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Abstract

A silvoarable ecosystem was studied in the western part of Romania (Timiș County). 
This agricultural system was established by associating two plant species: a rapeseed crop (the hybrid 
LG Architect of Brassica napus L.) and a hybrid poplar plantation (Populus deltoides Bartram ex 
Marshall × Populus nigra L.). The study aimed to assess several physical (particle size composition 
(coarse sand (2.0-0.2 mm), fine sand (0.2-0.02 mm), silt (0.02-0.002 mm), colloidal clay (<0.002 mm), 
physical clay (<0.01 mm)) and bulk density) and chemical (pH, humus, total nitrogen, plant-available 
phosphorus, and plant-available potassium) parameters of soil during two seasonal periods: autumn 
and spring. Different soil depths were considered: 0-30 cm in the poplar plantation and 0-10 cm 
in the rapeseed crop. Generally, higher values were observed for the chemical soil parameters 
in the rapeseed soil than in the poplar soil in the spring season, after winter exposure. This effect 
emphasizes the enhancement of the potential of the rapeseed crop by combining it with the woody 
plant (hybrid poplar) within the silvoarable system, and shows the effectiveness of this type of plant 
association as an agricultural alternative, as well as the contribution of the woody plant (hybrid poplar) 
to improving the soil conditions for the herbaceous crop (rapeseed). This study shows that edging crops 
with trees can be a sustainable agricultural strategy.

Keywords: agroforestry, poplar clones, soil texture, winter exposure, crop bordering, tree bordering, 
intercropping, depth-wise
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Introduction

The associations between trees and herbaceous 
plants within silvopastoral and silvoarable systems 
are sustainable tools for exploiting the food-producing 
agricultural systems [1-3]. Bordering agricultural crops 
with woody plantations, such as hybrid poplar, has 
several benefits for soil sustainability and crop efficiency. 
These benefits are sometimes related to the protection 
and improvement of the general growing conditions 
for the agricultural crop [4], rather than to a direct 
increase in soil fertility. Among the main advantages, 
it is remarkable that trees act as a protective shelterbelt 
against strong winds, reducing water evaporation from 
the soil and protecting plants from mechanical stress 
[5, 6]. Strong winds can dry out the soil and reduce 
the efficiency of photosynthesis in the herbaceous crop 
[5]. Among the structural and morphological traits 
of the woody plants which border the monoculture in 
order to ensure a favorable microclimate for the crop, 
important to be mentioned are the crown morphology 
as an aboveground characteristic [7] and the roots as an 
underground characteristic [8]. The tree crown impacts 
the local microenvironment of the agricultural crop by 
influencing the light access, the wind direction, soil 
moisture, and even by controlling some plant diseases 
due to the antimicrobial flavonoids from its twigs and 
leaves [9]. Tree roots stabilize the soil and prevent the 
loss of the fertile layer through aeolian (wind) or water 
(precipitation) erosion. Field crops are more exposed to 
erosion if there is no natural barrier. Trees help regulate 
temperature and humidity in the agricultural field, 
protecting plants from temperature extremes. Wood 
plantations offer protection and can help with natural 
pest control. Although tree plantations may have less 
fertile soil than agricultural crops, they bring important 
benefits by protecting against wind and erosion, creating 
a more favorable microclimate, supporting biodiversity 
and even gradually recycling nutrients. These 
advantages make edging crops with trees a sustainable 
agricultural strategy.

The hybrid poplar (Populus deltoides Bartram ex 
Marshall × Populus nigra L.) has been largely described 
in the field literature [10-12] for its potential in rapid 
biomass production, but it also represents a useful option 
to be included in temperate silvoarable ecosystems 
due to several important morphological and functional 
characteristics which contribute both economically and 
ecologically to the efficient and sustainable exploitation 
of the agricultural crops. This plant is able to grow on 
bare soils or on those subjected to flooding waterlogging 
[13] and is an excellent water manager, being considered 
an isohydric woody plant [14] because it is able to 
maintain a relatively constant hydric potential during the 
drought seasons by stomatal mechanisms activated to 
avoid water loss and to regulate the evapotranspiration. 
To reach this goal, for this hybrid species, very 
important are the water availability and the accessibility 
to groundwater [15], and also the ability to avoid heat 

stress, thus gaining high biomass and performing 
the expected ecophysiological roles in the silvoarable 
associations. Other important contributions of the 
Populus x euramericana (Populus deltoides Bartram ex 
Marshall × Populus nigra L.) are provided in ecosystems 
by its phytoremediation capacity of soils polluted with 
heavy metals [16, 17], while several studies emphasized 
the potential of this plant to exhibit soil salt tolerance 
[18]. The current context of resource scarcity and the 
alteration of the environmental factors determined new 
approaches and alternatives of crop growing to better 
use the local land conditions and to mitigate issues like 
soil degradation and nutrient loss. Thus, integrating the 
woody plants in the yield strategies by intercropping or 
crop bordering was proven to be an efficient choice to 
mix species to gain reciprocal advantages in expressing 
their maximal productive potential. 

