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soil organic matter (SOM) improves aeration and other soil 
physical properties (Owens et al. 2021). Aboveground and 
belowground plant biomass are precursors to SOM and can 
be increased through adequate fertilizer and irrigation appli-
cations (Aluoch et al. 2022), thus ensuring that crops have 
sufficient nutrients to grow and develop sufficient biomass, 
thereby bolstering SOM sequestration (Zhang et al. 2015).

Mineral fertilizers can increase crop yield and soil pro-
ductivity (Aluoch et al. 2022; Si et al. 2020). However, min-
eral fertilizer application may not improve SOM stocks and 
may even deplete existing stocks (Abagandura et al. 2022; 
Ozlu et al. 2019). The loss of occluded SOM weakens aggre-
gates that are more susceptible to external forces (Zhang et 
al. 2022). Mineral fertilizers provide nutrients needed by 
soil microorganisms to break down SOM (Ge et al. 2023). 
Mineral fertilizers contribute minimally to the development 
of soil physical properties, whereas organic fertilizers have 

1  Introduction

Improving and maintaining the soil properties of arable 
lands will ensure long-term productivity, reduce agricul-
tural inputs, and prevent soil degradation. Major indicators 
of soil health are the soil physical properties, which are 
dependent on soil management practices such as tillage, fer-
tilization, and irrigation (Lehmann et al. 2020). Problems 
associated with arable land such as high bulk density, low 
aeration, and hydraulic conductivity can be addressed by 
maintaining and improving soil physical quality. Enhanced 
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Abstract
The study identifies the soil physical properties most influenced by long-term fertilizer application, offering valuable 
insights into sustainable agricultural practices. Therefore, the aim of this study is to determine the effects of fertilizer 
application on soil physical properties by identifying key properties that require monitoring for improvement. A long-term 
field experiment was initiated (in 1996) on the Typic Xerofluvents soil series, which is generally low in organic carbon 
contents, and high in soil pH and calcium carbonate. The experiment was established under wheat-maize crop rotations 
with three replicates in which control (CO), mineral fertilizer (MF), animal manure (M25), compost (C25), compost and 
arbuscular mycorrhiza fungi (C10 + AMF) were applied. After the harvest, soil samples at 0–15 cm and 15–30 cm were 
collected and analyzed. Organic fertilizers such as M25, C25, and C10 + AM significantly increased soil organic matter 
(SOM) by 2.47, 2.19 and 1.86%, water stable aggregates (WSA), and air permeability (ka) at both depths. The organic 
fertilizer treatments significantly increased field capacity (FC), permanent wilting point (PWPv), available water content 
(AWCv) at 0–15 cm; bulk density (ρb), and total porosity (TP) at 15–30 cm. Furthermore, fertilizer application significantly 
improved crop yield. WSA had a strong positive correlation with SOM, while the principal component analysis showed 
that FCv, PWPv, AWCv, MiP, and MaP explained the highest variation, whereas ρb, TP, and ka made lesser contributions. 
In terms of ka, hydraulic conductivity (K), SOM, WSA, and other soil parameters, CO outperformed MF; however, it 
fared badly when compared to organic fertilizers. Compost enhanced ka and K, whereas manure improved SOM, ρb, and 
soil moisture; suggesting that if one of these properties is to be improved, a decision must be taken.
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a more significant impact (Kumar et al. 2021), reflecting 
positively on soil physical properties (Xin et al. 2016).

Commonly used organic fertilizers include farmyard 
manure (FYM), compost, green manure and microorgan-
isms. These forms of organic fertilizer have different advan-
tages based on their level of decomposition and availability 
of nutrients (Kumar et al. 2021). Furthermore, organic fer-
tilizers increase and maintain SOM over a long period (Li 
et al. 2018), culminating in the improvement of soil physi-
cal properties. The binding effect of SOM on soil particles 
promotes aggregation, stimulates the formation of durable 
and water-stable soil structures (Ortas et al. 2013; Six et 
al. 2004), enhances aeration (air permeability), hydraulic 
conductivity, soil moisture content, aggregate stability, and 
decreases bulk density (ρb).

Arbuscular mycorrhizal fungi (AMF) in combination 
with various organic fertilizers exert beneficial effects on 
some compatible plant species (Fall et al. 2022; Zhang et 
al. 2022). AMF, through symbiotic relationships with plant 
roots, extend their hyphae into soil pores and depths, occu-
pying a large soil surface area that is inaccessible to indi-
vidual plant roots. The benefits from this include, providing 
vital moisture (Püschel et al. 2020), inaccessible plant nutri-
ents (Arcidiacono et al. 2024), and protecting plants from 
invasive microorganisms and other abiotic stress factors. 
Mycorrhizae also improve soil physical properties; this is 
achieved through exudate binding, glomalin stabilization, 
and hyphal entanglement, which serve as the basis for the 
formation of macroaggregates (Ortaş et al., 2013).

Air permeability is one of the factors that influence root 
growth and the optimal biological activities in soil (Chen 
et al. 2014). Gaseous exchange in the soil occurs primarily 
through the diffusion of air in and out of soils; therefore, 
any impediment that restricts this process can affect plant 
growth (Wahlström et al. 2021). At the soil surface, agro-
nomic practices, such as plowing and harrowing, and plant 
activities, such as lateral root elongation and proliferation, 
can create macropores (Xin et al. 2016) through which gas 
diffusion occurs. However, at subsurface levels, where there 
is reduced agronomic activity, little or no air diffusion may 
occur. The formation of stable macropores that are resistant 
to collapse under the influence of external factors is key to 
maintaining high airflow within soils (Lu et al. 2023). This 
can only be achieved by regularly supplying and stabilizing 
the organic matter present in soils through the formation of 
organomineral complexes, stabilizing and creating a more 
resilient WSA. This enables plant roots to explore nutrients 
within deeper soil depths (Chen et al. 2014) and sequester 
more organic matter, as plants release exudates, and most 
plant roots remain in the soil after the completion of their 
life cycle.

