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ABSTRACT RESUMEN

Some studies on the impact of climate changes on wheat have 
been carried out, but few have explained the possible variations 
in root morphology and associated microbial diversity. The 
present study aimed to evaluate the effect of canopy tempera-
ture increases of 2°C in wheat during three experimental crop 
cycles on the initial and final root density and the presence of 
symbiotic association with arbuscular mycorrhizal fungi (AMF) 
under field conditions. The warming treatment resulted in the 
highest percentage of roots (51%) at a greater depth than the 
control. The warming caused a 38% decrease in the presence of 
AMF and a 20% decrease in the number of spores per kilogram 
of soil. The warming treatment generated stress intensities of 
18 and 17% in the amount of spore per kilogram of soil and 
percentage of colonization, respectively. 

Se han realizado algunos estudios sobre el impacto del cambio 
climático en el trigo, pero pocos han explicado las posibles 
variaciones en la morfología de las raíces y la diversidad micro-
biana asociada. El presente estudio tuvo como objetivo evaluar 
el efecto del aumento de 2°C en la temperatura del dosel en trigo 
durante tres ciclos experimentales de cultivo, sobre la densidad 
de raíces inicial y final, y la presencia en asociación simbiótica 
con hongos micorrízicos arbusculares (HMA) en condiciones 
de campo. El tratamiento térmico mostró el mayor porcentaje 
de raíces (51%) a mayor profundidad que el control. El calen-
tamiento provocó una disminución del 38% en la presencia de 
HMA y una disminución del 20% en la cantidad de esporas por 
kilogramo de suelo. El tratamiento térmico generó intensidades 
de estrés de 18 y 17% en la cantidad de esporas por kilogramo 
de suelo y en el porcentaje de colonización, respectivamente.

Key words: climate change, soil fungi, rhizosphere, Triticum 
durum Desf.

Palabras clave: cambio climático, hongos del suelo, rizosfera, 
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Warming reduces the root density and wheat colonization by 
arbuscular mycorrhizal fungi in the Yaqui Valley, Mexico

El calentamiento reduce la densidad de raíces y la colonización de hongos 
micorrízicos arbusculares en trigo en el Valle del Yaqui, México

Ofelda Peñuelas-Rubio1, Leandris Argentel-Martínez2*, José Aurelio Leyva Ponce1, Julio César García-Urías1,  
Jaime Garatuza-Payán2, Enrico Yepez2, Mirza Hasanuzzaman3, and Jorge González Aguilera4

Introduction

The IPCC (Intergovernmental Panel on Climate Change) 
reports for the Northwest of Mexico indicates significant 
thermal variations with temperature increases between 2°C 
and 4°C for the next 20 years (IPCC, 2014). In this regard, 
the national and international scientific community state 
that some crops will show variations from 10% to 30% in 
their physiological and agronomic performance (Giménez 
et al., 2021; Sadeghi et al., 2022). The Yaqui Valley is one 
of the Mexican northwestern regions with significant 
temperature increases, and wheat (Triticum durum Desf.) 
is one of the most negatively affected crops (Garatuza-
Payán et al., 2018).

Some studies of climate change impact on wheat have 
explained the effects of temperature increase on mor-
phological, physiological, biochemical, molecular, and 
agronomical indicators (Argentel-Martínez, Arredondo et 
al., 2019; Asseng et al., 2019; Liu, 2019; Impa et al., 2021). 
Some other studies are based on parameterized models, 
using controlled and semi-controlled experimental ap-
proaches (Asseng et al., 2015; Ahmed et al., 2017; Chenu et 
al., 2017; Zhao et al., 2019), but few studies have explained 
the possible variations of root morphology and the associ-
ated microbial diversity under climate change scenarios. In 
this context, the associated microbial diversity contributes 
significantly to mineral nutrition by increasing the avail-
ability of some nutrients, mainly nitrogen, phosphorus, 
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and also, the maintenance of humidity in the rhizosphere 
(Begum et al., 2019). 

