water deficit, the accumulation of abscisic acid (ABA) and reactive oxygen species (ROS)
triggers the closure of stomata and activates photoprotective mechanisms—including non-
photochemical quenching and the regulation of light-harvesting antenna proteins [38,42].

Water stress significantly disrupts plant development and photosynthetic activity
by inducing oxidative damage and compromising cellular structures. The application of
melatonin has emerged as a promising strategy to enhance plant tolerance by protecting
chloroplast membranes, stabilizing chlorophyll content, and modulating stomatal activ-
ity. Melatonin functions as an antioxidant by activating enzymatic defense systems that
scavenge ROS and mitigate oxidative stress [52].

In mountain environments, where plants are exposed to high UV radiation, low tem-
peratures, reduced oxygen availability, and declining precipitation with elevation [20–23],
these stressors collectively challenge plant homeostasis and photosynthetic efficiency. Un-
der such conditions, ROS accumulation becomes a double-edged sword: at high concen-
trations, ROS can cause photoinhibition and cellular damage—such as the oxidation of
PSII proteins and disruption of photosynthetic electron flow [52–55]—whereas at mod-
erate levels, ROS act as signaling molecules that mediate stress responses and stomatal
behavior [56].
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Hence, the capacity of P. persica to modulate stomatal physiology through the in-
tegration of environmental, hormonal, and redox signals is a key adaptive feature in
altitudinal environments. Understanding these mechanisms is fundamental for developing
stress-resilient cultivars and optimizing crop performance in variable climates.

1.6. The Importance of Research in Altitudinal Gradients

Despite the growing interest in understanding the physiological responses of P. persica
to varying environmental conditions, significant knowledge gaps remain regarding its
ecophysiological performance in high-altitude tropical regions. These zones—characterized
by intense solar radiation, marked diurnal thermal fluctuations, and variable water
availability—present unique challenges for fruit production and crop adaptation [21–23].

Although recent studies have documented physiological and metabolic adaptations
in mountain fruit trees [23,57,58], few have explicitly addressed the dynamics of stom-
atal conductance, resistance, and transpiration in P. persica under productive field con-
ditions in the high-altitude tropics. There is a pressing need for research that examines
how these gas exchange and water balance variables respond to natural altitudinal gradi-
ents, in order to better understand the mechanisms regulating plant performance in such
complex environments.

Furthermore, with the ongoing effects of climate change—particularly rising temper-
atures and shifts in solar radiation—altitudinal gradients provide natural laboratories to
assess how changes in environmental conditions influence plant phenology, physiology,
and productivity. These gradients offer an opportunity to anticipate the potential impacts
of global climate change on crop systems and to design strategies for climate-resilient
agriculture [59].

Given this context, the objective of the present study is to determine the physiological
variation of Jarillo or Venezuelan Creole peach plants (P. persica) during the productive
phase across different altitudinal gradients in the department of North Santander, Colombia.
The results of this research aim to enhance our understanding of how this cultivar responds
to varying altitudes and associated microclimatic conditions. Such knowledge is critical for
the development of improved management practices and the selection of genotypes better
suited to cultivation in mountainous tropical environments.

2. Materials and Methods
2.1. Location

This study was carried out in five Jarillo or Venezuelan Creole peach plants (P. persica)
in producing farms in the department of North Santander, Colombia, located between the
upper Orinoco basin and Catatumbo, according to the altitudinal gradient. In the upper
Orinoco basin, the municipalities Silos (1810 m a.s.l.), Cácota (1950 m a.s.l.), and Chitagá
(2150 m a.s.l.) were selected. Two municipalities were selected in the upper Catatumbo
basin. The Pamplonita municipality is located at 1860 m a.s.l. The municipality of Pamplona
is located at 2170 m a.s.l. In terms of soil type, the municipality of Silos is dominated by
Entisol soils, while the rest of the municipalities have Inceptisol soils [60]. Each of these
regions is associated with each of the elevations studied [11] (Figure 1).
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Figure 1. Geographical location of the study areas according to the altitudinal gradient, in the
department of North Santander, Colombia. 1 and 2. Upper Catatumbo Basin (groups 1 and 2),
with a bimodal precipitation regime; 1: Municipality of Pamplona (7◦22′47′′ N and 72◦37′40′′ W,
2170 m a.s.l.); 2. Municipality of Pamplonita (7◦25′27′′ N and 72◦37′16′′ W, 1860 m a.s.l.); 3 and
4: Upper Orinoco Basin (groups 3 and 4), with a unimodal precipitation regime; 3: Municipality
of Cacota (7◦13′29′ ′ N and 72◦37′58′′ W, 1950 m a.s.l.); 3: Municipality of Silos (7◦10’47′′ N and
72◦42′08′′ W, 1810 m a.s.l.); 4: Municipality of Chitagá (7◦10′06′′ N and 72◦39′19′′ W, 2150 m a.s.l.).
Source: [60].

