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Abstract: Soil organisms serve as reliable indicators of soil quality, particularly when linked to key
ecological processes. This study investigated the role of glomalin-related soil protein (GRSP) as a key
factor in soil aggregation and organic carbon storage in irrigated and rainfed systems, with a focus
on pig slurry fertigation. Two GRSP fractions—easily extractable (EE-GRSP) and total (T-GRSP)—
were evaluated across three soil depths (0-10 cm, 10-20 cm, and 20-30 cm) in both management
systems. Soil physical, chemical, and microbiological properties were analyzed, including enzyme
activity and microbial diversity, with microbial community structure characterized via e-DNA
sequencing. Results showed that the irrigated system exhibited a 66% higher T-GRSP concentration
compared to the rainfed system, contributing 3.1% to total soil carbon, while the rainfed system
contributed 1.1%. Significant correlations were observed between GRSP fractions, nutrient
availability, microbial enzyme activities, and e-DNA—derived microbial profiles—especially in the
topsoil layer. These findings suggest that glomalin, particularly in systems employing organic
practices such as pig slurry fertigation, is a robust indicator of soil quality with potential applications
in sustainable land management.

Keywords: soil quality; glomalin-related soil protein; enzymatic activity; e-DNA; microbial diversity;
irrigated system; pig slurry; fertigation; rainfed system.

1. Introduction

Soil quality is a multidimensional concept that reflects the soil’s capacity to function effectively
within an ecosystem and support plant growth. Introduced in 1994, this concept emphasizes the
importance of evaluating chemical, physical, and biological parameters that underpin both inherent
soil processes and plant productivity [1]. Recent comprehensive reviews have stressed the potential
of advanced soil quality assessments to guide sustainable management practices [2].

Biological indicators, including microbial community structure and extracellular enzyme
activities, have become increasingly critical in assessing soil health. Enzymes such as 3-glucosidase,
arylsulfatase, and acid phosphatase serve as proxies for microbial activity and nutrient cycling,
offering insights into organic matter decomposition and soil carbon dynamics [3,4]. In parallel, recent
advances in environmental DNA (e-DNA) sequencing now allow for a comprehensive
characterization of soil microbial communities, further informing our understanding of soil
functionality [5,6].

A critical component in soil quality assessment is glomalin-related soil protein (GRSP),
produced by arbuscular mycorrhizal fungi (AMF). AMF form symbiotic relationships with plants

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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and contribute significantly to carbon sequestration by synthesizing glomalin—a glycoprotein that
enhances soil aggregation and stabilizes organic carbon [7-9]. GRSP is typically quantified in two
fractions: easily extractable (EE-GRSP) and total (T-GRSP), with T-GRSP being more recalcitrant to
decomposition [7]. Research suggests that GRSP may account for about 4% of total soil carbon and
plays a fundamental role in maintaining soil structure and function ([9,10] although earlier work has
also discussed limitations and new hypotheses regarding its function [11]).

Agricultural practices and land-use changes can significantly influence microbial diversity and
GRSP production, often leading to declines in soil quality [12]. Conventional soil quality assessments,
despite their utility, are often labor-intensive and expensive. In contrast, integrating GRSP
measurements with modern genomic approaches such as e-DNA sequencing offers a promising
alternative, enabling simultaneous assessment of soil biochemical properties and microbial
community dynamics [3,5,6]. This integrated approach provides a robust indicator of soil quality that
can inform sustainable land management practices.

In this study, we evaluate GRSP levels in soils managed under two contrasting systems—
irrigated (using pig slurry fertigation) and rainfed —by assessing their physical, chemical, and
microbiological properties across different soil depths. Our aim is to elucidate the relationships
between GRSP fractions, soil structure, nutrient availability, and microbial community composition,
thereby establishing glomalin as a reliable indicator for sustainable soil management.

2. Materials and Methods

This section details the study area, experimental design, sampling procedures, analytical
methods, and statistical analyses employed in the research.

The study was conducted at Fazenda Capuaba, located at -13°15'8.47” S, 56°04'52.58” W, at an
altitude of 425 meters in Lucas do Rio Verde, Mato Grosso, Brazil (see Figure 1). The farm is situated
within the Cerrado biome, one of the largest and most diverse savannas in the world, and the soil is
classified as a Dystrophic Red-Yellow Latosol [13], characterized by low natural fertility and high
acidity typical of tropical climates.

The experiment compared two agricultural production systems. The first was an irrigated
system covering 136 hectares that utilized pig slurry fertigation as an organic fertilizer; the second
was a rainfed system managed without supplemental irrigation. Soil samples were collected from
both systems at three depths (0-10 cm, 10-20 cm, and 20-30 cm). Additionally, samples were collected
from a Permanent Preservation Area (PPA) to serve as a reference for undisturbed soil; however,
sampling in the PPA was limited to the 0-10 cm layer to minimize disturbance.