In the Yaqui Valley, the region with the highest wheat 
production in Mexico, with more than 41% of the national 
production (Argentel-Martínez, Arredondo et al., 2019), 
some studies explored the relationship between climate 
change and microbial diversity (Parra-Cota et al., 2018; 
Ingraffia et al., 2019) but none reported the arbuscular 
mycorrhizal fungi (AMF) effects on wheat crop and their 
relationship with climate change. Hence, wheat production 
vulnerability predicted for the next ten years in the Yaqui 
Valley due to climate change scenarios (Garatuza-Payán et 
al., 2018) could be exacerbated if beneficial microorganism 
diversity decreases in the region, where the contents of soil 
organic matter are very low (Parra-Cota et al., 2018). 

For this reason, the present study aimed to evaluate the 
effect of canopy temperature increase of 2°C on the final 
root density and the colonization percentage and diversity 
of the symbiotic association AMF-wheat under field condi-
tions in the Yaqui Valley, Sonora, Mexico.

Materials and methods

Experimental area and treatments
This experiment was carried out during three crop cycles 
(2016-17, 2017-18, 2018-19) in order to evaluate the effect 
of a canopy temperature increase of 2°C on agronomic 
performance of wheat under field conditions (30o27’50.83” 
N, 60o73’93.24” E) in the Instituto Tecnológico de Sonora, 
México (Garatuza-Payán et al., 2018; Argentel-Martinez, 
Garatuza-Payán et al., 2019). Five adjacent plots with 
increased temperature in relation to the ambient canopy 
temperature were established with a randomized design 
during the 2016-17, 2017-18, and 2018-19 crop cycles, using 
the crystalline wheat variety CIRNO C2008. Treatments 
consisted in increasing canopy temperature by 2°C (war-
ming treatment) above the ambient temperature (control 
treatment). At the end of the experiment, arbuscular myco-
rrhizal fungi (AMF) colonization was evaluated. 

The soil in the experimental area was classified as com-
pacted vertisol (González et al., 2003). The national 

classification of this soil correlates with Halic Haplusterts 
according to the soil genetic classification methodology 
developed by Soil Taxonomy (Bockheim et al., 2014), which 
also correlates with the classification proposed by World 
Reference Base (Mosleh et al., 2017). 

For higher experimental accuracy, a soil chemical analy-
sis was carried out in the Edaphology Laboratory of the 
Technological Institute of Sonora (Tab. 1) following the 
Official Mexican Norm (NOM-021-RECNAT, 2000), which 
specifies fertility, salinity, and classification of soils. The 
main chemical feature was the electrical conductivity (EC) 
value of 1.96 dS m-1, which classified this soil as saline (Nell 
& Van Huyssteen, 2014). The soil organic matter content 
(OM) was low, suggesting a decrease in microbial diversity 
(Ding et al., 2014).

Temperature manipulation and control
A temperature increase of 2°C in the crop canopy was 
applied 15 d after seedling emergence in all crop cycles 
using six thermal radiators per plot (FTE-1000 model, 
1000W, 240 V, 245 mm long x 60 mm wide, Mor Electric 
Company Heating Association Inc. Comstock Park, MI, 
USA (Kimball, 2015). The radiators formed a regular 
hexagon which effectively increased canopy temperature 
with respect to the adjacent plot at ambient temperature; 
this was based on an electronic integrative and degradative 
algorithm that simulates a climate change scenario for the 
Yaqui Valley for the next 20 years (Kimbal, 2015). 

The temperature was controlled using infrared temperature 
sensors (IRTS Apogee Instruments Inc., Logan, UT, USA) 
installed on both the control and warming plots (five plots, 
respectively) with an inclination degree of 45° with respect 
to the soil surface, covering a circle of r = 1.5 m at the center 
of the plots. Warming was done at a height of 1.20 m of the 
canopy and started 15 d after the seedling emergence until 
the harvest (Garatuza-Payán et al., 2018). 