2.2. Plant Material

The Jarillo Venezuelan Creole plant peach (P. persica) was evaluated. This cultivar is
highly valued due to its excellent adaptation to local conditions, high productivity, and
widespread market acceptance for fresh and processed consumption [16]. In each farm,
a ten-year-old individual [61] sexually propagated without grafting (franc) was selected.
According to the non-extended BBCH scale [62,63], they were in the main stage 9: stage of
senescence and the beginning of vegetative rest at the time of this study. Fruit thinning was
carried out between 60 days and 70 days after defoliation, which was managed with the
agronomic method of forced production [11,16]. The study plot of Jarillo or Venezuelan
Creole peach plants (P. persica) was planted 7 m apart in rows and between rows in a real
frame [64], under rainfed conditions with a homogeneous slope and the same agronomic
management [11].
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2.3. Phenology

Physiological variables were determined in Jarillo or Venezuelan Creole peach plants (P.
persica) according to phenological stage, a term used to describe the sequence of morphological
and physiological phenomena occurring during the annual growth cycle of plants [65]. From
plant defoliation, developmental phenological stages were identified using the non-extended
BBCH scale, at main stage 6: flowering, main stage 7: fruit formation, and main stage 8: fruit
ripening [62,63]. The variables were recorded monthly during two production cycles. Cycle 1
was from March to December, and Cycle 2 from January to September.

2.4. Variables Evaluated

The conductance (gs) (cm.s−1) and stomatal resistance (SR) (s.cm−1), as well as tran-
spiration (E) (mmol.m−2.s−1) were determined using a diffusion porometer (Delta T AP4,
Delta-T Devices, England), calibrated every two hours [66]. For the measurement of the
evaluated variables (gs, SR and E), three fully unfolded and photosynthetically active adult
leaves were selected from each plant with traditional open-vessel architecture, on identified
tertiary branches [28], located in the middle third of the central axis of each plant, in the
first (apical part of the branch) and third (basal part of the branch) thirds of the branch
(light and shaded conditions, respectively) [16,61]. Three readings per leaf were taken
every two hours during the daily course between 8:00 and 16:00 h.

2.5. Plant Sampling

Plant sampling at each altitude was performed using the conditional Latin hyper-
cube [67], and according to the methodology described by [7] for the selection of five plants
at random, at the rate of one per altitude of the same age and identified [16]. Sampling was
conducted during two production cycles in 2021 and 2022, each lasting 7 months. Between
these cycles, there was a rest period of 45 to 60 days, depending on the altitude where the
crop was grown [14].

2.6. Experimental Design and Statistical Analysis

The research design was a non-experimental field, observational, repeated measures,
with descriptive and explanatory stages. Prior to the statistical analysis, an exploratory
data analysis (EDA) was used [68]. This was performed in order to detect the presence of
outliers, inconsistencies in the data, and any other anomalies. Box plots were used, and
data that might be outside the study population, the scale of measurement of the variables
under study, and the distribution of the variables were reviewed.

Six replicates or leaves per plant were used, one plant during three phenological
stages (6: flowering; 7; fruit formation; 8: fruit ripening) per altitude (1810; 1860; 1950;
2150 and 2170 m a.s.l.), having a total of 108 leaves with five repeated measurements per
leaf (measurement time: 8, 10, 12, 14, 16 h). The cleaned data were initially entered into a
Microsoft Excel 2015 spreadsheet prior to statistical analysis. This analysis was performed
using SPSS version 27 [69].

To detect departures from normality, the Shapiro–Wilk test, kurtosis and skewness
values, and histogram figures were used; and for the verification of homoscedasticity,
Levene’s test was used. Due to the distance from normality of the data of the physiological
dependent variables, in order to carry out the corresponding statistical hypothesis tests in
the analysis of variance (ANOVA), the Neperian logarithm (Nl) transformation was used.
The application of which reduces the degree of asymmetry of the distribution of the data.
A nonparametric Spearman linear correlation analysis was applied [70].

The intrasubject factor was the time or hour of daily measurement, and the intersubject
factors were altitude, phenological state, and their first-order interactions.
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For the statistical analysis of the effects of the independent variables on each of the
following dependent variables: gs, SR and E, a linear mixed effects model for repeated
measures was fitted with the fixed effects structure of altitude, phenological stage, time
of day and their first order interactions, where the covariate light-shade effect was intro-
duced; and a residual correlation structure to model the correlations between errors in
measurements over time or repeated measures. The selection of the variance-covariance
matrix included in the mixed-effects model or repeated measures modelling was made
considering the lower values of the Akaike information criteria (AIC), Bayesian information
criteria (BIC), and restricted log-likelihood-2, using the maximum likelihood method in the
estimation of the parameters. The use of mixed models allows the autocorrelation structure
of the residuals to be incorporated into the model and corrects for model heteroscedasticity
problems in order to perform reliable hypothesis testing on the significance of the fixed
effects parameters. Errors were modeled with the AR (1) or first-order autoregressive
covariance matrix.

