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Abstract 
Sánchez-Ledesma, J.A. Águila, B., Garibay-Orijel, R., García-De la Peña, C., Nava-Reyna, E., 2025. 
Soil mycobiome structure across central and peripherial zones in a pecan nut agroecosystem [Carya illi-
noinensis (Wangenh.) K. Koch]. Folia Oecologica, 52 (2): 149–161.

Using ITS1-based metabarcoding, we investigated the structure of the soil fungal communities in the cen-
tral and peripheral zones of a 25-hectare pecan nut (Carya illinoinensis) orchard located in the arid region of 
Coahuila, Mexico. While environmental conditions such as soil moisture and temperature varied between 
zones, physicochemical soil properties (pH, organic carbon, total carbon, organic matter, electrical con-
ductivity, and zinc) remained homogeneous. A total of 4,443 fungal OTUs were detected at 97% similarity. 
Alpha diversity indices did not differ significantly between zones. The fungal community was dominated by 
the phyla Ascomycota and Basidiomycota, with Pezizomycetes, Dothideomycetes, and Agaricomycetes as 
dominant classes. No statistically significant differences in beta diversity or community composition were 
found between zones (PERMANOVA p = 0.662). Redundancy analysis also revealed no clear clustering 
by zone, though localized differences were observed. Our findings suggest that agronomic management in 
this system promotes environmental homogeneity, leading to relatively uniform fungal communities. This 
exploratory study highlights the need for future research incorporating comparisons with adjacent natural 
ecosystems to better assess spatial patterns and potential edge effects in agroecosystems.
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Introduction

The cultivation of Carya illinoinensis (pecan nut) in arid 
regions of northern Mexico presents important opportuni-
ties for sustainable food production and soil biodiversity 
conservation (Sánchez-Ledesma  et al., 2023). Under-
standing the composition and function of the soil myco-
biome in these systems is essential, as fungi play critical 

roles in soil structure, nutrient cycling, and plant health 
(Casas Flores, 2012; Zeng, 2023). Fungal communities 
influence processes such as organic matter decomposition, 
pathogen suppression, and mycorrhizal symbiosis, which 
are all vital for orchard productivity and resilience under 
stressful conditions such as drought and salinity (Teder-
soo et al., 2020; Ma et al., 2020).

In ecological theory, the edge effect refers to changes
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in community structure and function that occur at the 
boundaries between different habitats (Porensky et al., 
2013). The edge effect as a type of spatial structuring, is 
controlled by the responses of microorganisms to environ-
mental parameters (Aguiar et al., 2023). In agroecosys-
tems, edges may influence microclimatic variables such 
as light, temperature, and humidity, and may also mediate 
biotic interactions, including dispersal and competition be-
tween fungal taxa (Schmidt, 2019). Studies have shown 
that edge effects can either promote diversity through hab-
itat heterogeneity or reduce it due to disturbance gradients 
(Bennett et al., 2022; Johnson et al., 2011).
 Despite the increasing attention to microbial ecology 
in natural ecosystems, relatively few studies have explored 
fungal communities in orchards or other managed peren-
nial systems, particularly in relation to spatial gradients 
within the cropping area (Kreitzman, 2020). The genus 
Carya, including C. illinoinensis, has been associated with 
diverse fungal partners: including arbuscular mycorrhizal 
fungi (e.g., Glomus, Rhizophagus) which provide benefits 
to the tree mainly in the supply of nutrients and helping 
them to grow in salinity conditions typical of arid zones 
(Guerrero-Galán et al., 2019; Ma et al., 2021); ectomy-
corrhizal species (e.g., Tuber, Lactarius, Russula, Peziza); 
as well as saprotrophs which can work as biostimulants in 
the processes of flower growth, fruit size and fruit set (Al-
vidrez-Villarreal  et al., 2012); and phytopathogenic 
genera such as Fusarium (Gryzenhout et al., 2016; Shi et 
al., 2022). These communities are shaped by host traits, or-
chard age, soil chemistry, and irrigation regimes. The incor-
poration of these soil fungal groups in Carya illinoinensis 
agriculture contributes to the maintenance biodiversity and 
proper orchards functioning. The interaction between soil 