Organic and mineral fertilizers affect several aspects of 
soil physical qualities (Gautam et al. 2022; Ozlu et al. 2022). 
However, their long-term impacts on air permeability and 
the categorization of important soil physical properties have 
not received enough attention to pinpoint the characteris-
tics that primarily distinguish mineral and organic fertilizers 
from one another. Based on the following hypotheses, this 
study attempts to enhance soil aeration and physical proper-
ties by applying organic fertilizers:

i.	 Organic fertilizers enhance soil physical properties such 
as water stable aggregates, porosity, available water 
content, hydraulic conductivity and air permeability 
more effectively than mineral fertilizers.

ii.	 Mycorrhiza-inoculated compost offers dynamic biolog-
ical advantages in improving soil aeration and other soil 
physical properties over other static treatments.

iii.	 Specific soil physical properties account for the major-
ity of the variations observed due to fertilizer applica-
tions, and different organic fertilizers improve specific 
soil properties at specific soil depths.

2  Materials and Methods

2.1  Study Area and Experimental Design

The long-term fertilizer experiment was set up in 1996 at 
the Agricultural Experimental Station of Cukurova Univer-
sity (37000’54.31”N longitude and 35021’21.56”E latitude, 
32 m a.s.l.) in Adana, Turkey. The annual mean temperature 
is 19.2  °C, and precipitation is 639  mm, ~ 75% of which 
falls during winter and spring (from November to May), and 
the annual potential evapotranspiration is 1557 mm. Soil is 
classified as Typic Xerofluvents by Soil Taxonomy (2014). 
The soil had a clay loam texture (37% clay, 27% silt, and 
36% sand). The mean SOM, pH, electrical conductivity, and 
calcium carbonate content were 15 g kg-1, 7.60, 0.12 dS m-1, 
and 27%, respectively, at 0–30 cm.

The following five treatments were applied: (1) control 
(CO), (2) mineral fertilizer (MF), (3) animal manure (M25) 
at 25 Mg ha-1 (4) compost (C25) at 25 Mg ha-1 and (5) com-
post (10 Mg ha-1) + mycorrhizal inoculation (C10 + AMF). 
The treatments were distributed using a randomized com-
plete block design with three replications. The plots were 
10  m long and 20  m wide. Yearly fertilizer application 
according to the treatments was carried out using mineral 
(M25) and organic (M25, C25 and C10 + AMF) fertilizers.
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2.2  Treatment Application

Before treatment, soil samples were tested for nutrient lev-
els. The treatments were applied twice a year before sowing 
wheat and maize plants. The different treatment applications 
were carried out in the following order: mineral fertilizer; 
MF for wheat was applied at the rate of 160 kg N ha-1 as 
(NH4)2SO4, 83  kg K ha-1 as K2SO4, and 26  kg P ha-1 as 
Ca(H2PO4)2.H2O, every year before the sowing of the first 
crop. After the winter wheat harvest, before maize seeds 
were sown, major macronutrients were completed to 230–
260 kg N ha-1 and 39–52 kg P ha-1 in the form of TSP for 
the mineral fertilizer treatment. Animal manure: M25 (with 
~ 59.62% C, 1.07% N, 1.17% K and 0.80% P) is generally 
sourced from the animal husbandry unit of the Agricultural 
Experimental Station of Cukurova University, Compost: 
C25 (with ~ 37.81% C, 0.88% N, 0.80% K, and 0.0644% 
P) is made from waste material in the research farm, 
C10 + AMF; compost combined with arbuscular mycorrhiza 
fungi. The mycorrhiza cocktails consisted of various native 
mycorrhiza species isolated from the research field that 
are likely to have high inoculation success, which include 
Cl. etunicatum, Fu. mosseae, Rh. clarus, Fu. caledonium, 
Rh. intraradices, G. fasciculatum, and Se. deserticola. The 
cocktails were multiplied in a sand growth medium with clo-
vers as the host plants. Throughout the experiment, organic 
fertilizer treatments were supplied only with organic inputs 
and mineral nutrients were not applied to the plots.

2.3  Sowing and Other Agronomic Activities

The crops usually grown are winter wheat (Triticum aesti-
vum L.) and summer maize (Zea mays L.) in rotations and 
at times faba bean, carrot and onion are also grown dur-
ing the winter. Before sowing, mycorrhizae were applied at 
1000 spores per plant to the prepared seedbed of C10 + AM, 
and blank carriers were applied to the other treatments. The 
infection percentage for maize is generally 80%, whereas 
that for wheat is more than 60%. The land preparation 
involved using a moldboard plow followed by a cultivator 
to a depth of 30 cm. Irrigation activities were carried out 
only in the summer through sprinkler irrigation, as there 
was virtually no rain. This was based on visual observa-
tion of early on-set of moisture stress on plants, which is 
generally once a weak and winter wheat is mainly rain-fed. 
Herbicides are not used and avoided; mechanical weeding 
was used to remove weeds once or twice before canopy 
formation and pesticides were applied when needed when 
the infestation level of the stem borer was observed in 2–3 
plants in a row.

2.4  Soil Sampling and Analysis

Maize is a second crop that is generally sown in the region 
in June and harvested in October. After the maize harvest 
in 2020, disturbed and undisturbed soil samples were col-
lected from the center of each parcel at depths of 0–15 and 
15–30  cm. Three disturbed and nine undisturbed cylinder 
soil samples with lengths and widths of approximately 5 and 
5 cm, respectively, were collected from each soil depth. In 
total, 270 undisturbed (15 plots x 2 depths x 9 samples) and 
90 disturbed (15 plots x 2 depths x 3 samples) soil sam-
ples were collected. The disturbed soil samples were air-
dried and sieved with 8-mm mesh sieves for water stable 
aggregates and a 2-mm mesh sieve for permanent wilting 
point and percentage SOM. The first three cylinders from 
the undisturbed soil samples were capillary saturated and 
equilibrated to − 0.33  bar matric potential to determine 
the moisture content at field capacity (FCv) (Klute 1986), 
macro, micro, and total porosity (MaP, MiP and TP) (Dan-
ielson and Sutherland 1986), and bulk density (Blake and 
Hartge 1986). The second set of three cylinders was used to 
determine the saturated hydraulic conductivity (K) by the 
falling head method (Klute and Dirksen 1986). The air per-
meability (ka) was determined in the last three cylinders by 
the constant flux method proposed by Grant and Groenevelt 
(2007). Iversen et al. (2003) suggested that air permeability 
should be measured at or near field capacity, as large pore 
systems are the primary means through which air perme-
ability can be predicted. Therefore, undisturbed soil sam-
ples were capillary saturated and equilibrated to a matric 
potential of 0.20  bar in a pressurized plate system before 
determining the air permeability.

