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Abstract

Background The Amazonian forests are increasingly threatened due to continuous changes in land use, particularly
deforestation. This study aimed to quantify and analyze the vertical distribution of soil glomalin and its relationship
with carbon, climate, and soil properties across three forest types of the Peruvian Amazon. A total of 18 plots were
selected and sampled in forests with different vegetation cover types: deforested, disturbed, and primary forest. The
vertical variation of total glomalin (TG), easily extractable glomalin (EEG), and the number of arbuscular mycorrhizal
fungal (AMF) spores was estimated, as it was the relationships of these variables with soil depth, physical-chemical
properties, and climate conditions.

Results The mean values for TG, EEG, and AMF showed vertical variations in the three forest cover types, with high
values in disturbed forests and degraded soils. Overall, higher mean values were found in the surface soil layers
compared to the deep layers. TG, EEG, and AMF were positively corelated with soil organic carbon (SOC) and soil
organic matter (SOM). Moreover, the total nitrogen (N), SOC, OM, total phosphorus (P), and soil water content (SWC)
presented higher values in the topsoil than the deep layers.

Conclusions The highest production of glomalin in disturbed forests is probably a response to degradation
processes. This work is a contribution to expand knowledge about glomalin dynamics in forest soils of the Amazon
rainforest and provides essential information for future soil ecosystem restoration practices in tropical forests.

Keywords Deforestation, Disturbed forest, Primary forest, Land-use change, Mycorrhizal fungi

*Correspondence: SInstituto Nacional de Innovacion Agraria - INIA, Calle San Roque 209,
Geomar Vallejos-Torres Maynas 16430, Loreto, Peru

gvallejos@unsm.edu.pe Centro de Investigacién e Innovacion para el Cambio Climatico (CiiCC),
'Universidad Nacional de San Martin, Jr. Maynas N°177, Tarapoto, San Universidad Santo Tomds, Av. Ramon Picarte 1130, Valdivia 5090000, Chile
Martin, Peru ’Amsterdam Institute for Life and Environment, Section Ecology &
2Escuela Profesional de Ingenierfa en Zootecnia, Universidad Nacional Evolution, Vrije Universiteit Amsterdam, de Boelelaan 1085,

Auténoma de Alto Amazonas (UNAAA), Alto Amazonas, Yurimaguas, Peru Amsterdam 1081 HV, The Netherlands

3Universidad Nacional Auténoma de Alto Amazonas (UNAAA), 8Instituto Argentino de Nivologia Glaciologfa y Ciencias Ambientales
Yurimaguas, Peru (IANIGLA), Centro Cientifico Tecnolégico-Mendoza - CONICET, Av. Ruiz
“Universidad Nacional Intercultural de la Amazonia, MC26+888, San Jose Leal s/n, Mendoza, Argentina

Km. 0.5, Pucallpa 25004, Peru

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s13021-025-00391-4
http://crossmark.crossref.org/dialog/?doi=10.1186/s13021-025-00391-4&domain=pdf&date_stamp=2026-1-9

Vallejos-Torres et al. Carbon Balance and Management

Introduction

The Amazon rainforest is one of the largest wilderness
areas in the world hosting an impressive biodiversity. This
tropical forest provides relevant ecosystem benefits such
as carbon storage and water retention, which contributes
to improving soil conditions [1]. Deforestation involves
changes in land use by anthropogenic action in favor of
agriculture practices or urbanization, with changes in
land cover and loss of many species [2].

Forest soils store significant amounts of organic mat-
ter and carbon and play a key role in the balance of the
carbon cycle [3]. They are essential carbon sinks that
contribute to the global carbon budget and balance [4].
Therefore, fluctuations in soil organic carbon (SOC)
strongly influence the atmospheric carbon dioxide con-
centration [5]. Soil aggregates, are crucial for the stabili-
zation of soil organic carbon (SOC), hosting a wide range
of physicochemical properties, which provide the space
for the growth and movement of soil microorganisms
and communities [6].