microorganisms and agroecosystems involving forest spe-
cies such as Carya illinoinensis positively influences tree 
development. This interaction significantly impacts agricul-
ture by providing valuable insights into the microbial com-
position of ecological niches, their metabolic potential, and 
biological interactions (Rivera-Urbalejo  et al., 2021).
 However, there is still limited knowledge about spa-
tial variation within orchards, such as differences between 
central and peripheral zones, may influence fungal com-
munity structure, especially in arid systems where micro-
climatic gradients are accentuated (Eslaminejad et al., 
2020; Sharma et al., 2022).
 This study explores fungal community composi-
tion and spatial structure in the center and periphery of 
a pecan nut orchard in Coahuila, Mexico. We applied 
high-throughput DNA sequencing of the ITS1 region to 
characterize fungal diversity and composition in relation 
to environmental and physicochemical variables. We aim 
to determine whether management practices and envi-
ronmental gradients within the orchard result in spatial 
differentiation of the soil mycobiome. While our study is 
exploratory and based on a limited number of composite 
samples, it provides a first step toward understanding the 
spatial ecology of soil fungi in Carya illinoinensis agro-
ecosystems under arid conditions.

Materials and methods

Study area

This study was conducted in a 25-hectare orchard of Carya 
illinoinensis located in the municipality of Viesca, Coahui-

Fig. 1. Geographical location of the study site of pecan nut in Viesca, Coahuila, Mexico. A total of eight samples (composite 
samples) were sampled; Soils exposed to full sun (Periphery) include samples in blue, while soils on full shadow include 
samples M3, M4, M5, and M6 (Center) colored in red.
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la, Mexico (Fig. 1). It is located at 2.5°25’N, 108°18’W, 
with an elevation of 1,200 m above sea level. The orchard 
utilizes a 12 × 12 planting grid, a subsurface drip irriga-
tion system, and has a clay-loam textured soil, with a field 
capacity of 0.35 m3 m–3 and a permanent wilting point of 
0.19 m3 m–3 (Sánchez-Ledesma  et al., 2023). The orchard 
is managed conventionally according to the technological 
package for pecan nut production (INIFAP, 2002).

Sample collection

A 25-hectare area was surveyed, containing Carya illi-
noinensis trees aged 20–25 years, each producing 15–20 
kg of nuts per year. The orchard was divided into two 
zones: center (shaded soil beneath the tree canopy) and 
periphery (soil exposed to full sun). Four composite soil 
samples were collected per zone, resulting in a total of 
eight composite samples. For each composite sample, soil 
was collected from bulk soil around the periphery of 10 
trees, with four subsamples of ~25 g, taken 1 meter from 
the tree trunk in each cardinal direction at a depth of 20 
cm (Cabrera-Rodríguez  et al., 2020). These 40 subsa-
mples were homogenized using a sanitized plastic buckle 
producing one 1 kg composite sample per site (Supple-
mentary material, Fig. S1). Composite sample was divided 
for physicochemical analyses, and 0.25 g was placed in 
PowerLyzer tubes for DNA extraction. All samples were 
transported to the laboratory at 4 °C. Soils exposed to full 
sun (Periphery) include samples M1, M2, M7, and M8, 
while soils on full shadow include samples M3, M4, M5, 
and M6 (Center).

Physicochemical analysis

For physicochemical analysis, air-dried soils were sieved 
(2 mm). Zinc (Zn) was determined as a plant nutrient 
(Bremner, 1965). Soil salinity and pH were determined 
using the electrode method with water extraction in a 1:5 
w/v ratio (Luján Soto  et al., 2021). Total carbonates 
(CaCO3) were determined using the Bernand calcimeter 
method (Rodríguez, 1996), and total carbon (CT) was 
determined by the elemental analyzer. Total organic car-
bon (COS) was obtained by subtracting the concentration 
of total carbonates from TC, while Soil organic matter 
(MOS) was determined by the method of Walkley and 
Black  (1934). Measured units are as follows: Carbonates 
(%), CT (%), COS (%); MOS (%); and Zn (mg kg–1), Hu-
midity (%); Temperature (C°), and CE (dS m–1). 