Soil moisture at − 15  bar matric potential (permanent 
wilting point, PWPv) was determined in disturbed soil sam-
ples (Klute 1986). The available water content is the dif-
ference between the volumetric water content in FCv and 
PWPv. The SOM was determined by the Walkley–Black 
method as described by Nelson and Sommers (1996). The 
water stable aggregate (WSA) was determined on 4, 2, 1 
and 0.5, mm sieve sets using a Yoder wet sieving device 
according to Kemper and Rosenau (1986).

2.5  Harvest and Yield Sampling

Grain yield was obtained through random sampling of 1 m2 
of per experimental plot after the complete drying of the 
whole wheat plant, which was generally carried out in May. 
Maize, the second crop in rotation, is generally harvested 
in October and subjected to the same process. In this study, 
mean wheat and maize yields for 2018, 2019, and 2020 
were aggregated to reduce yearly climatic variability and 
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ρb to 1.35 to 1.22 and 1.27 g cm-3, respectively. Although 
MF significantly increased ρb to 1.35 g cm-3, the CO, MF, 
and C10 + AM treatments had higher average ρb values 
compared to the M25 and C25 treatments.

Soil organic matter significantly varied according to 
organic and mineral fertilizer applications at 0–15 (p < 0.005) 
and 15–30 cm (p < 0.005) (Fig. 1b). At 0–15 cm, SOM was 
significantly increased by M25, C25, and C10 + AM to 2.47, 
2.19, and 1.86%, respectively. At the 15–30 cm, SOM was 
significantly increased by M25, C25, and C10 + AM to 2.33, 
2.13, and 1.82%, respectively.

The long-term effects of different organic manure 
sources significantly improved WSA (Fig. 1c) at both soil 
depths (p < 0.05). At the 0–15  cm soil depth, M25, C25, 
and C10 + AM increased the WSA to 34.4, 32.2 and 30.3%, 
respectively. However, the WSA for MF was reduced 
to 27.6%. At the 15–30  cm soil depth, the M25 and C25 
significantly increased WSA to 34.0% and 32.1%, respec-
tively. The organic fertilizer plots had a higher WSA than 
the control and the mineral fertilizer plots; similar results 
were recorded for the 0–15  cm soil depth. Furthermore, 
the results also showed a high positive correlation (> 75%) 
between ρb and WSA at both soil depths.

There were significant differences in SOM and WSA 
were significantly different at both soil levels, while in ρb at 
the subsurface. The organic fertilizer treatments reduced ρb 
at the subsurface levels while improving SOM and WSA at 
both the soil surface and subsurface levels.

3.2  Porosity

The sum of the micro and macro pores found in the soil is the 
total porosity (TP). MF, C25, C10 + AM, and M25 increased 

considered sufficient to explain the variability in wheat and 
maize yields due to different fertilizer applications.

2.6  Statistical Analysis

Analysis of variance (ANOVA) and difference of means 
(post-hoc test) were performed using Duncan’s multiple 
range test at 95% probability and were performed using 
the SPSS Statistics package program for Windows ver-
sion 21.0. Principal component analysis (PCA) was used 
to identify multiple relationships between variables and to 
select variables that are most important for the development 
of soil physical properties. This was implemented using 
XLSTAT. The Pearson correlation test was used to identify 
and explain the relationship between two variables. This 
relationship is considered strong, moderate and weak when 
r > 0.75, 0.5 ≤ r ≤ 0.75 and r < 0.25. This is presented as a cor-
rplot generated in R (R Core Team 2021).

3  Results

3.1  Bulk Density, Organic Matter, and Water Stable 
Aggregates

At the 0–15 cm soil depth, ρb was not significantly affected 
by the various fertilizer treatments (Fig. 1a). The slight vari-
ation in ρb was not accounted for by the treatments. MF, C25, 
M25 C10 + AM, and CO in increasing order were 1.17, 1.17, 
1.19, and 1.19, 1.20 g.cm-3, respectively. From 0 to 15 cm to 
15–30 cm, there was an increase in ρb. At the 15–30 cm soil 
depth, different fertilizer sources significantly reduced ρb. 
Relative to the control, M25 and C25 significantly reduced 

Fig. 1  Effects of fertilizer treatments on bulk density (ρb), soil organic 
matter (SOM), and water stable aggregate (WSA). Each bar represents 
the mean of three plots, and different letters on the grouped error bars 

indicate significant differences (P < 0.05) among fertilization treat-
ments; control (CO), mineral fertilizer (MF), animal manure (M25) 
compost (C25) and compost + arbuscular mycorrhiza (C10 + AM)
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3.3  Field Capacity, Wilting Point, and Available 
Water Content

There were significant differences among the treatments in 
FCv (Fig. 3a) at the 0–15 cm soil depth. Among the fertilizer 
treatments, only M25 significantly increased FCv to 33.4%. 
The other treatments, C25, MF, and C10 + AM, had lower 
FCv mean values of 30.9, 28.5, and 28.2%, respectively. For 
all treatments, FCv increased from 0 to 15 cm to 15–30 cm 
in soil depth. Notably, at this depth range, there was no sig-
nificant difference among the treatments. The other treat-
ments varied with the range 33.6 to 34.4%, respectively.

The PWPv differed significantly among treatments 
(Fig. 3b) at the 0–15 cm soil depth (p < 0.05). The M25 treat-
ment significantly increased PWPv to 21.3%, whereas the 
other treatments, in decreasing order C10 + AM, C25, and 
MF, had 20.6, 19.9 and 19.4%, respectively. PWPv increased 
across soil depths, except for M25. There was no significant 
difference among the treatments at the 15–30 cm soil depth. 
The treatments, MF, CO, C25, M25, and C10 + AM, varied 
within the range of 22.2 to 23.2%.

The AWCv was significantly differet between the treat-
ments (p < 0.005) at 0–15  cm (Fig.  3c). Treatment M25 
significantly increased and C10 + AM decreased AWCv to 
12.1% and 8.2% respectively. Except for M25, AWCv for 
the other treatments increased across soil depths. How-
ever, at 15–30 cm, no significant difference was observed 
between treatments for AWCv. Treatments varied within the 
mean range of 11.2 to 11.8%.

