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Abstract 
In order to understand the hydrological properties of a fragment of mixed forest in the state of Durango, Mexico, 
an experiment was carried out during the 2017-2020 period. The distribution and flow of rainwater incident 
rainfall, direct rainfall and stemflow, were quantified in order to assess the interception losses and the physical and 
chemical properties of the water. 77 events with an accumulation of 2 236.1 mm of rainfall were evaluated. Direct 
rainfall in Pinus durangensis, P. engelmannii, and P. teocote amounted to 72.4, 71.9, and 70.4 %, respectively. 
The rainfall that trickled down through the canopy showed an acceptable relationship with respect to incident 
rainfall, with average values of 0.83 of the Coefficient of Determination (R2); the stemflow was 0.41 for P. 
durangensis, 0.40 for P. engelmannii, and 0.46 % for P. teocote, with an average R2 of 0.47 and a greater 
variation. The interception losses were 27, 28, and 29 %, respectively, with an R2 ranging between 0.35, for P. 
teocote, and 0.44 for P. engelmannii. The pH of throughfall was 5.9 for incident rainfall, 5.0 for the direct 
rainfall, and 4.1 for stemflow. Electrical conductivity evidenced a chemical change in the water composition, with 
32.4 μS cm-1 values for incident rainfall, 39.0 μS cm-1 for direct rainfall and 75.0 μS cm-1 for stemflow. The 
hydrological properties of the three species of conifers do not exhibit variation in terms of the various pathways 
of redistribution of rainfall. 
Key words: Stemflow, interception, throughfall, rainfall, physiochemical properties, hydrological properties. 
 
Resumen 
Para conocer las propiedades hidrológicas de un fragmento de bosque mixto en Durango, se desarrolló un 
experimento durante el periodo 2017-2020. Se cuantificó la distribución y el flujo de agua de las precipitaciones 
incidente, directa y escurrimiento fustal para cuantificar las pérdidas por intercepción y las propiedades físicas y 
químicas del agua. Se evaluaron 77 eventos, con una acumulación de 2 236.1 mm de precipitación. La 
precipitación directa para Pinus durangensis, P. engelmannii y P. teocote representó 72.4, 71.9 y 70.4 %, 
respectivamente. La lluvia que atravesó el dosel mostró una relación aceptable en referencia a la precipitación 
incidente, con valores promedio de 0.83 del Coeficiente de Determinación (R2); el escurrimiento fustal fue de 
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0.41 para P. durangensis, 0.40 en P. engelmannii y 0.46 % en P. teocote, con un R2 promedio de 0.47, y una 
mayor variación. Las pérdidas por intercepción fueron de 27, 28 y 29 %, respectivamente, con un R2 entre 0.35 
para P. teocote y 0.44 para P. engelmannii. El pH del pluviolavado fue de 5.9 para la precipitación incidente, que 
decreció a 5.0 en relación con la precipitación directa y 4.1 al escurrimiento fustal. La conductividad eléctrica 
evidenció un cambio químico en la composición del agua, con valores de 32.4 μS cm-1 para la precipitación 
incidente, 39.0 μS cm-1 en la precipitación directa y 75.0 μS cm-1 en el escurrimiento fustal. Las propiedades 
hidrológicas de las tres especies de coníferas no presentan variación en función de las diversas vías de 
redistribución de la lluvia. 
Palabras clave: Escurrimiento fustal, intercepción, pluviolavado, precipitación, propiedades fisicoquímicas, 
propiedades hidrológicas. 
 

 

Introduction 

 

 

Rainfall interception in forest ecosystems plays an important role in the return of 

water to the atmosphere and in the amount that reaches the ground. The process of 

rainfall interception usually depends on the characteristics of rainfall (amount, 

intensity, duration, size and number of drops), as well as on the micrometeorological 

conditions, species composition and distribution, canopy structure (leaf area, crown 

density, stem surface area), and climate (Sheng and Cai, 2019). 