Soil preparation, seed sowing, and 
agronomic management
Soil preparation was carried out by the traditional method 
in the three experimental crop cycles, following the specifi-
cations of the technical instructions for wheat in southern 

TABLE 1. Agrochemical characteristics of the soil used for the experiment.

pH OM1 (%) EC
(dS m-1)

Cations
(meq L-1)

Anions
(meq L-1)

K+ Na+ Ca2+ Mg2+ SO4
2- CO3

2- HCO3
- Cl-

7.1 0.7 1.96 1.13 8.7 7.8 5.23 4.59 0.85 3.34 5.7

1 OM: soil organic matter content, EC: electrical conductivity. Methodologies based on NOM-021-RECNAT-2000.
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Sonora (Figueroa-López et al., 2010), in order to achieve a 
soil granular structure. 

The sowing was carried out on December 7th; 8th and 16th 
of 2016, 2017, and 2018, respectively, with a URBON-GH 
sowing machine at a depth of 8 cm, with a towing capacity 
of six furrows with three rows each, regulated to a density 
of 170 kg ha-1.

Prior to sowing, bottom fertilization was carried out to a 
standard of 250 kg ha-1 of urea + 50 kg ha-1 of mono-ammo-
nium phosphate fertilizer (MAP, 11-52-00). The fertilizer 
was incorporated during the furrow conformation.

The second and third nitrogen fertilizations were applied 
immediately before the first and second irrigations at a 
dose of 50 kg ha-1 of urea during tillering and booting phe-
nological phases, respectively. All irrigations were applied 
at an average depth of 14 cm and at an average irrigation 
interval of 25 d, when the soil had approximately 75% of 
field capacity. 

Initial and final root density measurements 
Four soil rhizosphere samples were extracted from each 
plot at soil depths of 0-20 cm, 20-40 cm, and 40-60 cm in 
both treatments at leaf growth phenological phase (30 d 
after emergence) and during grain ripening (kernel hard). 
Subsequently, the soil was separated from the roots with 
water; the roots were cut at the base of the stem and the root 
volume was measured by volumetry with a glass measuring 
cylinder that contained an initial volume of 50 ml of water 
(Tennant, 1975).

Spore quantification and mycorrhizal colonization
During the ripening phenological phase, three samples of 
plants and rhizosphere soil were taken from each repetition 
of treatment to quantify the number of AMF spores present 
on roots and determine the percentage of mycorrhizal 
colonization. Three replicates of 20 g of soil from each soil 
sample were processed by the wet sieving technique (Ger-
derman & Nicolson, 1963) and sucrose gradient (Walker 
et al., 1982) to obtain and quantify the AMF spores. Only 
viable spores were considered in the quantification, discar-
ding broken, damaged and/or parasitized spores. The root 
material was washed with distilled water and the thinnest 
root samples were cut into fragments of 4 cm in length. 
Later they were stained by the Trypan blue method (Phillips 
& Hayman, 1970).

The stained roots were mounted in a gridded Petri dish (1 
x 1 cm) to perform colonization quantification under the 
stereoscope (4X) using the intercepts method (McGonigle 

et al., 1990). Counts were performed in duplicate. The 
presence of any fungal structure (arbuscules, vesicles, 
or hyphae) in the interior of the roots was considered an 
indicator of colonization (Sangabriel-Conde et al., 2014). 

Statistical analysis 
After verifying the fulfillment of the theoretical assump-
tions of normality and variance homogeneity (Komolgorov, 
1933) of each evaluated variable (the initial and final root 
densities and the number of spores by kg of soil), the means, 
standard deviation, and standard error were calculated. The 
crop cycles were taken as repetitions due to the similarity of 
the data. The means were compared following a hypothe-
sis test for continuous quantitative variables, using the 
theoretical distribution of t-Student for P<0.01. Warming 
stress intensity (WSI) was determined for both variables 
evaluated following the formula proposed by Fernández 
(1993): WSI = 1-(variable under warming/variable under 
control). Subsequently, the variables were compared using 
a t-Student hypothesis test. For all analyses, the statistical 
program STATISTICA version for Windows (StatSoft, 
2014) was used. 

