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Abstract 

In the production of containerized forest plants, irrigation systems are used that directly influence plant development. 
It is important to seek alternatives that ensure uniform distribution and efficient use of water. In this study, the 
water consumption of three irrigation systems was measured, and their effect on the germination and root 
development of Pinus engelmannii in a nursery was evaluated. The trial included three treatments: micro-sprinkler 
irrigation, manual irrigation, and subirrigation. Germination was monitored for 36 days, and the initial growth of the 
root system, as well as water consumption and moisture retention in the substrate, were measured in each system. 
The variables evaluated were: germination percentage and speed, cumulative germination, peak value, germination 
value, uniformity coefficient, and root system growth. The root system was analyzed using image analysis techniques 
with RhizoVision, which calculated the number of roots, root length, absorption surface area, and root volume. 
Germination rates above 80 % were obtained in all three treatments, with the highest rate observed in the micro-
sprinkler system. Plants with subirrigation had greater length, surface area, and volume in the middle region of the 
container. Water usage in micro-sprinkling was 12 times that of sub-irrigation. The type of irrigation system 
influenced the germination and root development stage of P. engelmannii. With regard to water use, the 
subirrigation system was more efficient. 

Keywords: Irrigation efficiency, seed emergence, micro-sprinkling, pine, subirrigation, forest nursery. 
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Resumen 

En la producción de planta forestal en contenedor se emplean sistemas de riego que influyen directamente en el 
desarrollo de las plantas. Es importante buscar alternativas que garanticen una distribución uniforme y un 
aprovechamiento eficiente del agua. En el presente trabajo se midió el gasto de agua de tres sistemas de riego y 
se evaluó su efecto en la germinación y desarrollo radical de Pinus engelmannii en vivero. El ensayo incluyó tres 
tratamientos: riego por microaspersión, manual y por subirrigación. Se monitoreó la germinación durante 36 días, 
así como el crecimiento inicial del sistema radical y se midió el gasto de agua y la retención de humedad en el 
sustrato en cada sistema. Las variables evaluadas fueron: porcentaje y velocidad de germinación, germinación 
acumulada, valor pico, valor germinativo, coeficiente de uniformidad y crecimiento del sistema radical. El sistema 
radical se analizó mediante la técnica de análisis de imagen con el programa RhizoVision, en el cual se calculó el 
número de raíces, longitud, superficie de absorción y volumen. Se obtuvo una germinación superior a 80 % en 
los tres tratamientos, la más alta fue en el sistema de microaspersión. Las plantas con subirrigación tuvieron 
mayor longitud, superficie y volumen en la región media del envase. El gasto de agua en microaspersión superó 
12 veces al de subirrigación. El tipo de sistema de riego influyó en la etapa de germinación y desarrollo radical de 
P. engelmannii. Respecto al uso del agua, el sistema de subirrigación fue más eficiente. 

Palabras clave: Eficiencia del riego, emergencia de semilla, microaspersión, pino, subirrigación, vivero forestal. 

 

 

 

 

Introduction 

 

 

The production of forest plants in nurseries must ensure an adequate water supply, in 

sufficient quantity and quality, to support optimal development throughout the entire 

growing cycle (Sánchez-Velázquez et al., 2023). However, ignorance of the water 

requirements of forest species and technical deficiencies in irrigation systems generally 

result in excessive water consumption (Dumroese et al., 1995). Irrigation water is the 

means by which fertilizers and other agrochemicals are applied to crops; however, any 

water that is not used by the plants is a source of contamination for the soil and water 

bodies surrounding the nursery (Dumroese et al., 2005). Within this context, and given 

the current challenges posed by water scarcity, it is essential to design, improve, and 

innovate technologies and processes to enhance the efficiency of irrigation systems in 

forest nurseries (de Carvalho et al., 2025). 

In Mexico, the predominant forest-plant production system is carried out in containers, 

and most cultivated species belong to the Pinus L. genus (Comisión Nacional Forestal 

[Conafor], 2023). This diagram depicts various irrigation systems, the choice of which is 
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determined by factors such as species, substrate type, container size, installation costs, 

and maintenance requirements. However, in either case, irrigation effectiveness is an 

important consideration because the plant is confined within the container and has 

access to water only through this system (Cartes-Rodríguez et al., 2019). The choice of 

irrigation system and its maintenance are essential, as improper operation can cause 

damage or production losses (López-Martínez et al., 2014). 

Irrigation management varies with the stage of plant development; initial seedling 

growth requires special attention, as optimal moisture conditions must be maintained 

for germination and early root system development. During the germination stage, 

micro-sprinkler or manual irrigation systems should be superficial and frequent, using 

fine droplets to prevent the seeds from being exposed and losing the moisture required 

for germination (Sánchez-Velázquez et al., 2023). 

The subirrigation method is rarely used in forest plant production; this system allows 

water and nutrients to move upward through the substrate by capillary action from 

the bottom of the containers (Ferrarezi et al., 2015). Because it is a closed system, 

water and nutrients can be recirculated, reducing water use by 70 to 87 % (Ramírez-

Galicia et al., 2022), and it represents a decisive advantage in the face of the current 

problem of water scarcity. 