The characteristics of the interception processes within the hydrological cycle in 

natural forests are the result of interactions between ecosystem components 

and, therefore, they project the dynamics of the water cycle (Fathizadeh et al., 

2017); therefore, its study is an important prerequisite for the development of 

water conservation strategies. 

According to Návar (2020), rainfall interception in coniferous forests, which are 

among the plant associations with the highest water retention capacity, reaches 

values of up to 25 % of total precipitation; however, the evaluation of interception 

in the canopy and its subsequent evaporation, which directly affects the water yield 

of watersheds, has been neglected, mainly due to the difficulties involved in making 

direct measurements in the field. 
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One way to estimate the interception of the rainwater is to divide its redistribution 

into three portions: incident rainfall, direct rainfall, and stemflow. The rainwater 

retained in the canopy is called direct rainfall, while the rainfall that falls directly to 

the ground without touching the vegetation is known as incident rainfall, and the 

stemflow is all the rainwater that runs down the trunk and reaches the base of the 

tree, which, when added to the direct rainfall, results in the total rainfall that 

reaches the ground, known as net rainfall (Cantú and González, 2005). 

Therefore, rainwater interception is estimated based on the difference between the 

incident rainfall and the net rainfall (Zabret et al., 2018). However, rainwater losses 

induced by climatic variables and forest structure are an issue for the studies on the 

interception in forest ecosystems (Yann et al., 2015), which imply considering the 

role of forests in water cycling within the various regional, state and continental 

climates (Sheil and Murdiyarso, 2009). 

The water that touches and flows through the vegetation cover until it reaches 

the soil is enriched on its way with mineral elements and organic matter from the 

leaf and tree stem exudates, creating conditions conducive to optimal plant 

development (Béjar et al., 2018). In addition, the physical, chemical and 

biological properties of water in soils under the forest canopy play a crucial role, 

as they provide quality water to the streams, and, by generating ideal conditions 

for the development of edaphic fauna, contributing to maintain a highly diverse 

micro fauna (Neary et al., 2009). 

Given the considerations described above and the fact that few studies have been 

conducted to evaluate the balance of the rainwater intercepted by forest species in 

the region of El Salto, Durango, the objective of this study was to estimate the 

amount of incident rainfall, direct rainfall, stemflow, and water loss in three species 

of the genus Pinus L. (P. durangensis Martínez, P. engelmannii Carrière and P. 

teocote Schltdl. & Cham.) in the Adolfo Ruiz Cortines ejido, for the aim of 
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generating statistical equations by which to predict rainfall interceptions in a 

fragment of mixed forest. This study also includes the characterization of throughfall 

in the different rainwater redistribution routes. 

 

 

Materials and Methods 

 

 

Study area 

 

 

The study was conducted in the Adolfo Ruiz Cortines ejido, located in the Great 

Plateau of the Western Sierra Madre, in the sub province known as Cañones 

Duranguenses, within Pueblo Nuevo municipality, in the state of Durango, Mexico. 

Geographically, it is located between 23°41' and 23°45' N, and between 105°14' 

and 105°19' W (Figure 1). Its climate is Semi-cold Sub-humid with summer rains 

and rainfall intervals of 5 to 10.2 mm (García, 2004). Rainfall in the region is 

generally low, being heaviest from June to September, with an annual average of 

850 mm (Domínguez-Gómez et al., 2022). Temperatures at the site fluctuate from 

-0.9 °C in January, to 22.5 °C in August, with an average annual evaporation of 

97.7 mm. These data were obtained from an automated HOBO type sensor (H8 

Family, Forestry Suppliers, Inc.®) located next to the site. 
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Escala = Scale; México = Mexico. 

Figure 1. Location of the study area within the state context. 

