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Abstract
Monocropping systems of Zea mays L. in Brazilian biomes exert strong pressures on the functionality of Cambisols. This 
study aimed to assess the influence of organic fertilization on the chemical properties of Cambisols across four Brazilian 
biomes (Amazon, Atlantic Forest, Caatinga, and Cerrado), as well as on plant nutrient extraction patterns, the microbial 
community within the rhizosphere of Z. mays, and crop yield. Under greenhouse conditions over three cultivation cycles, 
soil pH, soil organic carbon (SOC), available P, total N, plant dry biomass, yield, macro- and micronutrient extraction, 
microbial gene abundance, and dsDNA content were evaluated in Cambisols from different Brazilian biomes under two 
treatments (organic fertilization × control). Higher values of SOC, available P, total N, shoot and root dry biomass, yield, 
extraction of N, P, Mg, S, B, Cu, Fe, and Zn, as well as bacterial and fungal gene abundance and dsDNA content, were 
observed in soils receiving organic fertilization. The findings suggest that organic fertilization enhances plant performance, 
soil fertility, nutrient dynamics, and rhizosphere functioning in Cambisols, contributing to improved maize yield. Organic 
inputs were associated with (i) increases in SOC, available P, and total N; (ii) greater abundance of bacterial and fungal 
genes and higher dsDNA content; (iii) enhanced extraction of macro- and micronutrients; and (iv) the potential to support 
the conservation of Cambisols while contributing to food security and sustainable agricultural practices.
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relevance due to their widespread occurrence and agricul-
tural suitability. These soils are generally characterized by 
relatively young profiles, good drainage, and moderate to 
high fertility; however, they may also exhibit considerable 
variability in physical and chemical properties depending 
on parent material and environmental conditions, which 
can influence crop performance and management responses 
(Nungula et al. 2024; Bolfe et al. 2024).

Cambisols are distributed across major Brazilian biomes, 
including the Amazon, Atlantic Forest, Caatinga, and Cer-
rado, where they support diverse agricultural systems 
(Bolfe et al. 2024). In the Cerrado, they contribute to large-
scale grain production, while in the Atlantic Forest they are 
associated with forestry and agroforestry systems (Soares et 
al. 2024; Parron et al. 2024). In the Caatinga and Amazon 
regions, Cambisols are often used in smallholder and agro-
ecological systems, where soil management plays a criti-
cal role in maintaining productivity and ecosystem services 
(González et al. 2024; Pegoraro et al. 2024). Despite their 
agricultural potential, these soils are susceptible to degra-
dation processes such as nutrient depletion and erosion, 

1  Introduction

Maize (Zea mays L.) is a cornerstone of global agriculture 
due to its high productivity, wide adaptability, and multi-
functional use as food, feed, and industrial raw material 
(Zapałowska and Jarecki 2024; Sikiru et al. 2024). In Bra-
zil, maize plays a strategic role in national food security and 
agroindustrial systems, particularly in regions where soil 
conditions allow for high yield potential (Prudente Junior 
et al. 2024). Among these soils, Cambisols are of particular 
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particularly under intensive monocropping systems, which 
may compromise their long-term functionality.

Organic fertilization has been widely proposed as a strat-
egy to improve soil quality and sustain crop productivity 
by enhancing soil organic matter, nutrient availability, and 
biological activity (Nath et al. 2024; Agegnehu et al. 2024). 
In addition to improving soil chemical properties, organic 
inputs play a fundamental role in regulating microbial com-
munities, which are key drivers of nutrient cycling, organic 
matter turnover, and plant–soil interactions. Microbial 
responses to organic amendments may vary across biomes 
due to differences in climate, soil properties, and native 
microbial assemblages, potentially leading to distinct func-
tional outcomes in agroecosystems. However, despite grow-
ing evidence of the benefits of organic fertilization, there 
remains limited understanding of how these responses are 
modulated by soil heterogeneity across different Brazilian 
biomes, particularly in Cambisols.

This gap is especially relevant when considering that the 
effectiveness of organic fertilization is not uniform and may 
depend on the interaction between soil properties, micro-
bial communities, and plant physiological responses. A 
more integrative approach that simultaneously evaluates 
chemical, biological, and agronomic indicators is therefore 
needed to better understand the mechanisms underlying 
soil–plant–microbial interactions under organic manage-
ment. In this context, a greenhouse experiment was con-
ducted to assess how organic fertilization (cow manure) 
influences maize performance, Cambisol chemical prop-
erties, plant nutrient extraction patterns, and rhizosphere 
microbial communities across different Brazilian biomes 
(Amazon, Atlantic Forest, Caatinga, and Cerrado). It was 
hypothesized that: (1) organic fertilization alters soil fertil-
ity by increasing soil organic carbon, available P, and total 
N, with responses potentially varying among biomes (Liu 
et al. 2024); (2) improved soil conditions promote greater 
above- and belowground growth of Z. mays (Rehman et al. 
2024); and (3) organic inputs enhance positive interactions 
within the rhizosphere microbial community (Anzuay et al. 
2024). By integrating soil, plant, and microbial indicators 

under controlled conditions, this study aims to advance the 
understanding of how organic fertilization influences the 
functional dynamics of Cambisols and to provide insights 
for sustainable agricultural management in tropical systems.

2  Materials and methods

2.1  Soils and treatments characterization

The top 20 cm layer of Cambisols was collected from eight 
natural ecosystems across Brazilian biomes: (i) Caatinga, 
(ii) Atlantic Forest, (iii) Amazon, and (iv) Cerrado (Table 1). 
All soils were collected in primary forest fragments (natural 
ecosystems), and they were classified as Cambisols (WRB 
2022) (Fig. 1). The organic fertilization treatment consisted 
of well-rotted farmyard manure derived from cow manure. 
The characteristics of the organic fertilizer were: water con-
tent of 75%, C/N ratio of 21.13, N content of 20.84 g kg˗1, 
P content of 16.18 g kg˗1, K content of 31.18 g kg˗1, pH in 
water of 7.0, and electrical conductivity of 0.27 dS m˗1.

2.2  Experimental design

A greenhouse experiment was conducted from 2022 to 2024 
using 6-L plastic pots, each filled with 5.0 kg of air-dried 
and sieved (< 2 mm) soil samples. The experiment was rep-
licated three times to guarantee quality assurance, quality 
control, and enhance the robustness and accuracy of our 
scientific research. Organic fertilizer was manually applied 
at a rate equivalent to 30 t ha˗¹, which corresponded to a 
specific dose of 143 g per 6-L pot, maintaining consistency 
with the total application rate. The organic fertilization rate 
was calculated to meet crop nutrient demand according to 
established agronomic guidelines (de Souza et al. 2015; 
Nogueira et al. 2026). Additionally, we have a control treat-
ment (unfertilized control) generating two treatments for 
each soil. Five replicates were prepared for each soil origin 
(4 biomes) × fertilization treatment (organic fertilization 
and control) using a completely randomized design (Fig. 2).

