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Abstract: Zone 7, located in the south of Ecuador, stands out as a megadiverse region due to the 

combined influence of the distinctive characteristics of the climate, soil, and topography of the 

Coastal Marine, Andean Sierra, and Eastern Jungle. The research focused on analyzing the impact of 

climate, soil, and slope on the phenotypic characteristics of the parent trees of J. neotropica 

populations, both natural and artificial. Six provenances were selected: The Tundo, The Victoria, The 

Tibio, The Zañe, and The Argelia. It is noteworthy that the latter is a planted forest that has 

naturalized over time. In the last two decades, a decrease in precipitation, an increase in temperature, 

relative humidity below 70%, and soil moisture below 60% were observed. Regarding the soil, the 

physical properties were similar, with mountainous relief and a texture ranging from loam to clay 

loam to sandy loam, and chemically neutral to slightly acidic. All provenances were found on slopes 

greater than 45%. Phenology varied by a maximum of one month between provenances in terms of 

presence, leaf fall, and fruit maturation. The age of the trees varied between provenances, with The 

Tundo being the oldest at 355 years and The Argelia the youngest at approximately 76 years. The 

results showed a wide diversity in phenotypic characteristics, ensuring a high adaptability of J. 

neotropica populations, a key species for the health of mountainous ecosystems. 
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1. Introduction 

The study of the phenotypic characters of trees is fundamental to understanding the influence 

of environmental variables on their development and behavior. These studies allow us to identify 

how factors such as climate, soil, and biological competition affect the growth, shape, and health of 

trees [1] . Among these variables, climate, soil composition, and terrain slope emerge as critical factors 

that shape the phenotypic expression of trees [2-3]. This multidimensional analysis offers a 

comprehensive view of the interaction between forest biology and the environment, providing 

valuable insights for the sustainable management of forest resources [4]. 

Climate change has become a global concern, generating direct impacts on biodiversity and 

ecosystems [5]. In particular, trees face significant challenges due to fluctuations in climatic 

conditions. Variations in temperatures, rainfall patterns, and the occurrence of extreme weather 

events have triggered notable phenotypic responses in these plant organisms. Recent studies have 

documented how climate change influences the physiology and behavior of trees, affecting their 

geographical distribution and the timing of seasonal events [6]. Additionally, an increase in the 

frequency and intensity of phenomena such as wildfires and droughts has been observed, further 
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exacerbating the impacts on forests and their ability to adapt [5]. A report by the NGO Manos Unidas 

highlights that rising temperatures, stronger storms, and increased droughts are some of the climate 

change impacts that directly affect the health and development of trees [7- 8]. 

The global increase in temperature represents a significant threat to the world’s flora, with 

adverse effects extending to the survival and development of trees, which are fundamental to 

terrestrial ecosystems. As sessile organisms, trees are particularly subject to the impacts of climate 

change, as their growth and reproduction are intrinsically linked to environmental conditions. 

According to [9-10], factors such as solar radiation, relative humidity, and ambient temperature 

directly influence the productive performance of trees. Thermal stress, exacerbated by climate 

change, and alterations in precipitation patterns, as suggested in a recent study [11], constitute critical 

factors that can trigger significant challenges for the health and development of trees. These 

environmental changes can disrupt the natural cycles of growth, flowering, and fruiting, which in 

turn can negatively impact the phenotypic expression of trees, as noted by [12-13]. 

Soil plays a fundamental role in determining the phenotypic characteristics of trees. Recent 

research highlights the relevance of selecting trees based on phenotypic traits linked to soil 

composition. Aspects such as nutrient availability, soil texture, and water retention capacity are 

essential elements that directly affect root development, trunk growth, and the production of leaves 

and fruits. This analysis underscores the intimate interconnection between soil characteristics and 

tree physiology, highlighting the need to understand this relationship for effective and sustainable 

forest management [14-15]. The species J. neotropica performs better in fertile, well-drained soils, 

particularly those with a loam-clay or loam-silt texture and a pH ranging from slightly acidic to 

neutral. According to [16], these types of soils provide the ideal conditions for the optimal growth of 

J. neotropica, promoting its healthy development. These conditions are essential to ensure the success 

in the establishment and maintenance of plantations of this species, as noted by [17]. Therefore, 

understanding and properly selecting the soil type for the cultivation of J. neotropica is fundamental 

to maximize its productivity and ensure its longterm viability. 

The selection of trees adapted to specific soil characteristics not only optimizes their growth but 

also significantly contributes to the preservation of biodiversity and resistance to adverse conditions. 

This intrinsic relationship between soil composition and tree development has been the focus of 

numerous scientific studies. For example, research highlights the importance of selecting trees based 

on the appreciation of phenotypic traits related to soil composition [14-15]. Factors such as nutrient 

availability, soil texture, and water retention capacity are crucial for root development, trunk growth, 

and the production of leaves and fruits [18-19]. 

The morphology and structure of trees are intrinsically linked to various geographical factors, 

among which the slope of the terrain stands out. Soil topography, shaped by the inclination of the 

terrain, plays a fundamental role in modulating the phenotypic characteristics of trees. This 

phenomenon is due to its influence on water distribution, soil erosion, and especially the availability 

of essential nutrients for plant growth and development. [15-18]. The topography of the terrain exerts 

a significant influence on the development and phenotypic characteristics of trees. Recent research 

highlights how soil slope can alter the genetic expression and morphology of these plant organisms 

[15]. Specifically, it has been observed that on steep slopes, trees may develop more robust root 

systems and more aerodynamic structures, which confer greater resistance to wind and other adverse 

climatic conditions. 

J. neotropica, known as Andean walnut, is endemic to the montane forests of South America, 

playing a vital role in the ecology of these ecosystems. Its presence on steep slopes and mountains is 

essential for stabilizing the soil and facilitating water retention through its intricate root network [17]. 