The soil moisture characteristics FCv, PWPv AWCv 
were all significantly different among all the treatments 
at 0–15 cm. organic fertilizers (M25, C25 and C10 + AM) 

TP (Fig.  2a) to 0.572, 0.571, 0.570, and 0.563 cm3 cm-3, 
respectively. There was a reduction in TP from 0 to 15 cm 
to 15–30 cm; MF and C10 + AM showed the highest reduc-
tion. At the 15–30 cm, treatments significantly increased TP. 
The M25 treatment significantly improved TP to 0.551 cm3 
cm-3, whereas MF significantly decreased TP to 0.502 cm3 
cm-3. The other treatments, C10 + AM and C25, were 0.517 
and 0.541 cm3 cm-3, respectively.

There was a significant difference between treatments 
in MiP (Fig. 2b) at the 0–15 cm soil depth. M25 was the 
only treatment that significantly increased MiP to 0.333 
cm3 cm-3. While, C25 also increased MiP to 0.308 cm3 cm-3 
but not at significant levels. In contrast, MF and C10 + AM 
decreased MiP to 0.285 and 0.281 cm3 cm-3, respectively. 
MiP increased from 0 to 15 cm to 15–30 cm. At 15–30 cm, 
no significant difference was observed among the treatment 
groups.

The treatment effects varied significantly for MaP at both 
soil depths (Fig.  2c). The treatments C10 + AM, MF, and 
C25 resulted in varying increases in MaP to 0.289, 0.287, 
and 0.262 cm3 cm-3, respectively, while M25 decreased 
MaP to 0.230 cm3 cm-3. At 15–30 cm, M25 with 0.215 cm3 
cm-3, was significantly higher than MF (0.159 cm3 cm-3). 
The MaP results for MF and C10 + AM, were 0.159 and 0.17 
cm3 cm-3, respectively.

Only MaP was significantly different at both soil depths, 
MiP was at the soil surface and TP at the soil subsurface. 
There were notable differences in the pore size distribution 
characteristics, organic fertilizers had significantly higher 
values particularly for the M25 treatment, except for MaP 
and the soil surface, where MF had a significantly higher 
value.

Fig. 2  Effects of fertilizer treatments on total (TP), micro (MiP), and 
macro porosity (MaP). Each bar represents the mean of three plots, 
and different letters on the grouped error bars indicate significant dif-

ferences (P < 0.05) among fertilization treatments; control (CO), min-
eral fertilizer (MF), animal manure (M25) compost (C25) and com-
post + arbuscular mycorrhiza (C10 + AM)
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The results for C10 + AM and MF were 0.38 and 0.32 cm 
h-1, respectively. The mean K values for all the treatments 
decreased with depth and there was no difference among 
the fertilizer treatments at 15–30 cm. The treatments ranged 
from 0.26 to 0.35 cm h-1.

Air permeability was significantly (p < 0.05) affected 
across the soil depths (Fig. 4b). The ka in C25, M25, and 
C10 + AM were significantly increased to 27.25, 22.26, 
and 21.49 mm2, respectively, whereas MF had 18.46 mm2. 
M25 and C25 were different from C10 + AM, which had the 

improved soil moisture characteristics with M25 having 
higher soil moisture characteristics than the other treatments.

3.4  Hydraulic Conductivity and Air Permeability

Fertilizer treatments at 0–15  cm significantly affected 
saturated hydraulic conductivity (Fig.  4a). Higher K was 
observed in C25 (0.35 cm h-1) and M25 (0.50 and 0.47 cm 
h-1) compared to the CO (0.35 cm h-1). The K values for CO 
did not differ significantly from those of MF and C10 + AM. 

Fig. 4  Effects of fertilizer treat-
ments on hydraulic conductivity 
(K), and air permeability (ka). 
Each bar represents the mean of 
3 plots, and different letters on 
the grouped error bars indicate 
significant differences (P < 0.05) 
among fertilization treatments; 
control (CO), mineral fertilizer 
(MF), animal manure (M25) 
compost (C25) and com-
post + arbuscular mycorrhiza 
(C10 + AM)

 

Fig. 3  Effects of fertilizer treatments on and field capacity (FCv), 
plant wilting point (PWPv), and available water content (AWCv). 
Each bar represents the mean of 3 plots, and different letters on the 
grouped error bars indicate significant differences (P < 0.05) among 

fertilization treatments; control (CO), mineral fertilizer (MF), animal 
manure (M25) compost (C25) and compost + arbuscular mycorrhiza 
(C10 + AM)

 

1 3

5192



Journal of Soil Science and Plant Nutrition (2025) 25:5187–5201

respectively. MF was significantly different from C25 and 
C10 + AM and not from M25. There was also a significant 
difference among organic fertilizer treatments; M25 had a 
higher yield than C25 and C10 + AM.

Maize yield in M25, MF, C25, and C10 + AM was sig-
nificantly increased to 11.70, 11.27, 8.52, and 7.89 t ha-1, 
respectively, compared to the CO with 5.15 t ha -1. Although 
MF was not significantly different from M25, it was differ-
ent from C25 and C10 + AM. Animal manure (M25) gave 
a higher yield than compost (C25) and enhanced compost 
(C10 + AM).

3.6  Principal Component Analysis and Correlation 
of Key Soil Properties

The yield and soil properties with eigenvalues higher than 
1 for the four Principal components (PCs) sum up to 83%. 
The PC1 through PC4 explained 35.5, 21.0, 15.8, and 10.8% 
of the total variation (Table 2). In PC1, variables FCv and 
MiPv had higher factor loadings of 0.99 and contributions 
of 23% than the factor loadings and contributions of AWCv, 
PWPv, and MaP, which were 0.89, 0.89, 0.76 and 18.5, 
18.7, and 13.3%, respectively. In PC2, variables ρb and TP 
with factor loadings of 0.95 and 0.94 explained 35.8% and 
34.9%, respectively. PC3 exhibited factor loadings of 0.94 
for wheat and 0.96 for maize accounting for contributions of 
46.8 and 48.5%, respectively. The ka explained 67.4% of the 
variation in PC4 and had a factor loading of 0.93.

SOM had positive correlation with most soil properties 
notably with WSA (> 0.75) and the exception was with MaP 
at the soil surface and ρb at the subsurface (Fig. 5). The soil 

lowest ka among the organic fertilizers. The mean ka for all 
the fertilizer treatments dropped sharply at the 15–30  cm 
soil depth. However, the least reduction was in M25 and 
C25 ka mean values. M25 and C25 significantly increased 
ka to 9.59 and 8.29 mm2, respectively. The other treatments, 
C10 + AM and MF, were 3.48 and 2.38 mm2, respectively. 
The organic fertilizers significantly improved the K and ka 
at both soil levels. Among the organic fertilizer treatments, 
C25 had higher mean values than other organic fertilizer at 
both soil depths.