Soil sampling was carried out during the post-harvest phase in June 2022 using a stratified
approach. Mini trenches were excavated at 225-meter intervals across each management area, and 15
subsamples per depth were collected for each system, yielding a total of 90 samples. Two types of
samples were obtained: undisturbed samples were collected using Kopeck rings for bulk density and
soil structure analyses, while disturbed samples were used for granulometry, total carbon and
nitrogen determination, enzyme assays, microbial community profiling (via e-DNA extraction and
sequencing), and GRSP quantification. All samples were immediately placed in labeled plastic bags,
kept in ice-packed containers during transport, and stored at approximately 4°C in the Biotechnology
and Microbial Ecology Laboratory at UFMT until further processing.

For microbial community analysis, total DN A was extracted from soil samples using the DNeasy
Power Soil Kit (Qiagen) following the manufacturer’s protocol. DNA integrity was confirmed by
electrophoresis on a 0.8% agarose gel stained with SYBR Safe. The 165 rRNA gene (for bacteria) and
the ITS region (for fungi) were targeted using specific primers. For bacterial profiling, the V3-V4
region was amplified wusing primers CCTACGGGNGGCWGCAG (forward) and
GACTACHVGGGTATCTAATCC (reverse) [14,15]; for fungal profiling, the ITS1 (forward) and ITS2
(reverse) primers were used [16,17]. Sequencing was performed on the Illumina MiSeq platform with
a minimum of 30,000 reads per sample and a Q20 quality score above 99%.

d0i:10.20944/preprints202504.1393.v1
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GRSP was extracted from field-moist soil using a sodium citrate buffer (NasCsHsO7) under two
pH conditions: pH 7.0 for easily extractable glomalin (EE-GRSP) and pH 8.0 for total glomalin (T-
GRSP). Extractions were carried out at 121 °C for 30 minutes following a modified protocol by Reyna
and Wall [18], and protein concentrations were determined using the Bradford assay [19] with

absorbance measured at 570 nm.
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Figure 1. Geographic location of the experimental areas (Permanent Preservation Area, Rainfed Irrigated).

Enzyme assays for [-glucosidase, arylsulfatase, and acid phosphatase were performed
colorimetrically following the methodology described by Silveira et al. [20], based on the release of
p-nitrophenol with absorbance readings at 410 nm. All enzyme analyses were conducted on soil
samples maintained at field moisture levels.

Spore density was determined using a combination of wet sieving and centrifugation. Fifty
grams of field-moist soil were processed according to methods by Gerdemann and Nicolson [21] and
Jenkins [22], and after centrifugation in a 50% sucrose solution, spores were quantified on Petri dishes
using a stereomicroscope.

Physical and chemical properties were assessed by determining particle size distribution
through combined chemical and physical methods [23,24]. Soil aggregates were separated using dry
sieving and dispersion, and the mean geometric diameter (MGD) was calculated using the equation
of Kemper and Rosenau [25]:

MGD = (3 wi x log xi) / (3, wi) (1)
where “wi” is the weight of aggregates in a given size class and “xi” is their average diameter.
Phosphorus and potassium were extracted using the Mehlich-1 method, calcium and

magnesium were determined using 1N KCI, and soil pH was measured in a CaCl, solution. Bulk
density was determined by drying undisturbed samples at 105 °C, and total carbon and nitrogen were
measured using a LECO® CHN 628 elemental analyzer via the Dumas combustion method.

A modified Soil Quality Index (SQI) was calculated based on Mendes et al [26] by integrating
biological and chemical indicators. It considers three key functions: nutrient cycling (F1), based on
enzyme activities (3-glucosidase and Arylsulfatase); nutrient storage (F2), represented by soil organic
matter (SOM) and cation exchange capacity (CEC); and nutrient supply (F3), which includes P, K, Ca,
Mg, pH, and Al** saturation.

Statistical analyses were conducted using non-parametric methods (Mann-Whitney and
Kruskal-Wallis tests) in SPSS (version 30) and Jamovi software. Because the data did not follow a
normal distribution, robust regression using the MM-estimation method was applied to assess
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relationships between the SQI and key soil properties (including GRSP fractions, bulk density, and
MGD), ensuring reliable coefficient estimates.