For the statistical analysis of the fixed effects on the dependent variables of interest,
analysis of variance (ANOVA) was used in a linear mixed effects model for repeated
measures with an intrasubject factor (time or hour of daily measurement) and the inter-
subject factors were altitude, phenological stage, and their first-order interactions. In the
fixed factors where the effects were significant (p < 0.05), Bonferroni tests on marginal
means were used, and, in the interactions, graphs were constructed for each significant
interaction, making an interpretation of each interaction.

3. Results and Discussion
None of the dependent variables in this research presented a data distribution approx-

imating a normal curve, so a logarithmic transformation was used for the variable E; while
for the variables gs and SR, the Ln (y + 1) transformation was used, due to the presence of
values less than one.

The dimension of the linear mixed effects model used in this research, presented
as structuring elements: the fixed effects, intersection, altitude, phenological state, time
of measurement of the dependent variables during the day: 8:00 am; 10:00 am; 12:00 m;
2:00 pm; and 4:00 pm, as a repeated measures factor, the interactions; and the light and
shade factor as a covariate (without shade, with shade). Errors were modelled with the
AR (1) or first-order autoregressive covariance matrix.

For the statistical analysis of the fixed effects on the dependent variables of interest,
analysis of variance (ANOVA) was used in a linear mixed effects model for repeated
measures with an intrasubject factor (the time or hour of daily measurement) and the
inter-subject factors were altitude, phenological state, and their first-order interactions. It
can be seen that for Cycle 1 (Table 1), there is a highly significant effect (p < 0.001) of time of
measurement, altitude, phenological stage, and their interactions on SR and E.

For gs, there was only a highly significant effect (p < 0.001) of measurement time, and
the interaction of measurement time with both altitude and phenological stage. At the
same time, the altitude and the interaction measurement time and phenological stage were
significant (p < 0.05), without differences for the effect of phenological stage.

In Cycle 2, statistical differences (p < 0.001; p < 0.05) were observed for the simple
effects of the study factors on the variables evaluated (Table 1). For the interaction of the
factors, only a significant difference (p < 0.05) of altitude by the time of measurement was
recorded for the SR. While for the interaction phenological stage and time of measurement,
only a significant difference (p < 0.05) was recorded for gs and a highly significant difference
(p < 0.001) for SR; no significant differences were observed between the variables evaluated
for the interaction altitude and phenological stage.
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The variable presence of light and shade was introduced in the model as a covariate,
but its effect was significant (p < 0.05) only in the model for the dependent variable E in
Cycle 1; while in Cycle 2, it was significant (p < 0.05) for all variables (Table 1).

Table 1. Summary of the Analysis of Variance for the Physiological Variables of Jarillo or Venezuelan
Creole Peach Plants (P. persica) in Productive Phase at Different Altitudes in the Department of North
Santander, Colombia.

Source of
Variation

gl

Stomatal
Conductance
(gs) (cm.s−1)

Stomatal
Resistance

(SR) (s.cm−1)

Transpiration (E)
(mmol.m−2.s−1)

gl

Stomatal
Conductance
(gs) (cm.s−1)

Stomatal
Resistance

(SR) (s.cm−1)

Transpiration (E)
(mmol.m−2.s−1)

Cycle 1 (March to December) Cycle 2 (January to September)

F-Value Significance F-Value Significance

Intersection 1 56.748.79 ** 14.085.61 ** 2.001.43 ** 1 93.59 ** 258.13 ** 1.890.04 **
Altitude 4 2.82 * 7.19 ** 6.99 ** 4 8.49 ** 3.82 * 4.53 *

Phenological state 2 2.49 ns 30.98 ** 20.08 ** 2 5.44 * 8.05 * 11.35 **
Hour of the day 4 17.05 ** 57.40 ** 70.08 ** 4 7.06 ** 17.14 ** 19.24 **

Altitude hour of the day 16 3.92 ** 7.47 ** 3.38 ** 16 2.07 ns 2.08 * 1.62 ns

Phenological state hour
of the day 8 2.74 * 3.22 ** 3.03 ** 8 3.36 * 3.71 ** 1.84 ns

Altitude phonological
state 8 14.46 ** 10.09 ** 10.38 ** 6 2.05 ns 1.538 ns 1.50 ns

Light-shadow 1 1.49 ns 2.37 ns 5.13 * 1 9.52 * 4.41 * 10.61 *

**: Highly significant (p < 0.001), *: Significant (p < 0.05), ns: not significant, F: Fisher’s test.

3.1. Effect of Altitude and Time of Day on Physiological Variables

The effects of the interaction between altitude levels and time of day on the physiolog-
ical variables under study during the two cycles are presented in Figure 2.

