hTIpQ ao1 nrg 1O /1707771 7 7=-3491 7070 730004

ISSN: 2177-3491

Andréa Scaramal Menoncin®*

Laise da Silveira Pontes*

! This work was extracted from the dissertation pre-
sented to the Postgraduate Program in Conservation
Agriculture of the Rural Development Institute of
Parand, Conservation Area in Crop Production and
Protection, as part of the requirements for obtaining
the Master's degree in Conservation Agriculture.

? Instituto de Desenvolvimento Rural do Para-
na — IAPAR-EMATER, Londrina, Parana, Brazil.
andreascaramal@yahoo.com.br;  amandapgil9@
gmail.com

3 Universidade Estadual de Londrina, Departamento de
Agronomia, Londrina, Parana, Brazil. gabymachine@
yahoo.com.br

4 Instituto de Desenvolvimento Rural do Parana —
IAPAR-Emater, Ponta Grossa, Parana, Brazil.

*Corresponding author: andreascaramal@yahoo.com.br

Editors:
Thiago Vargas
Teogenes Senna de Oliveira

Submitted: November 13%, 2024.
Accepted: March 9, 2026.

, Gabriela Silva Machineski’

, Amanda Carolina Pereira Gil>
, Arnaldo Colozzi Filho®

ABSTRACT

Integrated crop-livestock systems (ICLS) are recognized
for their ecological and socioeconomic benefits, particu-
larly for nutrient cycling efficiency and biodiversity pro-
motion. This study assessed arbuscular mycorrhizal fungi
(AMF) populations and soil glomalin concentrations, and
the productivity of corn and pasture in crop-livestock
(CL) and crop-livestock-tree (CLT) systems, fertilized
with two nitrogen (N) doses in pasture (90 and 180 kg N
ha!, N90 and N180). Conducted in Ponta Grossa, Parana,
on soil transitioning from Cambisol Haplic Dystrophic
to Dystrophic Red Latosol, samples were collected for
microbiological analysis after pasture and corn cycles.
The study measured easily extractable glomalin (EEG),
total glomalin (TG), AMF sporulation, and root coloniza-
tion, along with corn yield and pasture biomass. Results
indicated that the CL system promoted higher EEG than
CLT after both cycles, with N90 showing higher glomalin
levels post-pasture. AMF sporulation increased with the
CL N180 treatment after corn, while no differences were
found in AMF root colonization across systems and N lev-
els. Corn yield and pasture biomass were also higher in CL
compared to CLT. Findings suggest that CL systems with
proper N fertilization enhance AMF and soil glomalin,
and agricultural productivity, supporting soil quality and

sustainability.

Keywords: agroforestry, corn, sporulation, soil quality.

This is an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY), which
permits unrestricted use, distribution, and reproduction in any medium, as long as the original work is properly cited.

Rev. Ceres, Vi¢osa, v. 73, ¢73007, 2026


https://orcid.org/0000-0002-0024-8909
https://orcid.org/0000-0003-3396-1150
https://orcid.org/0009-0001-2807-6723
https://orcid.org/0000-0002-3906-3047
https://orcid.org/0000-0002-9306-6724
https://doi.org/10.71252/2177-34912026730007

2 Andréa Scaramal Menoncin ef al.

INTRODUCTION

Integrated crop-livestock systems (ICLS) combine
multiple animal and plant production activities that interact
in space and time, resulting in a synergistic transfer of
resources to the environment.” ICLS is recognized for
the ecosystem services it promotes, as well as its ability
to create biophysical and socioeconomic resilience, which
are essential in the face of current climate and market
fluctuations® The adoption of ICLS has been increasing
considerably due to its benefits, especially in terms of soil
nutrient cycling efficiency, leading to improved productivi-
ty and sustainability of the agroecosystem.® This adoption
is mainly driven by society's demand for food with higher
nutritional quality, while also resulting from a production
process with a lower environmental impact, promoting
biodiversity, soil and environmental health, and ensuring
income for the producer.®