Generally, most of the scientific literature has 
focused on highlighting the biomass and yield gain or 
carbon sequestration in the agroforestry systems for the 
mixed or associated plant species. Most frequently, the 
studies have addressed aspects regarding the chemical 
properties of the soil and their dynamics, while studies 
related to the physical structure of the soil were rare [19, 
20]. Even rarer are the studies that address the subject of 
the vertical, depth-wise distribution of soil physical and 
chemical properties in agroecosystems. This research 
aims to contribute to clarifying the vertical distribution 
of several physical and chemical soil properties across 
the soil profile in a temperate silvoarable ecosystem 
established by associating a herbaceous crop species 
and a woody one, and also to highlight the relationships 
between the analyzed soil factors. The aim was also 
to reveal the seasonal variation of soil parameters and 
to find whether differences exist regarding the soil 
parameters in the associated plants, in attempting to 
emphasize the role of the woody plant on the bordered 
monoculture.

Materials and Methods 

Research Site

A silvoarable ecosystem was studied in the 
western part of Romania (Timis County) (45.45418°N, 
20.90334°E). This agricultural system was established 
by associating two plant species: a rapeseed crop 
(the hybrid LG Architect of Brassica napus L.)  
and a hybrid poplar plantation (Populus deltoides 
Bartram ex Marshall × Populus nigra L.). The rapeseed 
field was bordered on both sides by a hybrid poplar 
plantation. One of the hybrid poplar flanks covered 
an area of 6962 m2 and had a width of approximately 
80 m, while the other spanned 64,807 m2 and had a 
width of approximately 190 m. The rapeseed crop area 
covered 9918  m2 and had a width of approximately  
55 m (Fig. 1).
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Research Objectives

The study aimed to assess the evolution of several 
physical and chemical parameters of soil (Vertisol, 
World Reference Base for Soil Resources 2022) during 
two seasonal periods: autumn (November 2022 [21]) and 
spring (May 2023). Although the general perception is 
that soil properties, particularly physical structure and 
organic matter content, change slowly, there are studies 
showing that freeze–thaw processes can induce both 
physical (in terms of soil aggregate stability and particle 
size distribution) and chemical (soil organic carbon, 
salinity, and others) transformations in the topsoil even 
within a very short time, after a single natural cycle,  
or in even shorter periods when certain soil parameters 
were analyzed under freeze-thaw cycles conducted  
in laboratory conditions [22]. Thus, the analysis of 
a 0-40 cm soil layer cultivated with cotton in an 
agricultural area of China (Xinjiang), within a study 
aimed at capturing the effects of a single seasonal 
freeze–thaw cycle (from the end of 2022 to the end of 
2023), showed that after just one freeze–thaw cycle, 
when the distribution of soil aggregates before and after 
freezing and thawing was analyzed, regardless of the 
size of soil aggregates, the content of different fractions 
significantly changed (the proportion increased or 
decreased).

The analyzed physical soil parameters were: particle 
size composition (coarse sand (2.0-0.2 mm), fine sand 
(0.2-0.02 mm), silt (0.02-0.002 mm), colloidal clay 
(<0.002 mm), physical clay (<0.01 mm)) and bulk 
density. The analyzed chemical soil parameters were: 
pH, humus (stable, organic component of the soil that 
results from the decomposition of plant and animal 
matter), total nitrogen, plant-available phosphorus, 