In Cycle 1, a slight increase in gs was observed at 10:00 h with the highest mean value
recorded for 1810 m a.s.l., after which it decreased over the measurement time, while the
lowest value (0.13 cm.s−1) was at 16:00 h for 1950 m a.s.l. (Figure 2a). The higher stomatal
conductance (gs) observed at 10:00 h between 1810 and 1950 m above sea level (Figure 2a)
may be explained by the atmospheric pressure recorded at each altitude: 817.27 hPa at
1810 m and 815.95 hPa at 1950 m. This pressure difference favors a lower vapor pressure at
lower elevations, as previously reported [40].

In Cycle 2, no significant difference (p > 0.05) was observed for the interaction between
altitude and time of measurement for gs (Figure 2b).

In relation to the SR, the lowest mean values occurred at 8:00 h, values that increased
during the hours of measurement in both cycles (Figure 2c,d), with the highest value
recorded at 1950 m a.s.l. (Figure 2c). During the second cycle, greater variability in values
was observed from 14:00 h onwards (Figure 2d). E showed a decrease in mean values during
the measurement time (Figure 2e,f), with higher variability during Cycle 1 (Figure 2e). The
Jarillo or Venezuelan Creole peach plants (P. persica) were established at 1950 m a.s.l.
presented statistically higher mean E values (p < 0.001), reaching 527.08 mmol.m−2.s−1

at 10:00 h, from which time they began to decrease until registering the lowest value at
16:00 h (Figure 2e).

In general, the highest mean values of gs and E were recorded at lower altitudes and
decreased with increasing altitude, contrary to [4,28], who stated that plants at higher
altitudes recorded higher gs and E rates compared to plants located at lower altitudes. The
discrepancy with the present study may be related to statements made by several authors
that solar radiation, especially ultraviolet (UV) radiation, increases at higher altitudes
in tropical high-altitude ecosystems, while temperature and partial pressure of gases
decrease [21–23,27].
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Figure 2. Diurnal Fluctuation of the Physiological Variables Conductance (a,b) and Stomatic Re-
sistance (c,d) and Transpiration (e,f) of Jarillo or Venezuelan Creole Peach Plants (P. persica) in
Productive Phase for the Interaction Altitude (blue: 1810; red: 1860; green: 1950; purple: 2150 and
black: 2170 m a.s.l.) and Time during two Cycles (1: March to December and 2: January to September)
in the Department of North Santander, Colombia.

Additionally, it has been shown that field conditions are rarely stable and continuously
influence the response of gs during the course of the day, leading to complex kinetic
patterns in the diurnal period [24]. To cope with these climatic variations, plants develop
specific adaptive strategies [29,31], such as the regulation of stomatal aperture. Hence, the
ecophysiological importance of gs, given its relationship with the CO2 partitioning process
within the leaf, a process during which carbon acquisition is prioritized over water loss [71].

Additionally, studies conducted by [38] reported that genes of the photosynthetic light-
harvesting complex (PpLhc) in P. persica exhibit differential expression patterns, linking
light regulation to drought tolerance. These findings suggest that variations in light quality
and intensity along an altitudinal gradient may directly modulate photosynthetic efficiency
and stomatal responses in this fruit crop.

On the other hand, the increase in SR recorded in the present investigation, with
increasing altitude, indicated difficulty for gas exchange, because SR is inversely related to
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gs, according to [24]. This situation may be associated with the higher incidence of solar
radiation, especially ultraviolet (UV) radiation at higher altitudes [21–23].

The physiological variables assessed during the day generally followed the same trend
(Figure 2), with significant differences between altitudes (Table 1), except during Cycle 2 for
the variables gs and E. These differences may be due to the fluctuations typical of tropical
high-altitude ecosystems, as reported by [23,27].

3.2. Effect of Phenological Stage and Time of Day on Physiological Variables

The effects of the interaction between phenological stage levels and time of day on the
physiological variables under study during the two cycles are presented below (Figure 3).

Hour of the day (Cycle 1) Hour of the day (Cycle 2) 

 
 

(a) (b) 

  

(c) (d) 

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

08:00 10:00 12:00 14:00 16:00

St
om

at
ic

 c
on

du
ct

an
ce

 
(c

m
.s-1

)

0

5

10

15

20

08:00 10:00 12:00 14:00 16:00

St
om

at
ic

 re
sis

ta
nc

e 
(s

.c
m

-1
)

  

(e) (f) 

0

100

200

300

400

500

08:00 10:00 12:00 14:00 16:00

Tr
an

sp
ira

tio
n 

(m
m

ol
.m

-2
.s-1

)

Figure 3. Diurnal Fluctuation of the Physiological Variables Conductance (a,b) and Stomatic Resis-
tance (c,d) and Transpiration (e,f) of Jarillo or Venezuelan Creole Peach Plants (P. persica) in Productive
Phase for the Interaction Phenological State (Stage 6 (flowering): blue; Stage 7 (fruit formation): red;
Stage 8 (fruit ripening): green) and Time during two cycles (1: March to December and 2: January to
September) in the Department of North Santander, Colombia.