Table 1  Main description of Cambisol sites in the Brazilian biomes
Soil ID Location Geographic coordinates Altitude (m.a.s.l) Biome Climate type 

(Köppen-
Geiger clas-
sification)

#PB Pombal, PB 6º47’34.01”S, 37º49’10.7”W 183 Caatinga BSh
#RN Caraúbas, RN 05°39’51’’S, 37°47’56’’W 767 Caatinga BSh
#SC01 Curitibanos, SC 27°16’58”S, 50°35’04”W 987 Atlantic Forest Cfb
#SC02 Campo Belo do Sul, SC 27°51’14”S, 50°49’21”W 1200 Atlantic Forest Cfb
#AC01 Tarauacá, AC 8°09’51”S, 70°44’37”W 180 Amazon Af
#AC02 Brasiléia, AC 11°02’20”S, 68°45’33”W 196 Amazon Am
#DF Brasília, DF 15°40’11”S, 48°01’07”W 1091 Cerrado Aw
#GO Goiânia, GO 16°43’22"S 49°15’16"W 832 Cerrado Aw
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To mitigate potential issues associated with the incom-
plete decomposition of organic amendments, we imple-
mented a pre-incubation treatment before initiating the 
experiment with Z. mays. A significant concern with the 
direct application of farmyard manure is that a substantial 

portion may remain inadequately decomposed even after 
120 days, potentially leading to inconsistencies in nutrient 
availability, microbial activity, and soil physicochemical 
properties. To address this, all pots, regardless of whether 
they received organic fertilization or not, were maintained 

Fig. 2  Overview of the greenhouse experimental design (Pre-incubation period + Controlled maize experiment)

 

Fig. 1  Geographical distribution of sampled sites
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in a greenhouse at 80% of field capacity for 140 days prior 
to planting. This controlled pre-incubation period ensured 
the stabilization of organic matter decomposition, allowing 
microbial communities to process labile carbon sources and 
preventing transient spikes in soil nutrient availability that 
could confound experimental results. Consequently, this 
approach guaranteed that any substantial increase in soil 
parameters observed during the experiment could be attrib-
uted to genuine soil enhancement, rather than the mere pres-
ence of partially decomposed manure.

After the pre-incubation period, three seeds of maize cul-
tivar “BRS-3042” were sown in each pot, and 5 days after 
emergence plant density was reduced to one per pot. For irri-
gation, we used distilled water during the experiment. The 
average temperature in the greenhouse was 28 °C, ranging 
from 20 °C to 35 °C, an irradiance of up to 70% of full sun, 
relative humidity ranging from 65 to 75%, and photoperiod 
of 16:8 h L: D. Maize was harvested 130 days after emer-
gence, shoot and root biomass was harvested to determine 
dry biomass, seed weight was determined to estimate yield, 
and soil samples homogenized for chemical characteriza-
tion and DNA extraction. Organic fertilized was homoge-
nized and retrieved from packets. DNA was extracted from 
soil samples and organic fertilized. Both stored at ˗20  °C 
and analyzed within a 20 days of sample collection.

2.3  Shoot and root dry biomass, and yield of maize 
plants

Shoot and root dry biomass and yield were measured by 
considering each pot. Ears (including the husks, cobs, and 
kernels) were separated from leaves and stems (including 
internodes, sheaths, and tassels). Leaves and stems were 
dried in a forced draft oven for 24 h at 65  °C. For yield, 
kernels were dried, and the grain moisture content was stan-
dardized to 14% before yield estimation. We used data from 
leaves and stems to estimate shoot dry biomass, while data 
from kernels were used to estimate yield. For roots, we used 
the same procedure to estimate shoot dry biomass.

2.4  Relative chlorophyll contents and plant 
nutrition

Relative chlorophyll a and b contents in maize leaves were 
determined using a ClorofiLOG portable chlorophyll meter 
(Falker, Porto Alegre, Brazil). Measurements were carried 
out on all plants at 45 days after emergence, corresponding 
to the stage at which the fifth fully expanded photosynthetic 
leaf (counted from the apex) was present. After harvest, 
shoot biomass was oven-dried, weighed, and a representa-
tive subsample was finely ground for chemical analyses. 
Plant material was processed in a Wiley-type knife mill, 
and the concentrations of N, P, K, Ca, Mg, S, Na, Cu, Zn, 
Fe, Mn, and B were quantified following the analytical pro-
cedures described by Tedesco et al. (1995). Accordingly, 
nutrient extraction was estimated by multiplying nutrient 
concentrations by the plant dry biomass (shoot + root dry 
biomass), and the resulting values were expressed as kg 
ha⁻¹ for macronutrients and g ha⁻¹ for micronutrients and 
sodium.

2.5  Soil chemical characterization

To chemically characterize the soil samples, we analyzed 
several parameters: soil pH, soil organic carbon, available 
P, and total nitrogen. Soil pH was determined in a soil-water 
suspension with a 1:2.5 ratio. The soil organic carbon (SOC) 
content was measured by rapid oxidation with potassium 
dichromate as described by Okalebo et al. (1993). Avail-
able P was determined colorimetrically using a spectropho-
tometer at 882 nm after extraction with Mehlich-1, while 
total nitrogen was quantified after digesting soil samples 
with sulfuric acid and potassium sulphate, according to the 
Kjeldahl method (Black 1965). Additionally, soil properties 
were estimated before to start the experiment and they are 
presented in Table 2.

2.6  DNA extraction for microbial community 
composition

To characterize microbial community composition, we con-
sider the abundance of Bacteria, and Fungi. Bacteria signify 
a diverse group of microorganisms essential for decompos-
ing organic matter, fixing nitrogen, and promoting plant 
health. Fungi represent organisms that decompose complex 
organic materials, form symbiotic relationships with plants 
(mycorrhizae), and contribute to soil structure and fertility. 
We separated bulk from rhizospheric soil using a standard-
ized protocol from Barillot et al. (2013). The dsDNA was 
extracted from frozen rhizosphere soil samples using the 
protocol described by Joergensen et al. (2024). The dsDNA 
was quantified with the QuantiFluor system using 485 nm 

Table 2  Mean chemical properties (n = 10) of the selected Cambisols 
before starting the greenhouse experiment
Soil type Soil pH SOC (g kg˗1) P (mg kg˗1) N (g kg˗1)
#PB 6.51 (0.21) 7.51 (0.53) 3.60 (0.51) 0.61 (0.11)
#RN 6.97 (0.17) 4.41 (0.87) 2.42 (0.54) 0.57 (0.09)
#SC01 6.04 (0.14) 17.40 (0.96) 8.91 (0.15) 1.23 (0.08)
#SC02 5.30 (0.42) 33.93 (2.51) 10.90 (0.56) 1.58 (0.21)
#AC01 4.48 (0.10) 37.93 (0.50) 14.27 (0.43) 2.41 (0.28)
#AC02 4.78 (0.17) 30.98 (0.47) 17.43 (0.36) 4.21 (0.51)
#DF 3.90 (0.27) 15.32 (0.39) 8.08 (0.51) 0.99 (0.21)
#GO 3.78 (0.12) 16.11 (0.51) 7.49 (0.49) 0.91 (0.19)
Standard deviation in parenthesis. SOC = soil organic carbon; P = Soil 
available P extracted by Mehlich-1; and N = Total nitrogen
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excitation and 520  nm emission in the FLUOstar Omega 
microplate reader. To account for DNA loss during extrac-
tion, dsDNA content and marker gene abundances were 
corrected by dividing the data by extraction efficiency, as 
described in Hemkemeyer et al. (2014). Bacteria, and Fungi 
were quantified via quantitative real-time PCR (qPCR), tar-
geting ITS1 for fungi and the 16 S rRNA gene for Bacteria, 
using the LightCycler 480 SYBR Green I Master and Probes 
Master in the LightCycler 480 Instrument II. Primers used 
were: (i) NSI1 and 58A2R for Fungi (Martin and Rygie-
wicz 2005); and (ii) BAC338F and BAC805R with probe 
BAC516F for Bacteria (Yu et al. 2005). Reaction mixtures, 
cycling conditions, and cloning fragments for qPCR stan-
dards were used as proposed by Joergensen et al. (2024), 
and the standard preparation was performed as described by 
Rummel et al. (2021).