Nursery operators recognize the importance of water availability for forest tree 

cultivation; however, little attention is paid to the efficiency of the irrigation method 

or system used, particularly during the initial establishment stage, which is critical for 

ensuring successful production. Based on the above, the objective of this study was 

to evaluate water usage with three different irrigation systems ―micro-sprinkler, 

subirrigation, and manual―, as well as their effect on the germination and root 

development of Pinus engelmannii Carrière in a nursery. 
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Materials and Methods 

 

 

Study location and growing conditions 

 

 

The study was conducted at the Práxedis Guerrero forest nursery, run by the Ministry 

of Natural Resources and the Environment (Secretaría de Recursos Naturales y Medio 

Ambiente, SRNMA) of the Durango State Government, Mexico, located in Durango, 

Durango, at 23°56′58.3″ N and 104°34′07.4″ W, and an altitude of 1 890 m. 

The plants were grown in a tunnel greenhouse measuring 10.7 m in width by 56 m in 

length, with a height at the zenith of 4.4 m, covered with two layers: the lower layer 

consists of a black polyethylene shade cloth with 50 % light transmissivity, and the 

upper layer consists of a 720-gauge chlorophyll green plastic cover with ultraviolet 

protection and 80 % light transmissivity. 

The seeds of P. engelmannii were collected from a seed stand located in the La Mesa 

property, in Santa Isabel de Batres town, Durango municipality, Durango state 

(24°11′47.75″ N and 104°53′43.62″ W), at 2 488 masl. The seeds were obtained in 

January 2016 and remained stored at 4 °C until use (cold room, model MTZ050-4 

Danfoss® refrigeration equipment, Mexico). Black rigid polyethylene containers with 

root guides, measuring 4 cm in diameter at the top, 20.7 cm in length, and a capacity 

of 160 mL, were used. The containers were arranged in 98-cavity tube trays 

measuring 60.5 cm long and 31 cm wide. The substrate was a mixture of peat (50 

%), vermiculite (25 %), and perlite (25 %), with a total porosity of 60.4 %, aeration 

porosity of 34.4 %, and a water retention capacity of 26 %. 

Prior to sowing, the seeds were immersed in water at room temperature for 24 hours, 

with the water changed every 8 hours. Subsequently, Prozycar® 500 F carbendazim 

fungicide (Mexico) was applied to prevent fungal damage, and, finally, the seeds were 
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left to dry outdoors in the shade. Planting took place on July 30th, 2024. For this 

purpose, one seed per container was placed at a depth of 1 cm and covered with the 

same substrate. During the 36-day evaluation period, the average temperature and 

relative moisture were 21.6 °C and 61.5 %, respectively. 

 

 

Assessed irrigation systems 

 

 

The experiment consisted of three completely randomized treatments corresponding 

to the three irrigation systems (aerial micro-sprinkler, manual irrigation, and 

subirrigation); each treatment consisted of three replicates, five trays with 98 cavities 

per replication in each irrigation system (Table 1, Figure 1); in total, 45 trays were 

used. 

 

Table 1. Description of irrigation systems at the germination and initial 

development stages of Pinus engelmannii Carrière. 

Watering 
system Components 

Micro-sprinkler Composed of primary (2” PVC) and secondary (½” polyethylene) 
pipes, from which tertiary (3 mm polyethylene) pipes are derived, 
supporting emitters with a spray radius of 3 m. 

Manual Composed of primary (2” PVC) piping, with a ¾” outlet valve to 
which a hose of the same size is connected, with a nozzle for a 
Melnor® spray head with shower head measuring 20.8×6.5 cm. 

Subirrigation 1 100 L water tank with 1 ¼" outlet pipe feeding tubs measuring 
1.20 m in width by 3 m in length and 25 cm in height, which are 
placed on metal tables at a height of 95 cm. 
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A = Micro-sprinkler system; B = Manual system; C = Subirrigation system. 

Figure 1. Overview of irrigation systems evaluated at the germination and initial 

development stages of Pinus engelmannii Carrière. 

 

The greenhouse was divided into three areas, each for a different type of irrigation 

system. The water came from a main tank with a capacity of 330 m3. Using a 3.5 HP 

hydraulic pump, the water was transported to the production structure through a 4" 

PVC main pipe equipped with slotted-ring filters. 

 

 

Water usage analysis 

 

 

Water usage was recorded by irrigation system type, which was applied every other 

day for the micro-sprinkler and manual systems, while the subirrigation system was 

utilized twice a week; the duration of the irrigation was 45 minutes. Micro-sprinkling 

was carried out using a 2" electronic turbine flow meter (model OEM Ticfox®) attached 

to the greenhouse's main internal pipe; 20 % was subtracted from the total water 

record (including the area of aisles, headboards, and production tables) to account 

for non-productive spaces on the tables. Manual irrigation was performed using a 
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model ICS006-DLS Rainpoint® digital flow meter, installed at the end of the ¾” 

irrigation hose. For the subirrigation system, the reduction in the volume of water in 

the tank was measured directly each week using a model FH-5M Truper® tape 

measure. Subsequently, the volume formula for a cylinder was applied. 