However, like any production system, crop-livestock
(CL) and crop-livestock with trees (CLT) integration sys-
tems, which are variants of ICLS, also promote changes
in the soil due to the management of animals, pastures,
grain crops, and forestry. These changes influence the
soil’s chemical, physical, and biological components, their
interactions, and the transformations occurring in nutrient
cycling processes.”®

Among the biological components of the soil, arbus-
cular mycorrhizal fungi (AMF) play a fundamental role in
plant nutrition, increasing their capacity to absorb phos-
phorus (P) and water, which reflects on their development
and productivity.® Moreover, AMF, when in symbiosis,
produce an extensive mycelial network externally to the
roots, contributing to soil stability by helping to form
aggregates that maintain its structure and reduce erosion.
® The effect of AMF on soil aggregation is through the
production of fungal tissues (mycelium) and glomalin,
which are high-molecular-weight glycoproteins that act in
the formation and stability of soil aggregates, affecting nu-
trient availability and soil quality.” Besides acting on soil
aggregation, glomalin can be an important carbon reserve
in the soil, contributing to climate change mitigation.®

Agricultural practices like crop rotation, soil cover
crops, and using organic fertilizers have been linked to
increased AMF populations and glomalin concentration
in the s0il.(%!Y. In this context, ICLS can also boost AMF
abundance and diversity, impacting glomalin concentration
in the soil. A study by Pires et al. (2021)"? observed an

increase in AMF abundance in ICLS compared to conven-
tional cultivation systems. However, the behavior of AMF
and the presence of glomalin in the soil in ICLS fertilized
with different nitrogen (N) doses in pasture is not yet fully
understood, especially regarding the potential of this man-
agement to influence soil quality.

In this study, we hypothesize that crop-livestock
integration, with or without a tree component, combined
with adequate nitrogen fertilization in pasture, enhances
mycorrhization, increases soil glomalin production, and
improves corn yield and forage accumulation.

Thus, the objective of this work was to evaluate the re-
sponse of the AMF population and glomalin concentration
in the soil, as well as corn productivity and forage accumu-
lation in the integrated CL and CLT systems, fertilized with
different N doses in the pasture.

MATERIAL AND METHODS

Experimental area

The long-term experiment has been conducted since
2006 at the IDR-Parana, in “Fazenda Modelo” Experimental
Station, in Ponta Grossa, Parana (25°07'22" S; 50°03'01" W;
and 953 m altitude). According to the Kéeppen classifica-
tion, the region's climate is Cfb subtropical mesothermal
humid.® The average temperature and rainfall data for the
municipality of Ponta Grossa, during the current experi-

mental period, are shown in Table 1.

Table 1. Minimum-maximum monthly temperature (°C) and total
rainfall (mm) during the experimental period (2018) compared to
the historical average (HA, from 1998 to 2018)

Temperature (°C) Precipitation (mm)
Month 2018 HA 2018 HA
January 17.1-26.1 20.5 337.8 164.1
February 15.5-26.0 20.0 97.8 162.1
March 17.6 -27.8 214 184.2 123.1
April 14.5-26.6 19.6 18.2 922
May 11.6 -22.8 16.4 37.0 93.7
June 9.7-19.4 14.2 109.6 105.0
July 9.6-22.1 152 11.0 98.6
August 8.8-20.1 13.9 43.6 74.4
September  12.5-23.5 17.0 43.4 128.1
October 14.1-23.4 17.8 238.6 172.1
November 14.9 -26.4 19.7 26.8 123.1
December 16.5-29.7 22.0 162.4 150.1

Source: SIMEPAR, 2018.04
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The experimental area comprises 13.07 ha, divided into
6.09 ha planted with trees in an integrated crop-livestock
with trees system (CLT), and the rest in an integrated
crop-livestock system (CL). The area comprises a com-
bination of soils classified as typical Dystrophic Haplic
Cambisol and typical Dystrophic Red Latosol,'> with a
sandy texture and a slope between 4 and 9%. The chemical
characterization of the soil, carried out according to the
procedures described in the Manual of Chemical Analysis
and Quality Control,¥ is shown in Table 2.