2.7  Statistical analysis

Prior to the statistical analyses, outliers were identified and 
removed from replicated data. Data normality and homo-
geneity of variances were assessed using the Shapiro–Wilk 
(“shapiro.test” function) and Bartlett (“bartlett” function) 
tests, respectively. When necessary, variables were trans-
formed to meet normality assumptions and subsequently 
standardized using z-transformation (mean = 0, standard 
deviation = 1) to ensure comparability among variables. 
Differences among treatments were evaluated using two-
way analysis of variance on ranks, followed by Tukey’s 
test at the 5% significance level (p ≤ 0.05). Euclidean dis-
tance matrices were computed using the ‘vegan’ package. 
Principal component analysis (PCA) was performed as a 
dimensionality reduction technique to identify multivari-
ate patterns and relationships among soil chemical proper-
ties, plant performance, and microbial community attributes 
across treatments (organic fertilization × control). To mini-
mize multicollinearity, variables with variance inflation fac-
tor (VIF) values ≥ 4.0 were excluded from the analysis. The 
first two principal components explained 77.90% (PC1) and 
9.85% (PC2) of the total variance, respectively. The inter-
pretation of PCA results was based on the strength of corre-
lation and variable contribution, with factor loadings ≥ 0.70 
considered indicative of strong associations. The “adonis” 
function was used to determine the significance differences 
with PERMANOVA. Thus, variables with: (i) VIF higher 
than 4.0, and (ii) not significant p-values by PERMANOVA 
were not included in the PCA.

Structural equation modeling (SEM) was employed 
to disentangle the direct and indirect relationships among 
plant–soil functional processes and yield under fertilized and 
unfertilized conditions. Prior to analysis, all plant, soil, and 
microbial variables from each soil origin and fertilization 

treatment were standardized using z-transformation to 
remove scale effects and homogenize variance across mea-
surements, property groups, and sampling points. The stan-
dardized dataset was subsequently used in all multivariate 
analyses. Variables were grouped into three functional cat-
egories following Souza et al. (2016a, b; Rodrigues et al. 
(2016), and Souza et al. (2023): (i) plant performance (shoot 
dry biomass, chlorophyll a and b contents, and yield); (ii) 
plant nutrition (macro- and micronutrient extraction); and 
(iii) healthy rhizosphere (root dry biomass, bacterial and 
fungal gene copy numbers, and dsDNA content). These 
functional categories represent complementary dimensions 
of plant–soil functionality and were specified as latent vari-
ables in the SEM framework. Only indicators contributing 
more than 5% to the total explained variance were retained; 
variables below this threshold were excluded to ensure 
model parsimony and robustness.

The SEM approach followed a two-step procedure. First, 
a measurement model was constructed using confirmatory 
factor analysis (CFA) to validate the latent structure of the 
functional groups and their associated observed indica-
tors, based on standardized factor loadings. Convergent 
validity was assessed by examining factor loadings (rang-
ing between 0.70 and 0.90), average variance extracted 
(AVE ≥ 0.50), and the statistical significance of indicator–
construct relationships, ensuring that the observed variables 
adequately represented their respective latent constructs. 
Internal consistency was evaluated using composite reli-
ability (CR ≥ 0.70) and Cronbach’s alpha, confirming the 
reliability of each construct. Factorability of the dataset was 
additionally verified using the Kaiser–Meyer–Olkin (KMO) 
measure and Bartlett’s test of sphericity, together with the 
evaluation of eigenvalues, cumulative explained variance, 
and factor loadings. Second, a structural model was speci-
fied to assess the interactions among the latent variables and 
their effects on yield, thereby directly testing the hypoth-
esized functional pathways regulating plant productivity. 
Separate SEMs were developed for fertilized and control 
(unfertilized) treatments to explicitly capture differences in 
system functioning under contrasting nutrient management 
scenarios. All models were implemented as single-level 
analyses integrating plant, soil, and microbial processes 
at the plot scale. Model estimation was performed using 
maximum likelihood procedures in R, employing the psych, 
lavaan, semTools, and MASS packages. Model adequacy 
was evaluated using multiple goodness-of-fit indices: the 
comparative fit index (CFI > 0.95), the standardized root 
mean square residual (SRMR < 0.08), and the root mean 
square error of approximation (RMSEA < 0.06). These 
criteria were used to ensure an adequate representation of 
the observed covariance structure and to identify the most 
plausible models explaining yield regulation through plant 
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performance, plant nutrition, and rhizosphere health under 
contrasting fertilization regimes. All statistical analyses 
were performed using R software v3.6.4.

3  Results

3.1  Plant dry biomass, chlorophyll content, and 
yield as influenced by the interaction among soil 
origins and fertilization treatments

Significant differences in shoot dry biomass (p ≤ 0.001), root 
dry biomass (p ≤ 0.001), chlorophyll a (p ≤ 0.01), chlorophyll 
b (p ≤ 0.01), and yield (p ≤ 0.001) were observed due to the 
interaction among soil origin and fertilization treatments. In all 
soils, plants grown under organic fertilization showed mark-
edly higher shoot biomass (11.51–19.34 g plant⁻¹) compared 
with the respective controls (1.97–8.29 g plant⁻¹), with the high-
est values observed in soils SC01, SC02, and AC02. A similar 
trend was observed for root dry biomass, which increased by 
two- to fourfold under organic fertilization, reaching maximum 
values in SC01, SC02, and AC01 soils. Chlorophyll a content 
was consistently enhanced by organic fertilization, particu-
larly in DF and AC02 soils, indicating improved physiological 
status of the plants. For chlorophyll b content, no significant 
differences were observed among soil origins under organic 
fertilization; however, organic fertilization resulted in signifi-
cantly higher chlorophyll b values compared with the control 
treatment across all soils. Grain yield responded strongly to 
organic fertilization in all soil origins, with increases ranging 
from approximately 50% to more than 200% relative to the 

controls. The highest yields were obtained in SC01 and AC02 
soils under organic fertilization (29.90 and 29.16  g plant⁻¹, 
respectively), whereas the lowest yields were recorded in the 
non-fertilized treatments, especially in PB, RN, and GO soils 
(Table 3).

3.2  Soil pH, soil organic carbon, available P, and 
total N as influenced by the interaction among soil 
origins and fertilization treatments

Organic fertilization with cow manure significantly altered the 
soil pH (p ≤ 0.05), soil organic carbon (p ≤ 0.001), available P 
(p ≤ 0.001), and total N (p ≤ 0.01) of Cambisols across all soil 
origins (Table 4). Soil pH showed limited variation among soil 
origins under organic fertilization, remaining within a mod-
erately acidic range (5.8–6.2), whereas significant differences 
between fertilized and control treatments were observed in 
several soils, particularly AC01, AC02, DF, and GO, where 
organic fertilization increased soil pH relative to the controls. 
Soil organic carbon (SOC) was markedly enhanced by organic 
fertilization in all soil origins, with increases ranging from 
approximately two- to fivefold compared with the control 
treatments. The highest SOC contents were recorded in AC01 
and AC02 soils under organic fertilization (41.00 and 39.48 g 
kg⁻¹, respectively), followed by SC02 and GO soils. Available 
phosphorus also responded positively to organic fertilization 
across all soils, with fertilized treatments consistently show-
ing higher P concentrations than the controls, and maximum 
values observed in AC02 and AC01 soils. Total soil nitrogen 
exhibited a similar pattern, with organic fertilization signifi-
cantly increasing N contents in all Cambisols, particularly in 

Table 3  Shoot and root dry biomass, chlorophyll a and b contents, and yield of maize cv “BRS-3042” sown in Cambisols from different origins 
and influenced by organic fertilization (OF) with cow manure (30 t ha˗1)
Soil origin Treatments Shoot dry biomass (g 

plant˗1)
Root dry biomass (g 
plant˗1)

Chlorophyll a (FCI) Chlorophyll b (FCI) Yield (g 
plant˗1)

#PB OF 11.51 (1.57) cA 15.71 (1.17) bA 44.96 (0.27) cA 21.01 (0.21) aA 13.76 (0.61) dA
Control 2.01 (0.59) cB 4.01 (0.98) cB 36.09 aB (0.31) 14.85 (0.19) aB 6.44 (0.59) cB

#RN OF 13.43 (1.29) cA 13.01 (1.17) cA 45.94 (0.18) cA 22.03 (0.02) aA 14.57 (0.79) dA
Control 1.97 (0.57) cB 3.79 (0.83) cB 34.33 (0.06) bB 12.98 (0.12) aB 6.41 (0.61) cB