Additionally, the quantity and quality of organic mat-
ter are relevant parameters enabling soil particle aggre-
gation [7] and stability, based on chemical, physical, and
biological parameters, and they play an essential role
in carbon sequestration. Arbuscular mycorrhizal fungi
(AMF) are among the principal soil aggregators due to
the combined effect of extraradical hyphae [8] and the
production of glomalin-related soil proteins (GRSP) that
promote healthy soil conditions [9]. Recently, Hawkins
et al. [10] estimated that -at least temporarily- in a year,
the equivalent to ~36% of current annual CO, emissions
from fossil fuels are stored underground, in the mycelium
of mycorrhizal fungi. In addition, it has been shown that
the production of GRSP, soil nutrients, and enzyme activ-
ities are closely related to soil fertility. At present, one of
the biggest challenges is to understand the relationship
between soil organic matter (SOM) and glomalin [11].
Under unfavorable environmental conditions, AMF are
known to produce more GRSP as a stress-inducible pro-
tein to increase the resistance of plants [12].

Quantifying and assessing the adverse effects of defor-
estation in the Amazon can provide valuable insights for
implementing management tasks aimed to preserve this
globally and regionally significant ecosystem [2]. As many
Amazonian regions in Peru have been seriously affected
by deforestation during the last decades [13], particularly
by human activities like land-use changes that potentially
increase the adverse effects of climate change, decreasing
litter decomposition rates and leading to a reduction of
soil carbon storage [14]. Recently, an study by Vallejos-
Torres et al. [15] provided information on the organic
carbon content in soils affected by erosive processes in
primary, disturbed, and deforested forests. However, the
dynamics of glomalin and arbuscular mycorrhizal fungi

(2026) 21:16

Page 2 of 12

(AMF) in relation to soil organic carbon, soil organic
matter, and nitrogen in forest soils of the Amazon rain-
forest were not explored in depth. Considering this con-
text, it was hypothesized that differences in land use
affect the amount of glomalin deposited in Amazonian
forest soils. Therefore, the aim of this study was to inves-
tigate and analyze the vertical variations of glomalin in
forests with differing vegetation cover in the Peruvian
Amazon. In addition, the correlations between glomalin
and various physical, chemical, and climatic parameters
were examined.

Materials and methods

Study sites

This study was conducted in two tropical forests placed
in the Central Huallaga, in the Amazon basin of Peru.
The study sites correspond to the El Quinillal forest (dis-
trict of Winge) and to the Ojos de Agua forests (district of
Pucacaca), province of Picota, department of San Martin,
Peru (Fig. 1). El Quinillal protected forest is placed in the
Winge district (07°02'S, 076°17’W, 420 m a.s.l); approxi-
mately 85% of the area is located in the Biavo river basin
while around 15% is located in the inter-basin of Medio
Huallaga River with a total area of 10,557 ha (GRSM,
2017). The Ojos de Agua protected forest is located in
the Pucacaca district (6°49’S, 76°26'W, 500 m a.s.l.) with
an extension of 2,357 ha. This protected forest is located
on the left side of the Huallaga River in a landscape that
combines moderate slopes with the forest (Fig. 1). Cli-
mate in both studied areas is characterized by a marked
seasonality, with a mean temperature of 26 °C, minimum
and maximum temperature of 18 °C and 30 °C, respec-
tively, and an accumulated annual precipitation ranging
between 1,164 and 1,433 mm [16].

Experimental design

Soil sampling was conducted in the two forest sites (“El
Quinillal” and “Ojos de Agua”) at three different con-
servation stages: primary forest, disturbed forest, and
a deforested area. On each forest site (deforested, dis-
turbed, and primary), three replicates were established
(a subplot of 10 m x 10 m), for a total of 18 subplots
sampled following a stratified sampling according to the
distribution of the forest type. Soil sampling and analy-
sis were conducted between February and May 2023.
Following the methodology of Yu et al. [17], soil samples
were taken at five different depths: 0—20 cm, 20-40 cm,
40-60 cm, 60-80 cm, and 80-100 cm, counting a total
of 90 soil samples. Moreover, an additional 90 soil sam-
ples were collected from the same plots with a cylinder
at each selected depth layer to quantify bulk density (BD)
and soil water content (SWC).