The experimental design is a randomized block design
with a 2 x 2 factorial scheme. The first factor consists of two
ICLS: crop-livestock (CL) and crop-livestock with trees
(CLT). The second factor involves two N doses applied as
topdressing in winter pasture, 90 and 180 kg N ha’!, with
three repetitions per treatment.

In the CLT system, in 2006, at the beginning of the exper-
iment, three tree species were planted: eucalyptus (Eucalyptus
dunnii Maiden), pink pepper (Schinus terebinthifolius Raddi),
and silver oak (Grevillea robusta A. Cunn. ex R. Br.). The spe-
cies were interspersed in the same rows running crosswise in
relation to the slope, with a predominantly Southwest-North-
east orientation at 3 x 14 m spacing (238 trees ha'). After
some thinning, the tree density at the time of sampling for this
study was approximately 40 trees ha''.

In both systems, CL and CLT, soybean (Glycine max) or
corn (Zea mays) were alternately cultivated in the summer,
and in the winter, pasture composed of black oat (Avena

strigosa Schreb) + ryegrass (Lolium multiflorum Lam.), in

ano-tillage system, grazed by beef cattle, under continuous
stocking.

Each experimental unit received three tester animals
(permanent animals that remained throughout the ex-
perimental period), and a variable number of animals
periodically adjusted (put and take method) to maintain a
target surface sward height of 20 cm.""'® The experimental
animals were Puruni beef heifers (aged between eight and
ten months at the beginning of the stocking season).

The winter pasture consisted of a mix of oats and
ryegrass, sown at a seed density of 45 kg ha' and 15 kg ha'!,
respectively, on May 16,2018, with a row spacing of 17 cm.
The base fertilization used was 400 kg ha' of the 4-30-10
(N-P,0;-K,0) formula, with 90 kg N ha! or 180 kg N ha'
applied as urea, as topdressing and applied in a single
application 40 days after pasture was sown, constituting
the two nitrogen fertilization doses evaluated. Corn (Balu
280 Pro) was sown on October 17, 2017, directly into the
residual straw of the winter pasture. The row spacing was
0.80 m with 6.0 seeds per linear meter, resulting in an
initial population of approximately 70,000 plants ha''. Base
fertilization was 400 kg ha! of N-P,0;-K,0O in the 4-30-10
formula, and topdressing fertilization was done using a
single dose of 250 kg ha! of urea in both systems.

In the winter of 2018, heifers weighing an average
of 225 + 3.44 kg at the beginning of the livestock phase
grazed the experimental area for 105 days (from July 5
until October 18, 2018).

Table 2. Chemical characterization of soil (depth 0-20 ¢cm) in integrated crop-livestock (CL) and integrated crop-livestock with trees
(CLT) systems after corn cultivation (i.e., in March 2018) and pasture in succession fertilized with 90 e 180 kg ha' (N90 and N180,

respectively) (i.e., in October 2018)

pH P K Ca* Mg? AF* H+Al SB CEC \% m
Treatment
mg dm? cmolc/dm? %
End of corn cycle
CL N90 5.16 49.80 0.26 3.17 1.37 0.03 4.67 4.80 9.47 51,36 0,74
CLN180 5.20 53.40 0.21 3.22 1.39 0.06 4.66 4.82 9.48 51,59 1,45
CLT N90 5.09 51.90 0.18 2.47 0.97 0.02 3.96 3.61 7,58 47,74 0,59
CLT N180 4.09 58.60 0.16 2.59 0.97 0.07 3.92 3.72 7.64 47,88 2.78
End of pasture cycle