#SC01 OF 19.34 (1.48) aA 25.64 (1.47) aA 47.59 (0.21) bA 23.93 (0.21) aA 29.90 (1.78) aA
Control 8.01 (1.16) aB 11.56 (1.57) aB 32.02 (0.18) cB 12.09 (0.18) aB 8.57 (1.13) bB

#SC02 OF 18.22 (1.23) aA 26.11 (2.18) aA 48.98 (0.28) bA 22.84 (0.15) aA 21.84 (0.71) bA
Control 7.99 (0.98) aB 12.17 (1.21) aB 34.59 (0.15) bB 10.11 (0.07) bB 11.22 (0.91) aB

#AC01 OF 17.33 (1.27) bA 25.91 (0.98) aA 43.94 (0.11) cA 21.84 (0.13) aA 21.81 (0.69) bA
Control 8.29 (0.91) aB 10.13 (1.19) aB 31.01 (0.09) cB 13.48 (0.15) aB 9.67 (0.81) bB

#AC02 OF 18.12 (1.17) aA 18.19 (1.13) bA 49.93 (0.21) bA 22.92 (0.05) aA 29.16 (1.17) aA
Control 8.02 (0.89) aB 9.17 (0.57) bB 35.54 (0.29) aB 14.56 (0.11) aB 8.79 (0.79) bB

#DF OF 12.29 (0.71) cA 10.98 (1.34) dA 51.01 (0.16) aA 23.03 (0.09) aA 17.66 (2.01) cA
Control 6.12 (0.59) bB 4.19 (0.81) cB 18.92 (0.15) dB 12.94 (0.17) aB 9.78 (1.15) bB

#GO OF 11.69 (0.29) dA 9.63 (1.19) dA 45.69 (0.13) cA 21.99 (0.26) aA 18.13 (0.45) cA
Control 1.99 (0.38) cB 4.12 (0.56) cB 33.93 (0.10) bB 14.56 (0.19) aB 10.17 (1.13) aB

OF = organic fertilization. Standard error in parenthesis. Lower case letters represent significant differences of soil origin, while capital letters 
represent significant differences of treatments by Tukey’s test (p ≤ 0.05)
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AC02, AC01, and SC02 soils, where values exceeded 2.5 g 
kg⁻¹. In contrast, control treatments were characterized by low 
SOC, P, and N contents, especially in PB, RN, DF, and GO 
soils.

3.3  Maize macro- and micronutrients extraction as 
influenced by the interaction among soil origins and 
fertilization treatments

Organic fertilization with cow manure significantly 
increased macronutrient extraction by maize across all soil 

origins (Table 5). Nitrogen and phosphorus extraction were 
consistently higher under organic fertilization than in the 
control treatments, with N extraction ranging from 351.1 
to 391.6 kg ha⁻¹ and P from 51.2 to 65.9 kg ha⁻¹ in fertil-
ized soils, whereas control treatments showed markedly 
lower values. The greatest N and P extraction occurred in 
SC02 and AC02 soils under organic fertilization, reflect-
ing the combined effects of improved nutrient availability 
and higher biomass production. For potassium and calcium 
extraction, we did not find significant differences between 
fertilized and control treatments, and they did not differ 

Table 4  Mean values of soil pH, soil organic carbon, available P, and total N in Cambisols from different origins and influenced by organic fer-
tilization (OF) with cow manure (30 t ha˗1)
Soil origin Treatments Soil pH SOC (g kg˗1) P (mg kg˗1) N (g kg˗1)
#PB OF 5.9 (0.2) aA 10.01 (0.58) cA 8.01 (0.72) dA 1.13 (0.04) cA

Control 6.5 (0.1) aA 3.45 (0.89) dB 2.41 (0.31) dB 0.17 (0.02) cB
#RN OF 5.8 (0.1) aA 11.22 (0.58) cA 9.23 (0.79) dA 1.54 (0.11) cA

Control 6.6 (0.1) aA 1.98 (0.57) dB 1.17 (0.17) dB 0.21 (0.03) cB
#SC01 OF 5.9 (0.1) aA 21.58 (1.49) bA 10.01 (0.13) cA 2.13 (0.98) bA

Control 6.1 (0.2) aA 10.98 (1.32) bB 4.12 (0.21) cB 0.67 (0.04) cB
#SC02 OF 5.8 (0.2) aA 35.99 (3.29) aA 12.32 (1.12) cA 2.54 (0.83) bA

Control 5.5 (0.1) bA 14.32 (2.81) aB 7.14 (0.98) bB 0.53 (0.02) cB
#AC01 OF 6.1 (0.2) aA 41.00 (2.74) aA 16.18 (2.01) bA 2.99 (0.33) bA

Control 4.7 (0.1) cB 13.45 (1.58) aB 10.22 (1.83) aB 1.13 (0.23) bB
#AC02 OF 6.2 (0.1) aA 39.48 (2.46) aA 21.17 (0.19) aA 4.54 (0.57) aA

Control 4.8 (0.2) cB 11.39 (0.98) bB 12.19 (0.21) aB 2.17 (0.89) aB
#DF OF 6.2 (0.3) aA 21.09 (1.57) bA 10.13 (0.93) aA 2.13 (0.18) bA

Control 4.1 (0.2) cB 8.32 (0.92) cB 6.17 (1.49) bB 0.38 (0.02) cB
#GO OF 6.0 (0.2) aA 22.84 (2.81) bA 9.92 (1.38) dA 1.89 (0.54) cA

Control 4.2 (0.1) cB 6.43 (0.59) cB 3.12 (0.32) cB 0.31 (0.04) cB
OF = organic fertilization. Standard error in parenthesis. SOC = Soil organic carbon, P = Soil available P extracted by Mehlich-1, and N = total 
nitrogen. Lower case letters represent significant differences of soil origin, while capital letters represent significant differences of treatments 
by Tukey’s test (p ≤ 0.05)

Table 5  Mean maize macronutrient extraction as influenced by soil origin and organic fertilization (OF) with cow manure (30 t ha˗1)
Soil origin Treatments N (kg ha− 1) P (kg ha− 1) K (kg ha− 1) Ca (kg ha− 1) Mg (kg ha− 1) S (kg ha− 1)
#PB OF 357.6 (0.2) bA 54.3 (0.4) bA 415.6 (2.3) aA 124.3 (0.7) aA 73.7 (0.4) aA 68.1 (0.3) aA

Control 315.3 (0.9) aB 18.5 (0.2) bB 414.8 (1.4) aA 123.6 (0.5) aA 61.3 (0.4) aB 58.9 (0.9) aB
#RN OF 362.8 (1.1) bA 52.0 (0.2) bA 404.9 (1.5) cA 121.3 (1.1) aA 75.9 (0.6) aA 67.4 (0.5) aA

Control 310.2 (1.3) aB 17.5 (0.3) bB 408.3 (0.9) bA 124.6 (1.5) aA 60.5 (0.9) aB 54.3 (0.4) aB
#SC01 OF 364.2 (1.2) bA 55.6 (0.5) bA 410.7 (2.7) bA 123.7 (1.8) aA 76.5 (0.2) aA 69.6 (0.1) aA

Control 307.3 (0.6) aB 21.0 (0.9) aB 407.4 (3.1) bA 122.9 (0.4) aA 59.4 (0.3) aB 51.1 (0.4) aB
#SC02 OF 391.6 (0.7) aA 61.2 (0.6) aA 410.3 (2.8) bA 123.5 (0.2) aA 75.7 (0.7) aA 67.9 (0.9) aA

Control 305.4 (1.1) aB 19.6 (0.5) bB 406.3 (1.5) bA 121.8 (0.3) aA 68.6 (1.2) aB 50.5 (0.8) aB
#AC01 OF 351.1 (0.9) cA 63.9 (0.5) aA 411.2 (1.8) bA 124.8 (1.3) aA 77.7 (0.5) aA 69.8 (1.3) aA