3. Results

3.1. Principal Component Analysis

The Principal Component Analysis (PCA), applied to chemical, physical, and biological soil
attributes, explained 61.1% of the total variability among management systems (Irrigated and
Rainfed) and soil depths (0-10, 10-20, and 20-30 cm). PCA clusters distinctly separated these depth
layers, offering valuable insights into variations associated with soil depth (Figure 2). Specifically,
PC1 explained 45.2% of the variability and primarily represented three critical soil functions
contributing to the modified Soil Quality Index (SQI): nutrient cycling (F1, involving enzyme
activities such as p-glucosidase and Arylsulfatase), nutrient storage (F2, characterized by soil organic
matter and cation exchange capacity), and nutrient supply (F3, comprising available P, K, Ca, Mg,
soil pH, and Al’* saturation). High positive coefficients for F2, EE-GRSP, F1, and F3 in PC1 clearly
demonstrated their significant role in nutrient dynamics. Consequently, higher PC1 scores indicated
soils with greater biological activity, nutrient retention capability, and nutrient availability, reflecting
optimal soil fertility.
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Figure 2. Biplot PCA graph representing variables in two principal components for chemical, physical, and
biological attributes measured at three depths (0-10 cm, 10-20 cm, and 20-30 cm) under two management
systems (Irrigated and Rainfed). GMD: Geometric Mean Diameter of the aggregates; BD: Bulk density; acid
phosphatase; Spores: spore density; EE-GRSP: easily extractable glomalin; T-GRSP: total glomalin; F1: Nutrient
Cycling; F2: Nutrient Storage and F3: Nutrient Supply.

PC2 accounted for an additional 15.9% of variability, focusing on structural soil characteristics.
It positively correlated with the geometric mean diameter (GMD) of soil aggregates and negatively
with bulk density (BD). Thus, higher PC2 scores corresponded to soils exhibiting stable aggregates
and reduced compaction, whereas lower scores indicated greater vulnerability to compaction. The
structural interpretation was further supported by positive associations with GMD and F3 and
negative associations with BD and acid phosphatase. Irrigated soils presented lower bulk density
(1.13-1.16 g cm™3) and higher GMD (1.064 mm), compared to Rainfed soils, which showed higher BD
values (up to 1.21 g cm™3 at the 10-20 cm depth) and lower GMD (0.686 mm). These differences were
confirmed by measurements of mean geometric diameter (GMD), averaging 1.06 + 0.57 mm in
irrigated soils versus 0.69 = 0.39 mm in rainfed soils (p < 0.005, Figure 3). The boxplot (Figure 3)


https://doi.org/10.20944/preprints202504.1393.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 April 2025 d0i:10.20944/preprints202504.1393.v1

5 of 20

illustrates the clear differentiation in soil aggregation between the irrigated and rainfed systems,
emphasizing the positive influence of irrigation and pig slurry fertigation practices on enhancing soil
structure stability.

a System
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250 F’{?:f‘ed
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Irigated Rainfed
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Figure 3. Values of the Mean Geometric Diameter of aggregates for the two systems studied. Different lowercase

letters indicate a statistically significant difference between the systems (p < 0.005).

3.2. Spore Density and Phosphorus Availability

Overall, the PCA effectively distinguished the management systems, revealing superior
biological activity, nutrient dynamics, and soil structural quality in irrigated systems, especially at
shallower depths. Soil samples from deeper layers (20-30 cm) typically demonstrated reduced
nutrient cycling and availability (lower PC1 scores) and decreased structural stability (lower PC2
scores), highlighting the necessity of appropriate soil management practices to sustain soil health
across various soil depths.

3.3. Correlation Matrix and Glomalin Fractions

Figure 4 presents heatmaps illustrating the Spearman correlation coefficients among soil
parameters in rainfed (4A) and irrigated (B) systems. The analyzed parameters include T-GRSP, EE-
GRSP, SQI, enzymatic activity (F1), nutrient storage (F2), and nutrient supply (F3). In the rainfed
system (Figure A), SQI shows strong correlations with F1 (0.798), F2 (0.911), and F3 (0.886), indicating
that soil quality is primarily influenced by nutrient storage and nutrient supply rather than enzymatic
activity under dry conditions. The highest correlation with F2 suggests that soil organic matter and
cation exchange capacity are key factors in maintaining soil health in this system. EE-GRSP exhibits
a weak correlation with F1 (0.284, not significant), indicating that it does not strongly influence
microbial enzymatic activity under limited moisture. Additionally, T-GRSP and EE-GRSP show a
weak negative correlation (-0.139), implying that these two fractions function independently in
rainfed soils. However, T-GRSP maintains moderate correlations with F2 (0.447) and F3 (0.398),
suggesting its role in long-term carbon sequestration and nutrient retention.
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Figure 4. Heatmaps of Spearman Correlations Between Soil Parameters for Rainfed (A) and Irrigated (B)
Systems. EE-GRSP: easily extractable glomalin; T-GRSP: total glomalin; F1= Nutrient Cycling; F2= Nutrient
Storage; F3= Nutrient Supply and SQI= Soil Quality Index.

In the irrigated system (Figure 4B), SQI remains strongly correlated with F1 (0.872), F2 (0.899),
and F3 (0.922), but enzymatic activity (F1) plays a more dominant role in soil quality compared to the
rainfed system. EE-GRSP shows a stronger correlation with F1 (0.674), indicating that under higher
moisture availability, it contributes more actively to microbial processes. Unlike in the rainfed
system, T-GRSP and EE-GRSP exhibit a positive correlation (0.269), suggesting that these two
fractions interact more under irrigated conditions. Furthermore, T-GRSP also shows stronger
correlations with F2 (0.583) and F3 (0.639), reinforcing its contribution to organic matter stability and
nutrient retention in moisture-rich soils.