Vallejos-Torres et al. Carbon Balance and Management (2026) 21:16 Page 3 of 12
7G°35'0"W 76°3(.'|0'0"W 76°25 0"W 76°20 0"W 76°15'0"W 76°19'0"W
B Legend 7 : “OJOS ddAgua” »
ig_ Type of coverage f Forest (OA) 4
& ® Deforested 2 2!2
Gy y
@ Disturbed forest
@  Primary forest
- River
Districts
17 Picota | »
;‘°, o Pucaca _E
°$ Department o
San Martin
Hl‘a“a W oy
3 Plcota B

» W ¥ / 2J) - | o
4 §=
o (=]
~ ~

s

S

S

N

S

Q9

% : ll "

n1 a 7
[ ¥ A5 »
o & stis (EQZ;,'{ 250 500 1,000 Kllometers’ -2
~ T - T ; - / ’/ | | | | =
76°35'0"W 76°30'0"W 76°25'0"W 76°20'0"W 76°15'0"W 76°10 "W

Fig. 1 Map showing the two study areas where soil samples were taken in deforested, disturbed, and primary forests

Extraction of total and easily extractable glomalin and
arbuscular mycorrhizal fungal spores

The extraction of glomalin from the 90 soil samples
was performed using a standard curve of bovine serum
albumin from a 1 g L™ ! solution, employing six con-
centrations of this solution between 0.05 and 0.5 g L™ ..
The detection and measurement of total (TG) and eas-
ily extractable glomalin (EEG) was made following the
method for proteins firstly suggested by Bradford et
al. [18], later modified and improved by Wright et al.
[19]. The quantification of arbuscular mycorrhizal fungi
(AMF) spores was performed by wet sieving and decan-
tation using the method proposed by Gerdemann and
Nicholson [20], Vallejos-Torres et al. [21] and Corazon-
Guivin et al. [22].

Soil physical-chemical properties

Soil organic carbon (SOC) was estimated using the
method proposed by Walkley and Black [23] and the soil
water content (SWC) was measured by the gravimetric
method by the sample weight. In this process, the rela-
tionship between the liquid and solid weight of the soil
was estimated. Soils were dried at 105 °C for 48 h, and

then this weight was used to calculate gravimetric water
content (GWC). Bulk density at each soil layer depth was
measured using metal brass rings of 5.2 cm diameter and
5 cm long [24], and the procedure for measuring the SOC
was performed employing the Walkley-Black method
[23]. The soil pH was measured in an aqueous extract
(1:5; soil: water) using a pH measurement device. Nitro-
gen (N) was measured by the Kjeldahl method [25], phos-
phorus (P) by the Olsen method [26], and potassium (K)
based on ammonioatomic acetate extraction, according
to Novozamsky et al. [27]. The measurement of soil elec-
trical conductivity (EC) was made using a Potentiometric
sensor. The data employed in the analysis of soil physico-
chemical properties, glomalin content, and organic car-
bon were obtained from the prior research conducted by
Vallejos Torres et al. [15].

Physiographic and climate variables

The elevation of each sampled plot was obtained using
the centroid of each plot at a 12.5 m spatial resolution ras-
ter layer obtained from the ALOS PALSAR sensor of the
NASA database (https://search.asf.alaska.edu, accessed
September 15, 2023). The digital elevation model (DEM)
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was obtained considering the “Hi-Res Terrain Corrected”
file type and the “FDB” option. In addition, the climatic
variables of the study sites were obtained calculating the
centroid of each plot from the database of the World
Energy Resource Prediction (POWER) project of the
National Aeronautics and Space Administration (NASA)
Langley Research Center available at https://power.lar
c.nasa.gov/data-access-viewer/ (accessed in September
2023). The period analyzed was from 2001 to 2021 and
the climate selected variables for the analysis were annual
precipitation (mm), and mean annual, minimum, and
maximum temperatures at 2 m (°C). These variables were
handled with the ArcGis program, re-escaled to a spatial
resolution of 10 m [28].