In addition to its ecological role, this robust tree, with its characteristic bark and edible fruits, enriches 

local biodiversity and provides crucial resources for human communities that depend on mountain 

ecosystems. 

Forests are not just a source of timber; they also provide a wide variety of valuable non-timber 

products. The forest species Juglans neotropica, mentioned in this research, is endangered according 
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to the IUCN. This multipurpose species offers numerous additional benefits. Its seeds are edible; dyes 

are extracted from its fruits, leaves, and bark; and cough syrups are made from its leaves. 

Additionally, J neotropica plants are used in urban tree planting, providing shade and improving air 

quality. To prevent its extinction, it is essential to draw upon various sciences, and horticulture 

emerges as a viable solution. Horticulture, the science, art, and practice of cultivating plants, 

encompasses a wide range of activities related to crop management and improvement, garden 

design, and food production. This comprehensive approach not only contributes to the conservation 

of species like J. neotropica but also promotes sustainability and environmental well-being. This study 

explores the importance of J. neotropica in the conservation of montane forests and its interaction with 

local communities, highlighting its relevance for environmental sustainability and human well-being. 

Therefore, the objective of this study was to analyze the influence of climate, soil type, and terrain 

topography on the phenotypic traits of matrix trees in natural and artificial populations of J. neotropica 

≥ 0.5 ha. To this end, a comprehensive analysis was conducted on how these environmental variables 

influence characteristics such as the growth of dendrometric variables, the health, and the 

reproduction of J. neotropica trees. This study aimed to provide a deeper understanding of the 

ecophysiology of this tree species, as well as to offer relevant information for the conservation and 

management of its populations in different environmental settings. 

2. Materials and Methods 

2.1. Study Area 

The research focuses on Zone 7 in southern Ecuador, located between latitudes 3°30′ and 5°0′ 

south, and longitudes 78°20′ and 80°30′ west. It borders Zones 5 and 6 to the north, Peru to the south 

and east, and Peru and the Pacific Ocean to the west [20]. This area, recognized for its biological 

diversity, is distinguished by a variety of topographical, altitudinal, climatic, and edaphic 

characteristics, which confer it significant ecological importance. 

The study focused on the provinces of Loja and Zamora Chinchipe, with a combined area of 

21,625.3 km², which constitutes approximately 8.65% of the Ecuadorian territory [20]. Six 

provenances were selected: The Tundo, The Victoria, The Tibio, The Zañe, and The Argelia. It is 

noteworthy that the latter is a planted forest that has naturalized over time.These areas host J. 

neotropica and are recognized for their geographical diversity, especially in the Evergreen Montane 

Forest, as noted by [21]. The research was conducted through fieldwork in these regions due to their 

importance in terms of biodiversity and the distribution of this tree species. 

The region stands out as an ideal environment to investigate the presence and characteristics of 

J. neotropica in various ecosystems, taking advantage of its varied topography. The relevance of this 

study lies in understanding the direct impact of climate, soil, and topography on the habitat of this 

species. Focusing on these specific provinces aims to provide crucial data for the medium- and long-

term conservation of J. neotropica in Zone 7, thus contributing to a comprehensive understanding of 

this species in its environment [20]. 

2.2. Climate 

In order to analyze the influence of climatic variables, specifically precipitation and temperature, 

relative humidity, and soil moisture at a depth of one meter, in the areas where the presence of J. 

neotropica was recorded in southern Ecuador, we implemented a rigorous methodological approach. 

To obtain reliable data, we used globally renowned sources such as POWER-Data Access, which 

hosts daily climatological records from 1981 to the present [22]. The verification of these data was 

carried out by comparing them with climatological information from databases of Municipalities, 

Provincial Council, and Parish Governments, as well as from both public and private research. These 

additional sources significantly contributed to illuminating relevant aspects of the climate in the 

study areas [23]. The data were recorded in natural populations of J. neotropica over an extensive 

period, from 1981 to 2023. Data collection was carried out using the POWER | Data Access Viewer 
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platform on a daily basis over 12 months, totaling 365 days per year. Over the 42-year period, a total 

of 15,330 records were collected for each climatic variable. These records present annual average 

values, providing a comprehensive and detailed view of the climatic conditions experienced by J. 

neotropica over decades. 

2.3. Soil 

To obtain detailed information on soil properties in the study area, a technical-administrative 

approach was implemented using SIGTIERRAS 2022 and the geopedological unit. In the first stage, 

geopedological mapping at a scale of 1: 25,000 from SIGTIERRAS was used to analyze soil fertility, 

as well as physical, chemical, and microbiological aspects of the soil. The methodology incorporated 

the mass valuation of rural lands, following specific guidelines published in the Geoportal del Agro 

Ecuatoriano in 2017. Additionally, soil and geomorphology data were integrated to conduct a land 

use capacity analysis, with the active participation of SIGTIERRAS-MAG-IEE. This comprehensive 

approach provided a complete understanding of soil characteristics, facilitating more effective 

planning and sustainable management for J. neotropica. 

Data collection was carried out using the SIGTIERRAS platform, selecting relevant variables that 

helped interpret how they affected the phenotypic characteristics of J. neotropica populations in the 

study area in southern Ecuador; these variables included hydrogen potential (pH), cation exchange 

capacity (CEC), fertility, morphology, slope, taxonomic order, texture, drainage, depth, stoniness, 

salinity, temperature, humidity, and organic matter (OM). 

To ensure comprehensive information in the selected locations with the presence of the native 

forest species J. neotropica, a rigorous and scientific methodology proposed by [24] was implemented. 

This comprehensive methodology supports the acquisition of precise data on the composition and 

properties of the forest soil, thus establishing a solid scientific basis for subsequent analysis and 

conclusions. The process is detailed below: 

2.3.1. Identification of Representative Areas 

Representative areas of the forest were selected, dividing them into homogeneous zones based 

on predominant vegetation and topography. This classification allowed for precise mapping of the 

environmental characteristics. 