Water retention in the substrate was determined twice during the evaluation period. 

For this purpose, the trays were weighed dry on a model base-40P Pretul® scale prior 

to watering. Next, each system was watered as normal. After one hour, the new 

weight was recorded, and the difference between the two readings was calculated to 

estimate the volume of water retained in the substrate. 

 

 

Seed germination analysis 

 

 

Seed germination and seedling emergence were evaluated every two days, starting 

from sowing, for 36 days. Seedling emergence was defined as the point at which the 

hypocotyl emerged above the substrate surface. The germination percentage 

(International Seed Testing Association [ISTA], 2015), R50 (Coolbear et al., 1984), 

and germination rate (Bewley & Black, 1994), as well as the germination value 

(Czabator, 1962), peak value (Bonner, 1967), and uniformity coefficient (Bewley & 

Black, 1994) were determined. 
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Root analysis 

 

At the end of germination, when the plants reached 28 days of age, root analysis was 

performed, for which four plants per repetition were randomly selected. The substrate 

was removed by washing with water, and the roots were immediately scanned with a 

model T720DW Brother® scanner on a black background at 600 dpi. After completing 

digitization, full root images were split into three equal sections by dividing the 

container’s 21-cm length into 7-cm upper, middle, and lower segments. Measurements 

taken for each section included total number of roots, root length, absorptive surface 

area, and volume, using RhizoVision Explorer® version 2.0.3 (Seethepalli et al., 

2021). 

 

 

Statistical analysis 

 

 

The data on germination parameters and root growth per section were analyzed using 

one-way ANOVA. For germination percentages and root counts, generalized linear 

models with binomial and Poisson distributions were fitted, respectively. When the 

effect of the irrigation system was significant, a Tukey's mean comparison test was 

performed at α=0.05. The assumptions of normality and homoscedasticity of the 

residuals were tested for all variables. When these assumptions were not met, the 

variable was transformed using the logarithmic function. Statistical analysis was 

performed using R software version 4.4.1 (R Core Team, 2024). 
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Results and Discussion 

 

 

Water usage and retention 

 

 

During the germination stage (36 days), the total expenditure of the three 

irrigation systems was 14 203 L; the difference between extreme values was 9 

562 L; the system that saved the most water was subirrigation, while micro-

sprinkling saved the least (Figure 2). 

 

 

Figure 2. Volume of water consumed by each irrigation system over a 36 day period. 

 

Water retention varied between systems, as did the number of irrigations applied. 

The substrate with manual irrigation retained the greatest water volume, whereas the 

substrate with micro-sprinkler irrigation retained the least; both received the same 

number of irrigations (Table 2). The differences in water retention between these 

systems can be attributed to the fact that in manual irrigation water is applied more 

intensely, so the porous spaces become saturated more quickly; in the micro-
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sprinkler system, the intensity of irrigation is lower and slower, which causes the 

saturation of the porous spaces in the substrate to be slower; in addition, part of the 

water falls into dead spaces (Aldrete et al. 2024). 

 

Table 2. Volume of water retained in each irrigation system. 

Treatment Irrigations 
(No.) 

Retention due to 
irrigation (L) 

Total 
retention (L) 

Micro-
sprinkler 16 22.1 353.6 

Manual 16 29.5 472.0 

Subirrigation 12 33.4 400.8 

 

González-Torralva and López-López (2024) cited a total expenditure of 2 732 L for a 

subirrigation system for pine tree production, which surpassed the expenditure in this 

trial because they considered a longer period (8 months, not including the 

germination stage). On the other hand, water consumption in the subirrigation 

system was close to that reported by Ramírez-Galicia et al. (2022), who recorded 

consumption of 1 159 L at the initial stage of forest plant production. This difference 

may be due to the fact that the initial stage extends from planting to the final phase 

of establishment, approximately two to three months (Aldrete et al., 2023). According 

to López-López et al. (2023), the subirrigation system proved the most efficient; they 

found that the sprinkler/watering can system uses twice as much water as the 

subirrigation system. In this case, micro-sprinkler and manual irrigation used 12 and 

4 times as much water, respectively, as subirrigation. 

Water retention per plant is an important variable from the point of view of efficient 

use. During plant production, two to three irrigations per week were applied 

depending on prevailing weather conditions. The amount of water applied was 

determined according to the criterion of González-Alemán et al. (2025), who suggests 

maintaining moisture in at least the bottom two-thirds of the container to prevent 

restraining the root system growth. However, in the future, it would be interesting to 
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base the frequency and amount of water to be applied on the percentage of moisture 

in the substrate. 

The substrate used in this study had a water retention capacity of 26 %; however, 

this value differed across the irrigation systems. In the case of subirrigation, the 

availability and distribution of water within the container were uniform throughout 

the irrigation period, which favored capillary movement. In the other two systems, 

the water volume was irregular, which affected water retention despite the use of the 

same substrate across all treatments. This aligns with the findings of Díaz-Blanco et 

al. (2025), who observed that the micro-sprinkler system does not result in uniform 

water distribution within the production area, and, therefore, the subirrigation system 

is a more efficient alternative. 