Data analysis

Given the geographic proximity (~ 27 km) and similar
environmental conditions of the study sites, a prelimi-
nary statistical evaluation of the variables analyzed was
performed using a mixed-effects model with “site” as
a random factor. The variance component associated
with site was not significant (p < 0.05), indicating negli-
gible differences between sites. Therefore, data from both
forests were combined for further analysis to improve
statistical power and focus on the effects of vegetation
cover and soil depth. The analysis focused on three dif-
ferent vegetation covers: primary forest, disturbed forest,
and deforested area. The assumptions of normality and
homogeneity of variance were verified with the Shapiro
Wilk and Bartlett tests, respectively (p < 0.05). An analy-
sis of variance (ANOVA) was performed to evaluate the
vertical variation of total glomalin (TG), easily extract-
able glomalin (EEG), and the number of arbuscular
mycorrhizal fungi (AMF) spores and its relationship with
SOC as a function of the analyzed depths by each cover
type; likewise, ANOVA was employed for analyzing
variation in soil physical-chemical properties. The com-
parison of mean values among the depth ranges was car-
ried out using the Tukey test (p < 0.05) implemented with
the function HSD.test of the R package “agricolae” [29].
In addition, the coefficients of variation (CV = standard
error/average) were calculated for the different variables
according to the different vegetation covers, and linear
regressions were performed with the “/m” function in the
R package “dplyr” [30], in order to evaluate the variation
rates as a function of depth [37]. All the analysis were
performed using the R program [31].

Additionally, the influence of soil and climate vari-
ables in the glomalin (TG and EEG) concentrations for
two composed depths (topsoil: 0-40 cm and bottom soil:
40-100 cm) was analyzed using Pearson's correlation [36]
and structural equation modeling (SEM). The selection of
the specific intervals mentioned is based on the results
previously proposed by various authors, who highlight
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the importance and contrasting differences between
them in relation to the variables analyzed. “Wang et al.
[32] reported GRSP contents that were 1.8 to 2.0 times
higher in the upper 40 cm of soil compared to the 40—-100
cm layer. Similarly, Wang et al. [33] identified both direct
and indirect effects of soil physicochemical properties,
nutrient parameters, and climatic conditions on gloma-
lin and SOC characteristics, analyzing surface (0-40 cm)
and deep soils (40-100 cm) separately. Furthermore, Wu
et al. [34] emphasized the importance of studying gloma-
lin and SOC dynamics at different soil depths, specifically
between 0—40 cm and 40-100 cm.

The structural equation model (SEM) was developed
to evaluate the direct and indirect factors influencing soil
organic carbon (SOC). The model structure was based on
the ecological theory of indirect site influence (specifi-
cally climate and elevation) and soil properties on SOC
through the activity of arbuscular mycorrhizal fungi and
glomalin accumulation [35].

The SEM analysis was performed using SPSS AMOS
version 2.1 [39], and model fit was assessed using the
Chi-square (x°) statistic, Goodness-of-Fit Index (GFI),
Tucker-Lewis Index (TLI), and Root Mean Square Error
of Approximation (RMSEA).

Results

Vertical glomalin variation in three cover types

The analysis of variance (ANOVA) showed significant
differences (p<0.05) in TG, EEG, and AMF concentra-
tions across soil depths (Table 1). The highest concentra-
tions were recorded in the surface layer (0-20 c¢cm) and
the lowest in the deeper layers (80—100 cm), regardless of
vegetation cover type.