DNA extraction, amplification, and sequencing

A total of 0.25 g of bulk soil was placed in a Bashing-
Bead™ cell lysis tube (Zymo ResearchCorp., Irvine, CA, 
USA), containing 750 µL of lysis/stabilizer solution. Each 
tube was processed in a cell disruptor (TerraLyzer™) for 
30 s, keeping the samples at room temperature. DNA was 
extracted with a Zymo BIOMICS™ kit (Zymo Research 
Corp., Irvine, CA, USA). The amount of DNA was mea-
sured in a Qubit fluorometer (Invitrogen, Carlsbad, CA, 
USA). Genomic DNA was sent for library preparation and 
sequencing in Novogene (Novogene Co., Ltd., Beijing, 

China). The ITS1 region was amplified using the primer 
pair ITS5 (GGAAGTAAAAGTCGTAACAAGG) and 
ITS2 (GCTGCGTTCTTCATCGATGC) (Tedersoo et al., 
2014; Delgado-Baquerizo et al., 2016). PCR amplifica-
tion was conducted with 15 μL of Phusion® High-Fidelity 
PCR Master Mix (New England Biolabs); 2 μM of direct 
and reverse primers, and about 10 ng of template DNA. 
Thermal cycling consisted of an initial denaturation at 98 
°C for 1 min, followed by 30 cycles of denaturation at 98 
°C for 10 s, annealing at 50 °C for 30 s, and elongation at 
72 °C for 30 s and a final elongation at 72 °C for 5 min. 
PCR products were mixed at equidensity ratios and puri-
fied with Qiagen Gel Extraction (Qiagen, Germany). Se-
quencing libraries were generated using the ADNTruSeq 
PCR-free sample preparation kit (Illumina, USA) follow-
ing the manufacturer’s recommendations and index codes 
were added. Library quality was assessed using the Qubit 
2.0 fluorometer (Thermo Scientific) and the Agilent Bio-
analyzer 2100 system. Finally, the library was sequenced 
on an Illumina NovaSeq 6000 platform (Novogene Co., 
Ltd., Beijing, China), obtaining 250 bp paired reads, each 
sample yielded between ~32,000 and ~214,000 high-qual-
ity effective reads after chimera removal, with over 96% of 
bases scoring above Q30.

Bioinformatic processing

Bioinformatic analyses were conducted using the toolkit 
PipeCraft v0.1.4 (Anslan et al., 2017). Using the vsearch 
OTU workflow with default values, demultiplexed fastq 
sequences were reoriented, primers were removed, pair-
end sequences were merged, quality filtering was set at a 
minimal length of 32, for merging min overlap was set at 
12 bp, chimeras were removed with the denovo option. 
ITSs sequences were clustered in OTUs with a 97% cut 
off. Taxonomy of the OTUs were assigned with BLAST 
using the UNITE general FASTA release for all eukari-
onts v 2023-07-18 (Abarenkov et al., 2023), later Fungal 
OTUs and tables were extracted by taxonomy in the data-
base. Fungal guilds were then assigned to the genera with 
the Fungal Traits database (Põlme et al., 2020).

Biostatistical analysis 

All ecological and statistical analyses were conducted in 
R (v4.3.1). We used the following packages: Phyloseq 
(McMurdie and Holmes, 2013) for creating and handling 
OTU objects, rarefaction, and diversity metrics; vegan 
v2.3-3 (Oksanen et al., 2016) for multivariate analy-
ses including CAP, ANOVA, PERMANOVA and RDA; 
ampvis2 (Andersen, 2018) for visualizations including 
PCA, heatmaps, and Venn diagrams; ggplot2 (Ginestet, 
2011) and dplyr (Wickham, 2023) for plotting and data 
wrangling; corrplot (Wei and Simko, 2021) for correlation 
matrix visualization; OTU tables were rarefied to even 
sequencing depth (10k reads) to standardize sampling ef-
fort. All downstream analyses were performed on rarefied 
data. Alpha diversity indices (Richness, Shannon, Simp-
son, Fisher) and beta diversity (Bray–Curtis dissimilari-
ty) were calculated. Redundancy analysis (RDA) using 
Hellinger-transformed data was performed to evaluate 