CL N90 5.04 52.24 0.41 3.04 1.37 0.03 4.65 4.82 9,47 51,05 0,75
CLNI180 5.05 37.66 0.36 2.86 1.44 0.05 4.65 4.67 9,32 49,90 1,35
CLT N90 5.12 81.78 0.31 2.59 1.19 0.02 4.24 4.08 8,32 49,19 0,74
CLT N180 5.09 61.59 0.24 2.59 1.16 0.04 4.35 3.98 8,32 47,89 1,06

pH in CaCl,; SB, sum of bases; CEC, cation exchange capacity; V, base saturation; m, aluminum saturation. P-K (MEHLICH I); Ca-Mg-Al

(KCl mol L"); pH (CaCl, 0,01M).
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Sampling of soil and roots

Soil and root sampling was carried out two times: at the
end of the corn cycle and at the end of the pasture phase
in both ICLS. Composite samples were collected using a
shovel, at a depth of 0-20 cm, at five points distributed in
a zig-zag pattern across the experimental plot, totaling 60
samples. Each sample consisted of 5 sub-samples collected,
one in the center of the chosen point and the rest circular
around it.

The soil samples, along with the roots, were stored in
plastic bags and placed in ice-filled Styrofoam boxes for
transport to the Soil Microbiology Laboratory at IDR-
Parana in Londrina. In the laboratory, the soil was sieved
(4 mm mesh) and kept in a cold chamber at 7 °C until
analysis. The finer roots were selected using a 2 mm mesh,

washed, identified, and preserved in 50% alcohol.

Corn and pasture measurements

The evaluation of corn productivity was performed 184
days after sowing. In the CLT system, three samples per
plot were collected, corresponding to 5-meter segments
of corn row in three different positions between the tree
rows: the central position, located between two tree rows;
the position adjacent to the tree rows; and an intermedi-
ate position. In the CL system, three random samples of
5-meter corn rows were collected per plot. Grain yield was
calculated based on the total mass of grains harvested from
all plants in each plot and/or position between the rows,
adjusted to 13% moisture and extrapolated to one hectare.

Total herbage accumulation was determined by the sum
of the forage accumulated during each growth period, plus
the forage mass present at the beginning of the grazing
phase, as described by Pontes et al. (2020).19

Microbiological evaluations

In the pasture and corn, root colonization (RC) by AMF
was evaluated, and in the soil, the number of AMF spores
(SP) and the total glomalin (TG) and easily extractable
glomalin (EEG) contents were determined.

Root colonization by AMF was assessed by clarifying
them with KOH followed by staining with Trypan Blue,
according to the methodology described by Koske and
Gemma (1989).%9 This was determined using a stereoscop-
ic microscope at 40x magnification, following the quadrant

intersection technique.®"

AMF spores were extracted from the soil using the wet
sieving technique®? followed by centrifugation and flota-
tion in sucrose.® The spore count was performed using a
stereoscopic microscope at 40x magnification.

For the extraction of TG and the EEG from the soil, the
methodology proposed by Rillig et al.?¥ was used. Gloma-
lin quantification was performed using a spectrophotometer
at 595 nm, with bovine serum albumin as the standard.®

Statistical analysis

Statistical analysis was performed using R software
version 4.3.2 (R Foundation for Statistical Computing,
Vienna, Austria).?® Analysis of Variance (ANOVA) was
applied to assess the equality and significance of the data,
followed by residual analysis to verify the assumptions of
the ANOVA. Subsequently, Tukey's test was conducted to
compare the treatments regarding: a) maize and pasture
productivity, b) total and easily extractable glomalin, ¢)
spore density of arbuscular mycorrhizal fungi (AMF), and
d) root colonization by AMF. Normality of the errors was
checked using the Shapiro-Wilk test to confirm the distri-
bution of the residuals and, if necessary, adjustments were
made.

RESULTS AND DISCUSSION
The principle of ICLS is to integrate livestock and

plant production systems in the same area, aiming to create
a positive synergistic effect between production factors,
which reflects on production, profitability, and environ-
mental preservation. This study mainly evaluated the effect
of the forest component of the CLT system and the fertil-
ization of pasture with mineral N on crop mycorrhization,
soil glomalin production, and the productivity of corn and
pasture (Table 3).