In the deforested forest, TG reached its highest
value in the 0-20 cm layer (63.91+13.32 mg/g) and
decreased to 1.23+0.87 mg/g at 80-100 cm (-98.1%,
Fig. 2A). In the disturbed forest, TG decreased by 87.1%
(from 49.57+5.37 to 6.41+3.42 mg/g, Fig. 2B), and
in the primary forest, by 87.8% (from 45.33+18.83 to
5.51+2.78 mg/g, Fig. 2C). The EEG followed the same
decreasing pattern, with reductions of 92.6%, 92.3%, and
96.5% in the deforested, disturbed, and primary forests,
respectively (Figs. 2D-F).

The AMF abundance also decreased with depth. In
the deforested forest, spore numbers declined from
1739.67 £941.72 to 80.5+19.72 spores/100 g (—95.4%,
Fig. 2G); in the disturbed forest, from 1469.33 + 887.77 to
45.33 + 34.49 (-96.9%, Fig. 2H); and in the primary forest,
from 1064.33 +335.36 to 65.17 + 28 (-93.9%, Fig. 2I).

Regarding SOC, TG/SOC showed significant differ-
ences (p<0.05) between the 0-40 ¢cm and 60-100 cm
layers in the deforested and disturbed forests, with
the highest values in the surface layers (1.54+0.10 and
0.88+0.21, respectively; Figs. 2J-L). In the primary
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Table 1 Pearson correlation coefficients between total glomalin (TG), easily extractable glomalin (EEG), arbuscular mycorrhizal fungi

(AMF), and soil and climate properties for surface and deep soil layers

Variables 0-40 cm 40-100 cm
TG EEG AMF TG EEG AMF
Soil chemical properties
SOC 0436~ 0429” 0072 0.558" 0677 0673"
oM 0.287 0.358" 0.130 0.585" 0.548" 05217
N 0.287 0.358" 0.130 0.567" 0.534" 0515
p 0.290 0.320 0012 03417 0.161 0076
0613" 0.086 0534 0485" -0.143 0.147
pH -0.168™ -0.039™ -0.184™ -0.147™ 0.057" 0071
EC 0.240™ 0.259™ 0.556" -0.147™ 0.084™ 0214
Soil physical properties
BD -0.592" -0.024™ -0.289™ 0522”7 -0.073" 0469
SWC 0418 0.039™ 0.388" 0.546" 0.198™ 0475
Climate and environmental conditions
Mean minimum temperature 0.550" -0.125 0.253 0.219 -0352" -0.067
Mean annual temperature 0.546" -0.113 0.186 0219 -0.359" -0.13
Mean maximum temperature 0.506" -0.053 0.085 0.184 0321 -0.171
Annual precipitation -0.007 -0.008 0895 0.002 -0.050 049"
Elevation -0.210 0.085 -0821" -0.144 0.132 -0.388"

“correlation is significant at p < 0.05 (two-tailed), "p < 0.05 (two-tailed). SOC = soil organic carbon; OM = organic matter; N=nitrogen; P = phosphorous; K= potassium;

EC=electric conductivity; BD=bulk density; SWC=soil water content

forest, no significant differences were observed (p >0.05).
However, the EEG/SOC ratio varied significantly in
the disturbed and primary forests (Figs. 2M-0), while
the AMF/SOC ratio showed the highest values in the
0-40 cm layer, with reductions of 65.5% and 77.5%
toward deeper layers (Figs. 2P—R).

The coefficient of variation (CV) increased with depth,
indicating more heterogeneity in the conditions for the
lower horizons. In the disturbed forest, CV values for TG
and TG/SOC were highest in the 80-100 cm layer, while
EEG showed lower variability between 20 and 60 cm.

In summary, TG, EEG, and AMF decreased signifi-
cantly with depth, showing reductions exceeding 85%
between the 0—20 cm and 80—100 cm layers. The surface
layers (0-40 cm) were the most biologically active lay-
ers, playing a key role in SOC storage and soil structural
stability.

Vertical variations of physical and chemical soil properties
The ANOVA revealed significant differences (p<0.05)
in SOC, OM, N, and P concentrations across soil depths
(Fig. 3). The highest concentrations were found in the
surface layer (0-20 cm) and the lowest in the deepest
layer (80-100 cm), regardless of vegetation cover type
(Figs. 3A-L).