152

relationships with environmental variables. ANOVA and 
PERMANOVA were used to evaluate differences within 
variables and in community composition between center 
and periphery. Co-occurrence networks were generated 
using the CoNet plugin in Cytoscape v3.10.2 (Legeay 
et al., 2020), software was performed, using the top five 
OTUs within five primary lifestyles present in all sites. All 
R scripts used for exploring composition, diversity mea-
sures, dissimilarity analysis, and multivariate analysis are 
available at GitHub https://github.com/Burn121212/Fun-
gi_Carya_illinoinensis.

Results

Physicochemical and environmental variables

A table with resulting physicochemical variables is 
presented (Table 1). The physicochemical variables 
in soil samples from the two zones did not show 
statistically significant differences (p < 0.05). The 
Spearman correlation analysis regarding species rich-
ness indicated a positive correlation with humidity (p 
= 0.591) and temperature (p = 0.663) while, a neg-
ative correlation was shown with total carbon (TC) 
(–0.5) (Table 2).

Name Location COS MOS pH Zn CT Humidity Temp CE CaCO3

M1 Periphery 2.75 4.73 7.78 4.89 6.52 15 33 595 9.36
M2 Periphery 1.88 3.25 8.07 4.18 5.44 15 34 422 9.76
M3 Center 1.37 2.37 8.31 3.94 4.21 12 30 307.33 7.5
M4 Center 1.97 3.4 8.2 5.23 5.39 12 30 412.33 7.2
M5 Center 2.77 4.77 8.08 4.91 6.75 11 29 501 7.95
M6 Center 1.81 3.12 8.47 3.74 5.22 11 28 383.33 7.75
M7 Periphery 1.37 2.37 8.34 3.7 3.84 15 34 361.67 8.57
M8 Periphery 2.11 3.64 8.22 5.35 5.29 15 35 392.33 7.2

Table 1. Table of physicochemical parameters measured in this study (see Materials and Methods section for units)

Variable t_stat p_value Significant
  0.116117 0.911351 –

MOS   0.117785 0.910084 –
pH –1.108724 0.315206 –
Zn 0.145294 0.889237 –
CT –0.158165 0.87953 –
Humidity 12.124356 0.001208 *
Temp 7.549834 0.000315 *
CE 0.634623 0.550616 –
CaCO3 1.911284 0.138877 –

Table 2. T-test results for comparison of environmental and 
physicochemical variables between Periphery and Center zones

Sequence data processing 

All samples had >96% of bases with Q30 quality scores, en-
suring high confidence in sequence-based community pro-
filing. A total of 1,039,420 quality-filtered ITS1 reads were 
obtained, with per-sample depths ranging from 32,678 to 
214,105 reads. After the Vsearch workflow, a total of 4,442 
OTUs were identified at 97% similarity. After rarefaction to 
10,000 reads per sample, 1,665 OTUs remained.

Beta diversity and primary lifestyle composition of the 
mycobiome

A cluster analysis (Beta diversity) using the Bray Curtis 
model which considers abundances of species (Fig. 2), 
showed that the lowest dissimilarity, 0.45, was observed 
between groups M2 and M7 in the periphery, with the 
main trophic guilds being plant litter saprotrophs and 
plant pathogens. A second cluster showed a higher dis-
similarity level of 0.69 among two samples in the center 
zone. The main guilds in this cluster were soil sapro-
trophs, a large number of litter saprotrophs, and ectomy-
corrhizal fungi. This clustering analysis also indicates 
similarities among all the analyzed groups, suggesting 
that the mycobiome community composition was relat-
ed across both the center and periphery of the orchard. 
Overall, the primary lifestyles of the mycobiome asso-
ciated with pecan nut trees were soil saprotroph fungi, 
a large number of unknown fungi, plant pathogens, and 
ectomycorrhizal fungi.