Control 300.0 (1.2) aB 22.5 (0.1) aB 401.0 (1.3) cA 121.0 (0.7) aA 61.9 (0.4) aB 51.3 (0.7) aB
#AC02 OF 355.3 (0.2) cA 65.9 (1.1) aA 404.4 (1.2) cA 120.5 (0.9) aA 79.4 (0.3) aA 68.7.4 (0.6) aA

Control 314.2 (0.8) aB 18.6 (0.9) bB 406.5 (1.4) bA 119.3 (0.7) aA 58.9 (0.5) aB 55.4 (0.5) aB
#DF OF 353.2 (1.1) cA 51.2 (1.3) bA 409.7 (1.6) bA 122.5 (0.6) aA 79.0 (0.6) aA 69.5 (1.1) aA

Control 311.2 (1.5) aB 19.0 (0.8) bB 409.4 (1.4) bA 122.3 (0.7) aA 61.3 (0.7) aB 51.3 (0.2) aB
#GO OF 361.3 (0.9) bA 51.2 (1.3) bA 405.4 (2.1) cA 128.5 (1.2) aA 75.7 (0.3) aA 69.0 (0.8) aA

Control 308.4 (0.2) aB 17.5 (0.8) bB 408.3 (0.9) bA 128.9 (1.8) aA 59.5 (0.5) aB 50.2 (0.7) aB
OF = organic fertilization. Standard error in parenthesis. Lower case letters represent significant differences of soil origin, while capital letters 
represent significant differences of treatments by Tukey’s test (p ≤ 0.05)
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significantly among all soils In contrast, magnesium and 
sulfur extraction were significantly enhanced by organic 
fertilization in all Cambisols, with the highest Mg extrac-
tion observed in AC02, DF, and AC01 soils, and the great-
est S extraction recorded in SC01, AC01, DF, and GO soils 
(Table 5).

Organic fertilization with cow manure significantly 
affected micronutrient extraction by maize, whereas sodium 
extraction was largely unaffected by soil origin or fertiliza-
tion (Table  6). Sodium extraction showed no significant 
differences between organic fertilization and control treat-
ments across all Cambisols, indicating that Na uptake was 
not influenced by manure application. In contrast, boron 
extraction was consistently higher under organic fertiliza-
tion in all soil origins, with fertilized treatments showing 
two- to threefold increases compared with the controls, 
particularly in SC01, SC02, AC01, and DF soils. Copper 
extraction was also significantly enhanced by organic fer-
tilization in all soils, with the highest values observed in 
AC02, SC01, and AC01 soils, whereas control treatments 
exhibited substantially lower Cu removal. Iron extraction 
increased markedly with organic fertilization in most soil 
origins, with fertilized treatments reaching values above 
4,500 g ha⁻¹, while control treatments showed significantly 
lower Fe extraction, especially in SC02, AC01, AC02, DF, 
and GO soils. Manganese extraction did not differ signifi-
cantly between treatments in most soils, although fertil-
ized treatments tended to show slightly higher values. Zinc 
extraction was significantly increased by organic fertiliza-
tion in several soil origins, notably RN, SC02, and AC02, 
whereas in other soils, such as AC01 and GO, no significant 
differences between treatments were observed (Table 6).

3.4  Microbial gene copies and dsDNA content as 
influenced by the interaction among soil origins and 
fertilization treatments

Organic fertilization with cow manure significantly 
increased microbial abundance and dsDNA content in 
Cambisols from all soil origins (Table 7). Bacterial gene 
copy numbers were consistently higher under organic 
fertilization than in the control treatments, with values 
ranging from 65.29 to 81.23 × 10⁸ g⁻¹ soil in fertilized 
soils, compared with 27.22 to 37.22 × 10⁸ g⁻¹ soil in the 
controls. The highest bacterial abundance was observed 
in SC02, AC01, and AC02 soils under organic fertiliza-
tion, whereas PB and RN soils exhibited the lowest val-
ues, indicating a clear influence of soil origin on bacterial 
populations. Fungal gene copy numbers also responded 
strongly to organic fertilization, increasing by approxi-
mately three- to sixfold relative to the controls across all 
soils. Fertilized treatments showed fungal abundances 
ranging from 1.23 to 2.51 × 10⁸ g⁻¹ soil, with the highest 
values recorded in AC02, AC01, and SC02 soils, while 
control treatments remained uniformly low and did not 
differ significantly among soil origins. Similarly, dsDNA 
content was significantly enhanced by organic fertiliza-
tion in all Cambisols, with fertilized soils presenting val-
ues between 11.91 and 21.23 µg g⁻¹ soil, compared with 
7.01 to 9.01  µg g⁻¹ soil in the control treatments. The 
greatest dsDNA contents were observed in AC02, SC02, 
and AC01 soils under organic fertilization, whereas PB, 
RN, and SC01 soils exhibited lower but still significantly 
increased values (Table 7).

Table 6  Mean maize micronutrient and sodium extraction as influenced by soil origin and organic fertilization (OF) with cow manure (30 t ha˗1)
Soil origin Treatments Na (g ha− 1) B (g ha− 1) Cu (g ha− 1) Fe (g ha− 1) Mn (g ha− 1) Zn (g ha− 1)
#PB OF 4243.4 (98.1) aA 0.50 (0.05) cA 366.6 (15.3) cA 4536.3 (103.9) aA 73.6 (5.1) aA 2501.2 bA

Control 4346.8 (86.4) aA 0.36 (0.11) aB 289.9 (11.9) aB 3950.3 (98.4) aB 66.4 (3.3) aA 2270.5 bA
#RN OF 4340.5 (89.2) aA 0.55 (0.09) bA 371.9 (12.4) bA 4695.4 (105.4) aA 75.6 (5.2) aA 2803.9 aA

Control 4428.4 (81.1) aA 0.28 (0.03) bB 256.9 (13.2) bB 3892.4 (101.2) aB 61.9 (4.6) aA 2002.3 bB
#SC01 OF 4123.2 (91.4) aA 0.61 (0.02) aA 381.3 (9.2) bA 4659.3 (109.2) aA 74.5 (4.9) aA 2609.6 bA

Control 4338.9 (78.2) aA 0.18 (0.05) cB 267.9 (12.4) bB 3794.3 (87.4) aB 62.3 (5.9) aA 2103.9 bB
#SC02 OF 4251.1 (67.2) aA 0.57 (0.11) aA 371.3 (8.7) bA 4785.5 (101.3) aA 72.9 (2.5) aA 2702.4 aA

Control 4258.3 (89.1) aA 0.34 (0.02) aB 267.9 (13.4) bB 3505.0 (98.5) bB 61.0 (5.3) aA 2239.4 bA
#AC01 OF 4123.9 (90.1) aA 0.61 (0.04) aA 381.1 (16.4) bA 4506.9 (99.3) aA 74.5 (3.2) aA 2679.3 bA

Control 4089.3 (83.2) aA 0.30 (0.03) bB 289.1 (11.9) aB 3209.4 (114.3) bB 62.9 (4.5) aA 2432.0 aA
#AC02 OF 4348.9 (91.2) aA 0.54 (0.06) bA 401.9 (8.5) aA 4609.5 (101.8) aA 75.6 (3.4) aA 2783.9 aA

Control 4385.2 (82.4) aA 0.28 (0.02) bB 276.9 (9.3) bB 3509.6 (86.3) bB 64.5 (5.1) aA 2509.5 aA
#DF OF 4371.1 aA (80.7) 0.58 (0.01) aA 371.3 (10.3) bA 4505.2 (91.2) aA 74.9 (4.9) aA 2498.4 cA

Control 4248.3 aA (91.3) 0.23 (0.03) cB 281.2 (11.5) aB 3405.6 (102.9) bB 61.0 (4.3) aA 2109.2 bA
#GO OF 4153.5 aA (81.4) 0.56 (0.04) bA 368.6 (14.8) cA 4609.0 (121.4) aA 77.7 (5.1) aA 2609.9 bA

Control 4267.2 aA (94.3) 0.19 (0.03) cB 291.9 (13.2) aB 3207.9 (119.3) bB 60.1 (3.9) aA 2509.7 aA
OF = organic fertilization. Standard error in parenthesis. Lower case letters represent significant differences of soil origin, while capital letters 
represent significant differences of treatments by Tukey’s test (p ≤ 0.05)
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3.5  Plant–soil functional pathways controlling 
maize yield under organic fertilization and control 
conditions

Overall, 87.75% of the variation in the soil chemical prop-
erties, maize performance, and soil microbial community, 
respectively was explained by: (i) SOC, available P, and 

total N for soil chemical properties; (ii) shoot dry biomass, 
root dry biomass, and yield for maize performance; and (iii) 
gene abundance of Bacteria, and Fungi, and dsDNA content 
for soil microbial community (Fig. 4). Soil organic carbon, 
available P, total N, shoot and root dry biomass, yield, gene 
abundance of Bacteria and Fungi, and dsDNA simultane-
ously explained the variation in the organic fertilization treat-
ment (pots with a rate of 30 t ha˗1 of cow manure) (Fig. 3).