In the deforested forest, SOC decreased from
41.74+10.14 t/ha to 7.45+5.33 t/ha (-82.1%, Fig. 3A).
In the disturbed forest, it declined from 58.31+11.64
to 12.84+2.29 t/ha (-78%, Fig. 3B), and in the primary
forest, from 79.60+20.83 to 11.12+3.48 t/ha (-86%,
Fig. 3C). OM followed a similar pattern, with reductions

of 96.5%, 87.4%, and 87.2% in the deforested, disturbed,
and primary forests, respectively (Figs. 3D—F).

N showed a significant decrease (p <0.05) with depth,
dropping by an average of 90% across the three forest
types (Figs. 3G-I). P also declined significantly (p <0.05),
with reductions of 85.2%, 73.9%, and 66.3% in the defor-
ested, disturbed, and primary forests, respectively
(Figs. 3]-L).

K did not show significant differences (p<0.05) with
depth in the deforested and primary forests, although it
decreased by 63.9% in the disturbed forest (Figs. 3M-0).
pH slightly increased with depth across all forest types,
ranging between 7.9 and 8.4 (Figs. 3P-R). Electrical con-
ductivity (EC) remained stable in the deforested and dis-
turbed forests but decreased significantly (p<0.05) in the
primary forest (-31.5%, Fig. 3U).

BD increased significantly (p<0.05) with depth in the
deforested and disturbed forests, with increments of
26.8% and 19.4%, respectively (Figs. 3V-W). Soil water
content (SWC) decreased significantly (p<0.05) with
depth in the deforested (—47.4%) and primary (—44.4%)
forests (Figs. 3Y-AB).

Overall, soil chemical and physical properties
decreased significantly with depth, while BD increased
due to compaction and reduced organic matter inputs.
The surface layers (0—40 cm) represent the most fertile
and biologically active zone, playing a key role in car-
bon storage, nutrient cycling, and soil structural stability
(Fig. 3).
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The EEG and the AMF spores were correlated with SOC,
OM, and N with a great degree of correlation with SOC,
showing a R? of 0.68 and 0.67, respectively (Table 1).

The correlation between glomalin and soil physical
properties was significant (p <0.05). At surface layers, TG
presented negative correlation with BD, while the num-
ber of AMF spores was positively correlated with EC
and SWC. At deep layers, significant correlations were
obtained for TG and AMF spores with BD (negative) and
SWC (positive), respectively. EEG showed no significant
correlations with physical properties for both shallow
and deep soil layers (Table 1).

The correlation between TG, EEG and number of AMF
spores and climatic variables showed different degrees
of strength. However, higher correlations were observed
when compared to the edaphic factors (e.g., AMF -
annual precipitation correlation) (Table 1). TG and EEG
only presented positive and negative correlations with
mean annual temperature in surface and deep soils,
respectively. The number of AMF spores was negatively
correlated with precipitation and altitude in both the sur-
face and deep soil layers (Table 1).

The concentration of TG and EEG in each soil layer
depended on their interaction with the soil’s physico-
chemical properties and the site conditions (Figs. 4A-B).
In the surface layers, the number of AMF spores was pri-
marily influenced by precipitation (coefficient = —0.90),
suggesting that excessive surface moisture may negatively
affect fungal reproduction; likewise, bulk density also
showed a moderate restrictive effect (Fig. 4A). At deeper
soil layers, spore abundance was more strongly limited
by bulk density (coefficient = —0.48) than by precipita-
tion (Fig. 4B). In terms of SOC accumulation, the deep
soil model showed a stronger dependence on the EEG
fraction, reinforcing its value as a functional indicator of
SOC stabilization processes.