2.3.2. Sample Extraction 

Specialized tools, such as a shovel and a cylinder, were used to extract soil samples at various 

depths, ensuring an exhaustive and representative collection. 

2.3.3. Multiple Samples per Zone 

Multiple samples were taken in each identified zone to increase the accuracy and 

representativeness of the data, capturing the soil heterogeneity in the forest. 

2.3.4. Detailed Record 

Each sample was meticulously labeled and recorded, including information about the exact 

location, surrounding vegetation, altitude, and site orientation, facilitating subsequent analyses and 

study replication. 

2.3.5. Storage and Biosafety 

Samples were stored in airtight containers to prevent contamination, following biosafety 

practices that ensured their integrity. 

2.3.6. Recording of Weather Conditions 
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Weather conditions, including temperature and humidity, were documented during the 

collection, enriching the environmental context of the samples for subsequent analysis. 

2.3.7. Sample Conservation and Laboratory Shipment 

The soil samples collected were preserved following the methodology proposed by [24]. It was 

ensured that the samples were precisely labeled and recorded, stored under conditions that 

prevented contamination, and documented with relevant climatic data. These practices ensured the 

acquisition of accurate data on the composition and properties of the soil, providing a solid scientific 

basis for future analyses.     

2.4. Slope 

2.4.1. Topographic Digitization of Localities 

To determine the spatial distribution of J. neotropica habitats, a detailed methodological approach 

was implemented. Initially, a slope map was generated using control points obtained via GPS. 

Subsequently, the field information was processed using ARCGIS 10.8 software to ensure accuracy 

and robustness in the results. 

The terrain slope was calculated as a percentage using a Digital Elevation Model (DEM), thus 

establishing a quantitative basis for spatial analysis. Then, a reclassification was applied using 

previously defined indices, following the methodology proposed by [25] and [26]. Additionally, 

criteria provided by local professionals and producers from the study areas were integrated, 

enriching the methodology with practical and local perspectives. 

This methodological approach combined technical precision with local experience, providing a 

comprehensive assessment of the areas of interest (Table 1). 

Table 1. Indices for classifying slopes in micro-watersheds of different provenances. 

Slop (%) Classification Indices 

0 - 15  1 

15 - 30 2 

30 - 45  3 

> 45  4 

 

The purpose of this map was to identify and digitize areas with slopes greater than 30% 

inclination. According to experts and local landowners, exceeding this threshold poses a threat to 

nature, particularly to the habitats of J. neotropica, when forests are cleared for anthropogenic 

activities. 

2.5. Phenology 

To study the phenology of J. neotropica in native forests, acomprehensive methodology was 

implemented, encompassing various stages [27]. Initially, an exhaustive review of the scientific 

literature related to the phenology of J. neotropica was conducted, focusing on previous research on 

native forests in the region of interest. Information was gathered on seasonal patterns, life cycles, and 

environmental factors influencing the phenology of the selected species. Subsequently, the key 

species was identified through systematic sampling techniques, using study plots strategically 

distributed in the native forest. 

Once the species of interest was identified, continuous monitoring protocols were established to 

record phenological events such as flowering, fruiting, and leaf fall. These records were maintained 

over a representative period of one calendar year to capture monthly variability. To complement 

direct observation, advanced technologies such as state-of-the-art binoculars or prismatic devices 

were employed to obtain more detailed and precise data on the phenology of the forest species. 
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Data collection was complemented with environmental measurements, including climatic 

variables, soil properties, and topographic characteristics of the study area. This approach allowed 

for the analysis of the relationship between phenological events and environmental factors, providing 

a more comprehensive understanding of the processes governing the phenology in the J. neotropica 

forest. Finally, advanced statistical analyses were applied to identify significant patterns and 

establish correlations between the different variables collected. 

The proposed methodology aimed not only to document the phenology of J. neotropica in native 

forests but also to understand the complex interactions with the environment. This integrative 

approach generated fundamental knowledge for the conservation, sustainable management, and 

restoration of native forests, contributing to the understanding of their dynamics and resilience to 

environmental changes. The implementation of this methodology was carried out rigorously and 

systematically, ensuring the collection of reliable and relevant data to advance the understanding of 

the phenology of J. neotropica in this specific context. 

2.6. Determination of the Age of Trees 

2.6.1. The Calculation of Transit Time 

To determine the reference or approximate age of J. neotropica individuals in the study area, an 

indirect method was used, focusing on obtaining a cross-section of the trunk (Figure 1) as close to the 

ground as possible. 

 

Figure 1. Cross-section of a J. neotropica trunk at 60 cm above ground level. 

The technique, recommended by Gonzaga, 1997 and cited by [28], consisted of following these 

steps: 

a) From the field database obtained on the dasometric variable DBH at 1.30m above ground level, 

each tree from the located provenances was divided into respective diameter classes (Table 2). 
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Table 2. Tree registration form by diameter class. 

REGISTRATION OF TREES BY DIAMETER CLASS 

CLASS I  

(10-19,99)                   

 

CLASS n….. 

Nº Common name Scientific Name DBH (cm) 
Average 

/CAI(cm) 
Age/years 

1           

2           

n..           

b) The Average Current Annual Increment (CAI-A) was calculated for each diameter class. 