and plant-available potassium. Different soil depths 
were considered: 0-30 cm in the poplar plantation 
and 0-10 cm in the rapeseed crop. When different 
soil depths were chosen for analysis, the following 
factors were considered: the root systems and the soil 
disturbance and management associated with the two 
plants constituting the silvoarable system. Thus, the 
poplar trees have deep, extensive root systems that can 
influence soil properties at greater depths. Studying 
the 0-30 cm layer allows a better understanding of how 
the trees impact the soil particle size distribution and 
nutrient distribution across layers. The rapeseed has 
a shallower root system that mainly interacts with the 
topsoil (0-10 cm). This is where most nutrient uptake 
occurs and where physical and chemical changes due 
to crop management (e.g., fertilization, tillage) are most 
pronounced. Within the studied silvoarable system, the 
rapeseed crop was cultivated in conventional tillage and 
fertilization, making the top 10 cm the most relevant for 
analysis. The poplar plantation, being a perennial woody 
system, experienced no soil disturbance in the studied 
system for 8 years, so a deeper profile (0-30 cm) was 
selected for analysis. Additionally, the different inputs 
of organic matter and nutrients in the two plant systems 
(from fallen leaves and from crop residues, respectively) 
was also a reason for choosing different soil depths of 
analysis. By selecting different depths, this study aimed 
to capture the most relevant soil interactions for each 
plant sub-system, ensuring a meaningful comparison of 
how different land uses affect soil properties. 

Research Methodology

The physical soil parameters were determined  
as follows: particle size distribution was established 

Fig. 1. The research site (45.45418°N, 20.90334°E) (Google Maps capture).
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by the gravimetric method according to the Atterberg 
scale for interpretation [23], and the bulk density 
was determined through the core method according 
to the international standard SR ISO 11272:2000.  
The chemical parameters of the soil were established 
using the following research standardized 
methodologies: pH through the potentiometric method 
in aqueous suspension (soil:water ratio – 1:2.5); 
determination of humus according to the Walkley wet 
combustion method [24]; determination of the total 
N using the Kjeldahl method [25]; determination of 
plant-available P and plant-available K was performed 
using the Egner-Riehm-Domingo method [26] and the 
spectrophotometry. The statistical interpretation of data 
was performed using the IBM SPSS 28.0.0.0 software.

Soil Sampling

In the poplar, the soil samples were collected from 
the smaller flank, and the sampling was conducted 
between rows (Fig. 2). In the rapeseed, the soil was 
sampled after harvesting (November 2022) and before 
harvesting (May 2023). The soil sampling points were 
marked during the initial sampling (autumn), and the 
subsequent sampling (in spring) was conducted at the 
same locations. In the poplar, the soil samples were 
collected only from one flank, and both in the rapeseed 
and the poplar, the soil samples were collected from 
three sample points with three repetitions.

Considerations on Selecting Soil Sampling Depth

For this study, the upper soil layers were of interest 
because studies have shown that the freeze–thaw effect 
on the soil horizon decreases with increasing depth 
until the maximum freezing depth is reached [27, 28]. 
The soil surface tends to exchange material most closely 
with the atmospheric environment, so the physical 

and chemical weathering gradually decrease as the 
depth of the soil horizon increases, and the size and 
content of soil particles can be used to some extent as 
indicators of the degree of weathering [28].  The main 
argument for choosing different soil sampling depths 
for the two plants was represented by the differences 
in soil management systems. Also, differences between 
rapeseed and poplar soils regarding the root system and 
organic matter inputs determined different sampling 
depths for analysis. Rapeseed is an annual crop with fine, 
dense roots concentrated in the surface 0-10 cm of soil. 
Studies show that the rhizosphere area (roots, along with 
crop residues, rhizodeposits, and biological community) 
is the one that contributes to greater aggregate turnover 
and breakdown, particularly in the topsoil [29]. Poplar, 
as a perennial woody plant, has a coarser, deeper root 
system, with a more stable structure, which provides 
a higher degree of soil consolidation, and studies 
have shown that it involves a lower interaction with 
weathering and freeze–thaw factors [30]. In poplar 
stands, tree canopy and litter cover can buffer soil 
against strong freeze-thaw dynamics at the surface. The 
rapeseed crop, being more exposed, experiences greater 
thermal fluctuations and physical weathering at the soil 
surface. Based on these arguments, we considered that a 
1:3 ratio (10 cm versus 30 cm) is appropriate to highlight 
the results aimed at the two plant systems. Also, other 
studies have shown that the contribution of poplar litter 
helps mitigate the rate at which changes (destructuration) 
in particle size distribution occur in the first centimeters 
of the surface soil [31].