3.4. Enzymatic Activity

Enzymatic activities of 3-glucosidase and acid phosphatase were measured at depths of 0-10,
10-20, and 20-30 cm in both management systems. As illustrated in Figure 5, a Kruskal-Wallis test
with Bonferroni adjustment showed no significant differences in B-glucosidase activity between
Irrigated and Rainfed soils (p > 0.05). In contrast, acid phosphatase activity was significantly higher
(p < 0.05) in the Irrigated soils. In both systems, the activities of both enzymes declined with
increasing soil depth.


https://doi.org/10.20944/preprints202504.1393.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 April 2025 d0i:10.20944/preprints202504.1393.v1

7 of 20

;

a 250.01 Depth (cm)
Mo - 10
[E10-20
20- 30

o

200.0/
150.0/

100.0!

50.0/

B-glucos (ug p-nitroph g soil h)
g 2
o o
B-glucos (ug p-nitroph g soil h)
— .- o
- - ©
— -

Irrigated Rainfed 0
System

Irrigated Rainfed
System

1500.0 a b e I | ab a Depth (cm)

A 872
[W20-30
10000 * b
Rainied

1000.0/

Acid phosph (ug p-nitroph g soil h)
Acid phosph (pg p-nitroph g soil h)

Iigated Rainfed 0
System

Imigated

System
Figure 5. Values of p-glucosidase (A, B) and acid phosphatase (C, D) activities under different management
systems (Irrigated and Rainfed) and soil depths (0-10 cm, 10-20 cm, and 20-30 cm). Statistical analyses were
performed using the non-parametric Kruskal-Wallis test, followed by pairwise comparisons with Bonferroni

adjustment. Groups denoted by different letters represent statistically significant differences (p <0.05).

The data in Figures 6A and 6B and the accompanying table clearly show that spore density is
substantially higher in the irrigated system, particularly in the 0-10 cm layer, where the mean spore
count is 104 spores per 50 g of soil (minimum 55, maximum 149). Spore density decreases with depth
in irrigated soils—averaging 71 spores in the 10-20 cm layer and 33 spores in the 20-30 cm layer. By
contrast, in the rainfed system, spore density is both lower and more uniform: the 0-10 cm layer has
a mean of 31 spores per 50 g (range 20-50), which drops slightly to 25 (range 12—48) and 24 (range
14-38) in the 10-20 cm and 20-30 cm layers, respectively.
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Figure 6. Spore density (A, B) and available phosphorus (C, D) across different management systems (Irrigated
and Rainfed) and soil depths (0-10 cm, 10-20 cm, 20-30 cm). The Irrigated system received fertigation with swine
manure for 20 years and supports three cropping cycles per year. Statistical analyses were performed using the
Kruskal-Wallis test with Bonferroni adjustment. Different letters indicate statistically significant differences (p <

0.05) between systems (A, C) and among depths within each system (B, D).

Turning to phosphorus availability measured by the Mehlich-1 extractant (Figures 6C and 6D),
we again observe a pronounced difference between irrigated and rainfed soils. In the irrigated
system’s topsoil (0-10 cm), P concentrations average 67 mg dm= (ranging from 39.40 to 109.40). At
deeper layers, the mean P drops to 17.20 mg dm™= (range 9.30-35.40) in the 10-20 cm depth, and 4.59
mg dm= (range 3.00-8.10) in the 20-30 cm depth. By contrast, the rainfed system’s topsoil has a mean
P of 42.16 mg dm= (range 11.58-88.50), decreasing to 10.72 mg dm= (range 2.40-28.30) in the 10-20
cm layer, and 2.64 mg dm™ (range 1.60-5.10) in the 20-30 cm layer.

3.5. Relationships between GRSP and Soil Quality Index (SQIFERTBio)

Regression analysis identified both total glomalin (T-GRSP) and easily extractable glomalin (EE-
GRSP) as significant predictors of soil quality in both management systems (p < 0.001; Table 1). In the
Irrigated system, acid phosphatase (p = 0.002) and spore abundance (p = 0.045) also contributed
significantly to SQI, whereas in the Rainfed system, neither bulk density nor acid phosphatase
showed a statistically significant impact (Table 1). Figure 7 depicts scatterplots for each glomalin
fraction against SQI, while Figure 8 compares SQI values predicted by regression with those observed
in the field. The Irrigated system demonstrated higher predictive accuracy (R2=0.75) than the Rainfed
system (R?2=0.46).
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For the Irrigated system, T-GRSP (3 = 0.239, t = 3.906, p < 0.001), EE-GRSP (3 =0.177, t =3.409, p
= 0.002), and acid phosphatase (p = 0.000, t = 3.331, p = 0.002) had significant positive effects on SQI
(Table 1). Spore abundance was also statistically significant (3 =0.001, t =2.076, p = 0.044), albeit with
a smaller effect size. In contrast, bulk density ( = 0.039, t = 0.169, p = 0.867) and geometric mean
diameter (f =0.013, t = 0.169, p = 0.867) were not significant (Table 1). In the Rainfed system, T-GRSP
(f=0.162, t = 5.550, p < 0.001) and EE-GRSP (B = 0.501, t = 5.046, p < 0.001) significantly influenced
SQI. Although bulk density showed a negative but nonsignificant trend (3 = -0.370, t = -1.830, p =
0.075), acid phosphatase (t = 1.778, p = 0.085), spore abundance (t = 1.334, p = 0.191), and GMD ({3 =
0.013, t =0.281, p = 0.780) also remained nonsignificant (Table 1), underscoring that glomalin-related
proteins were the main drivers of soil quality in this system.