Alpha diversity and funga–l family composition

The alpha diversity of fungal communities in the soil of 
Carya illinoinensis orchards was analyzed for each sam-
ple, revealing high alpha diversity and taxonomic rich-
ness in both zones (Fig. 3). The richness and Shannon 
indices showed high variation between zones. To further 
explore whether specific soil conditions were associated 
with fungal diversity (richness), we performed a Spear-
man correlation analysis between the environmental and 
physicochemical variables and the OTU richness (Table 
3). In contrast, most physicochemical variables showed 
weak or no correlation with fungal richness. A detailed 
table with common alpha diversity indices is presented 
(Table 4). 
 Taxonomic annotation using the UNITE database 
yielded a total of 20 phyla, 67 classes, 159 orders, 358 
families, and 735 genera. After rarefaction, 18 phyla, 
55 classes, 118 orders, 250 families, and 436 genera 
remained, representing the retained taxonomic diver-
sity used for downstream analyses. In both zones, the 
families Pezizaceae, Nectriaceae, and Didymellaceae 
were predominant, with sample M8 notably containing 
mostly Peizaceae, although no composition pattern was 
observed between zones, the families Russulaceae and 
Saccharomycetales_fam was only found in M3, families 
Plectosphaerellaceae and GS11_fam were only found in 
M4, Hydnodontaceae was only found in M5, and Herpo-
trichiellaceae was only present in M7.
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Fig. 2. Analysis of Beta diversity and composition of trophic guilds. 2a. Dissimilarity analysis with the Bray Curtis model of the 
8 sampled sites, center (red) and periphery (blue). 2b. Barplots of the fungal primary lifestyles, primary lifestyles representing 
less than 1% of the relative abundance in each sample were excluded from the graph.

Fig. 3. Alpha diversity and taxonomic composition of the 8 sampled sites, center (red) and periphery (blue). 3a. Observed di-
versity (richness) for each site. 3b. Shannon diversity index (Evenness for each site). 3c. Barplots of fungal families, families 
representing less than 3% of the relative abundance in each sample were excluded from the graph.
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Fungal prevalence analysis 

The abundance of the 30 most prevalent fungal species at 
both conditions is shown (Fig. 4). Among these, four prev-
alent species were identified in both zones (Peziza sp1, 
Nothophoma sp1, Fusarium sp1, and Fusarium equiseti). 
The Peziza sp1 was found with a high sequence abundance 
in sites M3, M5, M6, M1 and M8, with M8 exhibiting the 
highest abundance.

Ordination methods and multivariate analysis of fun-
gal communities

First, a canonical analysis of principal coordinates (CAP) 

COS MOS pH Zn CT Humidity Temp CE CaCO3    Richness
COS   1   1 –0.7065   0.766   0.898 –0.0646 –0.0363   0.874   0.024 –0.3353
MOS   1   1 –0.7065   0.766   0.898 –0.0646 –0.0363   0.874   0.024 –0.3353
pH –0.706 –0.7065   1 –0.5238 –0.8571 –0.3343 –0.2289 –0.8809 –0.443 0.309
Zn   0.766   0.766 –0.5238   1   0.595   0.051    0.204   0.523 –0.467 –0.0238
CT   0.898   0.898 –0.8571   0.595   1 –0.1028 –0.1445   0.952   0.299 –0.5
Humidity –0.0646 –0.0646 –0.3343   0.051 –0.1028   1   0.937   0.102   0.349 0.591
Temp –0.0363 –0.0363 –0.2289   0.204 –0.1445   0.937   1   0   0.139 0.662
CE   0.874   0.874 –0.8809   0.523   0.952   0.102   0   1   0.419 –0.3095
CaCO3   0.0240   0.0240 –0.4431 –0.4670   0.299   0.349   0.139   0.419   1 –0.15569
Richness –0.3353 –0.3353   0.309 –0.0238 –0.5   0.591   0.662 –0.3095 –0.1556 1

Table 3. Spearman correlation between environmental and physicochemical variables and species Richness. Bold values indi-
cate variables with a strong positive correlation with richness (rho value).

Table 4.  Alpha diversity indices (Richness, Shannon, and Simpson) of soil fungal communities across sampled sites. Sites M1–
M8 are individual sampling locations; bolded sites represent the central zone. The last columns show the average and standard 
deviation for central and peripheral zones, respectively.