In the case of rapeseed, the 0-10 cm soil layer 
was analyzed because this is directly affected by 
agricultural practices (plowing, disc harrowing, seedbed 
preparation). These operations disturb approximately 
the first 30 cm of soil, therefore, sampling beyond this 
depth was considered irrelevant, as soil layers are mixed 
through these practices. Under these conditions, changes 

Fig. 2. View of the researched silvoarable ecosystem.
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profile where they are often the most directly exposed 
to natural and anthropogenic disturbances. Changes 
in certain chemical soil parameters (for example, soil 
carbon stocks) are detected below 20-30 cm, although 
the rooting zones of trees extend considerably deeper 
than 30 cm. Compared to the conventional practices, 
the no-till management increases soil carbon in the 
first 5-10 cm of topsoil [41], which could result in an 
overestimation of values in surface soil samples in 
these ecosystems; therefore, it would not have been 
relevant to remain at the same 0-10 cm sampling depth 
as for rapeseed. And, for consistency, both physical and 
chemical indicators at the same depth intervals were 
measured. The Food and Agriculture Organization  
of the United Nations (2020) [42] also showed that  
the 0-10 cm and 10-30 cm soil layers are the most 
relevant for, for example, the analysis of soil organic 
carbon and bulk density, while the 0-10 cm layer  
is the most relevant for the analysis of particulate 
organic carbon.

In conclusion, the sampling depths were selected 
according to the specificity of each land use system, 
in order to capture the most representative pedological 
layer, as demonstrated by the arguments above in the 
specialized literature. 

Results and Discussion

The physical and chemical parameters of the soil 
determined for the two component plants of the 
silvoarable system are shown in Table 1 and Table 2.  
The soil properties recorded in May 2023 were compared 
with the previously published [21, 43] soil properties 
recorded in November 2022 for the same silvoarable 
ecosystem. Seasonal comparisons of the soil parameters 
were performed for all soil depths established in the 
study. 

Physical Properties of Soil

Particle Size Distribution

For the soil depth 0-10 cm, a decrease in the content 
was found for coarse sand both in the poplar soil and 
in the rapeseed soil in May 2023, as compared with 
November 2022, by 39.35% in the poplar soil (Fig. 3) 
and by 51.67% in the rapeseed crop (Fig. 4). 

The fine sand content remained unchanged in poplar 
soil and slightly decreased (by 13.71%) in the rapeseed 
soil. The silt content was lower in spring than in autumn 
in the poplar soil, and it was slightly higher (by 5.69%) 
in the rapeseed soil. In other cases, there was reported 
an increase in soil silt in the agroforestry systems [44, 
45]. These results could be explained by a combination 
of multiple factors, either natural or agricultural, which 
determine changes in the soil structure over the seasons. 
The decrease in the soil coarse sand both in the poplar 
plantation and in the rapeseed crop after the winter 

in soil particle size distribution are best represented by 
analyzing only the 0-10 cm surface horizon. In contrast, 
in the case of hybrid poplar (a perennial, no-tillage 
system), the 0-30 cm layer reflects the main zone of root 
activity and organic matter accumulation, influenced 
by biological processes and unaffected by mechanical 
disturbance. Thus, the differentiation of sampling 
depths was intended both to allow a direct quantitative 
comparison of particle size values between the two plant 
systems in homologous horizons and to highlight how 
soil management and vegetation type (annual cultivation 
with mechanical practices vs. perennial no-tillage) 
affect particle size distribution. A 0-10 cm layer in the 
case of poplar would not be representative, as it would 
only capture the surface layer covered by litter, without 
considering that the hybrid poplar has an extensive 
and deep root system, along with fine roots distributed 
vertically, especially within the first 20-30 cm of soil. In 
tree plantations, the near-surface fine roots can strongly 
influence soil aggregation because of their high biomass 
and extensive contact area with the soil, and both large 
and small aggregates were found to be associated 
with fine-root biomass [32]. A study conducted on six 
artificial afforestation tree species, including Populus L., 
showed that more than 50% of fine root length is found 
within the first 40 cm of soil [33]. Other studies that 
have investigated the physico-chemical characteristics 
of the soil in woody biocoenoses (coniferous evergreen 
forest patches and broadleaf deciduous forest patches 
in urban ecosystems) have sampled the first 0-30 cm  
of soil [34], while others sampled the 0-20 cm  
and 20-40 cm soil layers to study the soil texture  
in agroforestry systems where the woody species was 
Terminalia brownie [35]. However, there are also studies 
that carried out soil sampling in Populus L. plantations 
only in the 0-10 cm layer [32]. In contrast, for rapeseed 
it would not have been justified to sample down to  
30 cm, because mechanical interventions alter the 
structure and modify the soil within the first 30 cm, 
and the effect of mechanical disturbance caused by 
agricultural practices cannot be compensated by the 
effect of the roots over the short period between these 
operations. Other agroforestry studies (agroforestry 
intercropping systems, agroforestry fallow systems, 
agroforestry grazing systems) also have monitored  
only the 0-10 cm soil layer, regardless of the type of 
plant, whether woody plantation or annual cropland [36, 
37]. 