 

 

Germination 

 

 

Emergence began on the eighth day after sowing (DAS); the maximum accumulation 

was reached at 26 days. The micro-sprinkler system showed the highest percentage 

(Table 3), with 50 % germination (R50) at 10 days, with no significant differences 

between treatments (p=0.0952). Statistically significant differences were observed in 

the germination speed and the germination value (p=0.0002 and p=0.0004, 

respectively). The best results were recorded with the micro-sprinkler and 

subirrigation systems. The micro-sprinkler system had the highest peak value 

(p=0.0151), while the subirrigation system had the highest uniformity coefficient 

(p=0.0494) (Table 3). In cases with significant differences, manual irrigation had low 

values. 
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Table 3. Average values of germination parameters for Pinus engelmannii Carrière 

in different irrigation systems. 

 

 

Variable 
Irrigation system 

p value 
Manual Micro-sprinkler Subirrigation 

GP (%) 81.4±0.22 c 88.7±0.23 a 85.3±0.17 b <0.001 

R50
 (days) 10.2±0.02 a 10.1±0.03 a 9.8±0.02 a 0.0952 

GS (days) 7.2±0.12 b 7.86±0.11 a 7.72±0.09 a 0.0002 

GV 14.98±0.4 b 17.52±0.5 a 16.65±0.4 a 0.0004 

PV 5.87±0.09 b 6.31±0.14 a 6.23±0.1 ab 0.0151 

UC 0.19±0.01 b 0.25±0.03 ab 0.29±0.03 a 0.0494 

GP = Germination percentage; R50 = 50 % of germination; GS = Germination speed; 

GV = Germination value; PV = Peak value; UC = Uniformity coefficient. Different 

letters in the same row indicate statistical differences between treatments (p≤0.05). 

 

At the beginning of germination, imbibition is activated in the seed, and the 

availability of moisture plays a crucial role (Hernández-Anguiano et al. 2018). Hence, 

the importance of the efficiency of the irrigation system, as well as the growing 

medium, since the characteristics of the substrate used may or may not favor 

moisture content. In pine plant production, a base mix commonly used consists of 

peat, vermiculite, and perlite (2:1:1 v/v), components with high moisture retention 

(Aguilera-Rodríguez et al., 2023). 

The lack of studies on irrigation and germination systems in P. engelmannii limits the 

comparison of results; however, the germination percentage obtained with the three 

irrigation systems was higher than that cited by Prieto-Ruíz and Rubio-Chaidez (1994), 

who, when studying the effect of seed planting depth in an interval of 0.5 to 2.0 cm in 

100 % silt substrate, observed that at a shallower planting depth (0.5 cm) resulted in 

a higher germination percentage (66 %), and also recorded 50 % germination (R50) at 

16 days; that is, the delay was greater than in the present study (10 days). These 
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differences can be attributed to the fact that moisture in the micro-sprinkler system is 

concentrated at the top, as well as to the substrate used, since the base mixture 

provides physical properties that a silt substrate can hardly match. 

For their part, Bustamante-García et al. (2012) obtained 98 % germination in P. 

engelmannii with seeds from seed stands. This result is higher than that of the present 

study, which is attributed to the loss of seed viability due to the time elapsed between 

harvesting (2016) and sowing (2024). There are other studies on the genus Pinus that 

analyze factors influencing germination, such as the one by Mendizábal-Hernández et al. 

(2015), who assessed the germination of Pinus greggii Engelm. ex Parl., and the one by 

Sánchez-Mendoza et al. (2023), who analyzed Pinus hartwegii Lindl. seeds but did not 

evaluate the irrigation factor; in their research, they considered that germination was 

affected by phenotypic characteristics and seed origin, while the present study highlights 

the crucial role of moisture in seed germination. 

 

 

 

 

Root development 

 

 

The number of roots developed by plants across the different systems in the three 

sections of the container differed significantly (p<0.0001, p=0.0035, and p=0.054 

for the upper, middle, and lower sections, respectively). The plants in the subirrigation 

and micro-sprinkler systems showed a larger number of roots in the upper and middle 

parts of the container; in the manually irrigated plants, a poor root system was 

observed, although it was more homogeneous in the three sections of the container. 

In terms of root length, there was no statistical difference in the lower section alone 

(p=0.631); the roots in the middle section were longer, with the subirrigation system 

standing out (p=0.0433). In the upper part, the roots were longer in the micro-

sprinkler system (p=0.0034). In regard to the surface area and volume variables, 
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statistical differences were observed to occur only in the middle section of the 

container, and the subirrigation system proved superior in these variables (p=0.048, 

p=0.033, respectively; Figure 3). 

 

 

Figure 3. Characteristics of Pinus engelmannii Carrière roots by irrigation system. 

 

The subirrigation system is not commonly used in forest nurseries in the country 

(Aldrete et al., 2023). This, despite the water use efficiency mentioned above, is 

because there is only one study that considers the production of Pinus patula Schiede 

ex Schltdl. & Cham. and Pinus pseudostrobus Lindl. by Ramírez-Galicia et al. (2022), 

who recorded savings of more than 50 % compared to manual irrigation, in addition 

to maintaining plant quality. However, they do not examine the radical development 

of the species in question. 