In relation to gs, it can be seen that the means or effects of time of day were different in
the three phenological stages of the Jarillo or Venezuelan Creole peach plants (P. persica)
(Figure 3a,b); that is, the effect of time of day on gs depended on the phenological stage.
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In Cycle 1, at 8:00 h, the value of gs at phenological stage 6 was 1.06 cm.s−1, while at
phenological stages 7 and 8, it was 0.48 and 0.37 cm.s−1, respectively (Figure 3a).

The trend of gs at phenological stage 6 was to decrease as the time of day passed,
while from 8:00 h to 10:00 h, an increase in gs was observed at phenological stages 7
and 8. However, after 12:00 h, there was a trend towards decreasing gs values at all three
phenological stages, with the lowest value observed at 16:00 h (0.18 cm.s−1), as noted by [32]
who have stated that this behavior occurs even under equal environmental conditions
during the morning and at the end of the day. Furthermore, the drop in (gs) and (E) at
midday, especially in leaves with high anthocyanin content, confirms that these pigments
help filter out harmful radiation, mitigating the overexcitation of photosystem II [72]. It
has been reported that plant survival under stressful conditions is due to the regulation of
these processes mediated by UVR8 and CRYs [72].

The statistical difference (p ≤ 0.001) observed in gs at 10:00 h between EF6 and EF7
(0.83 and 0.75 cm.s−1, respectively) (Figure 3a) may be associated with the higher demand
for photoassimilates required by EF7 (fruit formation), because the fruit constitutes the
main sink for photoassimilates during the fruit growth period, as pointed out by [73].
Furthermore, the climatic variations that can occur during the day in high-altitude tropical
ecosystems are also important, as stated by [23,27]. These climatic variations during the day
affect the physiology of fruit trees [19,26,30] and may be the explanation for the variations
observed during the day between the phenological stages evaluated.

During Cycle 2, a decrease in gs was recorded during the measurement time for
phenological stage 6 (Figure 3b) with 0.47 cm.s−1 at 16:00 h; the same behavior was
observed at phenological stage 7, with a variation at 12:00 h, where a slight increase of
0.03 cm.s−1 occurred compared to 10:00 h. During phenological stage 8, gs increased during
the day, including at 14:00 h, and then decreased until reaching the highest value recorded
at 16:00 h, compared to phenological stages 6 and 7. These variations in EF8 (Figure 3b)
may be associated with the fruit ripening process in which fresh weight gain intensifies
until harvest time, as indicated by [74] for P. persica in the Colombian highlands. At this
stage, the leaf, by regulating the stomatal aperture, gives priority to carbon gain over water
loss, as indicated by [71].

In the same order of ideas, when exploring the significant interaction time of day
by phenological stage (Figure 3), in the same way, it could be verified that the means or
effects of the time of day on SR were different in the three phenological stages of Jarillo or
Venezuelan Creole peach plants (P. persica); that is to say, that the effect of the time of day
on SR depended on the phenological stage, this was observed in Figure 3d where it can be
appreciated the tendency that presented the means of SR in the three phenological stages
for Cycle 1 (Figure 3c), noticing similar values of SR between 1.93 and 2.96 s.cm−1 from
8:00 h to 12:00 h in the three phenological stages. From 14:00 h to 16:00 h, the SR values in
the leaves increased, with the highest mean value in phenological stage 8 (12.77 s.cm−1).
EF8 comprises the fruit ripening process [62,63].

In Cycle 2 (Figure 3d), the same trend of increasing SR at phenological stage 6 was
observed as in Cycle 1, with advancing time of day. Phenological stage 7 also increased
with time of day and had the highest values, with stage 8 (fruit ripening) the lowest.

When considering the variable E, the interaction values presented in Figure 3 allow
comparing the E trends in the three phenological stages, with a decrease in E at phenological
stage 6 during the course of the day in Cycle 1 (Figure 3e). Similarly, in Cycle 1, two mean
increases in E were recorded, at 10:00 am, corresponding to values of 377.71 mmol.m−2.s−1

for physiological stage 7 and 285.70 mmol.m−2.s−1 for stage 8. In Cycle 2, no significant
difference (p > 0.05) was observed for the interaction between EF altitude and time of
measurement for E (Figure 3f).