3.5  Maize and Wheat Yields

Different fertilizer treatments significantly affected maize 
and wheat yields (Table 1). Compared to CO (1.56 t ha-1) 
MF, M25, C25, and C10 + AM treatments significantly 
increased the wheat yield to 4.68, 4.51, 4.23, and 2.16 t ha-1, 

Table 1  Mean wheat and maize yields under different fertilization 
treatments
Treatment Wheat Maize

t.ha-1

CO 1.56#±0.05† d& 5.15 ± 0.15 d
MF 4.68 ± 0.04 a 11.27 ± 0.20 a
M25 4.51 ± 0.02 a 11.70 ± 0.33 a
C25 4.23 ± 0.10 b 8.52 ± 0.14 b
C10 + AM 2.16 ± 0.06 c 7.89 ± 0.04 c
ANOVA P < 0.0001 P < 0.0001
#: Average of three plots, †: Standard error of the means; &: Differ-
ent letters in column indicate significant differences (P < 0.05) among 
fertilization treatments; control (CO), mineral fertilizer (MF), animal 
manure (M25) compost (C25) and compost + arbuscular mycorrhiza 
(C10 + AM)

Table 2  Principal component analysis results for soil and plant parameters
Property Factor loading‡ Contribution of variables (%)#

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4
ρb 0.115 -0.939 -0.130 -0.057 0.312 34.980 0.892 0.247
WSA 0.294 0.194 0.184 0.296 2.025 1.493 1.780 6.769
FCv 0.989 -0.076 0.045 0.050 23.006 0.231 0.104 0.191
PWPv 0.893 -0.207 0.069 -0.200 18.735 1.697 0.247 3.091
AWCv 0.893 0.085 0.008 0.319 18.747 0.289 0.004 7.866
TP -0.079 0.950 0.100 0.067 0.146 35.809 0.527 0.351
MiP 0.989 -0.076 0.045 0.050 23.006 0.231 0.104 0.191
MaP -0.751 0.642 0.030 0.006 13.255 16.351 0.048 0.003
K 0.078 0.072 0.096 0.933 0.143 0.204 0.481 67.352
ka -0.008 0.440 0.105 0.399 0.001 7.691 0.585 12.326
Wheat 0.154 0.085 0.943 0.144 0.555 0.287 46.765 1.592
Maize -0.054 0.136 0.960 -0.016 0.069 0.737 48.461 0.019
Eigenvalue 4.680 3.453 1.504 1.078
Variability (%) 35.464 21.003 15.840 10.779
Cumulative (%) 35.464 56.468 72.308 83.087
‡ Bold values for each principal component (PC) indicate very high factor loading for the property. # Bold
values represent the importance of the PC for a given variable. Bulk density (ρb), water stable aggregate (WSA), field capacity (FCv), plant 
wilting point (PWPv), available water content (AWCv), total porosity (TP), microporosity (MiP), macroporosity (MaP), hydraulic conductivity 
(K), air permeability (ka)
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Fertilizer application can restore the nutrients that 
plants absorb or lose due to erosion and leaching. Moder-
ate amounts of fertilizers improve plant growth, enhance 
the development of soil moisture characteristics, soil pore 
distribution and water stable aggregates (Ozlu et al. 2019; 
Šimanský et al. 2022; Xin et al. 2016). The primary driver 
of soil physical development is organic matter (Kamran et 
al. 2021; Ozlu et al. 2019). Fertilizer application sustained 
and improved the SOM at both soil depths, but the effects 
were more pronounced at the 0–15  cm soil depth. The 
results indicate that the higher SOM at 0–15 cm is primar-
ily due to the addition of fertilizers such as MF, M25, C25, 
and C10 + AM, whereas plant exudates and residues from 
harvest made a lesser contribution over a long period (Jan-
zen et al. 2022). The point of entry for most organic matter 
is from the soil surface (Ortas et al. 2013); thus, a higher 
SOM is expected at the soil surface, whereas a lower SOM 
is expected at subsurface soil depth (Gautam et al. 2022). 
The SOM values at the two soil depths were relatively equal 
across treatments, indicating that under long-term fertilizer 
application and cultivation equilibrium had been reached. 
The yearly plowing of the soil to a depth of 30 cm could 
have likely mixed both soil layers (Burger et al. 2023), in 
addition to the rhizodeposition by plant exudates, and plant 
root remains (Wei et al. 2019; Zhang et al. 2022).

The overall effects of SOM on soil physical properties 
such as soil moisture characteristics, soil pore distribution, 

property ρb had negative correlation with TP and MaP at 
both soil depths, however the effects were more pronounced 
at the soil subsurface level. The soil moisture characteristics 
had high correlation with the pore size distribution, which 
was mostly negative with MaP.

4  Discussion

The fertilizer treatments affected soil physical properties 
differently at the soil surface and the subsurface. There 
was a significant difference in SOM and WSA at both soil 
depths whereas in ρb, the difference was only apparent at the 
sub-soil. The variations in the soil moisture characteristics 
were only significant at the soil surface levels. The K and 
ka soil properties were also significantly different at the two 
specified soil depths. The fertilizer treatments also signifi-
cantly affected the mean wheat and maize yields. Overall, 
the results suggested organic fertilizer treatments improved 
most soil physical properties, especially the M25 treatment. 
The M25 was also the only organic fertilizer treatment that 
showed the potential of replacing MF treatment, as their 
mean yields were relatively close. The effects of different 
organic and inorganic fertilizers on soil physical properties 
and yield are explained along with how different soil proper-
ties interact and their classification, using holistic analyses.