Structural equation modeling (SEM) was used to test the 
hypothesized causal relationships among soil fertility, rhizo-
sphere microbial functioning, plant performance, and nutrient 
extraction, thereby directly addressing our central hypothesis that 
organic fertilization enhances the functional coupling between 
soil, microbiota, and plant systems. The SEM results revealed 
marked contrasts in the organization and strength of plant–soil 
functional pathways between organic fertilization and con-
trol conditions (Fig. 4). Under organic fertilization, the system 
was characterized by strong, predominantly positive interac-
tions among functional domains, supporting our hypotheses 
that improvements in soil fertility and microbial activity pro-
mote plant growth. Healthy rhizosphere exerted a pronounced 
positive influence on soil fertility (path coefficient = 12.87) and 
plant performance (7.81), while soil fertility strongly enhanced 
plant performance (31.07), confirming that increases in soil 
organic carbon, available P, and total N are key drivers of plant 
responses. Plant nutrient extraction was positively linked to soil 
fertility (17.39) and showed a weaker direct association with 
the rhizosphere (1.01). Plant performance emerged as the main 
proximal driver of yield, with a strong positive effect (9.60), indi-
cating that organic fertilization promotes an integrated and syn-
ergistic plant–soil system that efficiently translates belowground 
processes into productivity. In contrast, under control conditions, 

Table 7  Mean number of gene copies for Bacteria, Fungi, and dsDNA content in Cambisols from different origins and influenced by organic fer-
tilization (OF) with cow manure (30 t ha˗1)
Soil type Treatments Bacteria (n × 108 g− 1 soil) Fungi (n × 108 g− 1 soil) dsDNA (µg g− 1 soil)
#PB OF 65.39 (2.39) cA 1.32 (0.21) cA 13.54 (0.31) cA

Control 31.68 (1.39) bB 0.34 (0.10) aB 7.01 (0.21) aB
#RN OF 65.29 (2.41) cA 1.23 (0.11) cA 12.79 (0.29) cA

Control 27.22 (2.39) cB 0.41 (0.09) aB 7.21 (0.19) aB
#SC01 OF 71.31 (1.84) bA 1.40 (0.17) cA 11.91 (0.19) cA

Control 33.49 (1.69) bB 0.49 (0.21) aB 8.01 (0.33) aB
#SC02 OF 81.23 (2.38) aA 2.01 (0.33) bA 20.91 (0.29) aA

Control 36.11 (1.94) aB 0.41 (0.11) aB 8.43 (0.27) aB
#AC01 OF 80.17 (3.91) aA 2.33 (0.13) bA 19.29 (0.31) aA

Control 37.22 (0.81) aB 0.39 (0.14) aB 8.59 (0.18) aB
#AC02 OF 81.09 (2.81) aA 2.51 (0.21) aA 21.23 (0.59) aA

Control 36.48 (1.63) aB 0.44 (0.09) aB 9.01 (0.29) aB
#DF OF 72.39 (3.28) aA 1.42 (0.18) cA 15.92 (1.19) bA

Control 34.92 (2.10) bB 0.39 (0.13) aB 8.17 (0.29) aB
#GO OF 74.59 (3.19) bA 1.51 (0.21) cA 16.79 (0.48) bA

Control 36.17 (3.18) aB 0.44 (0.21) aB 7.49 (0.12) aB
OF = organic fertilization. Standard error in parenthesis. Lower case letters represent significant differences of soil origin, while capital letters 
represent significant differences of treatments by Tukey’s test (p ≤ 0.05)

Fig. 3  PCA score plot of the soil chemical properties, plant dry bio-
mass, yield, and microbial community composition data for the control 
and organic fertilization (OF) treatments. The lengths of the arrows 
indicate the strength of correlation of the studied variables for: soil 
chemical properties (SOC – soil organic carbon, P – available P, and 
N – total nitrogen); maize performance (SDB – shoot dry biomass, 
Y – yield, and RDB – root dry biomass); and microbial community 
composition (BGA – Bacteria gene abundance, FGA – Fungi gene 
abundance, and dsDNA content)
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functional relationships were weaker and frequently negative, 
indicating a decoupling of plant–soil interactions and thus not 
supporting our initial hypotheses. Healthy rhizosphere showed 
a modest positive association with plant performance (1.36) but 
exerted negative effects on plant nutrient extraction (− 5.16) and 
soil fertility (− 6.43). Soil fertility was negatively related to plant 
nutrient extraction (− 36.18), and plant performance exhibited a 
strong negative association with nutrient extraction (− 18.71), 
suggesting physiological constraints and limited resource avail-
ability under unfertilized conditions. The effect of plant perfor-
mance on yield was minimal (0.89), highlighting the reduced 
capacity of the system to convert plant functional performance 
into productivity in the absence of organic fertilization (Fig. 4).

4  Discussion

4.1  Overall findings indicate that organic 
fertilization positively influence the plant 
performance, soil fertility, plant nutrient extraction 
patters, root dry biomass, bacterial and fungal gene 
abundance, and dsDNA content in Cambisols from 
different Brazilian biomes

Overall, our findings demonstrate that organic fertiliza-
tion exerts a pervasive and coordinated influence on plant 

performance, soil fertility, plant nutrient extraction patterns, 
and rhizosphere health across Cambisols from distinct 
Brazilian biomes (Souza et al. 2025). Organic fertiliza-
tion consistently enhanced maize shoot and root biomass, 
chlorophyll a and b contents, and yield, while simultane-
ously improving key soil chemical properties, including soil 
organic carbon, available phosphorus, and total nitrogen 
(Souza et al. 2017). These improvements were accompa-
nied by marked increases in the extraction of both macro- 
and micronutrients (notably N, P, Mg, S, B, Cu, Fe, and 
Zn), indicating that manure application not only increased 
nutrient availability but also strengthened the capacity of 
plants to acquire and utilize soil-derived resources (Melo et 
al. 2019). Concurrently, indicators of rhizosphere health—
such as root biomass, bacterial and fungal gene abundance, 
and total dsDNA content—were consistently higher under 
organic fertilization, highlighting the role of manure inputs 
in stimulating microbial activity and reinforcing plant–
microbe interactions (Benevenute et al. 2025).

By integrating soils from eight locations spanning major 
Brazilian biomes and evaluating responses over three con-
secutive greenhouse cycles, this study provides robust 
evidence that organic fertilization restructures plant–soil 
interactions in a consistent and predictable manner, despite 
inherent soil heterogeneity. Cow manure was selected as the 
organic input because of its recognized capacity to improve 

Fig. 4  Structural equation models describing plant–soil functional 
pathways regulating yield under organic fertilization and control con-
ditions. Arrows represent significant effects at p ≤ 0.01. Blue (positive) 
and red (negative) arrows represent estimated values that indicate 
the proportion of response variation explained by relationships with 

other variables. Values associated with arrows indicate standard-
ized path coefficient. For organic fertilization: χ2 = 131.19, p ≤ 0.01, 
RMSEA = 0.027, and CFI = 0.98; for control: χ2 = 128.11, p ≤ 0.01, 
RMSEA = 0.031, and CFI = 0.96
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soil fertility and biological functioning through direct nutri-
ent supply and the stimulation of microbial processes, a 
rationale supported by recent literature (Głąb et al. 2024; 
Priya et al. 2024). Our results corroborate and extend pre-
vious findings showing strong linkages between organic 
fertilization and plant growth, soil nutrient dynamics, and 
microbial community structure, reinforcing the view that 
organic amendments act as central drivers of integrated 
plant–soil functioning and rhizosphere health (Yu et al. 
2024; Zhou et al. 2024).