For their part, Gallegos et al. (2020) point out that when plants are grown in containers, 

the root system tends to develop more at the bottom of the container and at the 

periphery, due to compaction from handling or to irrigation-induced compaction of the 
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substrate. In the present trial, the lower section did not show this effect, possibly 

because the evaluation was carried out almost one month after planting. 

Pang et al. (2024) point out that the total root length and number of roots have a 

greater influence on plant anchoring in the field. In the present study, the highest 

number of roots was observed in plants watered with the micro-sprinkler and 

subirrigation systems in the upper and middle parts of the container. Therefore, it 

can be expected that these root systems will favor morphological development in later 

stages, since, as mentioned by Bar-Tal et al. (1997), the size of the root system is 

directly related to the efficiency of water and nutrient absorption, which affects root 

development. This, combined with mycorrhizal fungal colonization and its positive 

effects, allows the plant to adapt during the subsequent stages of the production 

process (Eissenstat et al., 2000; Salcido-Ruiz et al., 2020). 

There are other adaptive characteristics of root systems that respond to different 

environmental factors and at the rhizosphere level, but water availability in particular 

clearly plays a key role in the evolution of the root system architecture (Sung et al., 

2019). From a functional point of view, certain fine roots are primarily involved in the 

absorption of water and nutrients, while others participate in their transport and 

storage (Eissenstat et al., 2000). 

 

 

 

Conclusions 

 

 

The subirrigation system consumes less water than the micro-sprinkler and manual 

systems. The type of irrigation system has a significant effect on the germination and 

root development stage of P. engelmannii in nurseries. Seedling emergence is greater 

with the micro-sprinkler system, while root development in the subirrigation system 
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shows greater length, surface area, and volume in the middle of the container than the 

other two systems. This research provides technical knowledge for a more efficient use 

of irrigation water during the production cycle of forest plants in nurseries. 

 

Acknowledgments 

 

The authors are grateful to the Secretaría de Ciencias, Humanidades, Tecnología e 

Innovación, Secihti (Ministry of Science, Humanities, Technology, and Innovation) for 

the support provided to the principal author of this research within the framework of the 

Institutional Doctoral Program in Agricultural and Forest Sciences at the Universidad 

Juárez del Estado de Durango (Juárez University of the State of Durango), as well as to 

the Secretaría de Recursos Naturales y Medio Ambiente del Estado de Durango (Durango 

State Ministry of Natural Resources and Environment), for its support with infrastructure 

and materials at the Práxedis Guerrero forest nursery. 

 

Conflict of interest 

 

The authors declare that they have no conflict of interest. 

 

 

Contributions by author 

 

Enrique Santana-Aispuro: research conduction and management, data collection and 

analysis, interpretation of the results, and drafting of the manuscript; Jorge Armando 

Chávez-Simental: research management, research supervision, methodological 

design, verification of the results, interpretation of the results, and revision of the 

manuscript; José Ángel Sigala-Rodríguez: statistical analysis, interpretation of the 



Santana-Aispuro et al., Effect of the irrigation system on the germination… 
 
 

70 

results, and revision of the manuscript; Arnulfo Aldrete: methodological design, 

interpretation of the results, revision of the manuscript; José Ángel Prieto-Ruíz: 

revision of the manuscript; José Rodolfo Goche-Télles: statistical analysis and revision 

of the manuscript. 

 

 

References 
Aguilera-Rodríguez, M., Aldrete, A., Sánchez-Velázquez, J. R., & Prieto-Ruiz, J. Á. 

(2023). Instalaciones e insumos para la producción. En A. Aldrete, J. R. Sánchez-

Velázquez, M. Aguilera-Rodríguez, D. Cibrián-Tovar & S. E. García-Díaz (Eds.), 

Manual de buenas prácticas para el manejo de la salud de planta en viveros forestales 

(pp. 41-90). Universidad Autónoma Chapingo. 

https://es.scribd.com/document/829229770/ManualBuenasPrcticas-150-MEDIA1 

Aldrete, A., Sánchez-Velázquez, J. R., Aguilera-Rodríguez, M., Cibrián-Tovar, D., & 

García-Díaz, S. E. (Eds.). (2023). Manual de buenas prácticas para el manejo de la 

salud de planta en viveros forestales. Universidad Autónoma Chapingo. 

https://es.scribd.com/document/829229770/ManualBuenasPrcticas-150-MEDIA1 

Bar-Tal, A., Ganmore-Neumann, R., & Ben-Hayyim, G. (1997). Root architecture effects on 

nutrient uptake. In A. Altman & Y. Waisel (Eds.), Biology of root formation and development 

(pp. 39-75). Springer Nature. https://doi.org/10.1007/978-1-4615-5403-5_5 

Bewley, J. D., & Black, M. (1994). Seeds: physiology of development and 

germination. Plenum Press. 

https://books.google.com.mx/books?id=W6EbrewcpDwC&printsec=frontcover&h

l=es&source=gbs_ge_summary_r#v=onepage&q&f=false 

Bonner Jr., W. D. (1967). A general method for the preparation of plant mitochondria. 