 

Figure 2. Calculation of the CAI-A in J. neotropica. 

c) A curve was drawn through these points, adjusting the CAI-A values corrected by the DBH 

class.  

d) The amplitude of each class was divided by its respective corrected CAI-A to obtain the 

passage time, that is, the time required for an average tree to grow from the lower limit to the 

upper limit of the diameter class. 

e) The passage times were summed to determine the total time required for an average tree to 

grow from zero to the upper limit of all considered diameter classes. 

f) A curve was drawn through these points, adjusting the CAI-A values corrected by the DBH 

class.  

g) The amplitude of each class was divided by its respective corrected CAI-A to obtain the 

passage time, that is, the time required for an average tree to grow from the lower limit to the 

upper limit of the diameter class.  

h) The passage times were summed to determine the total time required for an average tree to 

grow from zero to the upper limit of all considered diameter classes. 

In cases where sample extraction was impossible, growth estimates were made using data from 

the literature of similar studies conducted by experts. This approach defined the species’ growth 

curves, allowing for estimated values that closely approximate reality within a known margin of 

error. 

This method has been widely used in several countries, including Malaysia, Guyana, India, and 

Thailand, for species such as Ocotea radiaei, Baikiaea plurijuga, and Mora excelsa, with specific 

adaptations made in its implementation over time [28]. 
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2.7. Data Analysis 

For data analysis, climatic variables were examined and graphs were generated using 

information collected over a 42-year period from the POWER-Data Access platform, covering 

precipitation, temperature, relative humidity, and soil moisture at root level. Time series analysis 

techniques were employed to identify trends and patterns over time. The data were preprocessed to 

eliminate outliers, and descriptive statistical methods were applied, visualizing the results using 

graphs created in Excel. For the soil variable, detailed information was collected using the 

SIGTIERRAS platform, including physical and chemical properties such as pH, cation exchange 

capacity (CEC), fertility, morphology, slope, taxonomic order, texture, drainage, depth, stoniness, 

salinity, temperature, moisture, and organic matter (O.M.) content. These properties were subjected 

to principal component analysis (PCA) to identify the main factors influencing soil characteristics, 

with the PCA results contrasted with physical and chemical laboratory analyses conducted for each 

study locality. Regarding the slope variable of the terrain, georeferenced information was collected 

and slope maps of the soil were constructed using ArcGIS 10.8, with a DATUM WGS84 projection 

and UTM coordinates, zone 17 South. For the phenology variable, phenological information was 

collected over one year in all localities, and comparative tables documenting the process over twelve 

months were constructed, covering leaves at 100% and less than 100%, flowering, green fruits, and 

mature fruits. Finally, for the age variable, descriptive statistical analysis was conducted, including 

mean, standard deviation, minimum, and maximum values. Additionally, analysis of variance 

(ANOVA) and mean comparison tests (TUKEY) were performed with a significance level of 0.05% 

error for the dasometric variable (DBH). This approach allowed determining the age potential effect 

of trees according to their diameter class in each provenance. The statistical analyses were conducted 

using the InfoStat/Professional 2023 software. 

3. Results 

3.1. Climate 

In the localities of The Zañe, The Merced, The Tibio, and The Argelia, precipitation during the 

years 1981-1984, 1986, 1989-1990, 1992-1994, 1997-2002, 2008, 2011-2012, 2021, and 2023 exceeded 800 

mm/year. In contrast, in the years 2005 and 2010, temperatures surpassed 25°C (Figure 3). These data 

highlight specific climatic patterns that can significantly influence the ecological conditions of these 

forest areas. 

 

Figure 3. Precipitation and temperature of J. neotropica provenances from The Zañe, The Merced, The Tibio, and 

The Argelia. 

In the localities of The Tundo and The Victoria, precipitation during the periods 1981-1984, 1986-

2004, 2008, 2011-2013, 2015-2017, and 2019-2023 exceeded 300 mm/year. In contrast, during the 
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periods 1981-1982, 1985-1988, 1990-1997, and 1999-2023, temperatures exceeded 30°C (Figure 3). 

These data highlight specific climatic patterns that can significantly influence the ecological 

conditions of these forest areas. 

 

Figure 4. Precipitation and temperature of J. neotropica provenances from The Tundo and The Victoria. 

3.2. Precipitation (mm) and Relative Humidity (%) 

In the localities of The Zañe, The Merced, The Tibio, and The Argelia, relative humidity (%) 

during the periods 1981-2004, 2006-2009, and 2011-2023 was above 70% (Figure 5). However, in 2005 

it significantly dropped to 68.70% and in 2010 to 69.50%. 

 

  

Figure 5. Precipitation and relative humidity of provenances from The Zañe, The Merced, The Tibio, and The 

Argelia. 

 

In the localities of The Tundo and The Victoria, relative humidity was above 60% during the 

periods 1981-1984, 1986-2004, 2008, 2012, 2017, 2019-2021, and 2023 (Figure 6). However, in the years 

1985, 2005-2007, 2009-2011, 2013-2016, 2018, and 2022, relative humidity was below 60%. 
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Figure 6. Precipitation and relative humidity of J. neotropica provenances from The Tundo and The Victoria. 

3.3. Precipitation (mm) and Soil Moisture at Root Level (m³/m³) 

In the localities of The Zañe, The Merced, The Tibio, and The Argelia, soil moisture at root level 

(m³/m³) was above (60 m³/m³) in the years 1983, 1989, and 1998. 

 

Figure 7. Precipitation and soil moisture of J. neotropica provenances from The Zañe, The Merced, The Tibio, and 

The Argelia. 

In The Tundo and The Victoria, soil moisture at root level (Figure 8) remained constant 

throughout the study period (0.5 - 0.6 m³/m³), with higher moisture levels recorded in the years 1983 

(0.66 m³/m³), 1989 (0.62 m³/m³), and 1998 (0.70 m³/m³), decreasing to (0.55 m³/m³) in 2023. 
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Figure 8. Precipitation and relative humidity of J. neotropica provenances from The Tundo and The Victoria. 