Maize productivity was significantly higher in the CL,
with an average yield of 9,722 kg ha’!, approximately
37% greater than that recorded in the CLT, which reached
7,083 kg ha! (Figure 1). This result confirms the high
sensitivity of maize to the limitation of photosynthetically
active radiation in shaded environments, together with
competition for water and nutrients in the soil profile.
Similar reductions had already been reported in the same
experimental area, but evaluated in an earlier period, when
the presence of trees led to decreases of up to 52% in maize
grain and silage yields.?” Under other edaphoclimatic con-
ditions, progressive reductions of up to 56% in maize grain

yield were also observed in CLT systems as tree growth
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Table 3. Significant F values in the analysis of variance of microbiological attributes and yield after the crop and pasture cycle: AMF
sporulation (SP), AMF root colonization (RC), easily extractable glomalin (EEG), and total glomalin (TG) in the soil, in an experiment
with integrated crop-livestock (CL) and crop-livestock with trees (CLT) systems under the application of 90 and 180 kg ha! of N on
pasture

Treatment DF SP RC EEG TG Yield
Endo f corn cycle

System (S) 1 ns ns 25,0% 21,8% 6,74*
N doses 1 4,6* ns ns ns ns
Block 2 ns ns ns 70,1* ns
SxN 1 6,5% ns ns 11,6%* ns
CV1 (%) 16,3 5,2 13,3 8 20,95
CV 2 (%) 14,9 8,9 13,92 14,2

Endo f pasture cycle
System (S) 1 ns ns 31,1* ns 13,02*
N doses (N) 1 ns ns 7,8%* 33,1* 19,89**
Block 2 ns ns 58,1* 5,4% ns
S xN 1 ns ns ns ns ns
CV 1 (%) 46,3 12,1 6,4 11 19,08
CV 2 (%) 26,6 6,5 15 20,7

* P<0,05; ** P<0,01. DF: degrees of freedom. ns: not significant. CV: coefficient of variation.

advanced.®® Recent reviews further support this evidence,
highlighting maize as one of the most affected crops by
light limitation in tropical agroforestry systems.?”

Similar patterns were observed in pasture, where the CL
system also showed greater biomass accumulation compared
to the CLT (Figure 1A). In the latter, a positive response was
only observed with the highest nitrogen dose (180 kg ha''),
which partially mitigated the effects of tree competition
(Figure 1B). Evidence obtained in the same experimental
area, but evaluated in a different period, also reported
reductions in pasture accumulation under moderate shading
(~36%), with losses of up to 2.02 Mg ha'.!® These results
suggest that reduced light availability in the understory,
combined with interspecific competition, may contribute to
productivity losses in integrated systems with trees.

The patterns observed in maize and pasture productivi-
ty may be partly explained by soil microbiological factors,
since glomalin production and AMF activity directly
influence soil structure, nutrient availability, and plant
performance.

At the end of the corn cycle, it was observed that
the different ICLS had a significant effect on the easily
extractable glomalin (EEG) and total glomalin (TG) in the
soil, while N doses influenced the sporulation of arbuscular
mycorrhizal fungi (AMF spores). Additionally, there was
a significant interaction between ICLS and N (S X N)
on sporulation (SP) and TG. After the pasture cycle, the

Rev. Ceres, Vigosa, v. 73, €73007, 2026
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Figure 1. Corn yield in integrated crop-livestock (CL) and
crop-livestock with trees (CLT) systems. Bars represent means
+ standard error. Different letters indicate significant differences
between systems according to the F test (p = 0.0408). Coefficient
of variation (CV) = 20.95%.

different ICLS also had a significant effect on EEG, while
N doses influenced both EEG and TG (Table 3).