In R. W. Estabrook & M. E. Pullman (Eds.), Oxidation and Phosphorylation (Vol. 10, 

Series Methods in enzymology, pp. 126-133). Academic press. 

https://doi.org/10.1016/0076-6879(67)10027-X 

Bustamante-García, V., Prieto-Ruíz, J. Á., Merlín-Bermudes, E., Álvarez-Zagoya, R., Carrillo-

Parra, A., & Hernández-Díaz, J. C. (2012). Potencial y eficiencia de producción de semilla de 

https://es.scribd.com/document/829229770/ManualBuenasPrcticas-150-MEDIA1
https://es.scribd.com/document/829229770/ManualBuenasPrcticas-150-MEDIA1
https://doi.org/10.1007/978-1-4615-5403-5_5
https://books.google.com.mx/books?id=W6EbrewcpDwC&printsec=frontcover&hl=es&source=gbs_ge_summary_r#v=onepage&q&f=false
https://books.google.com.mx/books?id=W6EbrewcpDwC&printsec=frontcover&hl=es&source=gbs_ge_summary_r#v=onepage&q&f=false
https://doi.org/10.1016/0076-6879(67)10027-X


Revista Mexicana de Ciencias Forestales Vol. 17 (94) 
Marzo - Abril (2026) 

 
 

71 

Pinus engelmannii Carr., en tres rodales semilleros del estado de Durango, México. Madera 

y Bosques, 18(3), 7-21. https://www.scielo.org.mx/scielo.php?pid=S1405-

04712012000300002&script=sci_arttext 

Cartes-Rodríguez, E., Acevedo-Tapia, M., González-Ortega, M., Álvarez-Maldini, C., 

Mena-Marín, P., & García-Rivas, E. (2019). Manual de manejo de riego y fertilización 

en viveros de plantas a raíz cubierta [Manual 51]. Instituto Forestal. 

https://share.google/7KZ4298LNAdmksjM3 

Comisión Nacional Forestal. (2023, 27 de octubre). Estado que guarda el sector forestal 

en México 2022. Gobierno de México. https://www.gob.mx/conafor/documentos/estado-

que-guarda-el-sector-forestal-en-mexico-2022-349939 

Coolbear, P., Francis, A., & Grierson, D. (1984). The effect of low temperature pre-

sowing treatment on the germination performance and membrane integrity of 

artificially aged tomato seeds. Journal of Experimental Botany, 35(11), 1609-1617. 

https://doi.org/10.1093/jxb/35.11.1609 

Czabator, F. J. (1962). Germination value: An index combining speed and 

completeness of pine seed germination. Forest Science, 8(4), 386-396. 

https://doi.org/10.1093/forestscience/8.4.386 

de Carvalho, D. F., de O.-Silva, L., Suriani, M. C. V., de O.-da Silva, L., da Rocha, J. 

G., & dos S.-Leles, P. S. (2025). Growth of tree species seedlings under shading levels 

and automatic irrigation management. Revista Brasileira de Engenharia Agrícola e 

Ambiental, 29(5), Article e287662. https://doi.org/10.1590/1807-

1929/agriambi.v29n5e287662 

Díaz-Blanco, G. G., Salcido-Ruiz, S., Prieto-Ruíz, J. A., Santana-Aispuro, E., Chávez-

Simental, J. A., & Madrid-Aispuro, R. E. (2025). Determination and adjustment of the 

irrigation uniformity coefficient: a case study in a forest nursery in Durango, Mexico. 

Agro Productividad, 18(11), 47-55. https://doi.org/10.32854/ptdnsr22 

Dumroese, R. K., Page-Dumroese, D. S., Salifu, K. F., & Jacobs, D. F. (2005). 

Exponential fertilization of Pinus monticola seedlings: nutrient uptake efficiency, leaching 

fractions, and early outplanting performance. Canadian Journal of Forest Research, 

35(12), 2961-2967. https://www.srs.fs.usda.gov/pubs/ja/ja_dumroese013.pdf 

https://www.scielo.org.mx/scielo.php?pid=S1405-04712012000300002&script=sci_arttext
https://www.scielo.org.mx/scielo.php?pid=S1405-04712012000300002&script=sci_arttext
https://share.google/7KZ4298LNAdmksjM3
https://www.gob.mx/conafor/documentos/estado-que-guarda-el-sector-forestal-en-mexico-2022-349939
https://www.gob.mx/conafor/documentos/estado-que-guarda-el-sector-forestal-en-mexico-2022-349939
https://doi.org/10.1093/jxb/35.11.1609
https://doi.org/10.1093/forestscience/8.4.386
https://doi.org/10.1590/1807-1929/agriambi.v29n5e287662
https://doi.org/10.1590/1807-1929/agriambi.v29n5e287662
https://doi.org/10.32854/ptdnsr22
https://www.srs.fs.usda.gov/pubs/ja/ja_dumroese013.pdf


Santana-Aispuro et al., Effect of the irrigation system on the germination… 
 
 

72 

Dumroese, R. K., Wenny, D. L., & Page-Dumroese, D. S. (1995). Nursery waste 

water: The problem and possible remedies. In T. D. Landis & B. Cregg (Tech. 