3.4. Soil 

The results present the physical and chemical properties of the soil recorded in natural 

populations of J. neotropica. Data collection was carried out using the SIGTIERRAS platform, selecting 

relevant variables such as: Hydrogen potential (pH), Cation Exchange Capacity (CEC), fertility, 

morphology, slope, taxonomic order, texture, drainage, depth, stoniness, salinity, temperature, 

humidity, Organic Matter (OM), which helped interpret how these factors aid or affect the phenotypic 

characteristics of J. neotropica populations in the study area in southern Ecuador (Table 3). 

In The Tundo, The Victoria, The Zañe, and The Argelia, the soil presented a neutral pH, while 

in The Merced and The Tibio, it was slightly acidic. 

The Victoria and The Zañe had a high Cation Exchange Capacity (CEC); for The Tundo, it was 

medium; for The Tibio and The Argelia, it was low; and for The Merced, it was very low. 

The Victoria, The Zañe had medium fertility; for The Tundo and The Argelia, it was low; and 

for The Merced and The Tibio, it was very low. 

The Tundo, The Victoria, and The Zañe presented a mountainous relief morphology; The 

Merced had a rectilinear slope; The Tibio had a heterogeneous slope; and The Argelia had a medium 

hilly relief. 

The Tundo, The Victoria, and The Zañe had a very steep slope > 70%; The Merced, The Tibio, 

and The Argelia had a steep slope of 40 – 70%. 

The Tundo and The Victoria had a taxonomic order of Alfisols; The Merced and The Tibio had 

Inceptisols; and The Argelia and The Zañe had Entisols. 

The Tundo, The Victoria, and The Tibio had a clay loam texture; The Merced had a silty clay 

texture; The Argelia had a sandy loam texture; and The Zañe had a loam texture. 

The Tundo had moderate drainage; The Victoria, The Merced, The Tibio, and The Zañe had good 

drainage, and The Argelia had excessive drainage. 

The Tundo, The Victoria, The Merced, and The Tibio had shallow depth; while The Argelia and 

The Zañe had very shallow depth. 

The Argelia and The Zañe had abundant stoniness; The Tundo and The Merced had frequent 

stoniness; The Victoria had few stones, and The Tibio had none. 

Regarding salinity, all locations shared non-saline soil. 

Regarding temperature, all locations shared isothermal soil. 

The Tundo, The Victoria, and The Argelia had ustic moisture; The Merced, The Tibio, and The 

Zañe had udic moisture. 
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The Tibio had high Organic Matter (OM); The Victoria and The Zañe had medium OM; The 

Tundo, The Merced, and The Argelia had low OM. 

Table 3. Physical and chemical properties of soil from different provenances in zone 7 of Ecuador: Tibio (A1), 

Merced (A2); Tundo (B1), Victoria (B2), Zañe (B3), Argelia (B4). 

CODE A1 A2 B1 B2 B3 B4 

pH 6.8 6.7 7.0 7.0 7.0 7.0 

CEC meq/100g 8.0 4.0 14 22 25 8.0 

Fertility Very low Very low Low Medium Medium Low 

Morphology Heterogeneous slope Rectilinear slope Mountainous relief Mountainous relief Mountainous relief 
 Medium hilly 

relief 

Slope 
 Steep                        

> 40 - 70 % 

 Steep                

> 40 - 70 % 
Very steep  >70% Very steep  >70% Very  steep >70% 

 Steep                   

> 40 - 70 % 

Taxonomic               

Order 
Inceptisols Inceptisols Alfisols Alfisols Entisols Entisols 

Texture Clay loam Silty clay loam Clay loam Clay loam Loam Sandy loam 

Drainage Good Good Moderate Good Good Excessive  

Depth Shallow Shallow Shallow Shallow Superficial Superficial 

Stoniness None Frequent Frequent Few Abundant Abundant 

Salinity Non-saline Non-saline Non-saline Non-saline Non-saline Non-saline 

Temperature Isothermal Isothermal Isothermal Isothermal Isothermal Isothermal 

Moisture Udic Udic Ustic Ustic Udic Ustic 

O.M High Low Low Medium Medium Low 

 

Figure 9. Biplot. Archive of physical and chemical soil properties from different provenances. 

As observed in the first component (CP1), The Tibio, The Tundo, and The Victoria separate the 

physical and chemical properties such as: pH, morphology, slope, taxonomic order, and depth. 

However, The Merced, The Argelia, and The Zañe include the rest of the properties. Observing the 

second component (CP2), The Tibio and The Merced separate the physical and chemical properties 

such as: taxonomic order, depth, CEC, moisture, fertility, and drainage; in the same component, the 

origins of The Tundo, The Victoria, The Argelia, and The Zañe contain the rest of the properties. 
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When analyzing the physical and chemical properties separately, it can be observed that The 

Tibio and The Merced closely share the CEC property. The Argelia and The Zañe closely share the 

texture and stoniness properties. The Tundo and The Victoria also closely share the slope property. 

Regarding the soil temperature and salinity properties, all provenances closely share these 

properties. The similarity of salinity and isothermal properties in soils from different provenances of 

J. neotropica indicates a significant influence of uniform environmental and climatic factors in the 

analyzed areas. 

 

For the construction of CP1, the properties with the greatest weight are organic matter (OM), 

pH, morphology, slope, and CEC. For the construction of CP2, the properties with the greatest weight 

are taxonomic order, depth, texture, drainage, and fertility. 

3.5. Slope 

Below are the slope maps of the soils from different origins of J. neotropica populations, which is 

a crucial factor influencing various aspects of the geographical environment. This topographic 

characteristic triggers significant impacts on hydrology, soil erosion, and land use planning, and 

consequently on the phenotypic traits of J. neotropica populations. 

Figures 10, 11, 12, 13, 14, and 15 show the slope maps of all provenances of J. neotropica, reporting 

that all populations are located on slopes greater than 45%. 