Fig. 5  Relationships among soil organic matter (SOM), bulk density 
(ρb), water stable aggregate (WSA), field capacity (FCv), plant wilt-
ing point (PWPv), available water content (AWCv), total porosity 
(TP), microporosity (MiP), macroporosity (MaP), hydraulic conduc-
tivity (K), air permeability (ka), and crop yields (wheat and maize) 
at 0–15 cm and 15–30 cm soil depths. The correlation between soil 

properties is represented by strong (> 0.75) average (> 0.50) and weak 
(< 0.25) indicators. Blue and red lines indicate positive and negative 
correlations, respectively. The size of the circle and the range of colors 
from dark to light represent the magnitude of the correlation between 
treatments
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(Menon et al. 2020), as balanced macroporosity (aeration) 
and microporosity (soil moisture) improve soil physical 
properties. All soil moisture characteristics (FCv, PWPv and 
AWCv) were significantly improved by manure at 0–15 cm. 
The increase in SOM was determined to be the main factor; 
soils with higher SOM absorb and retain more soil moisture 
(Lal 2020). The improvement resulting from the increase 
and stabilization of SOM, WSA, and porosity through fertil-
izer applications generally had a synergistic effect on both 
hydraulic conductivity and air permeability. The physical 
protection of SOM through occlusion within aggregates and 
the other factors that stabilized aggregates contributed to 
the formation of macroaggregates (Bucka et al. 2019) and, 
in particular, enhanced K. Macroporosity has a great influ-
ence on K and ka (Dong et al. 2022), and the movement of 
air and water within soils largely depends on the temporal 
and spatial continuity of soil pores and WSA (da Costa et 
al. 2014). Weak soil aggregates due to intrinsic soil proper-
ties and anthropogenic activities break down when external 
forces are exerted on them (Soinne et al. 2016), leading to 
the obstruction of macropores and impediment to the move-
ment of air and moisture within soils (Menon et al. 2015). 
The application of different forms of fertilizers sustained 
some of the soil physical properties but could not improve 
most of them. This requires exploring the components of 
each fertilizer as they affect these properties.

The nutrient requirements of plants can be met through 
various means, and the provided nutrients contribute to 
aboveground and belowground plant biomass. Aboveg-
round plant biomass, depending on several factors, may 
eventually return to the soil, whereas belowground biomass 
is primarily found in the soil and significantly contributes 
to SOM (Zhang et al. 2015). However, crop residues that 
return to the soil may not immediately contribute to SOM 
because they are subjected to both microbial decomposition 
and mechanical breakdown (Roth et al. 2019). The aboveg-
round and belowground plant biomass components that 
form SOM may be insignificant at the end of the process. In 
particular, aboveground biomass may be removed or used 
as a source of energy (Castioni et al. 2018). Organic matter 
from aboveground biomass may not significantly increase 
SOM; however, it may maintain existing or replenish SOM 
stock (Ghimire et al. 2012). The MF result supports this 
assumption because the SOM was only maintained, and 
no improvement was observed. Although MF improves 
both maize and wheat yields, which is a reliable indicator 
of the biomass produced by plants (Si et al. 2020), maize 
and wheat plants may partition fewer resources toward root 
development, as there are readily available plant nutrients 
(Lopez et al. 2023). This may have affected the amount of 
root exudates and plant roots in the soil due to the com-
plex processes involved in the conversion of aboveground 

aggregate stability and fluid conductivity are well known 
(Miller et al. 2015; Six et al. 2004; Xin et al. 2016), there-
fore the positive correlation between SOM and WSA could 
be explained by the application of fertilizers in different 
forms over a long period. The constant replenishment of 
SOM from different organic fertilizer sources ensured the 
stabilization of soil aggregates (Ortas et al. 2013; Wu et al. 
2023), which did not diminish with time. The type of fertil-
izer determines the rate at which new SOM is sequestered 
in soil (Wu et al. 2023). Plant species may allocate more 
nutrients to aboveground biomass due to the availability 
of readily available plant nutrients. When nutrients are not 
readily available, plants may prioritize root development 
over aboveground biomass growth, leading to the forma-
tion of higher root networks and the release of exudates to 
decompose SOM, initiating reactions within the soil matrix 
to release fixed plant nutrients (Lopez et al. 2023). Under 
extreme limiting conditions, both aboveground and below-
ground biomass and plant exudates are greatly reduced 
(Lopez et al. 2023). This can only decrease SOM when 
agronomic activities are performed, as recently added and 
stabilized SOM is broken down to provide the required 
plant nutrients (Wei et al. 2019), depleting the SOM content 
and thus affecting the physical properties of soil (Lal 2020). 
Fertilizers can improve ρb, as observed at the soil surface, 
and this can be achieved through various mechanisms. The 
application of organic fertilizers boosts plant biomass pro-
duction due to the availability of readily available nutrients, 
adding more SOM to soils, which reduces the ρb of soils 
through the dilution effect (Miller et al. 2015). In addition, 
the proliferation of plant roots creates pores that reduce 
ρb, and the gluing and binding effects of different types of 
SOM available in the soil (Fall et al. 2022; Wei et al. 2019), 
improve WSA, which is one of the major factors affecting ρb 
in soils (Wu et al. 2023; Zhang et al. 2022).

Fertilizer application can improve the total porosity of 
soils by reducing micropores through the cementing action 
of SOM (Ozlu et al. 2019) produced from plant biomass 
facilitated by the readily available soil nutrients (Abagan-
dura et al. 2022; Si et al. 2020). The type of fertilizer applied 
can promote the development of a conducive environment 
for the proliferation of new roots (Wu et al. 2023; Xin et al. 
2016). This produces macropores along the point of contact 
with the soils. In addition, the exudates from these roots glue 
together individual soil matrices to form new pores, as there 
is more cohesion within pores than between pores (Lopez 
et al. 2023; Wu et al. 2023). The increase and stability of 
macropores are attributed to the effects of fertilization on 
plants and SOM due to the direct effects on the stabilization 
of soil aggregates, which is a key factor affecting porosity. It 
was discovered that consistent and improved WSA ensures 
that pore sizes and their distribution are not suddenly altered 
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the more intricate physical characteristics of the soil, such 
as K and ka, were impacted differently by the organic fertil-
izer components. Therefore, it is necessary to investigate the 
static and dynamic characteristics of the organic fertilizers 
as well as the functions they serve in relation to the dynamic 
soil physical properties.