Table 1. Results of robust regression for the Soil Quality Index (IQS).

Variable Irrigated B Irrigated t Irrigated p Rainfed p Rainfedt Rainfedp
Acid phosphatase .000 3.331 .002 .000 1.334 190
BS .039 169 867 -.370 -1.830 075
EEGRSP 177 3.409 .002 501 5.046 .000
GMD .013 .169 .867 .013 281 .780
Intercept -.396 -1.407 168 369 1.315 196
Spore .001 2.076 .045 .002 1.778 .083
TGRSP 239 3.906 .000 162 5.550 .000

To further assess how glomalin fractions contribute to SQI, separate linear regressions were
performed (Figures 7A and 7B). In the Irrigated system, T-GRSP alone accounted for 50.1% of SQI
variability (R? = 0.501, p < 0.001), whereas EE-GRSP explained 49.5% (R? = 0.495, p < 0.001). In the
Rainfed system, T-GRSP showed a comparatively lower explanatory power (R? = 0.287, p < 0.001),
while EE-GRSP was higher at 42.4% (R?=0.424, p <0.001). This outcome indicates that EE-GRSP may
serve as a particularly sensitive early indicator of soil quality changes under varying moisture
conditions.

Finally, predicted SQI values were validated against observed SQI measurements (Figure 8). In
the Irrigated system, a robust correlation (R?=0.75, p < 0.001) between predicted and observed values
pointed to high model reliability, likely linked to greater soil stability. In contrast, the Rainfed system
showed a more moderate correlation (R? = 0.46, p < 0.001), suggesting that additional factors—such
as climate variability and uneven soil properties—may influence soil quality in non-irrigated
environments.

d0i:10.20944/preprints202504.1393.v1
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As summarized in Table 2, In the irrigated system, total glomalin (T-GRSP) reached its highest

level in the 0-10 cm layer (2.07 mg g™') and was lower (1.64 mg g!) in the 10-20 and 20-30 cm layers.

Overall, mean T-GRSP was greater under irrigation than under rainfed conditions, where T-GRSP

values fell from 1.60 mg g-! at 0-10 cm to 0.44 mg g~! at 20-30 cm. The carbon fraction in total glomalin

(C_T-GRSP) followed a similar pattern, with higher values in the irrigated system, and its percentage

in total soil carbon (C_T-GRSP/CS) increased with depth under irrigation, while under rainfed

conditions it was highest at 10-20 cm and lowest at 20-30 cm. Easily extractable glomalin (EE-GRSP)

showed comparable concentrations in both systems at 0-10 cm, with a downward trend in deeper

layers. Its carbon fraction (C_EE-GRSP) did not differ significantly between irrigated and rainfed
systems, though the proportion of EE-GRSP carbon in total soil carbon (C_EE-GRSP/CS) was higher
on average under rainfed conditions.

Table 2. Effect of soil management practices on the total GRSP concentration and its contribution to soil carbon.

a. Calculated based on glomalin containing 43.1% [27].