Results

The presented data in each treatment are the result of the 
average of the three crop cycles due to the absence of sig-
nificant differences (P= 0.08322). The highest root density 
(51%) was concentrated at a depth of 0-20 cm in the control 
treatment; however, at this depth, in the warming treat-
ment, the root density was only 27%. In contrast, warming 
grouped the major root percentage (52%) at a depth of 20-40 
cm. The present result indicates that the imposed warming, 
although intended to create a canopy warming (Kimball, 
2015), caused a greater root penetration, which perhaps 
could contribute to increased mineral uptake available 
at deeper strata (Tab. 2). On the other hand, at a depth of 
40-60 cm, only 16 and 15% of the total volume of roots was 
found for the control and warming treatments, respectively.

Root growth is critical for crops to use soil water under 
water-limited conditions. A study conducted by Ouss-
ible et al. (1992) to investigate the effect of available soil 
water on root and shoot growth under deficit irrigation 
in a semiarid environment demonstrated the relationship 
between root density and leaf area. In the present study, 
the increase in the deep root system under warming was a 
morphological mechanism activated to avoid water stress. 
This mechanism helps to increase water and mineral uptake 
during adaptation to water stress due to warming condi-
tions (Chen et al., 2019).
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There are many factors that contribute to regulating AMF 
colonization, such as root density, root exudates, and the 
availability of nutrients in the rhizosphere (Smith and 
Read, 2008). In this study, the decrease in root density in 
the warming treatment was determined according to the 
obtained AFM colonization percentage.

Arbuscular mycorrhizal fungi colonization 
and the number of spores in soil 
There was a highly significant difference (P=0.0002) in the 
percentage of AMF colonization in the roots of the crop 
because of the imposed warming (Fig. 1), with a reduction 
of 16.7% in the warming treatment with respect to the 
control treatment. The colonization percentage obtained 
in the control treatment agrees with Ingraffia et al. (2019), 
who found approximately 29-30% colonization in wheat.

(i) cannot tolerate new soil conditions; (ii) are not able to 
infect the host plant under these conditions; or (iii) are not 
able to compete with other species of AMF fungi that have 
become dominant due to new growth conditions (Sieverd-
ing, 1991). These results confirm the result obtained in our 
study (Fig. 1) by reducing the presence of AMF spores by 
the applied treatment.

The number of spores per 1 kg of soil also decreased by 
38.5% (P=0.00031) because of the warming imposed (Fig. 
2); the standard deviation of the control treatment was 
higher, but this variability did not negate the significant 
differences found.

TABLE 2. Initial and final root density at different soil depths (0-20; 20-40; 40-60 cm) under warming and control treatments [(t value): calculated t 
value; df: degrees of freedom; p: error probability].

Treatments
Root density (cm cm-3)

Initial (leaf development) Final  (ripening)

0-20 0-20 20-40 40-60

Control 0.03 ± 0.001 0.51 ± 0.02 0.30 ± 0.01 0.16 ± 0.001

Warming 0.03 ± 003 0.27 ± 0.001 0.52 ± 0.002 0.14 ± 0.003

t- value -0.1739 42.9995 65.6780 19.0548

df 22 22 22 22

p 0.8634 0.0000 0.0000 0.0000
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FIGURE 2. Number of spores per kg of soil in the wheat roots under war-
ming and control treatments. SE: standard error of the mean.

Warming stress intensity for AMF colonization 
and the number of spores in soil 
When analyzing the intensity of stress in the evaluated 
variables, greater (18%) sensitivity was found in the per-
centage of colonization, with highly significant differences 
with respect to the number of spores per 1 kg of soil (Fig. 3).

Stress intensity is a calculated parameter that indicates 
the severity of stressful conditions on biological variables 

FIGURE 1. Colonization percentage of AMF in wheat under warming and 
control treatments. SE: standard error of the mean.

This result indicates the adverse effect of temperature 
increase, as is predicted for Yaqui Valley, in the reduction 
of fungal diversity and a significant reduction in the colo-
nization percentage. According to Schalamuk et al. (2006), 
changes in soil management can result in crop species 
without AMF or without certain AMF species because they: 
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experimental and farming methodology; JGP provided 
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(mainly root length and plant height) and measures tol-
erance to some stressful conditions. The present study 
demonstrated that AMF spores can prevail in the soil, but 
due to the warming effect, their symbiosis capacity and 
diversity decrease. This result could affect the availability 
of some mineral nutrients and water for plant develop-
ment, reducing agronomic performance of wheat under 
warming conditions.