Coords.), National Proceedings: Forest and Conservation Nursery Associations 

[General Technical Report PNW-GTR-365] (page 89). United States Department of 

Agriculture. https://rngr.net/publications/proceedings/1995/dumroese.pdf 

Eissenstat, D. M., Wells, C. E., Yanai, R. D., & Whitbeck, J. L. (2000). Building roots 

in a changing environment: implications for root longevity. New Phytologist, 147(1), 

33-42. https://doi.org/10.1046/j.1469-8137.2000.00686.x 

Ferrarezi, R. S., Weaver, G. M., van Iersel, M. W., & Testezlaf, R. (2015). Subirrigation: 

Historical overview, challenges, and future prospects. HortTechnology, 25(3), 262-276. 

https://journals.ashs.org/horttech/view/journals/horttech/25/3/article-p262.xml 

Gallegos, J., Álvaro, J. E., & Urrestarazu, M. (2020). Container design affects shoot 

and root growth of vegetable plant. HortScience, 55(6), 787-794. 

https://doi.org/10.21273/HORTSCI14954-20 

González-Alemán, M. A., Aguilera-Rodríguez, M., Hernández-Díaz, J. C., Wehenkel, 

C., Madrid-Aispuro, R. E., & Prieto-Ruíz, J. Á. (2025). Growth of Pinus durangensis 

Mart. in response to substrate types and controlled-release fertilizer rates in a 

nursery. Revista Chapingo Serie Ciencias Forestales y del Ambiente, 31, Article 

e24039. https://doi.org/10.5154/r.rchscfa.2024.09.039 

González-Torralva, F. L., & López-López, M. Á. (2024). Fertirriego por inundación: 

una opción para ahorrar agua en viveros forestales. En S. I. Jiménez-Jiménez, M. 

de J. Marcial-Pablo, I. Sánchez-Cohen & M. A. Inzunza-Ibarra (Comps.), IX 

Congreso Nacional y II Congreso Internacional de Riego, Drenaje y Biosistemas 

(COMEII-2400). Universidad Autónoma Chapingo. 

https://www.riego.mx/congresos/comeii2024/assets/files/thematicPresentationE

xtended/24037-Extenso.pdf 

Hernández-Anguiano, L. A., López-Upton, J., Ramírez-Herrera, C., & Romero-

Manzanares, A. (2018). Variation in germination and vigor of Pinus cembroides and 

Pinus orizabensis seeds. Agrociencia, 52(8), 1161-1178. https://agrociencia-

colpos.org/index.php/agrociencia/article/view/1730 

https://rngr.net/publications/proceedings/1995/dumroese.pdf
https://doi.org/10.1046/j.1469-8137.2000.00686.x
https://journals.ashs.org/horttech/view/journals/horttech/25/3/article-p262.xml
https://doi.org/10.21273/HORTSCI14954-20
https://doi.org/10.5154/r.rchscfa.2024.09.039
https://www.riego.mx/congresos/comeii2024/assets/files/thematicPresentationExtended/24037-Extenso.pdf
https://www.riego.mx/congresos/comeii2024/assets/files/thematicPresentationExtended/24037-Extenso.pdf
https://agrociencia-colpos.org/index.php/agrociencia/article/view/1730
https://agrociencia-colpos.org/index.php/agrociencia/article/view/1730


Revista Mexicana de Ciencias Forestales Vol. 17 (94) 
Marzo - Abril (2026) 

 
 

73 

International Seed Testing Association. (2015). Chapter 5: The germination test. In 

International Seed Testing Association (Ed.), International Rules for Seed Testing (pp. 

5-56). International Seed Testing Association. 

https://www.scirp.org/reference/referencespapers?referenceid=3988692 

López-López, M. Á., Martínez-Velasco, L. E., González-Torralva, F. L., Ramírez-

Galicia, K., Valencia-Trejo, G. M., Hernández-Valera, R. R., Sánchez-Guerrero, A., & 

Juárez-Mirón, F. (2023). Innovaciones al sistema de fertirriego en viveros forestales 

y transferencia de la tecnología. En M. E. López-Vázquez, O. H. Tosquy-Valle, N. 