Alph Div M1 M2 M3 M4 M5 M6 M7 M8 Mean SD Mean SD 
 Center Center Periphery Periphery

Richness 1,008 1,164 265 1,241 217 1,081 1,935 1,635 701 535-3 1,435.5 426.5
Shannon 2.5 3.48 3.09 3.9 2.87 4.28 4.35 1.27 3.54 0.7 2.9 1.3
Simpson 0.66 0.91 0.88 0.95 0.8 0.96 0.96 0.29 0.9 0.1 0.71 0.3

was performed to explore whether fungal community 
composition showed spatial structuring in relation to en-
vironmental gradients (Supplementary material, Fig. S2). 
Although the CAP suggested some grouping of samples 
(particularly M2, M4, and M7 vs. M3 and M5), there was 
no evidence of a consistent spatial structuring pattern.
 Subsequently, a Redundancy Analysis (RDA) was 
conducted using Hellinger-transformed OTU data to di-
rectly evaluate the influence of environmental variables 
on fungal community composition (Fig. 5). The RDA con-
firmed similar groupings observed in the CAP but provid-
ed a clearer interpretation of variable contributions. For 
instance, samples M2, M4, and M7 were associated with 
higher humidity and temperature, while M8 aligned with 

Fig. 4. Heat map of the 30 most prevalent fungi detected in the orchard, ordered by zones.
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elevated zinc content. The PERMANOVA analysis using 
Euclidean distances on Hellinger-transformed OTU data 
showed that zone explained 11.6% of the total variance in 
fungal community composition; however, this effect was 
not statistically significant (p = 0.662). This result, togeth-
er with the ordination analyses, reinforces the conclusion 
that there is no clear spatial structuring of fungal commu-
nities across zones within the orchard (Table 5).

Fungal network co-occurrence analysis

A co-occurrence network analysis was performed to look 
for potential co-presence and mutual exclusion interac-
tions between the most abundant taxa within the main five 
primary lifestyles (Fig. 6), which were soil saprotrophs, 
plant pathogen, ectomycorrhizal, arbuscular mycorrhizal 
and unknown primary lifestyle. The highest number of 
ectomycorrhizal fungi were found in the center of the or-
chard. In addition, Malassezia sp1, Peziza sp2, Funneli-
formis sp2, and Fusarium variasi sp1 were mainly found 
in the center zone. On the periphery zone, Glomus sp1, 
Lactarius lacunarum sp1, Tuber mexiusanum sp1, and Fu-
neliformis sp1 were identified in greater abundance. The 
networks showed co-presence between most plant patho-
gens, unknown primary lifestyles, ectomycorrhizal fungi 

Fig. 5. A Redundancy Analysis (RDA) biplot showing the relationship between soil fungal community composition (Hell-
inger-transformed OTU data) and environmental variables in a pecan nut orchard. The analysis was constrained by the variables 
CT, COS, MOS, pH, Zn, temperature, and humidity. Red crosses represent fungal OTUs, while black circles represent individ-
ual samples. Blue arrows indicate the direction and strength of the environmental gradients. The length of each arrow reflects 
the relative contribution of the variable to the explained variance.

Table 5. Results of PERMANOVA (adonis2) testing for differences in soil fungal community composition between central and 
peripheral zones of the Carya illinoinensis agroecosystem

Df SumOfSqs R2 F Pr(>F)
Zone 1 0.38375988 0.11568649 0.78492401 0.662
Residual 6 2.9334805 0.88431351 NA NA
Total 7 3.31724038 1 NA NA

and arbuscular mycorrhizal, with ectomycorrhizal fungi 
containing most of the cooccurrences. We found exclusion 
between soil saprotrophs and unknown primary lifestyles, 
while plant pathogens showed a remarked exclusion with 
arbuscular mycorrhizal, Peziza sp1, Peziza sp2, and Rhyn-
chogastrema glucoferementans accounted for most of the 
mutual exclusions. The network showed multiple poten-
tial links between species with different functional traits. 
Therefore, coexistence and exclusion between species lead 
to a complex functional network.