The choice of these depth intervals was also inspired 
by other studies that exploit different depth intervals in 
soil analyses by disseminating the results as averages 
of these intervals belonging to a single soil profile.  
For example, Poeplau et al. (2023) [38] provided values 
for soil organic carbon and clay contents by mass-
weighted averaging the values obtained for 2 depths: 
0-10 and 10-30 cm.

Also, in one of its reports, IPCC (Intergovernmental 
Panel on Climate Change) [39, 40] showed that many 
soil indicators undergo transformations in the upper 
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passed could be the result of the freeze-thaw processes 
combined with erosion processes and particle transport, 
because the coarse sand fraction of soil is more 
susceptible to erosion by runoff than other fractions 
[46]. The freeze-thaw cycles during the winter may 
cause differentiated particle migration and redistribution 
in the soil profile, depending on particle size. Thus, the 
silt is more easily transported deeper in the soil profile, 
or even washed out, which may explain why its content 

has decreased in the poplar soil (Figs 3 and 5), both for 
the 0-10 cm and 10-20 cm depths, but slightly increased 
for the depth 20-30 cm (Fig. 6). 

The contents of soil clay (colloidal, physical) 
increased at the 0-10 cm depth of soil in May 2023 as 
compared to November 2022, after the winter exposure, 
both in the rapeseed crop and the poplar plantation  
(Figs 3 and 4). Also, for the same soil depth, the contents 
of colloidal and physical clay recorded in spring were 

Fig. 3. Seasonal variation of soil physical and chemical parameters in the poplar plantation, 0-10 cm soil depth.

Fig. 4. Seasonal variation of soil physical and chemical parameters in the rapeseed crop, 0-10 cm soil depth.
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higher in the rapeseed soil than in the poplar soil,  
by 16.53% and 13.56%, respectively (Fig. 7). 

The differences between the autumn values and 
spring values of colloidal and physical clay in the 
0-10 cm soil layer were statistically significant for the 
rapeseed crop (Table 3). 

The increase of the content of clay fractions in 
the first 10 cm of soil after winter could be possible 
due to the freeze-thaw cycles during the winter. This 
explanation is based on certain specific features that 
characterize Vertisols, mainly related to their texture 
and clay dynamics, as these soils have a very high 

clay content, which swells upon wetting and strongly 
contracts upon drying. During these contraction-
expansion movements, soil particles rub against each 
other, leading to a soil profile with horizons that are 
difficult to be differentiated, since the material is heavily 
mixed through “self-mixing” (a process known as 
pedoturbation). Clay is characterized by fine particles 
and a large specific surface area, which gives it strong 
water adsorption capacity, and it contains small, densely 
distributed pores that make it very susceptible to the 
phase transitions of water during freeze–thaw processes. 
Therefore, soils with high clay content are extremely 

Fig. 5. Seasonal variation of soil physical and chemical parameters in the poplar plantation, 10-20 cm soil depth.

Fig. 6. Seasonal variation of soil physical and chemical parameters in the poplar plantation, 20-30 cm soil depth.
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sensitive to freeze–thaw cycles [47], hence the water 
content at the moment of freezing-thawing is important, 
because studies have shown that higher water content 
reduces soil aggregate stability [48]. The higher clay 
content measured in our study can increase not because 
new clay is formed, but because aggregates are broken 
down and finer fractions are more easily dispersed 

during particle size distribution. The clay particles tend 
to form smaller aggregates than sand or silt particles 
[49]. Another factor explaining the higher content of 
the clay in the superior soil layer after winter exposure 
could be the physical fragmentation of the larger soil 
aggregates [50], a phenomenon more encountered in 
winter at the soil surface than deeper, which releases 

Fig. 7. Comparison of soil physical and chemical parameters (poplar plantation versus rapeseed crop), 0-10 cm soil depth, spring season.