After both crops, corn and pasture, the EEG levels in
the soil were higher in the CL compared to the CLT system
(Figure 3). This suggests that the CL system may have
favored more recent glomalin production in the soil. The
hypothesis is that the shading caused by the trees in the CLT
system may have reduced the root growth of the cultivated
plants and, consequently, the EEG production. Evidence
indicates that the roots of annual crops were affected by the

trees, resulting in reduced root length and density.*”
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Figure 2. Total herbage accumulation (kg ha') in crop-livestock
(CL) and crop-livestock-forest (CLT) systems (A), and under
nitrogen doses of 90 kg ha' (N90) and 180 kg ha' (N180) (B).
Bars represent means + standard error. Different letters indicate
significant differences according to the F test (A: p = 0.0113; B:
p = 0.0043). Coefficient of variation (CV) = 19.08%.
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Figure 3. Easily extractable glomalin (EEG) in integrated
crop-livestock (CL) and crop-livestock with trees (CLT) systems
at the end of the corn cultivation in succession to a pasture fertil-
ized with nitrogen doses of 90 and 180 kg ha’!, and the following
pasture. Bars represent means + standard error. Lowercase letters
compare means between systems for the same crop, and upper-
case letters compare means between crops within the same sys-
tem. Different letters indicate significant differences according to
the F test (p < 0.05).

In the CLT system, in addition to the strong correla-
tions observed between corn productivity and glomalin
fractions, studies indicate that EEG, as observed in this
system (Figure 3), has a direct and immediate impact on
soil functionality and crop productivity (Figures 1 and 2).
This occurs because these fractions are directly associated
with active microbial biomass and the formation of stable
aggregates, which facilitate water and nutrient absorption
by plants.? Thus, the higher correlation between corn
productivity and EEG in the CLT system (r = 0.82) can be
explained by the crucial role of this fraction in improving
soil conditions, promoting a more favorable environment

for plant development.

Glomalin was also favored at the lower N dose after
pasture cultivation. The levels of EEG and TG were higher
at the lower N dose, 90 kg ha! (Table 4). In other studies,
EEG levels increased with N fertilization up to a peak of
70 kg ha! but decreased from 130 kg ha' onwards, indi-
cating that high N doses can inhibit the production of EEG
and TG®Y In this study, the highest N dose (180 kg ha')
was associated with a reduction in the production of gloma-
lin-related glycoproteins, suggesting that excessive nitrogen
fertilization may limit microbial activity and glomalin
synthesis. Similar responses have been observed in other
studies, where high N availability reduced plant dependence
on mycorrhizal symbiosis, resulting in lower hyphal devel-
opment and, consequently, reduced glomalin production.
These conditions may negatively affect aggregate stability
and soil physical quality, reinforcing the sensitivity of glo-
malin dynamics to nitrogen management.’-3>33

In the unfolding of the S x N interaction, during the corn
cycle, the effect of N doses on AMF sporulation (SP) was
observed only in the CL system, with a higher number of
AMF spores observed at the 180 kg N ha'! dose (Table 5).

Table 4. Effect of nitrogen dose factor, 90 kg N ha' (N90) and
180 kg N ha! (N180), on easily extractable glomalin (EEG) and
total glomalin (TG) in soil after pasture cultivation

EEG TG
Nitrogen dose
mg g dry soil
N90 1,17a 4,03 a
N180 1,05b 3,56b

Means followed by the same letter in the column do not differ by Tukey's
test (P < 0.05).

Table 5. Sporulation of arbuscular mycorrhizal fungi (AMF) and
total glomalin (TG) at the end of the corn cycle cultivated after
pasture fertilized with nitrogen (N) doses: 90 and 180 kg ha'
(N90 and N180, respectively), in integrated crop-livestock (CL)
and crop-livestock with trees (CLT) systems

AMF TG
Treatment N° spores 50g soil! mg g dry soil
CL CLT CL CLT
N90 53,3Ba 57,9Aa 5,0Aa 4,01Bb
N180 63,8Aa 56,9Aa 4,35Ba 4,48Aa

Uppercase letters compare systems (CL vs. CLT) within each nitrogen dose,
and lowercase letters compare nitrogen doses within each system. Means
followed by the same letter do not differ by the Tukey test (p < 0.05).