Discussion

Homogeneity of fungal communities in the face of dif-
ferential environmental factors: importance of agro-
nomic management

Environmental variables, such as humidity and tempera-
ture, have been reported as the most determinant factors 
for the differential establishment of fungal communities 
in soil on a local scale (Melo et al., 2019). However, the 
temperature and humidity differential caused by vegeta-
tion cover between the two zones of the orchard (center 
and periphery) was not enough to generate spatial structur-
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ing. A plausible explanation could be the agronomic man-
agement of the orchard, which prevents the formation of 
differentiated communities. This was evident from the fact 
that no significant differences were found between the two 
zones in any of the physicochemical variables measured 
(pH, total carbon, soil organic carbon, soil organic matter 
and zinc).
 Although the PERMANOVA analysis indicated that 
the variable Zone (center vs periphery) explained 11.6% 
of the variation in soil fungal community composition, this 
difference was not statistically significant (p = 0.662). This 
result suggests that the soil mycobiome communities are 
relatively homogeneous between zones within the Carya 
illinoinensis agroecosystem. The RDA biplot based on 
Hellinger-transformed data did not reveal a clear separa-
tion between central and peripheral sampling zones, which 
aligns with the PERMANOVA results indicating no sig-
nificant compositional differences. However, some sites, 
particularly M3, appeared as outliers in ordination space, 
suggesting localized environmental conditions or unique 
fungal community structures. The observed gradient vec-
tors, especially those corresponding to pH, organic matter, 
and zinc, may help explain this divergence. These findings 
highlight the potential of constrained ordination to identi-
fy microenvironmental drivers of fungal community vari-
ation and support the use of RDA as a complementary tool 
in agroecosystem monitoring.
 Agronomic management has been reported as a cru-
cial factor influencing the heterogeneity of the environ-
ment and, consequently, the structure and composition 
of soil communities. Studies on agroecosystems, such as 
olive (Olea europaea), which present arid climatic condi-
tions similar to those of this research, highlight that agri-
cultural management, climate and landscape complexity 
are key factors for the formation of microbial communities 

in different agroecological zones (Gkisakis et al., 2016). 
Therefore, agronomic management should be considered 
fundamental when assessing biodiversity in agroecosys-
tems.

Dominance patterns and trophic guilds of fungal com-
munities in an agroecosystem: constraints on function-
al assignment

In our study, the top 30 taxa present in both zones of the 
pecan nut were identified, showing contrasting distribu-
tions of Ascomycota and Basidiomycota, something also 
reported by other studies in other agricultural crops (Chen 
et al., 2023; Zhang et al., 2023., Zhang et al., 2024). The 
dominant families were Pezizaceae, Nectriaceae, and Did-
ymellaceae. Studies conducted in agroecosystems have 
documented the presence of fungi belonging to the family 
Pezizaceae. The occurrence and distribution of Pezizales 
appear to be influenced primarily by edaphic factors, such 
as soil pH and organic matter content. The Nectriaceae 
family has been reported to contribute to soil respiration, 
favoring biomass formation (Yang et al., 2019); especial-
ly in moderately saline soils (Yang et al., 2020). On the 
other hand, Didymellaceae is an important family of soil 
pathogenic fungi (Ahmadpour et al., 2022; Keirnan et 
al., 2021; Wei et al., 2021). Phytopathogenic Fusarium 
species were also identified, which coexist with arbuscu-
lar mycorrhizae (Glomus and Rhizophagus), adapting to 
the ecosystem in a symbiotic manner. Fusarium has been 
reported as a pathogen in pecan orchards, particularly in 
seedlings, and is associated with infections facilitated by 
the insect Euplatypus segnis. Warm and humid conditions 
are optimal for its development, and its presence is related 
to soil factors such as pH and carbon sequestration. 
 Although the taxonomic composition varied greatly 