4.2  Organic fertilization promoting plant 
performance (Dry biomass production, chlorophyll 
content, and yield)

Organic fertilization with cow manure consistently pro-
moted maize performance across Cambisols from contrast-
ing Brazilian biomes, indicating that organic inputs can 
override inherent soil differences by strengthening funda-
mental plant–soil processes. The pronounced increases in 
shoot and root dry biomass, chlorophyll a and b contents, 
and grain yield under organic fertilization reflect an inte-
grated response driven by improved nutrient availability, 
enhanced physiological status, and greater carbon allocation 
to belowground organs (Priya et al. 2024). The strong bio-
mass and yield responses, particularly in soils from Atlan-
tic Forest (SC01 and SC02) and Amazon (AC02) biomes, 
suggest that these Cambisols were especially responsive 
to organic inputs, likely due to improved synchronization 
between nutrient release from manure and plant demand 
(da Silva et al. 2022). Enhanced chlorophyll a content 
under organic fertilization indicates increased photosyn-
thetic capacity, while the uniform increase in chlorophyll 
b across soil origins suggests a generalized improvement in 
light-harvesting efficiency, independent of soil-specific con-
straints (Barbosa et al. 2021).

The observed gains in plant performance can be mecha-
nistically attributed to the slow and sustained release of 
essential macro- and micronutrients from cow manure, 
particularly nitrogen and phosphorus, which are central to 
chlorophyll synthesis, carbon assimilation, and biomass 
accumulation (Singh et al. 2025). In addition to direct nutri-
ent supply, manure application stimulates soil microbial 
activity and rhizosphere functioning, promoting nutrient 
mineralization and root–microbe interactions that enhance 
nutrient uptake efficiency (Jagadesh et al. 2024). These 
biological processes likely contributed to the two- to four-
fold increases in root biomass, reinforcing positive feed-
backs between root growth, nutrient acquisition, and shoot 
development (Priya et al. 2024). Collectively, the com-
bined effects of improved soil fertility, enhanced microbial 
activity, and increased photosynthetic capacity explain the 

substantial yield gains observed under organic fertilization, 
demonstrating that cow manure acts not only as a nutrient 
source but also as a regulator of plant physiological perfor-
mance and productivity in tropical Cambisols (Głąb et al. 
2024; Luo et al. 2024; Wen et al. 2024).

4.3  Changes in key soil fertility properties as 
influenced by the interaction between soil origins 
and organic fertilization

Organic fertilization with cow manure induced consistent 
and significant changes in key soil fertility properties across 
Cambisols from contrasting Brazilian biomes, highlight-
ing a strong interaction between soil origin and fertilization 
management. The moderate increase and stabilization of 
soil pH under organic fertilization, particularly in soils from 
Amazon (AC01, AC02) and Cerrado (DF, GO) biomes, 
reflects the buffering capacity of cow manure, whose neu-
tral to slightly alkaline nature mitigates soil acidity and 
reduces the intensity of acid-driven constraints typical of 
tropical Cambisols (Liu et al. 2024). Although pH values 
under organic fertilization converged toward a moderately 
acidic range across soils, the pronounced differences rela-
tive to the controls in inherently more acidic soils under-
score the importance of organic amendments in chemically 
constrained systems (Dhaliwal et al. 2024; Jagadesh et al. 
2024; Sagar et al. 2024).

The marked enrichment of soil organic carbon across all 
soil origins, with two- to fivefold increases relative to unfer-
tilized treatments, demonstrates the central role of manure-
derived organic inputs in rebuilding carbon pools and 
enhancing soil structural and functional integrity (Shao et al. 
2024). Higher SOC contents in soils from Amazon (AC01 
and AC02) biomes suggest a greater capacity for carbon sta-
bilization, potentially linked to soil texture, mineralogy, and 
organo–mineral associations that favor organic matter pro-
tection (Shao et al. 2024). Increased SOC not only reflects 
carbon accumulation but also underpins improvements in 
nutrient retention and availability, particularly phosphorus 
(Dhaliwal et al. 2024). The consistent rise in available P 
under organic fertilization likely resulted from both direct 
P inputs and reduced P fixation, as organic ligands and 
increased exchange capacity associated with higher SOC 
can complex Fe and Al oxides, thereby enhancing P mobil-
ity in acidic environments (Carneiro et al. 2019). Similarly, 
the substantial increases in total soil nitrogen across all 
Cambisols indicate effective incorporation and gradual min-
eralization of manure-derived N, supporting sustained nutri-
ent supply rather than short-term pulses (Chen et al. 2024).

Collectively, these fertilization-induced changes in pH, 
SOC, available P, and total N demonstrate that organic 
amendments do more than supplement nutrients; they 
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modify the chemical framework of the soil in ways that 
promote nutrient retention, reduce chemical limitations, and 
enhance overall soil fertility (Daunoras et al. 2024). The 
persistence of these improvements across diverse Cambisols 
emphasizes the capacity of organic fertilization to partially 
override inherent soil constraints, thereby creating a more 
favorable edaphic environment for plant growth and rhizo-
sphere functioning across contrasting Brazilian biomes.

4.4  Plant nutrient extraction patterns: Evidence of 
increased N, P, Mg, S, B, Cu, Fe, and Zn extraction as 
influenced by soil origin and organic fertilization

Organic fertilization with cow manure substantially altered 
maize nutrient extraction patterns, indicating that manure-
driven changes in soil nutrient availability and plant growth 
translated into enhanced nutrient uptake across contrasting 
Cambisols (Xu et al. 2026). The consistent increases in N 
and P extraction under organic fertilization reflect both the 
direct nutrient inputs supplied by manure and indirect effects 
mediated by increased biomass production and improved 
soil fertility, particularly soil organic carbon and avail-
able P (Liu et al. 2026). These responses were most pro-
nounced in soils from Atlantic Forest and Amazon biomes, 
suggesting that soils with greater responsiveness to organic 
inputs more efficiently converted added nutrients into plant 
uptake, likely due to improved nutrient synchronization and 
enhanced rhizosphere activity. In contrast, the lack of sig-
nificant fertilization effects on K and Ca extraction across 
soil origins indicates that these nutrients were not limiting 
for maize growth under the studied conditions, or that their 
availability was primarily controlled by inherent soil min-
eralogy rather than short-term organic amendments (Jiang 
et al. 2024). The marked increases in Mg and S extraction 
under organic fertilization highlight the role of manure as an 
important source of secondary nutrients and as a driver of 
improved cation exchange capacity and sulfate availability 
through organic matter mineralization (Gao et al. 2025).

Micronutrient extraction patterns further underscore 
the capacity of organic fertilization to enhance plant nutri-
ent acquisition through combined chemical and biologi-
cal mechanisms. The strong and consistent increases in 
B, Cu, and Fe extraction across soil origins suggest that 
manure application enhanced micronutrient availability via 
complexation with organic ligands, reduced fixation, and 
increased root–microbe interactions in the rhizosphere (Bar-
zgar et al. 2025). The pronounced response of Fe extraction, 
in particular, is consistent with organic matter–mediated 
mobilization processes that increase Fe solubility and root 
accessibility (Carneiro et al. 2019). In contrast, the limited 
response of Mn and the absence of treatment effects on Na 

extraction indicate that these elements were largely governed 
by soil-specific redox conditions or background concentra-
tions rather than organic inputs (Hu et al. 2025). Variable Zn 
responses among soils further highlight the importance of 
soil origin in modulating micronutrient dynamics, reflecting 
differences in parent material, sorption capacity, and organic 
matter interactions (Qi et al. 2026). Collectively, these find-
ings demonstrate that organic fertilization not only increases 
the magnitude of nutrient extraction but also reshapes the 
hierarchy of nutrient limitations across soils, reinforcing the 
role of manure in promoting integrated soil–plant function-
ing and improving the efficiency of nutrient use in tropical 
Cambisols (Priya et al. 2024).