Peralta-Antonio, R. L. Rebolledo-García & Á. Capetillo-Burela (Eds.), Ciencia y 

tecnología para un campo productivo y sustentable (pp. 1959-1973). Instituto 

Nacional de Investigaciones Forestales, Agrícolas y Pecuarias. 

https://es.scribd.com/document/723264210/Ciencia-y-TecnologiaRCVer2023 

López-Martínez, P. L., Villalón-Mendoza, H., Yerena-Yamallel, J. I., Jiménez-Pérez, J., 

Guevara-González, J. A., & Martínez-Barrón, R. A. (2014). Sistemas de riego para la 

producción de planta de Prosopis laevigata (Humb & Bonpl. ex. Wild), M.C. Johnst. 

en vivero forestal. Revista Latinoamericana de Recursos Naturales, 10(2), 45-51. 

https://revista.itson.edu.mx/index.php/rlrn/article/view/231 

Mendizábal-Hernández, L. del C., Alba-Landa, J., Rodríguez-Juárez, M. C., Ramírez-

García, E. O., Márquez-Ramírez, J., & Cruz-Jiménez, H. (2015). Estudio de 

germinación de cinco procedencias de Pinus greggii Engelm. Foresta Veracruzana, 

17(1), 49-56. https://www.redalyc.org/journal/497/49742125007/html/ 

Pang, Z., Zhang, Y., Han, S., Wang, E., & Chen, X. (2024). Effects of root architecture 

on uprooting properties between deciduous and evergreen species with different 

growth habits. Forests, 15(4), 585. https://doi.org/10.3390/f15040585 

Prieto-Ruíz, J. Á., & Rubio-Chaidez, F. (1994). Efecto de cinco profundidades de siembra en 

la emergencia de Pinus engelmannii, en almácigo. Revista Ciencia Forestal en México, 19(76), 

77-87. https://cienciasforestales.inifap.gob.mx/index.php/forestales/article/view/1034 

R Core Team. (2024). R: A Language and Environment for Statistical Computing (version 

4.4.1) [Software]. R Foundation for Statistical Computing. https://www.R-project.org/ 

https://www.scirp.org/reference/referencespapers?referenceid=3988692
https://es.scribd.com/document/723264210/Ciencia-y-TecnologiaRCVer2023
https://revista.itson.edu.mx/index.php/rlrn/article/view/231
https://www.redalyc.org/journal/497/49742125007/html/
https://doi.org/10.3390/f15040585
https://cienciasforestales.inifap.gob.mx/index.php/forestales/article/view/1034
https://www.r-project.org/


Santana-Aispuro et al., Effect of the irrigation system on the germination… 
 
 

74 

Ramírez-Galicia, K., López-López, M. Á., Cetina-Alcalá, V. M., & Mohedano-Caballero, 

L. (2022). Prototipo de vivero forestal con fertirriego por subirrigación. Revista 

Mexicana de Ciencias Forestales, 13(74), 174-185. 

https://doi.org/10.29298/rmcf.v13i74.1195 

Salcido-Ruiz, S., Prieto-Ruíz, J. Á., García-Rodríguez, J. L., Santana-Aispuro, E., & 

Chávez-Simental, J. A. (2020). Mycorrhiza and fertilization: Effect on the production 

of Pinus engelmannii Carr. in nursery. Revista Chapingo Serie Ciencias Forestales y 

del Ambiente, 26(3), 327-342. https://doi.org/10.5154/r.rchscfa.2019.11.080 

Sánchez-Mendoza, J. L., Jiménez-Casas, M., Ramírez-Herrera, C., & Viveros-Viveros, 

H. (2023). Calidad de semilla y crecimiento de planta en poblaciones y altitudes de 

Pinus hartwegii Lindl. Revista Mexicana de Ciencias Forestales, 14(75), 143-165. 

https://doi.org/10.29298/rmcf.v14i75.1297 

Sánchez-Velázquez, J. R., Aguilera-Rodríguez, M., Aldrete, A., & Torres-Pérez, J. A. 

(2023). 1. Planeación, administración y control de la producción. En A. Aldrete, J. R. 

Sánchez-Velázquez, M. Aguilera-Rodríguez, D. Cibrián-Tovar & S. E. García-Díaz 

(Eds.). Manual de buenas prácticas para el manejo de la salud de planta en viveros 

forestales (pp. 3-18). Universidad Autónoma Chapingo. 

https://es.scribd.com/document/829229770/ManualBuenasPrcticas-150-MEDIA1 

Seethepalli, A., Dhakal, K., Griffiths, M., Guo, H., Freschet, G. T., & York, L. M. (2021). 

RhizoVision Explorer: open-source software for root image analysis and measurement 

standardization. AoB PLANTS, 13(6), Article plab056. 

https://doi.org/10.1093/aobpla/plab056 

Sung, S.-J. S., Dumroese, R. K., Pinto, J. R., & Sayer, M. A. S. (2019). The persistence of 

container nursery treatments on the field performance and root system morphology of 

longleaf pine seedlings. Forests, 10(9), Article 807. https://doi.org/10.3390/f10090807 

 

 

  

Todos los textos publicados por la Revista Mexicana de Ciencias Forestales –sin excepción– 

se distribuyen amparados bajo la licencia Creative Commons 4.0 Atribución-No Comercial (CC BY-NC 

4.0 Internacional), que permite a terceros utilizar lo publicado siempre que mencionen la autoría del 

trabajo y a la primera publicación en esta revista. 

https://doi.org/10.29298/rmcf.v13i74.1195
https://doi.org/10.5154/r.rchscfa.2019.11.080
https://doi.org/10.29298/rmcf.v14i75.1297
https://es.scribd.com/document/829229770/ManualBuenasPrcticas-150-MEDIA1
https://doi.org/10.1093/aobpla/plab056
https://doi.org/10.3390/f10090807
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