Rev. Ceres, Vigosa, v. 73, €73007, 2026
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Plants exude molecular signals into the soil that stim-
ulate fungal growth and subsequent root colonization,
attracting different AMF species with functional compati-
bility.®¥ Although higher plant diversity is often associated
with increased AMF presence and activity, this relationship
is strongly dependent on system conditions. In the CLT
system, the greater plant diversity promoted by trees did
not lead to a proportional increase in AMF sporulation or
colonization. This pattern can be explained by competition
for resources and soil conditions that limit mycorrhizal
development, as previously observed in systems where
legumes and high nitrate levels reduce AMF populations
and glomalin accumulation.®>*® This dynamic can be
explained by the dominance of specific fungal isolates,
which are not always compatible with all the plant species
present, resulting in uneven colonization.®” Thus, even in
diverse systems, the specificity of plant-fungus interactions
and the dominance of certain isolates can limit the expected
effects of diversity on AMF sporulation and colonization.

In addition to the compatibility between the mycorrhi-
zal fungus and the host plant species, several factors in-
terfere with AMF sporulation, such as nutrient availability,
cultural practices, soil and crop management, soil types,
and seasonality.®® In this study, the effect of the N dose
applied to the soil on AMF sporulation was observed. A
higher number of spores in the soil was observed at the
higher N dose (N180) in the CL system after corn cultiva-
tion. However, this increase in the number of spores due to
the increased N dose was not repeated in the CLT system
after corn cultivation and in both systems after pasture
cultivation.

Different behaviors in the sporulation of AMF species
in response to nutrient levels have been observed in var-
ious studies. In soils with higher nutrient concentrations,
especially N, there is a tendency for reduced sporulation
rates.®® However, in the present study, higher sporulation
was recorded at the end of the corn cycle cultivated in
the CL system, following the pasture that received the
higher N dose (N180).This increase may be related to the
greater root development of plants that received higher
N doses.®? Corn is a highly mycorrhizal plant, and its ca-
pacity to increase the inoculum potential in the soil is well
documented.*? Moreover, N applications stimulate root
growth in corn, which can enhance molecular signals and
increase infection sites for AMF.“? Although greater plant
species diversity is often associated with increased AMF

presence and activity, this relationship strongly depends on

system conditions. In the CLT system, the higher diversity
promoted by trees did not result in a proportional increase
in AMF sporulation or colonization. This pattern may be
explained by resource competition and soil conditions that
limit mycorrhizal development, as observed in systems
with legumes and high nitrate levels, which reduce AMF
populations and glomalin accumulation.**® Furthermore,
glomalin dynamics are closely related to soil organic mat-
ter, which is influenced by nutrient inputs and mineraliza-
tion processes.“*) However, it is worth noting that in the
CL system, two grasses were grown in succession, without
the shading effect present in CLT systems. The absence of
this shading may have altered the growth dynamics of the
grasses and directly influenced the interaction with AMF,
favoring the increased sporulation observed in this study.
Shading can reduce photosynthesis and carbon allocation
to the roots, which can negatively affect the formation of
mycorrhizal associations, as reported by Smith & Read.“V

Increased sporulation in the soil may represent a strat-
egy for the fungus to persist in the system and to select
more adapted AMF species.“® However, at the end of the
pasture cycle, no effect of the systems or N doses on AMF
sporulation was observed. In contrast, the application of
300 kg ha'! of N favored the establishment of AMF, result-
ing in higher colonization and sporulation rates compared
to the treatment without N.“#” At the end of the corn cycle,
in the unfolding of the interaction between S x N factors
for the TG variable, differences between systems were
observed only at the 90 kg N ha' (N90) dose, with higher
TG production in the CL system (Table 5). Proper N fer-
tilization management therefore enhanced the benefits of
integrated systems. N application has been associated with
increased nutrient use efficiency and crop productivity.“®

In this study, higher EEG and TG production with the
lower N dose (90 kg N ha'') after the pasture cycle may
indicate more efficient resource use, whereas the higher N
dose (180 kg ha'') resulted in greater dry mass production.
This suggests that, under high N availability, plants become
less dependent on microbial activity for nutrient supply,
relying more directly on the applied N. Such conditions
may reduce the relative importance of biological activity
in nutrient cycling, favoring plant growth through direct N
uptake.