 

According to the cartography published by INEGI (2010) in the Hydrographic 

Network 2.0, the study area is located within Hydrological Region 11 (Presidio-San 

Pedro); this includes the Presidio River basin, which contains the sub-basin of the El 

Jaral Creek. As for the vegetation, most of the property is dominated by pine-oak 

forests with different productivity conditions and where the following pine and oak 

species prevail: Pinus ayacahuite C. Ehrenb. ex Schltdl. var. veitchi (Roezl) Shaw, P. 

cooperi C. E. Blanco var. ornelasii (Martínez) C. E. Blanco, P. durangensis, P. 

leiophylla Schiede ex Schltdl. & Cham., P. teocote, Quercus durifolia Seemen, Q. 

rugosa Née, and Q. sideroxyla Bonpl. (Domínguez et al., 2018). 
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Measurement of rainfall components 

 

 

Within an experimental area of 2 500 m2, three 20×20 m plots were delimited, one 

for each Pinus species. Direct rainfall and stemflow collectors were placed in them, 

considered as replications within each homogeneous plot; also, a representativeness 

of the canopy was assumed. The most relevant mensuration characteristics 

considered in the individuals of the three species in each plot were as follows: 

normal diameter (Nd, cm) (model Mantax Blue 500 mm, Haglöf® caliper), total 

height (H, m) (model 360PC/360R DG, Suunto Tandem® clinometer) and crown area 

(model TP50ME, Truper® tape) with north-south and east-west orientation (Silva-

González et al., 2021); the data of this last variable served as a basis for estimating 

the representativeness of the canopy by species. The coverage data were compared 

with those of Domínguez-Gómez et al. (2022), who established study plots in the 

area and determined that the average coverage of the taxa studied was 8 m2; 

therefore, the estimated coverages were regarded as representative of the species. 

After each rainfall event, the rainwater volume was measured and a sample was 

taken for chemical analysis. These measurements were carried out from June 2017 

to December 2020. 

Incident rainfall. The rainwater that reached the ground directly, without 

touching the plant canopy was collected using U-shaped gutters made of 0.1 m2 

(100 cm long×10 cm wide) PVC connected with hoses to 20 L containers; the 

gutters were covered with a mesh to prevent clogging with debris (Figure 2A). 

Four gutters total were installed at 1.30 m from the ground in a site devoid of 

vegetation (Yáñez-Díaz et al., 2014). 
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A = Direct and incident rainfall; B = Stemflow. 

Figure 2. Design of the gutters utilized for rainfall collection. 

 

Direct rainfall. The same gutter design described above was followed. Four gutters 

were installed per plot of each species (one per individual), fixed in the lower part of 

the canopy of the selected trees, where they remained during the entire experimental 

period. The total number of gutters located within the study site was 12. 

Stemflow. Stemflow was measured with steel plastic hoses with perforations of 

1.5×2.5 cm, at every 4 cm. The hoses were placed over the tree trunks stripped of 

bark, in a spiral shape, in two and a half turns, until reaching a maximum height of 

2 m. The hoses were sealed with silicone at the top and bottom (Figure 2B) and 

placed on the same individuals selected for direct rainfall measurement, in order to 

avoid rainfall loss (Béjar et al., 2018). 

Throughfall. In order to determine the values of electrical conductivity (EC) and pH 

of the samples collected in each of the components (direct rainfall, incident rainfall, 

and stemflow), a direct measurement was made using a model C3010 Consort 

Multiparameter Analyzer® potentiometer/conductivity meter with electrodes. 
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Interception losses. Interception was estimated as the difference between the 

incident rainfall and the sum of direct rainfall and the stemflow (Cantú and 

González, 2005), using Equation 1: 

 

     (1) 

 

Where: 

I = Interception losses (mm) 

PI = Incident rainfall (mm) 

PD = Direct rainfall (mm) 

SF = Stemflow (mm) 

 

Statistical analysis and linear regression were used to obtain estimates of the 

intercept values for each species under study. This made it possible to determine 

the specific values of the volumes of water intercepted by each. 

 

 

Statistical analysis 

 

 

The Kolmogorov and Shapiro-Wilk test (Brown and Forsythe, 1974) was applied in 

order to demonstrate whether or not the dependent variables pH and electrical 

conductivity result from a normal distribution and meet the basic assumptions 

regarding the normality of residuals, homogeneity of variance of residuals, and 

independence of residuals to fit a regression model and analysis of variance. As the 
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above assumptions were not met, the Kruskal-Wallis nonparametric test (Ott and 

Longnecker, 2001) was performed with the Statistical Package for Social Sciences 

(SPSS) version 22.0 for Windows (IBM, 2016), with a significance level of 5 %. 