Table 3. Seasonal evolution of soil parameters (Paired Samples t-test) in the silvoarable ecosystem.

No. Category of soil 
parameter Soil parameter Soil depth

(cm)
Seasonal comparison of soil parameters

(autumn/spring) t df Significance
(p<0.05)

1

Physical 
parameters

Colloidal clay (%)
0-10 cm Rapeseed November – Rapeseed May -2.972 2 0.049

20-30 cm Poplar November – Poplar May -8.253 2 0.007

2 Physical clay (%)
0-10 cm Rapeseed November – Rapeseed May -3.570 2 0.035

20-30 cm Poplar November – Poplar May -3.183 2 0.043

3 Bulk density (g/cm3) 0-10 cm Poplar November – Poplar May 3.279 2 0.041

4

Chemical 
parameters

pH (units) 20-30 cm Poplar November – Poplar May -3.728 2 0.033

5 Humus (%)

0-10 cm Poplar May – Rapeseed May -3.019 2 0.047

10-20 cm Poplar November – Poplar May 4.494 2 0.023

20-30 cm Poplar November – Poplar May 5.707 2 0.015

6 Total N (%) 0-10 cm Rapeseed November – Rapeseed May -5.000 2 0.019

7 Plant-available P 
(mg/kg)

0-10 cm Poplar November – Poplar May -4.743 2 0.021

20-30 cm Poplar November – Poplar May -6.389 2 0.012

8 Plant-available K 
(mg/kg) 20-30 cm Poplar November – Poplar May 6.433 2 0.012
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finer colloidal and physical clay particles, which are less 
mobile than other larger soil textural particles and end 
up accumulating in the upper soil layer. The explanation 
is largely based on the fact that the loss or reduction 
of aggregate stability has been proven to occur during 
freeze–thaw cycles and that it depends on soil type, the 
initial aggregate size and stability, soil moisture content 
at freezing [51], the number of freezing and thawing 
cycles and the freezing temperature [48]. Our study 
addresses only one freeze–thaw cycle, whereas other 
studies have investigated several cycles (starting from 
three) [48], but even after short periods of freeze–thaw 
cycles conducted under laboratory conditions, effects 
of decreased aggregate stability have been observed. 
The effects of a single laboratory-applied freeze–thaw 
cycle on soil have shown a dispersive action on soil 
aggregates, increasing the proportion of small and 
medium aggregates (<0.5 mm). The increase in the 
number of freeze–thaw cycles applied in the laboratory 
within the same study resulted in a significant increase 
in the proportion of soil aggregates <0.5 mm [52]. Other 
studies have shown that the amount of dispersible clay 
increased after short freeze–thaw cycles of 12 hours 
[53]. Dagesse (2011) [53] showed that the destructive 
effect of freeze–thaw was due to ice crystals that grew 
in the inter-aggregate pore spaces and their subsequent 
sublimation, an effect enhanced by the absence of 
vegetation cover on the soil. He also demonstrated, 
through a short-term laboratory experiment, that soil 
aggregate stability measured in spring can reflect the 
effects of the freeze–thaw process. A study [54] revealed 
that the mean weight diameter of soil particles of thawed 
soil was smaller than that measured in the frozen soil. 
This has also been confirmed in studies conducted very 
recently [28] for soil particles such as clay and silt.  
This study showed that freeze-thaw cycles determined 
the enrichment of soil in silt and clay particles in the soil 
profile, both fractions increasing with the reduction of 
size and of the content of sand. Its results were recorded 
under open-field conditions, but were also confirmed 
by a short-term laboratory experiment, showing that 
the freeze-thaw process was always accompanied by 
the fragmentation and aggregation of soil particles 
regardless of the freeze-thaw duration, and that the clay 
content increases alongside with the fractal dimension. 
The same study revealed that the increase in silt 
content occurred progressively closer to the soil surface  
(12 cm) as the number of freeze–thaw cycles increased 
and that silt increased while sand decreased, showing 
a reciprocal relationship. The researchers also reported 
that most sand particles were transformed into silt 
particles, but also into clay particles during the freeze–
thaw process, as a result of freeze–thaw breakdown, 
which explains the significant reduction in sand content. 
The same study showed that both fragmentation of the 
large particles and aggregation of the small particles 
occur simultaneously during freezing–thawing, 
which explains why their contents differ compared 
to the initial state before freeze–thaw. Moreover,  