4.5  Stimulation of Bacteria and Fungi gene 
abundance and dsDNA content and rhizosphere 
functioning by organic fertilization

Organic fertilization is an important driver to soil microbial 
communities into tropical ecosystems (Yan et al. 2024). Our 
results showed that organic fertilization can significantly 
enhance bacterial gene abundance, fungal gene abundance, 
and double-stranded DNA (dsDNA) content in Cambisols 
by providing a rich source of organic matter that stimulates 
microbial activity and diversity. The increase in bacterial and 
fungal gene abundance reflects not only the rise in microbial 
biomass but also the functional potential of the microbial 
community to degrade organic matter and cycle nutrients 
(Luo et al. 2024; Wen et al. 2024). In our study, we may con-
sider that the cow manure introduced a variety of nutrients 
and organic compounds that serve as substrates for micro-
bial growth (Wen et al. 2024). This organic input favored 
the proliferation of beneficial bacterial genera like Pseudo-
monas, Bacillus, and Rhizobium, which are associated with 
nitrogen fixation and organic matter decomposition (Sagar 
et al. 2024). Similarly, fungal genera such as Trichoderma, 
Aspergillus, and Penicillium contribute to phosphorus solu-
bilization and disease suppression, leading to improved 
plant health (Vurukonda et al. 2024; Jagadesh et al. 2024). 
The increased microbial activity results in higher gene copy 
numbers for both bacteria and fungi, reflecting an enhanced 
microbial biomass and diversity. Additionally, the organic 
matter from organic fertilization contributes to higher 
dsDNA content in the soil, as the microbial communities 
expand and their cellular components accumulate in the soil 
matrix (Wei et al. 2024; Luo et al. 2024). This accumulation 
of dsDNA content is a marker of overall microbial biomass 
and functional potential, indicating a thriving microbial eco-
system that enhances nutrient cycling (Yu et al. 2024). This 
microbial enrichment improves nutrient cycling, soil health, 
and overall soil fertility in all studied Cambisols.
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4.6  Multivariate integration and reorganization 
of plant–soil functional pathways under organic 
fertilization

In the context of a PCA of Cambisols subjected to organic 
fertilization with cow manure, it was found that 87.75% 
of the variation in soil chemical properties, maize perfor-
mance, and soil microbial community was explained by 
specific factors. For soil chemical properties, soil organic 
carbon (SOC), available phosphorus (P), and total nitrogen 
(N) were the key explanatory variables. Maize performance 
was primarily influenced by shoot dry biomass, root dry 
biomass, and yield. The soil microbial community’s varia-
tion was elucidated by the gene abundance of Bacteria and 
Fungi, as well as dsDNA content. These factors collectively 
explained the variation observed in the organic fertilization 
treatment, where pots received an application rate of 30 t 
ha˗1 of cow manure. The interaction between the enriched 
organic matter from cow manure and the soil resulted in 
enhanced nutrient availability and microbial activity, which 
in turn promoted better plant growth and productivity (Priya 
et al. 2024). This analysis underscores the significant role 
of plant-soil interactions in driving the observed improve-
ments in soil health and maize performance under organic 
fertilization in Cambisols (Dhaliwal et al. 2024).

The structural equation modeling highlights a funda-
mental reorganization of plant–soil functional pathways 
induced by organic fertilization, shifting the system from 
a fragmented to a highly integrated mode of functioning. 
Under organic fertilization, the dominance of positive and 
reinforcing interactions among the rhizosphere, soil fertility, 
plant nutrient extraction, and plant performance indicates 
that manure inputs promoted a coherent coupling between 
belowground biological processes and aboveground produc-
tivity (Carneiro et al. 2019; Dhaliwal et al. 2024; Jagadesh et 
al. 2024; Sagar et al. 2024). The strong influence of the rhi-
zosphere on soil fertility and plant performance suggests that 
enhanced microbial activity and root–microbe interactions 
improved nutrient mobilization and acquisition, thereby 
strengthening soil–plant feedbacks (Shao et al. 2024). In 
this context, soil fertility acted as a central integrator link-
ing rhizosphere functioning to plant performance, which in 
turn emerged as the primary proximal driver of yield, dem-
onstrating that organic fertilization increased the efficiency 
with which nutrient and biological processes were translated 
into biomass production and grain yield (Liu et al. 2026). 
In contrast, the control system exhibited weakened and fre-
quently antagonistic relationships, reflecting a decoupling 
of biological activity, nutrient dynamics, and plant growth 
under unfertilized conditions. Negative associations between 
soil fertility, nutrient extraction, and plant performance sug-
gest that limited nutrient availability imposed physiological 

constraints and intensified competition between plant 
demand and soil supply, reducing the capacity of the system 
to sustain productive feedback loops (Hu et al. 2025). The 
minimal influence of plant performance on yield in the con-
trol further indicates that, in the absence of organic inputs, 
improvements in vegetative growth did not effectively trans-
late into reproductive output (Gao et al. 2025). Collectively, 
these patterns demonstrate that organic fertilization not only 
increases nutrient availability but restructures the functional 
architecture of the plant–soil system, promoting synergistic 
interactions that enhance resource-use efficiency and yield 
formation in Cambisols.

5  Conclusion

This study evaluated how organic fertilization with cattle 
manure influenced soil fertility, microbial functioning, and 
maize performance in Cambisols from distinct Brazilian 
biomes. Overall, the results suggested that organic fertil-
ization promotes a coordinated improvement in soil–plant 
functioning, consistent with our initial hypothesis that the 
addition of organic inputs enhances soil fertility and sup-
ports plant growth. Increases in soil organic carbon, avail-
able phosphorus, and total nitrogen were associated with 
improved plant biomass, nutrient extraction, and yield, indi-
cating a tighter coupling between soil resources and plant 
performance under fertilized conditions. The integration 
of chemical, biological, and agronomic indicators repre-
sents a key contribution of this study, demonstrating that 
changes in soil fertility are accompanied by shifts in micro-
bial activity and community attributes. Multivariate analy-
ses further indicate that a large proportion of the variability 
in the system is explained by these interacting components, 
reinforcing the role of organic matter as a central driver of 
soil health and plant productivity. These findings contribute 
to advancing the understanding of how tropical Cambisols 
respond to organic amendments and highlight the relevance 
of biologically mediated processes in regulating agroeco-
system functioning.

From a practical perspective, the results suggest that 
the use of cattle manure may represent a viable strategy 
to improve soil quality and crop performance, potentially 
reducing reliance on mineral fertilizers and supporting 
more sustainable agricultural systems. In this context, the 
study aligns with broader efforts to enhance food security 
and promote environmentally sound management prac-
tices in tropical regions. However, the findings should be 
interpreted considering some limitations. The study was 
conducted under controlled greenhouse conditions using a 
pot experiment, which may not fully capture the complex-
ity and variability of field environments. In addition, the 
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evaluation was restricted to a specific soil type (Cambisols), 
which may limit the generalization of the results. Future 
research should therefore focus on validating these find-
ings under field conditions across a wider range of soils, 
climates, and management systems. Long-term studies are 
particularly needed to assess the persistence of the observed 
effects and their implications for soil carbon dynamics and 
ecosystem sustainability. Expanding the scope to include 
different organic inputs, crop species, and microbial func-
tional analyses would also provide a more comprehensive 
understanding of plant–soil–microbial interactions in tropi-
cal agroecosystems.
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