The intercepted rainfall, direct rainfall, and stemflow were predicted as a function 

of the incident rainfall by means of simple linear regression analysis whose model 

expression is Equation 2. The parameter estimation was performed using the 

least squares technique. 

 

     (2) 

 

Where: 

 = Dependent variable 

 =Independent variable 

 = Ordered at the origin 

 = Slope parameter 

 = Random error or disturbance; (i=1,2,…,n) of the ith observation, where n is the 

number of observations used in the model fit. 
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Results and Discussion 

 

 

Incident and direct rainfall, stemflow and interception losses 

 

 

During the four years of the study (June 2017-December 2020), 2 236.1 mm of 

rainwater were registered, distributed over 77 rainfall events. The cumulative 

rainfall over the experimental period indicated a larger number of events (23 

events) occurred in 2018; however, the highest rainfall sheet was recorded in 2020 

(649.0 mm) (Figure 3), and accounted for 29 % of the total cumulative rainfall. 

 

 

Figure 3. Cumulative rainfall during the experimental period. 

 

The percentage of direct rainfall registered was 72.4, 71.9 and 70.4 % for P. 

durangensis, P. engelmannii and P. teocote, respectively, which, on average, 
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amounted to 73.91 % of the total incident rainfall. Linear regression analysis showed 

that there is an acceptable relationship between direct rainfall and incident rainfall for 

each of the species studied. In all three taxa, the R2 values were above 0.70. 

Besteiro and Rodríguez (2012), when studying the temporal distribution of rainfall 

and its redistribution under a plantation of Pinus radiata D. Don., recorded a ratio of 

direct rainfall to incident rainfall of 69.2 %. The linear regression analyses showed a 

Correlation coefficient (R2) value above 0.80; that is, the amount of rainwater 

passing through the canopy has a close relationship with the rainwater above the 

canopy, even though they are different pine species, which shows that the 

vegetation cover given by the pines has an immediate influence on the 

redistribution of rainfall. In addition, it has been pointed out that the canopy of 

these taxa forms a damping and redirection system for the droplets, so that they 

reach the ground in a softer and less impacting way, which prevents a soil particle 

detachment process and an erosion process from occurring (Tonello et al., 2014). 

The ratio of stemflow to incident rainfall was less than one percent for each of the 

species. In addition, very little variation was observed in this sense, so it can be 

considered as non-significant; mainly because the mensuration and phenological 

characteristics of the species under study are very similar. The percentages of 

stemflow for P. durangensis, P. engelmannii, and P. teocote were 0.41, 0.40, 0.46 %, 

respectively; the similarities in the percentages are related, mainly, to their bark 

type, diameter and height. The three species have grooved stems, as well as similar 

diameters and heights (Table 1). 

 

Table 1. Mensuration data of the species under study. 

Species Normal 
diameter (cm) 

Height 
(m) 

Crown 
cover (m2) 

Pinus teocote Schltdl. & Cham. 30 22.7 8.0 
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Pinus durangensis Martínez 28 22.5 7.5 

Pinus engelmannii Carrière 32 21.0 7.0 

 

Although stemflow is considered of little relevance because it usually represents a 

tiny fraction of total (incident) precipitation, it has important biogeochemical 

implications in forest ecosystems beyond the abundance or scarcity of water for the 

soil near the forest canopy (Levia and Germer, 2015; Van Stan and Gordon, 2018). 

For example, it is a significant source of water supply for plant species that have 

been suppressed or are developing in the lower strata of forests (Tamez et al., 

2018), and provides a greater carryover of both solutes, as well as of particles that 

incorporate nutrients into the soil (Wang et al., 2011). 