Animal manure (M25) was not transformed, except for 
the drying of the initial moisture associated raw organic 
manure; thus, M25 had higher light organic fractions. How-
ever, compost (C25) was transformed during the compost-
ing process to a more stable form (Miller et al. 2015; Yucel 
et al. 2020). Compost contains more heavy organic fractions 
than light organic fractions, making it resistant to further 
decomposition (Molina-Herrera and Romanyà 2015). The 
recalcitrant properties of C25, which protect and stabilize 
compost against decomposition in soils, could not enhance 
SOM content beyond M25. Residual hyphae in soils after 
the completion of the plant life cycle are known to improve 
SOM (Godbold et al. 2006). The lower compost levels in 
C10 + AMF exposed plants to suboptimal levels of nutrient 
concentrations in the soil, thus plants partitioned more of 
their resources to develop higher root networks and AMF. 
This enables AMF to develop better hyphal networks that 
produce exudates in addition to exudates produced by plants 
to aid the host plant in nutrient uptake (Li et al. 2018), 
decomposing SOM and dissolving fixed plant nutrients in 
soil matrices, using the nutrients for self-growth and then 
passing the excess to the host plants (Arcidiacono et al. 
2024). This process is called priming and occurs in nutrient-
deficient soils (Paterson et al. 2016) to provide nutrients to 
host plants. The sequestration of more SOM in M25 was 
achieved due to the readily available labile and light organic 
fractions present in the treatment (Benbi et al. 2015). 
This balanced out resource partition and encouraged both 
aboveground and belowground biomass production. While 
nutrients in M25 are not readily available, light fractions 
react with plant root exudates to readily release nutrients for 
plant uptake. The additional SOM produced from this pro-
cess and the balanced supply of nutrients in the M25 treat-
ment further conferred superior physical properties to the 
soil. This indicates that the addition of animal manure to soil 
is beneficial because fewer constraints are placed on plant 
growth (Gautam et al. 2022).

The organic fertilizer treatment that sequestered more 
SOM produced a lower ρb, especially at 15–30 cm. How-
ever, the situation was different in C10 + AM, as ρb was 
not reduced through the network of soil hyphae and exu-
dates, which provide additional functions for plants. It was 
observed that the SOM content in soil was more important 
to ρb than the type and additional functions provided by bio-
enhancers. Furthermore, SOM was identified as a stabilizing 
factor that affected soil aggregates under both M25 and C25 

biomass to SOM. This suggests that for optimum SOM 
sequestration in soil, the application of mineral fertilizer 
may not be sufficient, and direct intervention through the 
application of organic manure may be needed. The addition 
of organic fertilizers to soil may encourage plants to produce 
more root networks and exudates, which are the main com-
ponents of belowground biomass, thereby increasing SOM 
sequestration. Furthermore, the preprocessing of FYM by 
drying and composting via biochemical transformation sta-
bilizes compost before use and makes the composting mate-
rials recalcitrant for further decomposition and mechanical 
breakdown (Oshins et al. 2022). The continuous addition 
of FYM and compost significantly contributed to the accu-
mulation of SOM in the soil. This can be achieved through 
several mechanisms. Plants partition more resources toward 
root development and release more root exudates when 
plant nutrients are not readily available (Lopez et al. 2023). 
This suggests that the strategy adopted by plants, in addi-
tion to the application of organic fertilizer to the soil, greatly 
improved soil organic matter.

The limitations of MF in the development of soil physical 
properties were further observed in terms of soil pore size 
distribution and moisture-holding capacity. However, the 
difference was more pronounced in MiP at 0–15 cm, where 
organic fertilizers enhanced the creation of more micro-
pores. This is achieved due to the particulate component of 
the added organic manures occupying the soil macropores 
(Pituello et al. 2016), the proliferation of more roots in mac-
ropores for nutrient uptake may have also contributed to 
the transformation of macropores to micropores (Wei et al. 
2019). Manures contain different sized particulate organic 
matter fractions (Benbi et al. 2015) and the particulate labile 
fractions are likely to be retained in the macropore spaces 
(Pituello et al. 2016). Microporosity and SOM content 
account for most of the soil moisture present (Manns and 
Berg 2014). At 0–15 cm, SOM was largely responsible for 
soil moisture, as demonstrated by the correlation between 
the two variables. The spatial arrangement and stability of 
soil aggregates greatly influenced K and ka. The higher K 
and ka values observed from these results suggest that the 
continuous addition of organic matter to soils can promote 
improved water movement and air diffusion within the soils 
(Dong et al. 2022; Ozlu et al. 2019). Air diffusion and water 
movement depend on pore continuity. The factors that pro-
mote pore continuity are important for plant productivity 
and soil development. One factor affecting pore continuity 
is WSA (da Costa et al. 2014), which is highly dependent on 
SOM. Soils with high aggregate stability prevent tortuosity, 
a factor that limits K and ka (Dong et al. 2022; Keller et al. 
2021). The effects of the organic and the mineral fertiliz-
ers indicated that the soils received additional advantages 
beyond the nutrients required for plant growth. However, 
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diffusion within soils is likely to depend more on the seques-
tered SOM, which is also a function of the type of organic 
fertilizer applied (Dong et al. 2022). It is crucial to strike a 
balance between sustainable yield and soil physical char-
acteristics. Further exploration was conducted to determine 
which organic fertilizer would best replace MF fertilizer and 
what soil physical characteristics to monitor to guarantee 
sustained output.

Mineral fertilizers can supply immediate plant nutrient 
requirements. However, organic manure rich in plant nutri-
ents can serve as an alternative to commercially available 
fertilizers, without the problems associated with mineral 
fertilizers (Ge et al. 2023; Zhang et al. 2022) and the rising 
cost of procuring them (Sinha et al. 2022). The results sup-
ported the hypothesis that organic fertilizers improve soil 
physical properties through an increase in air permeability 
and soil moisture characteristics and a decrease in bulk den-
sity. The adoption of organic fertilizers may be limited by 
availability, storage, and management of animal manure. 
However, alternatives such as compost can also be adopted, 
albeit with a slight loss in yield due to the fewer plant nutri-
ents available in compost (Ahmad et al. 2008). Neverthe-
less, adopting only organic fertilizers on a large scale may 
not be practical, and a combination of both mineral and 
organic fertilizers may be more appropriate (Li et al. 2017). 
The yield loss in C10 + AM was unexpected, as it was theo-
rized that mycorrhizae can offset the nutrient differences that 
exist between organic fertilizer treatments by exploiting the 
resources available in the soil (Arcidiacono et al. 2024; Fall 
et al. 2022; Zhang et al. 2022). AMF has a lower fertilizer 
requirement, which is very promising. Because of the extra 
eco-functions AMF offers, it is strongly advised to provide a 
small amount of nitrogen to enhance its functionality.