 

Figure 10. Slope map of The Tibio micro-watershed. 
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Figure 11. Slope map of The Merced micro-watershed.               

 

Figure 12. Slope map of The Tundo micro-watershed. 
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Figure 13. Slope map of The Victoria micro-watershed. 

 

Figure 14. Slope map of The Zañe micro-watershed. 
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Figure 15. Slope map of The Argelia micro-watershed. 

3.6. Phenology 

The phenology of J. neotropica is presented below, revealing fascinating variations among 

different provenances of recurrent events in its life cycle. The results obtained from various locations 

provided a rich and complex view of how environmental factors, such as climate, soil, and 

geography, influence phenological patterns. By meticulously analyzing these data, unique patterns 

of flowering, fruiting, and other key events in the species’ development were revealed. This research 

not only expands our understanding of the species’ adaptability but also highlights the importance 

of considering geographical variations when addressing issues related to the conservation and 

management of J. neotropica. 

In Figure 16, the phenological calendar of all provenances under study is presented, where a 

phenological pattern can be observed in all, varying by one month more or less in each evaluated 

variable. 
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Figure 16. Phenological calendar of J. neotropica, from different origins in Southern Ecuador: The 

Tundo (A), The Victoria (B), The Zañe (C), The Argelia (D). 

3.7. Age 

Below is an estimation of the age of J. neotropica populations from different provenances using 

the time passage method. This scientific method was based on the analysis of growth patterns from 

studies conducted by other researchers, which were used as references to correlate with diameters 

obtained in the field. 
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Figure 17. Average age of trees by diametric classes in various provenances of zone 7 of Ecuador: Tibio (a1), 

Merced (a2), Tundo (b1), Victoria (b2), Zañe (b3), and Argelia (b4). 

In Figure 17, The Tibio (a1), the approximate average age of the trees is presented, ranging from 

14 to 187 years, represented in 9 diameter classes. The Merced (a2), the approximate average age of 

the trees is presented, ranging from 14.8 to 81.2 years, represented in 6 diametric classes. The Tundo 

(b1), the approximate average age of the trees is presented, ranging from 12.8 to 355 years, 

represented in 11 diametric classes. The Victoria (b2), the approximate average age of the trees is 

presented, ranging from 20.7 to 170.4 years, represented in 8 diametric classes. The first diametric 

class was not recorded due to the absence of specimens. The Zañe (b3), the approximate average age 

of the trees is presented, ranging from 12.8 to 296.5 years, represented in 10 diametric classes. The 

Argelia (b4), the approximate average age of the trees is presented, ranging from 11.8 to 76.8 years, 

represented in 6 diametric classes.                     

4. Discussion 

4.1.  Precipitation and Temperature 

The research conducted by [29] in the southern region of Ecuador and northern Peru provides 

valuable insights into the climatic patterns in this border area. By analyzing data from 40 

meteorological stations during the period from 1970 to 2000 using techniques such as orthogonal 

correlation analysis, a clear trend towards increasing temperatures was observed in all the stations 

analyzed. This finding is consistent with this research, which shows that more than two decades ago, 
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the average temperature remained below 18 degrees Celsius, while in recent years it has experienced 

a significant increase. 

In contrast, precipitation shows divergent patterns at different altitudes in the study area. While 

the higher regions show a trend towards decreasing precipitation, the lower regions exhibit an 

upward trend. The conducted research supports this information by indicating that precipitation 

remained above 800 mm/year until 2002, projecting a notable decrease until that year and an increase 

towards 2024 [29]. 

According to studies conducted by [30],the decrease in precipitation and the increase in 

temperature have a significant impact on the phenology of broadleaf species. During drought 

periods, the reduction in water availability can delay budding and decrease plant growth rates. 

Additionally, the increase in temperature can accelerate certain phenological processes, such as 

flowering and seed maturation, while also increasing the vulnerability of plants to water stress and 

various diseases. These combined climatic factors can drastically alter the life cycle of broadleaf forest 

species, affecting their reproductive capacity and long-term survival. Our findings align with these 

results, as we have observed a decrease in precipitation and an increase in temperatures, which may 

be causing shifts in the phenology of different provenances of J. neotropica. This underscores the need 

to consider both global and local climatic factors in phenology studies and the management of forest 

species. 

It is important to highlight that these climatic trends are influenced by global climatic 

phenomena, especially the El Niño phenomenon. [31], in their study on coastal flooding due to 

intense rainfall and the impact of the El Niño phenomenon, provide a broader context for 

understanding climatic threats in the region. This suggests that local climatic variability is connected 

to global phenomena that directly affect the border region of Ecuador and Peru, underscoring the 

importance of considering external factors in the analysis of regional climatic patterns. 

4.2.  Relative Humidity 

The study [32], which analyzes relative humidity during the period from 1980 to 2006, highlights 

the close relationship of this variable with precipitation and temperature. The results reveal that high 

relative humidity values coincide with the winter months, while the lowest values are recorded 

during periods of drought or summer. In particular, the M008 Puyo station, located at an altitude of 

920 meters in the Oriente region, shows a constant relative humidity, reaching 90.74% in June (its 

highest value) and 87.11% in August (its lowest value). 

At the national level, relative humidity remains on average above 70% during the analyzed 

period. In the stations of the Andean region, such as M139 Gualaceo at an altitude of 2,360 meters, 

lower averages are reported, but always above 70%, such as 79.37% in April and 74.97% in November. 

Although this research supports the findings of [32] regarding a constant relative humidity 

around 70%, notable decreases below 70% are observed in the years 2005 (68.70%) and 2010 (69.50%) 

for the cantons of Loja and Zamora. In the case of the canton Sozoranga, relative humidity remains 

constant between 60% and 70%, even dropping below 60% in the years 1985 (58.54%), 2005 (56.51%), 

2006 (57.66%), 2007 (57.93%), 2010 (57.07%), 2014 (57.51%), and 2018 (58.23%). These results could 

indicate significant changes in climatic patterns in these areas over the study period. 