Conclusions

Greater root density in the warming treatment was found 
at greater depths (20-40 cm) than in the control treat-
ment. This response constitutes a morphological tolerance 
mechanism for heat stress in the variety used in the experi-
ment. Warming caused a 38% decrease in the presence of 
arbuscular mycorrhizal fungi on wheat roots. The imposed 
warming generated stress intensities of 18 and 17% in the 
number of spores per kg of soil and colonization percent-
age, respectively.

Acknowledgments 
We are grateful to the National Technological Institute 
of Mexico TecNM) and Consejo Estatal de Ciencia y Tec-
nología – Sonora, Grant No. 20190430 for their support.

Conflict of interest statement
The authors declare that there are no conflicts of interests 
regarding the publication of this article.

Author’s contributions
OPR conducted the research process, specifically perfor-
ming the experiments; JALP collected data and conducted 
the experiment under field conditions and was in charge 
of writing and software management; JCGU contribu-
ted to writing and software collection; LAM developed 

FIGURE 3. Stress intensity for colonization percentage and the number of 
spores per kg of soil. SE: standard error of the mean.

https://doi.org/10.15159/AR.19.003
https://doi.org/10.15159/AR.19.003
https://doi.org/10.7717/peerj.7029
https://doi.org/10.7717/peerj.7029
https://doi.org/10.1038/NCLIMATE2470
https://doi.org/10.1111/gcb.14481
https://doi.org/10.3389/fpls.2019.01068
https://doi.org/10.3389/fpls.2019.01068
https://doi.org/10.1016/j.geoderma.2014.02.016
https://doi.org/10.1111/ejss.12766
https://doi.org/10.1016/j.tplants.2017.02.003
https://doi.org/10.1371/journal.pone.0092958
https://doi.org/10.1371/journal.pone.0092958


445Peñuelas-Rubio, Argentel-Martínez, Leyva Ponce, García-Urías, Garatuza-Payán, Yepez, Hasanuzzaman, and González Aguilera: Warming reduces the root density and 
wheat colonization by arbuscular mycorrhizal fungi in the Yaqui Valley, Mexico

Fernández, G. C. J. (1993). Effective selection criteria for assessing 
plant tolerance. In C. G. Kuo (Ed.), Adaptation of food crops 
to temperature and water stress. International Symposium on 
Adaptation of Food Crops to Temperature and Water Stress (pp. 
257–270), 13–18 August 1992. Publication number 93–410. 
Taiwan: Asian Vegetable Research and Development Center. 

Figueroa-López, P., Félix-Fuentes, J. L., Fuentes-Dávila, G., Vallen-
zuela-Herrera, V., Chávez-Villalba, G., & Mendoza-Lugo, J. A. 
(2010). CIRNO C2008, una nueva variedad de trigo cristalino 
con alto potencial de rendimiento para Sonora. Revista Mexi-
cana de Ciencias Agrícolas, 1(5), 739–744.

Garatuza-Payán, J., Argentel-Martinez, L., Yépez, E. A., & Ar-
redondo, T. (2018). Initial response of phenology and yield 
components of wheat (Triticum durum L., CIRNO C2008) 
under experimental warming field conditions in the Yaqui Val-
ley. PeerJ, 6, Article e5064. https://doi.org/10.7717/peerj.5064 

Gerdemann, J. W., & Nicolson, T. H. (1963). Spores of mycorrhizal 
Endogone species extracted from soil by wet sieving and de-
canting. Transactions of the British Mycological Society, 46(2), 
235–244. https://doi.org/10.1016/S0007-1536(63)80079-0 

González, R., Canales, A., & Marin, L. E. (2003). Salinización de 
suelos y acuíferos: el caso del Valle del Yaqui, Sonora, México. 
Revista Contacto Ecológico. H. Ayuntamiento de Cajeme, 5, 
19–23. 