Fig. 6. Cooccurrence network showing the potential interspecific interactions between more abundant taxa of five fungal pri-
mary lifestyles. Red lines indicate mutual exclusion between OTUs, while green lines represent co-occurrence. For each OTU, 
a bar plot displays its relative abundance in the Periphery and Center zones.
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among the samples and a spatial structural pattern was 
not observed, a more general pattern was identified when 
comparing the trophic guilds of the fungal communities. 
Leaf litter saprotrophs, soil saprotrophs, and a consid-
erable number of species with unknown trophic guilds 
were identified at most sites. The literature indicates that 
many leaf litter and soil saprotrophic fungi contribute to 
soil fertility by decomposing organic matter and releasing 
essential nutrients, thus favoring the growth of beneficial 
species (Huang et al., 2022). The presence of a well-man-
aged vegetation cover, even in arid areas, seems to favor 
these fungi, as it maintains significant levels of organic 
matter and promotes continuous biological activity. It is 
important to note that the assignment of trophic functions 
or guilds presents certain limitations, as it is based on iden-
tification to genus level. Therefore, the inferences of this 
study should be interpreted with caution. Rather than as-
sessing the actual functions performed by the fungi, this 
analysis focuses on their potential function, assuming that 
the genera identified have a specific trophic guild. How-
ever, there are still a large number of genera that are un-
known and for which there is no clear information on their 
functions (Talbot et al., 2014). 
 The potential interaction networks of the five most 
prevalent fungi and of each of the five main trophic 
guilds were explored. The results indicated that most sap-
rotrophic fungi are concentrated in the central zone and 
exhibit competitive exclusion interactions with ectomy-
corrhizal and arbuscular mycorrhizal fungi. Additionally, 
most co-occurrences were observed between ectomycor-
rhizal fungi and those with unknown trophic guilds. While 
no distinct pattern emerged, this analysis contributes to 
identifying the most prevalent species within each guild 
and understanding their potential interaction networks 
within the fungal community. For example, Malassezia 
sp1 and Peziza sp1 are the two species that mostly exclude 
other fungal species, such as those of the orders Pleospo-
rales and Blastocadiales. Pezizales species are particularly 
abundant in soil with high pH, similar to those of the arid 
zones studied (Madriz-Valdovinos et al., 2022).

Conclusion

While the number of samples in this study is limited (n = 8), 
it is important to note that each represents a composite 
sample derived from multiple soil subsamples per site. 
This composite sampling strategy, widely validated in soil 
fungal metabarcoding studies, enhances the representa-
tiveness of local community composition while reducing 
sampling costs. Given the known spatial heterogeneity of 
soil fungi, composite samples have been shown to effec-
tively capture dominant community signals, making them 
suitable for comparative assessments across management 
zones. Although the limited replication may constrain sta-
tistical power to detect fine-scale differences or confirm 
the presence of an edge effect within the agroecosystem. 
Together, the CAP, RDA, and PERMANOVA results indi-
cate that despite localized environmental gradients, fungal 
communities remain spatially homogeneous across the or-
chard, likely due to consistent agronomic management. To 

comprehensively assess the existence and extent of edge 
effects, future research should incorporate increased rep-
lication and include reference sites outside the agroeco-
system, particularly within the surrounding desert matrix. 
Such comparisons would enable the detection of broader 
spatial gradients in fungal diversity and provide insights 
into potential ecological transitions at the agroecosystem–
natural habitat interface.
 Despite the relatively low number of field samples, 
the high sequencing depth and base quality (Q30 > 96% 
in all samples) ensured robust characterization of fungal 
communities. This supports the reliability of diversity 
patterns observed and reduces the likelihood that lack of 
statistical differences between zones is due to technical 
limitations.
 Although a large variation between the central and 
peripheral orchard zones was expected, agronomic man-
agement seemed to minimize the grouping, resulting in 
similar and homogeneous fungal communities, with high 
biodiversity in both areas. This highlights the need for 
management strategies focused on soil fungal activity to 
ensure the health and productivity of agroecosystems in 
arid areas. As we move towards more efficient manage-
ment, it is essential to find a balance between agricultural 
production and soil biodiversity conservation, considering 
specific fungal interactions and their ecosystem functions.
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Supplementary material

Fig. S1. Composite sample distribution.

Fig. S2. Graphical representation of principal coordinates canonical analysis (CAP) showing the physicochemical variables pH, 
TC, COS, MOS, Zn, and environmental variables: humidity, and temperature.