The individual analysis of total rainfall, direct rainfall, stemflow, and interception in 

each event showed little variability (Figure 4). The highest rainfall accumulation 

occurred during the last period, from event 60 onwards; event 64 had the highest 

accumulated water for the three species. In contrast, the lowest accumulation 

occurred in event 31. The events with a greater rainfall show that, as the amount of 

incident rainfall increases, the values in the other redistribution pathways increase 

as a result of water runoff in the various components of the forest canopy. Yáñez-

Díaz et al. (2014) point out that the rain that is deposited on the ground, is not a 

constant fraction of the total rainfall. 
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R. = Rainfall; D. R. = Direct rainfall; SF = Stemflow; I. R. = Interception losses. 

Figure 4. Dynamics of the total rainfall for the three species under study in the 

various pathways of redistribution of rainfall events during the experimental period. 

 

Canopy interception losses were, on average, 28.13 % for the three species; P. 

durangensis 27.16 %, P. engelmannii 28.07 %, and P. teocote 29.17 %. The intercept 

intervals in the present study are within the intercept values cited in the specialized 

literature for similar forests (Flores et al., 2016; Magliano et al., 2019). This proves 

that the patterns in the values of canopy interception losses follow a trend. 

Understanding the processes of interception by the plant canopy provides the 

opportunity to have hydrological prediction tools (Deng et al., 2022), as it is an 

important component of the water and energy balance in forest ecosystems. 

However, the multiple agents involved in this process and their interactions are 

quite complex (Su et al., 2022). The canopy is the first part of the vegetation to 

come into contact with rainfall and to affect its redistribution, which makes its 

architecture and variation in its structure increase spatial heterogeneity across the 
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various rainfall redistribution pathways (Schumacher and Christiansen, 2015). 

Consequently, the relationship between canopy and interception has become a 

central topic in hydrological research (Su et al., 2016). 

Some studies (Rotenberg and Yakir, 2010; Wang and Guo, 2023) have shown that 

interception is an important component that influences the microclimates and the 

water balance by affecting the amount of rainfall reaching the ground and plays a 

role in regulating the transpiration rate of trees (Zore et al., 2022). Figure 5 

illustrates the dispersion of incident rainfall and rainwater interception data for the 

three conifer species during the experimental period. 

 

 

Each value represents the mean of the four replicates per species during the 77 

events recorded. 

Figure 5. Relationship between incident precipitation (mm) and interception (mm) 

for the different species. 

 

The results of the linear regression analysis between the incident rainfall and 

interception losses are shown in Table 2, where the estimated coefficients of 
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determination (R2) were 0.35, 0.44 and 0.36 for P. durangensis, P. engelmannii and P. 

teocote, respectively. These values suggest a moderate correlation and indicate that, 

although incident rainfall influences interception losses, there are multiple factors that 

affect this process both, passively and actively. The Coefficient of determination for the 

equations was significant in all three cases, confirming that when the amount of 

incident rainfall (mm) increases, the absolute values for canopy interception increase. 

 

Table 2. Equations for estimating interception losses of the different species. 

Species n Equation R2 ESE P-value 

Pinus durangensis Martínez 77  0.35 5.28 <0.001 

Pinus engelmannii Carrière 77  0.44 4.44 <0.001 

Pinus teocote Schltdl. & Cham. 77  0.36 5.45 <0.001 

ESE = Estimated Standard Error. 

 

 

Throughfall 

 

 

Electrical conductivity 

 

 

The rainwater passing through the canopy of the species studied showed constant 

changes in the electrical conductivity values (μS cm-1) in direct rainfall and stemflow 

relative to incident rainfall. Based on these results, it is reasonable to assume that, 
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as rainwater passes through the vegetation cover, it carries several mineral salts 

that cause changes in this property. Figure 6 shows the behavior of EC. 

 

 

R. = Rainfall; D. R. = Direct rainfall; SF = Stemflow. Each plotted value represents 

the mean (n=4). 

Figure 6. Temporal variation of Electrical Conductivity in the components of 

rainfall redistribution. 