Giménez, V. D., Miralles, D. J., García, G. A., & Serrago, R. A. 
(2021). Can crop management reduce the negative effects of 
warm nights on wheat yield? Field Crops Research, 261, Article 
108010. https://doi.org/10.1016/j.fcr.2020.108010

Ingraffia, R., Amato, G., Frenda, A. S., & Giambalvo, D. (2019). 
Impacts of arbuscular mycorrhizal fungi on nutrient uptake, 
N2 fixation, N transfer, and growth in a wheat/faba bean inter-
cropping system. PLoS ONE, 14(3), Article e0213672. https://
doi.org/10.1371/journal.pone.0213672 

IPCC. (2014). Climate Change (2014): synthesis report. Intergovern-
mental Panel on Climate Change. In R. K. Pachauri, & L. A. 
Meyer (Eds.), Contribution of working groups I, II and III to 
the fifth assessment report of the Intergovernmental Panel on 
Climate Change. Geneve: IPCC, 151.

Impa, S. M., Raju, B., Hein, N. T., Sandhu, J., Prasad, P. V., Walia, 
H., & Jagadish, S. K. (2021). High night temperature effects on 
wheat and rice: Current status and way forward. Plant, Cell 
& Environment, 44(7), 2049–2065. https://doi.org/10.1111/
pce.14028 

Kimball, B. A. (2015). Using canopy resistance for infrared heater 
control when warming open-field plots. Agronomy Journal, 
107(3), 1105–1112. https://doi.org/10.2134/agronj14.0418 

Kolmogorov, A. T. (1933). Basic concepts of probability theory. Berlin: 
Julius Springer.

Liu, B., Martre, P., Ewert, F., Porter, J. R., Challinor, A. J., Müller, 
C., Ruane, A. C., Waha, K, Thorburn, P. J., Aggarwal, P. K., 
Ahmed, M., Balkovič, J., Basso, B., Biernath, C., Bindi, M., 
Cammarano, D., De Sanctis, G., Dumont, B., Espadafor, … & 
Asseng, S. (2019). Global wheat production with 1.5 and 2.0 
°C above preindustrial warming. Global Change Biology, 25(4), 
1428–1444. https://doi.org/10.1111/gcb.14542 

McGonigle, T. P., Miller, M. H., Evans, D. G., Fairchild, G. L., & 
Swan, J. A. (1990). A new method which gives an objective 
measure of colonization of roots by vesicular-arbuscular my-
corrhizal fungi. New Phytologist, 115(3), 495–501. https://doi.
org/10.1111/j.1469-8137.1990.tb00476.x 

Mosleh, Z., Salehi, M. H., Jafari, A., & Borujeni, I. E. (2017). Com-
parison of capability of digitizing methods to predict soil clas-
sification according to the soil taxonomy and world reference 
base for soil resources. Majallah-i āb va Khāk, 30(4), 1180–1191. 
https://doi.org/10.22067/jsw.v30i4.47091 

Nell, J. P., & van Huyssteen, C. W. (2014). Soil classification groups 
to quantify primary salinity, sodicity and alkalinity in South 
African soils. South African Journal of Plant and Soil, 31(3), 
117–125. https://doi.org/10.1080/02571862.2014.921941

NOM-021-RECNAT-2000. (2002). Norma Oficial Mexicana que 
establece las especificaciones de fertilizada, salinidad y clasifi-
cación de suelos. Estudios, muestreos y análisis. http://www.
ordenjuridico.gob.mx/Documentos/Federal/wo69255.pdf

Oussible, M. R. K. C., Crookston, R. K., & Larson, W. E. (1992). 
Subsurface compaction reduces the root and shoot growth and 
grain yield of wheat. Agronomy Journal, 84(1), 34–38. https://
doi.org/10.2134/agronj1992.00021962008400010008x

Parra-Cota, F. I., Coronel-Acosta, C. B., Amézquita-Avilés, C. F., 
Santos-Villalobos, S., & Escalante-Martínez, D. I. (2018). Di-
versidad metabólica de microorganismos edáficos asociados al 
cultivo de maíz en el Valle del Yaqui, Sonora. Revista Mexicana 
de Ciencias Agrícolas, 9(2), 431–442. https://doi.org/10.29312/
remexca.v9i2.1083 