Various studies have demonstrated the significant influence of relative humidity on the 

phenology of broadleaf forest species. For example, [33] analyzed the phenological response of 

Quercus acuta to meteorological variability and found that high relative humidity can accelerate 

processes such as budding and flowering, while low humidity levels can delay them. Similarly, [34] 

investigated the effects of atmospheric and soil dryness on autumn phenology in the Northern 

Hemisphere, concluding that decreased relative humidity can exacerbate water stress, negatively 

affecting the phenological development of broadleaf species. These studies highlight the need to 

consider relative humidity as a critical factor in phenological models and the management of forest 

ecosystems, as its variability can have profound impacts on the life cycle and adaptation of species. 
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4.3.  Soil moisture at a depth of one meter (m³/m³) 

Various studies have demonstrated the significant influence of soil moisture at the root level on 

the phenology of broadleaf forest species. The study by [35] reveals that soil moisture has a significant 

impact on vegetation phenology, especially in low-altitude areas with water limitations, using 

MODIS NDVI data to explore spatiotemporal patterns. Similarly, [36] investigated how precipitation, 

vegetation, and soil properties affect soil moisture dynamics in desert steppe herbaceous 

communities under extreme drought, indicating that soil moisture at the root level plays a crucial 

role in phenology, particularly during periods of depletion and recovery. Additionally, [37]examined 

how plant root systems influence the dynamic characteristics of clay soil, suggesting that the 

distribution and density of roots can significantly affect phenology by modifying soil moisture. These 

studies collectively underscore the need to consider soil moisture at the root level as a critical factor 

in phenological models and the management of forest ecosystems, as its variability can have a 

profound impact on the life cycle and adaptation of broadleaf forest species. Figure 7 shows that soil 

moisture remains stable in the ranges of 0.2 to 0.6 m³/m³, with values exceeding this range in the years 

1983 (0.63), 1989 (0.61), and 1998 (0.61), without registering drops below the minimum value for the 

cantons of Loja and Zamora. However, in Figure 8, for the canton of Sozoranga, it exceeds the highest 

threshold in the years 1983 (0.66), 1989 (0.63), and 1998 (0.70), stabilizing within the range from 1999 

to 2023. This research is consistent with studies conducted by [38], which reported higher soil 

moisture at depths ranging from 80 cm to 100 cm, as well as studies by [39] and [40], where it 

fluctuated between 0.49 and 0.54 m³/m³ and the slope between 14% and 20%. 

4.4. Soil 

Various studies have demonstrated that the physical and chemical properties of the soil have a 

significant influence on the phenology of broadleaf species. For example, the study by [41] 

investigated how altitude and soil properties affect species diversity in forest communities in 

southern China, finding that soil texture and water content are key factors. Another study by [42] 

analyzed the diversity of understory plants in urban forests of Beijing, concluding that soil organic 

matter and nitrogen content significantly influence phenological diversity. These observations are 

consistent with the populations of J. neotropica in Loja and Zamora, which exhibit similarities in 

various physical and chemical soil properties, significantly influencing the stability and health of 

these communities. Among the shared physical properties are slope, texture, depth, and soil 

temperature. Additionally, homogeneity is observed in the chemical properties, including pH and 

other factors critical to the health of the studied populations. This consistency in soil characteristics 

suggests an intrinsic connection between the edaphic environment and the presence of J. neotropica 

across all provenances. 

These findings support the idea that soil properties play a crucial role in the distribution and 

viability of these populations. Studies conducted by [43] and [44] align with some of the physical and 

chemical properties preferred by the soils where J. neotropica develops, such as slope and pH. In 

summary, considering soil properties in phenological models and in the management of forest 

ecosystems is essential, as their variability can have a profound impact on the life cycle and 

adaptation of broadleaf species. 

4.5. Slope 

Several studies have demonstrated that soil slope has a significant influence on the phenology 

of broadleaf species. For instance, the study by [45] investigated how topographic variations affect 

plant community characteristics and soil factors in alpine grasslands, finding that both the orientation 

and position of the slope significantly influence species distribution and soil properties. Similarly, the 

study by [46] analyzed the use of satellite observations to monitor and predict the phenology of the 

Earth's surface, concluding that soil slope is a crucial factor in the phenological dynamics of plant 

communities. 
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The research also highlights the critical importance of natural populations of the species J. 

neotropica, which are found on slopes greater than 40%. These areas emerge as priorities for 

conservation due to their suitability in terms of land use [25]. However, when these populations are 

located on steep slopes, the generation of ecosystem services becomes highly vulnerable, directly 

impacting ecosystem functionality. Additionally, these areas are highly prone to soil landslides, 

whether due to natural factors or human activities. The problem is exacerbated by the fact that, 

despite these evident threats, the inhabitants of these regions continue to expand the agricultural 

frontier. This action, seemingly unaware of the environmental consequences, intensifies the pressure 

on these fragile ecosystems. It is imperative to implement conservation and awareness measures in 

these critical regions, highlighting the need to balance agricultural development with the 

preservation of biodiversity and land stability [47]. 

4.6. Phenology 

J. neotropica, a species with varied geographical distribution, exhibits distinct phenological 

patterns throughout its life cycle. Studies highlight the significant influence of geographical factors, 

such as altitude and latitude, on its phenological events. In low-altitude regions, prolonged 

phenology is evident, possibly linked to more stable climatic conditions. In contrast, higher altitudes 

show more synchronized phenological events, susceptible to abrupt variations due to climatic 

changes. These phenological variations according to provenance have crucial implications for the 

conservation and management of the species, considering local adaptation and responses to 

environmental changes. Understanding these variations is vital to anticipate J. neotropica’s responses 

to future climatic scenarios and its interaction with other species in its distribution areas. [48] 

emphasizes the importance of knowledge about the reproductive ecology and population dynamics 

of seed trees, especially in phenology and productivity, facilitating the planning of fruit or seed 

collection in nurseries without disturbing the ecosystem balance. 