Variables Management Practices Depths (cm) Means
T-GRSP (mg g-1) Irrigated 0-10 2,07 £0,16a
10-20 1,64 +0,14b
20-30 1,64 +0,14b
Mean* 1,78 +0,25A
Rainfed 0-10 1,60 +0,13a
10-20 1,18 +0,18b
20-30 0,44 £ 0,06¢
Mean 1,07 + 0,50B
C_T-GRSP (mg g-1) Irrigated 0-10 0,89+0,07 a
10-20 0,71 £ 0,06b
20-30 0,71 £ 0,06b
Mean 0,77 +0,11A
Rainfed 0-10 0,69 + 0,06a
10-20 0,51 + 0,08b
20-30 0,19 £ 0,03¢
Mean 0,46 +0,22B
C_T-GRSP/CS (%) Irrigated 0-10 2,56 +0,32c
10-20 3,19 £ 0,25b
20-30 3,82+ 0,39
Mean 3,19 +£0,61A
Rainfed 0-10 2,27 £ 0,40b
10-20 2,46 +0,44a
20-30 1,12+ 0,17c
Mean 1,95 + 0,69B
EE-GRSP (mg g) Irrigated 0-10 1,17 +0,23a
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Variables Management Practices Depths (cm) Means
10-20 0,60 +0,14b
20-30 0,42 +0,07¢
Mean 0,73 +0,36 A
Rainfed 0-10 1,12+0,23a
10-20 0,72 +0,14b
20-30 0,45 +0,07¢c
Mean 0,76 +0,32A
C_EE-GRSP (mg g-1) Irrigated 0-10 0,50 +0,10a
10-20 0,26 = 0,06b
20-30 0,18 +0,03¢c
Mean 0,31 £0,15A
Rainfed 0-10 0,48 +0,10a
10-20 0,31 +0,06a
20-30 0,19 +0,03b
Mean 0,33 +0,14A
C_EE-GRSP/CS (%) Irrigated 0-10 1,44 +0,31a
10-20 1,17 +
0,30ab
20-30 0,97 +0,18 b
Mean 1,19+ 0,33B
Rainfed 0-10 1,59 +0,40a
10-20 1,50 + 0,36a
20-30 1,15+0,15b
Mean 1,41 +0,37A

*Means followed by the same uppercase letters do not differ significantly at the 5% level between management
practices. Means followed by the same lowercase letters do not differ significantly for depths within the same

management practice.

3.7. Microbial Diversity and Community Composition

Since GRSP production is largely mediated by soil microbial activity, understanding the
composition and diversity of bacterial and fungal communities under different land-use systems is
crucial for evaluating their role in soil carbon stabilization and nutrient cycling.

Microbial diversity metrics provide critical insights into the structural and functional stability of
soil microbial communities under different land-use systems. The irrigated system exhibited the
highest bacterial diversity, with a Simpson’s index (1-D) of 0.9455 and Shannon index (H) of 3.44,
indicating a more evenly distributed bacterial community compared to the Protected Area and
Rainfed systems (Table 3). Conversely, the Protected Area had the highest fungal diversity, with 277
fungal taxa recorded, followed by 317 taxa in the Irrigated system and a significant reduction to 201
taxa in the Rainfed system.

The higher bacterial richness (Taxa S=61) in the Irrigated soil suggests that long-term fertigation
with swine manure has enhanced bacterial diversity, likely due to increased organic matter
availability and nutrient input. However, bacterial abundance was lowest in the Irrigated soil (3,841
individuals), indicating a possible shift in microbial functional dynamics, where a more diverse but
less dominant bacterial community coexists in a nutrient-enriched environment. These findings align
with previous research indicating that intensive organic fertilization can increase bacterial diversity
while reducing dominance by specific taxa (Dasgupta et al., 2023).
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Table 3. Microbial Diversity Metrics Across Land Use Systems.
Bacterial Community Fungal Community
Protected Area Rainfed Irrigated Protected Area Rainfed Irrigated
Taxa_S 51 45 61 277 201 317
Individuals 10208 5060 3841 72800 68119 102151
Dominance_D 0.09573 0.1142 0.05446 0.397 0.2955 0.2208
Simpson_1-D 0.9043 0.8858 0.9455 0.603 0.7045 0.7792
Shannon_H’ 2.84 2.89 3.44 211 2.46 2.80
Evenness_e"H/S 0.3357 0.3984 0.5113 0.02971 0.05842 0.0518

In contrast, the fungal community exhibited the highest dominance (D = 0.397) and lowest
diversity (H" = 2.11) in the Protected Area, suggesting that a few fungal taxa dominate under less
disturbed conditions. The Irrigated soil showed a significant increase in fungal diversity (H = 2.80)
and the lowest dominance (D = 0.2208), indicating a more functionally diverse fungal community.
The Rainfed soil exhibited intermediate fungal diversity (H’ =2.46) but reduced fungal richness (Taxa
S =201), reinforcing the negative impact of moisture limitation on fungal community complexity.

The evenness index (e"H/S) further highlights the structural differences in microbial
communities across land-use types. The bacterial community in the Irrigated system had the highest
evenness (0.5113), while the fungal community in the Protected Area had the lowest evenness
(0.02971), indicating a highly imbalanced fungal composition in undisturbed soils. This pattern
suggests that land management influences not only microbial richness but also community
equilibrium, with irrigation promoting a more even distribution of bacterial taxa while also
facilitating a more diverse fungal community.

3.8. Influence of Land Use on Soil Microbial Community Structure

3.8.1. Bacterial Community Structure

Figure 9 displays the relative abundance of bacterial species exceeding 1% across the three land-
use types. In the Protected Area, bacterial diversity was the highest, with a balanced representation
of taxa. Dominant species such as Faecalibacterium prausnitzii, Romboutsia sedimentorum, and
Bacteroides massiliensis were particularly prevalent.