Discussion

Vertical glomalin variation in three cover types

The Amazon rainforest is facing one of the most criti-
cal moments due to severe changes in vegetation. In
the Peruvian Amazon, the regions with high percentage
of deforestation involve the districts of Ucayali, Madre
de Dios, Loreto, and San Martin, with 36,306, 36,306,
19,829, and 13,080 ha, respectively [40]. Although glo-
malin it is considered a highly relevant protein, a recent
molecular study has suggested that, based on its compo-
sition, it may actually be a carbohydrate (glomalose). If
glomalin is indeed a carbohydrate this reclassification has
important implications as proteins and carbohydrates
differ significantly in their biochemical properties, eco-
logical roles, and origins [41]. The production of GRSP
has been closely linked to both carbon accumulation
and soil aggregate stability [42]. The observed patterns
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in glomalin concentrations across soil depths and cover
types are consistent with previous research highlighting
the role of GRSP in soil function (Fig. 2). For instance,
in forest ecosystems in China, GRSP contributed sig-
nificantly to soil organic carbon (SOC) storage, sup-
porting healthier regional vegetation [43]. Furthermore,
soil aggregate stability has been shown to be greater in
mycorrhized soils compared to non-inoculated treat-
ments under stress conditions, reinforcing the eco-
logical importance of AMF spores in maintaining soil
structure [44]. According to our analysis, the variation
of TG, EEG, and the number of AMF spores indicates
a clear pattern: glomalin concentrations decrease from
the top to the bottom soil layers across the three cover
types. This vertical distribution helps explain why surface
soils consistently exhibit higher glomalin levels, which
are crucial for maintaining soil structure and stability. In
this context, these components showed high concentra-
tions in surface layers (0-40 cm) (Fig. 2A-I), consistent
with patterns observed in other studies. Similar results
regarding glomalin distribution across soil depth layers
were reported in cultivated soils of China, highlighting
the general tendency for glomalin to accumulate near the
surface [34]. The EEG/SOC ratio was higher in the 60—-80
cm soil layer in the deforested forest, indicating a stron-
ger contribution of glomalin-related soil protein (GRSP)
to soil organic carbon (SOC) in these systems (Fig. 2M).
This aligns with previous findings postulating that GRSP
plays a crucial role in SOC accumulation when the early
carbon sink function is limited [44, 45]. The abundance
of AMF and the AMF/SOC ratio progressively decreased
with soil depth, showing higher concentrations in the
0-20 cm and 20—-40 cm layers, particularly in deforested
and disturbed forest sites. This pattern suggests more
active mycorrhizal colonization and a greater contri-
bution to soil organic carbon in the upper horizons of
impacted ecosystems (Fig. 2). The AMF spores have con-
tributed positively to soil health through the production
or organic acids and glomalin, protecting against soils
erosion and promoting the stabilization of soil macro-
aggregates [42].

The concentration of TG and AMF spores as well as
their relationships with available SOC are strongly influ-
enced by vegetation cover type (Figs. 2). In a study of soil
profiles soil in Brazilian forest, it was reported that more
than 50% of the total fungal biomass is concentrated
within 30 cm with fungal presence extending to depths
of up to 8 m depth [46]. However, contrasting findings
were reported by Egboka et al. [47], who observed that
the abundance of AMF decreased with soil depth in for-
est soils of Nigeria.
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Vertical variations of physical and chemical soil properties
In the studied forests, both physical and chemical vari-
ables, along with climatic parameters such temperature
and precipitation, exert a direct influence on soil condi-
tions, with notable differences observed between surface
and deeper soil layers. Soil physicochemical properties
accounted for more than 60% of the variation in glomalin
levels along an urban—forest gradient in China, highlight-
ing the dominant role of local soil conditions over land-
use type. This suggests that, althoug changes in land use
as urbanization and vegetation characteristics influence
glomalin production, the underlying soil environment
remains the primary driver of its spatial distribution [48].
Regardless of forest cover type, at deeper soil layers, vari-
ables such as SOC, OM, and N showed a stronger posi-
tive effect on the concentration of TG, EEG, and AMF
while variables like pH, BD, and EC were generally less
influential (Table 1).