Agronomy 2025, 15, 2145 14 of 21

3.3. Effect of Altitude and Phenological Stage on Physiological Variables

The mean values of the physiological variables of Jarillo or Venezuelan Creole peach
plants (P. persica), in the productive phase for the interaction between altitude and pheno-
logical stage, are presented in Table 2.

Table 2. Mean Values of Physiological Variables of Jarillo or Venezuelan Creole Peach Plants (P. persica)
in the Production Phase for the Interaction Altitude with Phenological State 6 (flowering), 7 (fruit
formation), and 8 (fruit ripening) in the Department of North Santander, Colombia.

Altitude
(m a.s.l.)

Phonelogical
State

Stomatal
Conductance
(gs) (cm.s−1)

Stomatal
Resistance

(SR) (s.cm−1)

Transpiration
(E)

(mmol.m−2.s−1)

Stomatal
Conductance
(gs) (cm.s−1)

Stomatal
Résistance

(SR) (s.cm−1)

Transpiration
(E)

(mmol.m−2.s−1)

Cycle 1: March to December Cycle 2: January to September

1810
6 1.10 1.38 271.07 0.83 1.95 188.21
7 0.58 3.36 166.22 0.52 2.65 151.78
8 0.24 8.75 90.85 . . .

1860
6 0.64 1.54 248.03 0.81 1.94 190.63
7 0.41 4.07 160.78 0.95 1.91 216.67
8 0.56 2.26 198.13 0.97 1.30 281.77

1950
6 0.55 2.62 137.35 0.48 2.64 130.84
7 0.58 6.75 390.82 0.49 2.99 134.00
8 0.32 7.22 77.02 . . .

2150
6 0.86 1.88 219.99 0.63 2.38 200.60
7 0.57 2.95 166.70 0.51 3.53 154.26
8 0.29 6.90 88.89 0.66 1.75 211.03

2170
6 0.35 3.50 131.58 0.97 1.53 272.86
7 0.34 5.42 86.18 0.66 2.09 167.46
8 0.57 2.28 294.83 0.90 1.60 231.85

.: missing data.

The values observed in the variables determined in the plant canopy varied strongly
during this study [75] according to phenological stage and altitude. In Cycle 1, stomatal
conductance (gs) was highest during phenological stage 6 (flowering) at both 1810 and
2150 m a.s.l., with declines as development progressed into stages 7 and 8 (Table 2), both
altitudes in the upper Orinoco basin. Stage 8 (fruit maturation) also had the lowest gs

values at 1950 m a.s.l. but values were highest at 2170 m s.a.l.
The lowest values were recorded at 1860 and 2170 m a.s.l. (upper Catatumbo basin)

for the same EF. The differences observed may be due to the influence of the environment
of the study areas on plant physiology, as they are in different river basins [33].

However, statements made by [31] indicated that the response of gs may be the
combination of several internal plant as well as environmental stimuli, hence it is difficult
to predict in different ecosystems.

The mean values of SR during flowering (EF6) in Cycle 1 increased with increasing
altitude, except at 2150 m a.s.l., where it was lower by 0.74 s.cm−1 when compared to the
value recorded at 1950 m a.s.l. (Table 2). In addition, during Cycle 1, a trend towards an
increase in mean SR values according to phenological stage was observed in the study
areas located in the upper Orinoco basin (1810; 1950 and 2150 m a.s.l.), a trend that was not
present in the upper Catatumbo basin (1860 and 2170 m a.s.l.), a difference that may be due
to the environmental influence on the plant physiology of the Jarillo or Venezuelan Creole
peach plants (P. persica) given that this study was conducted in different hydrographic
contexts, as pointed out by [33].

Furthermore, it should be noted that high altitude tropical ecosystems are character-
ized by climatic variations in a single day [23,27]; conditions that affect Jarillo or Venezuelan
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Creole peach plants (P. persica) physiological variables, as stated by [21,26]. Among these,
gs and SR, as well as E, are important variables that regulate gas exchange and water status
of plants [76], events that occur mainly in leaves where stomata play an important role. In
turn, stomatal closure is influenced by relative humidity, as well as by stomatal density and
size, which close in response to lower relative humidity [25].

In relation to E, the values recorded in the leaves of Jarillo or Venezuelan Creole peach
plants (P. persica) during Cycle 1 stood out for being higher than those recorded in Cycle 2
(Table 2). During Cycle 1, Jarillo or Venezuelan Creole peach plants (P. persica) growing at lower
altitudes (1810 m a.s.l.) presented statistically higher mean E values (p < 0.001) than those
established at higher altitudes, during the flowering phenological stage (EF6), which again
indicates the effect of the environment on this response. However, during the phenological
stage of growth (EF7) and fruit ripening (EF8), the same behavior was not observed.