Phillips, J. M., & Hayman. D. S. (1970). Improved procedures for 
clearing roots and staining parasitic and vesicular-arbuscular 
mycorrhizal fungi for rapid assessment of infection. Transac-
tions of the British Mycologycal Society, 55(1), 158–161. https://
doi.org/10.1016/S0007-1536(70)80110-3 

Sadeghi, H., Mohamadi, H., Shamsipour, A., Zarei, K., & Karimi, M. 
(2022). Spatial relations between climatic variables and wheat 
yield in Iran. Geography and Development, 20(68), 150–173. 
https://doi.org/10.22111/J10.22111.2022.7008 

Sangabriel-Conde, W., Negrete-Yankelevich, S., Maldonado-
Mendoza, I. E., & Trejo-Aguilar, D. (2014). Native maize 
landraces from Los Tuxtlas, Mexico show varying mycorrhizal 
dependency for P uptake. Biology Fertility Soils, 50(2), 405–414. 
https://doi.org/10.1007/s00374-013-0847-x 

Schalamuk, S., Velazquez, S., Chidichimo, H., & Cabello, M. (2006). 
Fungal spore diversity of arbuscular mycorrhizal fungi asso-
ciated with spring wheat: effects of tillage. Mycologia, 98(1), 
16–22. https://doi.org/10.1080/15572536.2006.11832708 

Sieverding, E. (1991). Vesicular-arbuscular mycorrhiza management 
in tropical agrosystems. Deutsche Gesellschaft für Technische 
Zusammenarbeit, GTZ No. 224. Eschborn.

Smith, S. E., & Read, D. (2008). The symbionts forming arbuscular 
mycorrhizas. In S. E. Smith, & D. Read (Eds.), Mycorrhizal 
symbiosis (3rd. ed., pp. 13–41). Academic Press.

StatSoft, Inc. (2014). Statistica (data analysis software system), Ver-
sion 12. http://www.statsoft.com 

https://doi.org/10.7717/peerj.5064
https://doi.org/10.1016/S0007-1536(63)80079-0
https://doi.org/10.1016/j.fcr.2020.108010
https://doi.org/10.1371/journal.pone.0213672
https://doi.org/10.1371/journal.pone.0213672
https://doi.org/10.1111/pce.14028
https://doi.org/10.1111/pce.14028
https://doi.org/10.2134/agronj14.0418
https://doi.org/10.1111/gcb.14542
https://doi.org/10.1111/j.1469-8137.1990.tb00476.x
https://doi.org/10.1111/j.1469-8137.1990.tb00476.x
https://doi.org/10.22067/jsw.v30i4.47091
http://www.ordenjuridico.gob.mx/Documentos/Federal/wo69255.pdf
http://www.ordenjuridico.gob.mx/Documentos/Federal/wo69255.pdf
https://doi.org/10.29312/remexca.v9i2.1083
https://doi.org/10.29312/remexca.v9i2.1083
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.22111/J10.22111.2022.7008
https://doi.org/10.1007/s00374-013-0847-x
https://doi.org/10.1080/15572536.2006.11832708
http://www.statsoft.com


446 Agron. Colomb. 40(2) 2022

Tennant, D. (1975). A test of a modif ied line intersect method of 
estimating root length. Journal of Ecology, 63(3), 995–1001. 
https://doi.org/10.2307/2258617 

Walker, C., Mize, C. W., & McNabb Jr., H. S. (1982). Populations 
of endogonaceous fungi at two locations in central Iowa. 
Canadian Journal of Botany, 60(12), 2518–2529. https://doi.
org/10.1139/b82-305 

Zhao, C., Liu, B., Xiao, L., Hoogenboom, G., Boote, K. J., Kassie, B. 
T., Pavan, W., Shelia, V., Kim, K. S., Hernandez-Ochoa, I. M., 
Wallach, D., Porter, C. H., Stockle, C. O., Zhu, Y., & Asseng, S. 
(2019). A SIMPLE crop model. European Journal of Agronomy, 
104, 97–106. https://doi.org/10.1016/j.eja.2019.01.009 

https://doi.org/10.2307/2258617
https://doi.org/10.1139/b82-305
https://doi.org/10.1139/b82-305
https://doi.org/10.1016/j.eja.2019.01.009