the number of freeze–thaw cycles causes fragmentation 
and aggregation to continue occurring, so that particle 
size distribution remains dynamic according to  
a bidirectional pattern [55]. Consequently, the content 
of small particles (such as clay and silt) does not always 
increase or decrease after a certain number of freeze–
thaw cycles, but rather fluctuates with the cycles, even 
within the same cycle [28]. Another study showed 
that the coarse particles of 45-200 μm are broken 
down after freeze-thaw into particles of <20 μm and, 
with the increase of freeze-thaw cycles, fine particles  
of <20 μm aggregate into particles of 45-200 μm [55]. 
So, the number of freeze–thaw cycles matters, but it does 
not cancel the phenomenon. Moreover, other studies 
have also shown that positive and negative temperature 
changes can act as a catalyst for soil particle movement 
[56], which can modify the soil particle morphology. 
Doetterl et al. (2018) [57] showed that secondary 
minerals in the soil most likely derive from the freeze–
thaw weathering of primary minerals. In our study, 
the rapeseed plot, being more exposed, experiences 
greater thermal fluctuations and physical weathering, 
enhancing aggregate breakdown and clay release. 
Poplar canopies can mitigate temperature variations 
and reduce the direct effects of freeze–thaw processes 
on the surface soil, compared to rapeseed fields, which 
are more exposed and therefore more severely affected. 
Studies on the changes in erodibility experienced by 
soil clay fractions as a result of aggregate breakdown 
through freeze–thaw have shown that even after a single 
freeze–thaw cycle, resistance to erosion decreases due 
to the reduction of critical shear stress, variations in 
the micropores between clay aggregates, interactions 
between clay minerals and electrolytes, as well as 
changes in the internal structures of the aggregates 
[58]. Another indoor laboratory experiment showed 
that, after controlled freeze–thaw cycles, the proportion 
of aggregates smaller than 0.25 mm increased with  
the rising number of freeze–thaw cycles [59]. A 2025 
study showed that the frequency of freeze–thaw cycles 
was negatively correlated with the clay percentage and 
that these cycles have high sensitivity in determining 
both the clay content and the proportion of soil 
aggregates >0.25 mm [60]. As freeze–thaw cycles 
progress, the soil structure undergoes an increase in the 
proportion of large pores and the formation of cracks 
and penetrating voids, which leads to reduced strength 
[47, 55]. Other studies have shown that, in the short term 
(from October to June), in freezing regions of China, 
on orchard-cultivated land compared with uncultivated 
land, seasonal freeze–thaw exerted severe effects on 
water-stable aggregates in orchards, which consequently 
led to a reduction in aggregate stability [61].

Also, as the degree of soil compaction increases, 
structural changes due to weathering are less likely to 
occur and tend to take place closer to the surface [28, 
55]. A study conducted on this topic showed that the silt 
and clay contents increased more in the upper part than 
in the lower part of the soil, indicating an enrichment  
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in the 0.002-0.02 mm particles [28]. Another study 
showed that after 5 freeze–thaw cycles, more coarse 
particles of 45-200 μm were broken down into fine 
particles of <20 μm [55]. This latter finding could 
explain why, in the poplar-planted soil, where soil 
management had been no-tillage for 8 years, the 
increase in clay content after one winter season was 
only half of that observed in the rapeseed-planted soil. 
Since rapeseed was subjected to agricultural practices, 
while the poplar plantation was not, the loosening of 
the upper soil horizon also led to a higher presence 
of pores that hold water, which is exposed to freeze–
thaw processes. This, combined with the absence of  
a protective surface layer such as the litter in the poplar 
plantation, may explain why in rapeseed soil the clay 
content was higher even before winter, as well as why 
the increase in clay proportion after the winter season 
occurred at a higher rate in rapeseed (approximately 
20%) compared to the poplar plantation (approximately 
12%), for both clay fractions (physical and colloidal). 
Also, the poplar litter, being woody, decomposes more 
slowly and stabilizes aggregates, which may limit clay 
dispersion in the short term. The increase in clay fraction 

after winter is largely due to freeze–thaw–induced 
breakdown of soil structure, while the higher values 
in rapeseed compared to poplar likely reflect greater 
root-induced disturbance, residue turnover, and surface 
exposure in cropland, versus the stabilizing effects of 
tree cover and slower litter decomposition in the poplar 
plantation. Oztas and Fayetorbay (2003) have found that 
as the number of freeze-thaw cycles increases, there is 
a significant change in the distribution of aggregates 
with different particle sizes. The proportion of >1 mm 
aggregates significantly decreases, and the proportion of 
the aggregates with sizes <0.5 mm gradually increased 
[48]. The phenomenon of soil destructuring through 
the reduction of particle size after freeze–thaw is 
particularly important, since studies have demonstrated 
that wind-driven sediment flux from thawed soil exceeds 
that from frozen soil, even at identical soil moisture 
levels [54]. Against the backdrop of the continuously 
projected global warming, the decrease in the number 
of soil freezing days, especially when combined with 
reduced soil moisture, may pose a threat of soil erosion 
through deflation, and from this perspective, the 
association of crops with tree plantations may represent 