In contrast, the Rainfed system supported a distinct bacterial community that was dominated
by Bacteroides uniformis and Romboutsia sedimentorum, indicating adaptation to lower moisture
availability and potential nutrient limitations. Furthermore, the Irrigated system exhibited the
highest bacterial evenness, indicating that despite a lower total bacterial abundance compared to the
Rainfed soils, the community structure was more balanced.
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Figure 9. Relative abundance of bacterial species exceeding 1% across land-use types (Irrigated, Protected Area,
and Rainfed).

3.8.2. Fungal Community Structure and the Absence of AMF

Figure 10 presents the relative abundance of fungal species exceeding 1% across the land-use
types. The Protected Area exhibited the highest fungal diversity, while the Irrigated system showed
intermediate diversity, and the Rainfed system had the lowest fungal richness and evenness. In the
Irrigated soils, there was a marked increase in the relative abundance of phytopathogenic fungi,
notably Fusarium oxysporum and Fusarium equiseti. Additionally, Trichoderma species were more
abundant in these soils, suggesting a compensatory response to high organic matter inputs. Despite
these differences, no sequences corresponding to arbuscular mycorrhizal fungi (AMF; phylum
Glomeromycota) were detected in any of the soils. This finding is particularly striking given that high
levels of glomalin-related soil protein (GRSP) were measured in the Irrigated system, indicating a
discrepancy between biochemical markers and DNA-based detection methods.
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Figure 10. Relative abundance of fungal species exceeding 1% across land-use types (Irrigated, Protected Area,
and Rainfed).

4. Discussion

A comparison between the two systems highlights key differences in the factors influencing soil
quality. In the rainfed system, SQI is more strongly associated with nutrient storage (F2) and nutrient
supply (F3), while enzymatic activity (F1) plays a lesser role. This suggests that, under drier
conditions, soil organic matter (SOM) and nutrient retention capacity are more critical for
maintaining soil health than microbial activity, supporting findings from previous studies on soil
functionality in rainfed systems. In contrast, in the irrigated system, microbial processes become more
relevant, as evidenced by the stronger correlation between EE-GRSP (easily extractable glomalin-
related soil protein) and enzymatic activity (F1), reinforcing the idea that soil microbial communities
respond positively to increased moisture availability [28].

Another key distinction is the relationship between T-GRSP (total glomalin-related soil protein)
and EE-GRSP. In the rainfed system, these fractions show a weak negative correlation (-0.139),
suggesting that they operate independently under drier conditions—possibly due to differences in
stability and turnover rates of glomalin fractions under moisture-limited conditions [29]. Although
long turnover times of total glomalin have been reported [30], the concentration of easily extractable
glomalin appears quite vulnerable to environmental changes and agricultural management practices
[9]. However, in the irrigated system, they exhibit a positive correlation (0.269), implying a more
interconnected role, potentially due to increased microbial activity influencing glomalin production
and stabilization, as observed in previous research on fungal dynamics in humid environments [31].
These findings suggest that moisture availability plays a crucial role in determining how these
glomalin-related fractions contribute to soil structure and nutrient cycling [32]

Our findings highlight the critical roles of water availability, organic amendments, and minimal
soil disturbance in enhancing soil structure, nutrient cycling, and microbial function. In the irrigated
system, sustained water supply and long-term pig slurry fertigation maintained stable bulk density
and promoted the formation of larger, biogenic aggregates, as evidenced by higher geometric mean
diameter (GMD) and mean geometric diameter (MGD) values [33,34]. Although larger aggregates
generally confer improved water stability, the observed negative correlation between MGD and total
glomalin (T-GRSP) (r = -0.349, p < 0.001) suggests that glomalin accumulation may not directly scale
with aggregate size [35].
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The enzyme assays further emphasize the influence of organic inputs and moisture. The similar
B-glucosidase activities between irrigated and rainfed soils indicate that substrate availability might
be more critical than moisture regime for cellulose degradation [36]. In contrast, the significantly
higher acid phosphatase activity in irrigated soils likely reflects increased organic phosphorus inputs
from pig slurry and a larger microbial biomass [37]. These enzyme activities declined with depth,
consistent with previous findings showing that organic matter and microbial populations are more
concentrated in the topsoil [38].

Our results also indicate that the higher spore density in irrigated soils favors fungal
reproduction under stable moisture conditions [39]. However, high phosphorus availability in these
soils may suppress AMF colonization [40], which could explain the absence of detectable AMF
sequences despite the presence of elevated glomalin levels. This discrepancy can be attributed to
legacy effects, wherein glomalin-related soil proteins (GRSP) persist in the soil long after active AMF
colonization has declined [41]. In addition, standard ITS-based metabarcoding methods may exhibit
biases against AMF detection due to primer mismatches and the typically low relative abundance of
AMF DNA, thus further contributing to the underrepresentation of these fungi in molecular surveys
[42,43].