No effects of the studied factors were observed on AMF
root colonization after corn or pasture, with overall averag-
es of 33.2% after corn and 36.9% in the pasture per gram
of root. However, the CL system showed higher production

Rev. Ceres, Vigosa, v. 73, €73007, 2026



8 Andréa Scaramal Menoncin ef al.

of EEG and TG compared to CLT, which may reflect more
favorable soil microbiological conditions.

These compounds contribute to improved soil structure
and health, promoting conditions that support crop growth.
Glomalin, in particular, improves water retention and
nutrient availability, which are essential for agricultural
productivity.?¥ Although root colonization did not differ
significantly between systems, AMF may have contributed
to nutrient absorption efficiency, consistent with the greater
microbial activity and the productivity patterns observed in
the CL system.“V

Analyzing the correlation between corn productivity
and microbiological attributes, such as AMF spores, root
colonization, EEG, and TG, it was found that in the CL
system, the Pearson correlation coefficient between the
number of AMF spores and productivity was r = 0.56,
indicating a moderate positive correlation.

Similarly, total herbage accumulation from pasture was
significantly higher in the CL system (Figure 1A). In the
CLT system, the application of 180 kg ha' of N resulted
in greater total herbage accumulation (Figure 1B). In the
CL system, after the pasture cycle and with the application
of 90 kg ha! of N, a strong positive correlation (r = 0.83)
was found between total herbage accumulation and mycor-
rhizal colonization, while TG showed a moderate positive
correlation with productivity (r = 0.65). On the other hand,
in the CLT system, with the application of the same N dose
(90 kg ha'), a negative correlation (r =-0.97) was identified
between total herbage accumulation and mycorrhizal col-
onization, while the correlation between productivity and
TG was positive but moderate (r = 0.58), indicating a less
direct relationship between these variables.

The data analysis suggests that the CL system provides
a more favorable environment for agricultural production,
with benefits in terms of corn productivity and total herbage
accumulation due to the soil's microbiological attributes.
The higher production of EEG and TG in the CL system
may indicate a healthier and better-structured soil. On the
other hand, the CLT system, although offering environ-
mental benefits, may need specific adjustments to improve
agricultural productivity. The positive impact of N doses
on total herbage accumulation highlights the importance of
careful fertilization management to maximize agronomic
benefits. The proper application of N fertilizers is crucial
to sustain high agricultural productivity, but it must be

balanced to avoid negative environmental impacts.“”

CONCLUSION

The crop-livestock (CL) system showed superior
performance compared to the crop-livestock-tree (CLT)
system, with higher corn yield and greater forage accumu-
lation. These results indicate that the absence of the tree
component provided more favorable conditions for crop
growth and agronomic response under the experimental
conditions.

Nitrogen fertilization had a direct effect on forage
accumulation, especially in the CLT system, where the
higher dose (180 kg N ha™') resulted in significant increases
in biomass production. This highlights the importance of
adequate N management to enhance pasture performance
in integrated systems.

Soil microbiological attributes, such as arbuscular my-
corrhizal fungi (AMF) sporulation and glomalin concen-
tration, were directly related to the agronomic responses
observed.

High-dose N fertilization reduced the levels of total glo-
malin and easily extractable glomalin in the soil, indicating
an inhibitory effect of N on the production of this protein.
However, AMF sporulation was stimulated by the higher N
dose, evidencing the interaction between mycorrhizal fungi
and N application in the soil.

In summary, productivity in integrated systems was
significantly influenced by both land-use arrangements
(CL and CLT) and nitrogen doses. Balanced N fertilization
management, with adequate doses adjusted to crop needs,
can maximize the benefits of integrated systems, promote
soil microbiota functionality, and sustain agronomic per-

formance.
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