4.7. Age 

Studies conducted by [49] reveal a complex and significant relationship between age-class 

structure and intra-annual phenology in temperate broadleaf forests in northeastern China. The 

observed phenological variation, influenced by both the age of the trees and the species present, 

underscores the importance of considering multiple biological factors when evaluating the 

phenological dynamics of forest ecosystems. The fact that the indirect effect of age-class structure on 

phenology, mediated by tree species, is greater than the inverse effect, highlights the need for a 

deeper understanding of the underlying ecological interactions. These findings have important 

implications for sustainable forest management, as they emphasize the importance of maintaining 

structural and compositional diversity that can promote resilient and adaptable phenology in the face 

of climate change. Additionally, the use of high-resolution satellite data, such as Sentinel-2, proves to 

be an effective tool for monitoring and analyzing these complex phenological patterns at a regional 

scale. 

Similarly, studies on J. neotropica have shown that the age of trees can vary significantly 

depending on their provenance, with the Tundo region housing the oldest trees. Although slow 

growth has generally been observed in these trees, older provenances, such as Tundo, could be 

associated with faster growth and more robust development. Detailed research supports this 

variability in growth. For example, studies conducted by Ecuador Forestal in 2010 reported a Current 

Annual Increment (CAI) of 1.2 cm, while other studies have recorded varied values such as 0.37 cm 

[50], 0.648 and 0.834 cm in different provenances [51], and specific data with CAI of 0.602 cm for 

Tundo, 0.652 cm for Shucos, 0.828 cm for Saraguro, and 0.65 cm for La Argelia. [52] also contributed 

with a CAI of 0.12 cm. These values, when multiplied by the number of tree rings, offer an 

approximate estimation of tree age, which aligns with the results of this study in various 

provenances. 
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5. Conclusions 

The analysis of climatic results shows that temperature, precipitation, and relative humidity are 

fundamental climatic factors that significantly influence the phenology of broadleaf forest species. 

Changes in these variables have profound implications for forest management and conservation, 

especially in the context of global climatic phenomena such as El Niño. It is crucial to continue 

researching and monitoring these climatic patterns to develop forest management strategies that 

ensure the resilience and adaptation of species to the challenges of climate change. The findings 

highlight the importance of considering both global and local climatic factors in phenological studies. 

Decreased precipitation, increased temperature, and variability in relative humidity can significantly 

alter the life cycle of forest species, affecting their reproductive capacity, growth, and long-term 

survival. These results underscore the need to integrate high-resolution meteorological data and 

ecological models to improve the understanding of phenological dynamics and develop more 

effective and sustainable forest management measures. Additionally, the research shows that local 

climatic variability is interconnected with global climatic phenomena, highlighting the importance of 

a comprehensive approach that considers the interactions between local and global factors. This 

approach is crucial for predicting and mitigating the effects of climate change on forest ecosystems, 

ensuring their conservation and sustainability in the future. 

Soil's physical and chemical properties significantly influence the phenology of broadleaf 

species. Factors like soil texture, water content, organic matter, and nitrogen content are key 

determinants of phenological diversity. Populations of J. neotropica in Loja and Zamora exhibit 

similarities in these soil properties, suggesting an intrinsic relationship between the edaphic 

environment and the presence of this species. Considering soil properties in phenological models and 

forest ecosystem management is essential, as their variability can profoundly impact the life cycle 

and adaptation of broadleaf species. 

When addressing soil slope, it is evident that it has a significant influence on the phenology of 

broadleaf species. Both the orientation and position of the slope critically affect species distribution 

and soil properties, as well as the phenological dynamics of plant communities. The natural 

populations of J. neotropica on slopes greater than 40% are especially important for conservation due 

to their suitability for land use. However, these areas are extremely vulnerable to landslides, 

exacerbated by natural factors and human activities. The expansion of the agricultural frontier in 

these regions, without considering the environmental consequences, increases pressure on these 

fragile ecosystems. Therefore, it is imperative to implement conservation and awareness measures in 

these critical areas to achieve a balance between agricultural development, biodiversity preservation, 

and soil stability, thus ensuring ecosystem functionality. 

Consequently, the phenology of J. neotropica shows varied patterns throughout its life cycle due 

to its wide geographical distribution. Geographical factors such as altitude and latitude significantly 

influence its phenological events. In low-altitude regions, phenology is more prolonged due to more 

stable climatic conditions, while at higher altitudes, phenological events are more synchronized and 

more sensitive to abrupt climatic variations. These phenological variations have crucial implications 

for the conservation and management of the species, especially concerning local adaptation and 

responses to environmental changes. Understanding these variations is essential for anticipating the 

responses of J. neotropica to future climatic scenarios and its interaction with other species in its 

distribution areas. Moreover, knowledge about the reproductive ecology and population dynamics 

of seed trees facilitates the planning of fruit or seed collection in nurseries without altering the 

ecosystem balance. 

Finally, phenological variations, influenced by both tree age and the species present, underscore 

the importance of considering multiple biological factors when evaluating phenological dynamics. 

These findings have important implications for sustainable forest management, highlighting the need 

to maintain structural and compositional diversity to promote resilient and adaptable phenology in 

the face of climate change. Additionally, studies on J. neotropica show that tree age can vary 

significantly according to its origin. In particular, the locality of El Tundo hosts the oldest trees. 
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Although slow growth is generally observed, some old provenances show faster and more robust 

growth, supported by detailed investigations into the Current Annual Increment (CAI) in different 

provenances. 
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