Pore size distribution and soil moisture characteristics 
explained most of the variation that was responsible for 
the differences among the various treatments. Soil moisture 
mediates almost all physicochemical reactions occurring 
within soil and is highly related to soil pores, as they dic-
tate the moisture level (Owens et al. 2021; Püschel et al. 
2020), air diffusion and movement of water (Keller et al. 
2021; Ozlu et al. 2019; Wahlström et al. 2021), root penetra-
tion (Burger et al. 2023), and microbial population (Bucka 
et al. 2019; Ozlu et al. 2019). Bulk density and hydrau-
lic conductivity explained the other variations within the 
treatments, with soils having high ρb limiting root growth, 
reducing their ability to access nutrients and moisture from 
the soil, while low K restricts the movement of moisture, 
nutrients, and heat into pores, affecting both plant yield and 
soil physical property development. Soil moisture and pore 
size distribution have been identified as the most important 
soil physical properties that explain the most variation in 
mid to long-term filed trials on various crops (Castioni et 

treatments. Although C10 + AM had a lower SOM content 
than C25, AMF hyphal network and other exudates contrib-
ute to a higher WSA at the soil surface (Yang et al. 2017). 
The higher WSA was attributed to the exudates from the 
interaction between plant and mycorrhizae. The glomaline 
component of the exudates glue individual soil particles, 
and the greater proliferation of fine roots and hyphal net-
works serves as the basis for the formation of highly stable 
aggregates (Fall et al. 2022). These findings indicate that 
different strategies can be adopted for soil physical devel-
opment. The first strategy is the addition of organic mat-
ter sources, and the second is the use of bio-enhancers. The 
enhanced compost AMF increased MaP at 0–15 cm. Lower 
amounts of compost and the labile particulate SOM in com-
post reduced the clogging of macropores and the conver-
sion to micropores. Furthermore, stabilized soil aggregates 
through hyphal entanglement (Wei et al. 2019) formed the 
bases for the establishment of new aggregates and provided 
exudates that glued soil microaggregates together to form 
macropores (Zhang et al. 2022). The transformation of the 
composting materials in C25 to stable organomineral com-
plexes (Nisar and Benbi 2020), forms more stable aggre-
gates with individual soil particles reducing the possibility 
of macropore clogging. The SOM at 15–30 cm is primar-
ily recalcitrant and resistant to further transformation, as 
SOM is transformed with depth (Roth et al. 2019). There-
fore, organic manure fertilizers that are resistant to further 
decomposition would increase SOM content. Higher SOM 
influenced MiP due to their moderate positive correlation 
and SOM actively contributes to the enhancement of pore 
formation (Lal 2020; Ozlu et al. 2019). This suggests that 
the main factor influencing soil moisture characteristics is 
the amount of sequestered SOM, which depends on the type 
of organic fertilizer applied. Furthermore, special attention 
should be given to the soil depth that is targeted for improved 
soil physical properties when selecting organic fertilizers. 
However, AMF can transfer moisture from deeper soil 
depths and from the wider soil volume they occupy to plants 
because hyphae occupy larger soil volumes and have access 
to pores that are not available to plant roots (Püschel et al. 
2020). Different SOM components affected ka at different 
soil depths, and at the soil surface, recalcitrant materials that 
can be easily occluded had a more significant influence on 
ka (Dong et al. 2022). Highly humified organic fertilizers 
are resistant to further breakdowns to release plant nutrients, 
as they are mainly composed of alkyl and phenol groups, 
thus limiting root growth and exudate release (Ahmad et al. 
2008). This suggests a reduced plant root occupation under 
the compost treatments (C25 and C10 + AM), thereby open-
ing the pores for free flow of air. At 15–30 cm soil depth, 
most of the organic fertilizer would have been transformed 
into a more resistant and easily occluded form. Thus, air 
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at the soil surface and the subsoil surface, more study on 
mycorrhiza-enriched compost is required.
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al. 2018; Çelik et al. 2020). SOM was positively correlated 
with most soil physical properties, except for MaP. The 
application of organic manure clogs soil pores and effec-
tively reduces MaPs (Pituello et al. 2016), which are con-
verted to MiPs. Occlusion within the aggregate stabilizes 
the SOM (Bucka et al. 2019) and leads to the formation of 
more stable MaP and aggregates. The negative correlation 
between ρb and SOM suggests that the application of SOM 
enhances plant root distribution and penetration within the 
soil, given that a negative correlation between yield and ρb 
has been established in maize (Salem et al. 2015) and wheat 
(Bonini et al. 2011). Root penetration resistance depends on 
ρb. Higher root penetration resistance is linked to high ρb 
(Wahlström et al. 2021). The reduction of ρb should be one 
of the priorities for improving soil physical properties, as 
other soil physical properties may take a longer period to 
improve (Keller et al. 2021).

5  Conclusion

The physical characteristics of the soil and crop yield were 
examined in relation to the effects of inorganic and organic 
fertilizer treatments. Fertilizer treatments had a consider-
able impact on wheat and maize yields. Fertilizer treatments 
significantly decreased bulk density (ρb) at 15–30 cm, but 
had little effect at 0–15 cm soil depth. Nevertheless, organic 
fertilizer treatments maintained or slightly reduced ρb com-
pared to mineral fertilizer and the control. At both depths, 
organic manure sources enhanced the aggregate stability. 
Fertilizer treatment caused variations in porosity, including 
total (TP), micro (MiP), and macroporosity (MaP), which 
affected the transport and retention of soil water. From the 
principal component analysis (PCA) results, the key indi-
cators of soil physical properties were soil moisture (field 
capacity, plant wilting point and available water content), 
soil air (MaP), ρb, and K. The strong correlation between 
soil organic matter (SOM) and water stable aggregates 
(WSA) was responsible for the improvement of most the 
soil physical properties. Organic fertilizers are more advan-
tageous than mineral fertilizers for soil aeration. More SOM 
is needed at the sub-soil than at the soil surface because 
most soil physical properties tend to decrease with depth.

The results highlight the need to transition to organic fer-
tilizers for more sustainable agricultural production, as they 
show that mineral fertilizer (MF) adversely affected some 
soil physical qualities, such as WSA and AWCv compared 
with the control (CO) at the expense of a somewhat greater 
yield. To further understand the yield loss resulting from 
the combined effects of different factors and to determine 
the most effective method to enhance soil physical qualities 
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