Furthermore, competitive interactions within the soil microbial community may exacerbate the
suppression of AMF. Saprophytic and pathogenic fungi such as those from the Fusarium and
Trichoderma genera can outcompete AMF in high-phosphorus environments. Their rapid growth
and efficient resource utilization can lead to a scenario where these fungi dominate, further limiting
AMF colonization [44,45].

The combination of these factors—high phosphorus input, legacy effects of GRSP,
methodological constraints, and competitive exclusion—provides a multifaceted explanation for the
apparent discrepancy between GRSP levels and AMF DNA detection. Previous studies have also
noted that GRSP can serve as a long-lasting indicator of past AMF activity, remaining stable in soil
aggregates even when active colonization is low [11,46].

Finally, glomalin-related soil proteins (both T-GRSP and easily extractable EE-GRSP) emerged
as robust predictors of soil quality, as evidenced by their strong correlations with the Soil Quality
Index (SQI) in both management systems [47,48]. In irrigated soils, the combination of glomalin
fractions with acid phosphatase activity and spore abundance explained a significant portion of SQI
variability. In contrast, in rainfed soils, the GRSP fractions were the primary drivers of soil quality,
suggesting that EE-GRSP may serve as an early-warning indicator of soil degradation under water-
limited conditions.

Furthermore, microbial diversity analyses reveal that irrigation and organic amendments
promote a more balanced bacterial community and enhance fungal diversity compared to rainfed
soils, even though the latter exhibit adaptations characteristic of drought conditions [5,6]. The
integration of enzyme assays with e-DNA-based microbial profiling provides a comprehensive view
of soil health, offering insights into the complex interactions between soil biochemical properties and
microbial community dynamics.

The results reveal marked differences in microbial community structure among the three land-
use types, with significant implications for soil functioning and nutrient cycling. The Protected Area,
with its high bacterial and fungal diversity, reflects the stability of undisturbed soils. In contrast, the
Rainfed system shows a community dominated by taxa adapted to drier conditions, while the
Irrigated system exhibits a more even bacterial community likely driven by consistent moisture and
regular organic amendments.

A particularly intriguing observation is the absence of detectable AMF sequences across all sites
despite the presence of high GRSP levels in the Irrigated soils. One plausible explanation is that high
phosphorus availability —which is typical in soils receiving pig slurry fertigation—may suppress
AMEF colonization by reducing the plant’s reliance on mycorrhizal symbiosis [49]. In such
environments, the legacy effect may allow GRSP to persist long after active AMF populations decline
[41]. Methodological limitations also likely contribute; standard ITS primers often underrepresent
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AMF due to primer bias, incomplete reference databases, and the naturally lower abundance of AMF
DNA in complex soil communities [42,43].

Overall, our study demonstrates that combining glomalin measurements with enzyme activity
and genomic approaches yields a robust framework for evaluating soil quality. Future research
should focus on targeted AMF detection techniques, optimizing manure application rates to prevent
phosphorus oversupply, and further exploring the long-term persistence of glomalin in relation to
soil structure. Such integrated approaches will be crucial for advancing sustainable land management
practices and improving carbon sequestration strategies in agricultural systems.

5. Future Perspectives

Although the present study has already been completed, future investigations could integrate
Glomeromycota-specific primers and trap cultures to obtain a more comprehensive evaluation of
AMF presence, diversity, and functionality in managed soils. Such approaches—potentially
combined with morphological spore identification—may reveal ecological roles and symbiotic
dynamics of AMF that standard ITS-based protocols often overlook, particularly in environments
with high phosphorus or complex microbial interactions. By refining AMF detection in this way,
researchers can gain clearer insights into soil aggregation, nutrient cycling, and long-term carbon
sequestration. Indeed, Seeliger et al. [50] recently demonstrated the effectiveness of specialized
primers in enhancing AMF detection in agricultural soils.

6. Conclusion

Our findings confirm that glomalin-related soil proteins (T-GRSP and EE-GRSP) serve as reliable
indicators of soil quality under both irrigated and rainfed systems. In irrigated soils receiving pig
slurry fertigation, T-GRSP concentrations were 66% higher than in rainfed soils, accounting for up to
3.1% of total soil carbon and promoting improved aggregate formation. While rainfed soils showed
lower overall microbial activity due to limited water availability, significant correlations between
glomalin fractions and soil quality still emerged, underscoring EE-GRSP as a potential early-warning
indicator in moisture-stressed conditions. The absence of detectable AMF sequences—despite high
glomalin levels—suggests a legacy effect of prior mycorrhizal activity, methodological constraints,
or competitive exclusion by saprophytic and pathogenic fungi. Overall, the integration of organic
amendments, appropriate irrigation strategies, and diversified crop rotations is fundamental for
sustaining soil structure and microbial function. Moreover, incorporating glomalin quantification
into routine soil assessments offers a promising pathway for enhancing carbon sequestration and
ensuring long-term soil resilience in sustainable agroecosystems.
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