 

Table 3 summarizes the EC values. The incident rainfall amounted to 32.4 μS cm-1, 

showing an increase in relation to the values for direct rainfall in the three studied 

species. According to the analysis of the data on the electrical conductivity (μS cm-1) 

of the collected water, the behavior of stemflow was more varied than that of direct 

rainfall, with values above those of the incident rainfall, due mainly to the greater 

incorporation of particles and sediments during the movement of water through the 

stem and leaves. Based on these arguments, differences may be assumed between 

the chemical compositions of some of the components, which are associated with 

the presence of mineral salts and with particulate incorporation (Luna-Robles et al., 

2019). Another factor that alters the behavior of the electrical conductivity is the 

quantity and entrainment of cortical anions, when the occurrence and quantity of 
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rainfall events decrease, there is a greater accumulation of ions in the atmosphere, 

which will be entrained by the subsequent rains (Pérez-Suárez et al., 2006). 

 

Table 3. Average electrical conductivity and pH values of direct rainfall (DR), 

incident rainfall (IR), and stemflow (SF). 

Species n 
pH EC (µS cm-1) IR 

DR SF DR SF pH EC 

Pinus teocote Schltdl. 
& Cham. 

77 4.9±0.06 4.0±0.05 42.2±3.60 84.1±4.80 5.9±0.07 32.4±2.45 

Pinus durangensis 
Martínez 

77 5.0±0.06 4.2±0.05 34.5±2.90 56.4±4.45 

Pinus engelmannii 
Carrière 

77 5.0±0.05 3.9±0.05 40.2±2.83 84.6±5.30 

Values represent the mean±standard error of the mean (n=77). 

 

 

pH 

 

 

When analyzing the behavior of pH both in direct rainfall and in the stemflow of the 

three species under study, it was observed that their values corresponded mostly to 

moderately acid, while for incident rainfall they were slightly acid (Figure 7). 
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R. = Rainfall; D. R. = Direct rainfall; SF = Stemflow. Each plotted value represents 

the mean (n=4). 

Figure 7. Behavior of pH on the various components of rainfall redistribution. 

 

Table 3 shows that the average pH for incident rainfall was 5.9, for direct rainfall in 

the three species, it dropped to 5.0, while for the stemflow the value reached 4.1. 

Studies like the one by Béjar et al. (2018), who estimated the redistribution of 

precipitation and nutrient input in Pinus cooperi C. E. Blanco, documented results 

with the same trend; its pH records for incident rainfall ranged between 4.42 and 

6.12; however, once the water flowed through the canopy, it decreased slightly to 

4.21, and once the water came into contact with and flowed down the stem, it 

tended to acidify and reach figures of 3.85. 

The analyses of variance of the Kruskal-Wallis test revealed significant differences 

(P<0.05) in the EC and pH variables of the three rainfall redistribution pathways of 

the 77 events analyzed for the three species, especially in the pH (56 of the 77 

events), while the EC exhibited such differences only in 18 of the 77 events. The 

results of the statistical analysis showed that the differences between the events are 

influenced by the particularity of each rainfall event, which has a bearing on the 

intensity of the storm and the wind direction, causing various particles to be 
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deposited and thereby modifying the values of the stemflow in the various 

redistribution pathways (Yáñez-Díaz et al., 2014). 

 

 

Conclusions 

 

 

The hydrological properties under the different canopies of the studied species do 

not differ or vary according to rainfall redistribution pathways. Rainwater 

interception by the vegetation cover amounts to 28.1 %, a value that furthers 

knowledge of this component at a local scale. The value of rainwater interception in 

the watersheds depends on the type of vegetation cover and its distribution, which 

made it possible to recognize that, for the purposes of forest management, the 

existence and distribution of species is of utmost importance for water management 

within the ecosystem, as it contributes to maintain active biogeochemical processes. 

The pH and electrical conductivity exhibit changes as the rainwater flows through 

the canopy and its different components, with variations between the different 

rainfall redistribution pathways, as well as significant differences during most 

months of the experimental period for the three conifer species under analysis. 
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