In EF7, the mean value of E was statistically higher (p < 0.001) at 1950 m a.s.l.; however,
when comparing the mean values recorded at altitudes of 1810, 1860, and 2170 m a.s.l., a
slight decrease was observed with increasing altitude. In the absence of any discernible trend
in mean E values according to altitude to the EF8, a marked variation was documented,
amounting to 203.97%, when contrasting E values across the range of 1810 to 2170 m a.s.l.

During flowering, there was higher transpiration at lower altitudes in Cycle 1 except
for 2150 m a.s.l., but there was no such relationship in Cycle 2; the higher E would be
associated (r2 = 0.730; p < 0.001) to the higher gs (Table 3), since E is the loss of water, by
evaporation, through stomata and leaf cuticle [24]. The behavior of the variables evaluated
during the reproductive phase of the Jarillo or Venezuelan Creole peach plants (P. persica) in
the study areas supports the findings of [77], who pointed out that the prevailing climatic
conditions during their study affected the physicochemical characteristics evaluated in
fruit during the process of growth until ripening.

Table 3. Spearman correlation coefficients between the variables’ stomatal conductance and resistance,
and transpiration in the two production cycles.

Variables
Cycles

1 2 1 2

Stomatal Resistance Transpiration

Stomatal Conductance −0.813 ** −0.712 ** 0.730 ** 0.697 **
Stomatal Resistance −0.781 ** −0.735 **

**: Correlation is significant at the 0.001 level (bilateral). Cycles: 1 (March to December) and 2 (January to September).

In addition, plants experience light in a variety of intensities and spectral properties
as a result of cloud passage, changes in canopy cover, and self-shading of overlapping
leaves [24]. This causes fluctuations in spectral distribution that affect stomatal behavior,
carbon gain, and the diurnal course of plant energy efficiency [78,79].

Both the quantity and quality of light available to plants at a given location depend
on the sun’s path across the sky. As the sun angle decreases at dawn and dusk, sunlight
travels an increasingly longer path through the atmosphere, increasing the absorption
and scattering of atmospheric light and reducing the shorter wavelengths of light [24].
Additionally, the contribution of direct compared to diffuse radiation is reduced, often
causing a blue light peak [80], affecting light quality and thus plant response. Variations in
light quality during the day can influence the response of stomatal dynamics and diurnal
behavior and consequently compromise photosynthetic efficiency and water utilization
due to diffusion limitations set by gs on the net photosynthetic rate [24,81].
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3.4. Covariance Estimates for Conductance and Stomatal Resistance, and Transpiration

The residual variance estimate for the effect of repeated measures on gs was 0.004383;
its effect was highly significantly different from zero (p < 0.001), and within-subjects errors
were highly significantly correlated, Rho: (0.09; p < 0.001), according to the Wald test. The
estimated coefficient value of Rho was 0.09, which is considered low; however, it was
significantly positive, indicating that there was a low positive correlation between errors as
measurement time elapsed, which was trapped by the selected AR matrix (1).

Similarly, the residual variance estimate for the effect of repeated measures on SR was
0.06468; its effect was highly significant (p < 0.001), and within-subject errors were significantly
correlated, Rho: (0.18; p < 0.001), according to the Wald test. The choice of the AR matrix (1)
was appropriate in the modelling of the repeated measures. This results in a better estimation
of the fixed parameters of the linear mixed-effects model with repeated measures.

On the other hand, in the case of the residual variance estimate for the effect of repeated
measures on E, its value was 0.382649, its effect was highly significant (p < 0.001), and the
within-subject errors were highly significantly correlated, Rho: (0.32; p < 0.001), according to
the Wald test. The linear mixed repeated measures model was able to capture this variation,
and the choice of the AR matrix (1) in the repeated measures modelling was appropriate.

The correlation coefficients between the variables evaluated are presented below, high-
lighting the positive, high and significant relationship between gs and E in the two cycles
evaluated, due to the fact that E is the loss of water through the stomata, the opening of
which is regulated by gs [24] and they mutually influence each other [82]. Likewise, the high
and significant but negative relationship of SR with gs and E stands out in the two cycles
evaluated, due to the inverse relationship of SR with gs, a variable that determines the
opening of the stomata as indicated above [24] (Table 3).

This study clarified how physiological variables associated with transpiration and
gas exchange in Jarillo Venezuelan Creole peach plant (P. persica) change with altitude and
phenological stage, employing in situ measurement methodologies together with statistical
analyses using repeated measures mixed models. The findings indicated that both stomatal
conductance (gs) and transpiration (E) tend to decrease with increasing altitude, while, on
the contrary, an increase in stomatal resistance (SR) is observed, which could be attributed
to increased exposure to ultraviolet radiation and lower temperatures, as well as reductions
in atmospheric pressure in elevated areas. In addition, during the flowering period (EF6),
both transpiration and stomatal conductance levels peak and then decline at later stages to
efficiently balance respiratory needs against water losses. Diurnal patterns were identified
where gs and E showed a decreasing trend towards evening hours, suggesting regulatory
adaptations related to hydration and gases within the plant organism. The strong positive
correlation between gs and E, together with the inverse link observed between SR and these
two variables, offers insights into how plants manage their water-gas exchanges under
changing conditions.