According to Wang et al. [49] the relationship between
glomalin and soil physical properties showed a nega-
tive correlation with pH and EC and a positive correla-
tion with SOC, N, and P [50]. Singh et al. [51] reported a
strong association between GRSP and SOC, pH, N, and
P, but found no relationship with EC. In addition, Cissé
et al. [52] observed a positive relationship between GRSP,
SOC, and N in the topsoil layers. This pattern can be
explained by the fact that nutrient availability, particu-
larly N, can stimulate glomalin production, while higher
P concentrations may inhibit mycorrhizal colonization
[53].

Differences between surface and deep soil layers have
been reported in previous studies [54, 55]. In surface
soils, glomalin concentrations were primarily influenced
nutritional components, particularly SOC and N, as
they showed linear decreases with the soil depth, while
in deeper layers, physical and chemical properties, such
as pH and BD, showed linear increases [34]. Our SEM
revealed that soil depth and climatic factors indirectly
influenced TG, AMF, and EEG through their effects on
soil properties (Fig. 4). The growth of vegetation in forest
ecosystems can promote SOC accumulation, leading to
its increased content and in consequence, the accumula-
tion of large quantities of carbon throughout the entire
soil profile [49].

Finally, climatic variables such as temperature and
precipitation parameters played a significant role in glo-
malin concentration with effects observed at soil depths
of up to 100 cm. This pattern is probably related to the
availability of SOC and OM, which stimulate mycorrhi-
zal interactions (Table 1). Soil degradation in deforested
areas is recognized to reduce AMF abundance, leading to
declines in organic matter and overall soil fertility [33].
Previous studies have demonstrated that climate vari-
ability directly impacts soil processes as GRSP respond
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to elevated CO, and nitrogen levels in subtropical for-
ests, contributing to greater carbon accumulation in
deforested soils. Variation in climatic parameters has
been demonstrated as an impact on soils, while GRSP
responded to elevated CO, and N concentration in a
subtropical forest, which increased the C accumulation
in deforested soils [56]. Furthermore, temperature is rec-
ognized as an influential driver of soil structure [57]. In
surface soil layers from the studied forests, increases in
temperature are likely associated with higher TG (total
glomalin) levels, whereas a decrease in precipitation
would negatively affect the concentration of AMF spores
(Table 1). The observed positive effects on AMF com-
munities may be attributed to the varying sensitivities
of AMF spores to nutrient availability and soil moisture,
both of which are shaped by precipitation dynamics [57].

Conclusions

This study highlights the critical role of AMF spores
and glomalin/glomalase in maintaining soil health and
resilience in tropical forest ecosystems of the Peruvian
Amazon. The results demonstrate that vegetation cover
and land-use change significantly influence AMF abun-
dance and glomalin production, which are closely linked
to SOC dynamics and fertility. Deforestation and forest
disturbance lead to reductions in AMF activity, particu-
larly in surface soil layers, affecting carbon storage and
soil structure. Topsoil (0-40 cm) is a key zone for glo-
malin production and nutrient retention, with the high-
est concentrations of GRSP and AMF spores observed in
disturbed and recently deforested areas. This suggests a
potential compensatory response of soil microbial com-
munities to environmental stress and land-use change.
Soil properties such as organic matter, nitrogen, pH,
moisture content, and vegetation type strongly regulate
glomalin distribution, indicating that both biotic and abi-
otic factors are critical in governing soil microbial pro-
cesses. Surface soils in disturbed and recently deforested
forests exhibited greater nutrient storage capacity (e.g.,
carbon, nitrogen) than those in primary forests, reinforc-
ing the role of glomalin and AMF in early soil recovery
processes following disturbance.

Effective management and restoration strategies should
prioritize the upper 40 cm of soil, focusing on maintain-
ing vegetation cover, enhancing organic matter inputs,
and preserving mycorrhizal communities to improve soil
fertility and carbon sequestration in degraded tropical
ecosystems.

Overall, these findings underscore the importance of
AMF and glomalin in soil restoration frameworks and
offer key insights for mitigating the impacts of deforesta-
tion on soil function and climate resilience in the Peru-
vian Amazon.
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