It is important to highlight that there is a notable scarcity of published studies provid-
ing direct evidence on stomatal conductance (gs), solar radiation (SR), and transpiration (E)
in P. persica under altitudinal gradient conditions. This underscores the originality of the
present study, which addresses a clear gap in the existing literature.

The study on physiological variation in peach trees along the altitudinal and geo-
graphical gradient in North de Santander presents significant findings regarding the impact
of altitude on certain physiological characteristics observed in the late yielding, canning,
and low chilling requirement cultivar. The main results of the analysis and their possible
applications are presented, together with relevant recent references.

Effects of Phenological Stages and Altitude. The research reveals how various ele-
vations and phenological stages (flowering, fruit set, and ripening) affect factors such as
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stomatal conductance, stomatal resistance, and transpiration. These findings are relevant
to identifying optimal conditions that favor peach growth and development, as well as to
improving its agronomic management.

Strategies to Adapt to Climate Change. By showing differences in physiological
responses to environmental changes, this study points toward potential strategies to select
and increase peach cultivars more suitable to different altitudes; these cultivars may show
greater resilience to climatic fluctuations.

Implications for Agricultural Practices. The results obtained provide a useful frame-
work for both agronomists and growers to make decisions related to the appropriate
planting date or to manage risks at different altitudes, with a view to optimizing both yield
and fruit quality.

It is suggested that future research should delve deeper into the molecular and genetic
responses of peach to specific altitude-related changes due to climate change; this could
facilitate the development of more robust varieties adapted to extreme conditions.

Additionally, to include new cultivars with low cold requirements, early, medium,
and late production in order to establish regional trials to obtain valid information on
the behavior of physiological processes such as transpiration, and its relationship with
agronomic yield under mountain conditions in the high tropics. Potential cultivars come
from Peru (Huayco Amarillo, Huayco Rojo, and Azteca Dorado) and from the germplasm
bank of P. persica of the University of Pelotas in Brazil.

4. Conclusions
The work demonstrated that variables, such as stomatal conductance (gs), stomatal

resistance (SR), and transpiration (E), have a particular pattern of physiological response
depending on the altitude-duration interaction of the phenological cycle of the crop. These
responses were also observed to change with daily solar radiation and climate. The
decrease in gs and E, as well as the increase in SR with increasing altitude, implies an
effective regulation of stomata opening by UV radiation, cold temperatures, and lower
atmospheric pressure. The identification of these physiological responses, supported by
highly sophisticated statistical models, has led to an understanding of how plants regulate
their stomatal and E behavior along this altitudinal gradient and, therefore, has advanced
the theory in the ecological acclimation of tropical mountain flora.

The phenological cycle of the Jarillo Venezuela Creole peach plant (P. persica) in the
high tropics influences the levels of gs and E. In the flowering stage (EF6), an increase in
these variables was observed, which implies a greater stomatal opening that favors CO2

uptake, essential for photosynthesis and growth during this period. In later phenological
phases, both gs and E tended to decrease, indicating a physiological regulatory mechanism
that helps reduce water loss under adverse environmental conditions, such as high ultravi-
olet radiation and low temperatures, typical of the high tropics in the Pamplona province
at altitudes of 1800 to 2200 m a.s.l. In addition, a diurnal tendency towards a decrease at
the end of the day was identified, suggesting an adaptive strategy to optimize water use
and maintain photosynthetic efficiency as a function of light availability. These findings re-
inforce the idea that phenology, as part of crop development, activates crucial physiological
responses that ensure both survival and productivity of the Jarillo Venezuela Creole peach
plant (P. persica) in the Santander mountains, by adequately regulating stomatal aperture
according to phenological stage and environmental conditions.

This result not only confirms the ecological plasticity and water regulation strategies
of mountain fruit trees but also provides a mechanistic basis for future work on upland
agricultural management. Considering the climatic and radiation variations that will
impact crops, it allows practical recommendations to be made for such sites.
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Under the changes posed by global warming, this study innovatively concludes
that the regulation of stomatal performance of Jarillo or Venezuelan Creole peach plants
(P. persica) at different altitudes is crucial for both the productivity of these trees and their
compatibility. A better understanding of this mechanism allows for much more effective
planning in orchard management in the high tropics.

In summary, this work expands our knowledge of the theoretical application of plant
physiology in sustainable agriculture for the highland tropics with solid results.
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