Fig. 8. Significant correlations (Pearson correlation, p<0.5) between soil parameters in the poplar plantation, in autumn (before winter).
Red boxes = negative correlations; Green boxes = positive correlations.
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an option to counteract this effect.
Higher contents of colloidal and physical clay were 

recorded in May 2023 as compared to November 2022 
for the rest of the studied depths in the poplar soil: 10-20 
cm and 20-30 cm (Figs 5 and 6). Although obvious, these 
seasonal increases were statistically significant only for 
the depth 20-30 cm (Table 3). The higher content of 
clay in the deeper soil layers after winter exposure can 
be attributed to clay leaching by vertical translocation 
in the soil profile [19, 62], a water-mediated eluviation 
process that occurs in springtime. Additionally, water 
migration from the bottom to the upper part is possible 
during the freeze-thaw process and is facilitated by 
factors such as self-weight stress (static load stress) and 
temperature gradient [63]. The vertical migration of 
water may determine changes in the distribution of the 
soil particles [64]. Another study [20] showed that the 
fine particles of soil (clay, silt) could be transported by 
water erosion, leaving behind the coarser soil particles. 

Also, the bioturbation activity during the spring may 
contribute to the redistribution of the clay particles 
across the soil layers, mediating the clay aggregation in 
the deeper soil layers [62].

The possibility of particle migration within the soil 
profile seems plausible also because it was observed 
that, after winter, the decrease in coarse sand content 
in the 0-10 cm layer of poplar soil coincided with  
an increase in silt content in the immediately deeper  
10-20 cm layer (Pearson correlation, p<0.05) (Figs 8  
and 9). 

The fact that more statistically significant 
correlations were found in the poplar plantation soil, 
both between physical and chemical soil factors, 
compared to rapeseed soil, may be due to the 
conventional agricultural practices of the rapeseed 
crop, which involve disturbing the soil layers. Thus, 
in Fig. 10, it can be observed that in the rapeseed soil 
during the autumn season, the fine-sized physical 

Fig. 9. Significant correlations (Pearson correlation, p<0.5) between soil parameters in the poplar plantation, in spring (after winter).
Red boxes = negative correlations; Green boxes = positive correlations.
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particles are the ones that show statistically significant 
correlations (fine sand with silt). This relationship may 
be explained by their presence in the 0-10 cm soil layer 
as a result of soil aggregate fragmentation caused by 
agricultural technologies. Additionally, both fine sand 
and silt showed a relationship with plant-available P, 
but in different ways. Fine sand correlated negatively 
with plant-available P, whereas silt correlated positively  
(Fig. 10). 

In rapeseed, after winter, the inverse relationship 
between coarse sand content at the 0-10 cm soil depth 
and silt content in the immediately deeper soil layer 
(10-20 cm) was not maintained (Fig. 11), but a positive 
correlation was found between the two types of studied 
clay, indicating that the colloidal clay content increased 
with the increase in physical clay content (Fig. 4), i.e. 
similar to the trend observed in poplar soil but before 
winter (Fig. 3).

These results show that in the upper 10 cm layer of 
rapeseed soil, the two clay fractions are interdependent, 
and this relationship was not affected over the winter. In 
contrast, in poplar soil, a positive correlation between 
the 2 clay fractions was observed only in autumn in the 
first 10 cm, but this correlation was no longer present 
after winter. However, after winter, a change occurred 
in poplar soil that could explain the decrease in coarse 
sand content at the surface ‒ namely, in the immediately 
deeper layer (10-20 cm), the content of colloidal clay 
correlates positively with the coarse sand content (Fig. 
9), the same as it happens for the 20-30 cm depth, where 
both clay fractions correlate positively with the coarse 
sand content. These correlations can justify why the 
decrease in the amount of coarse sand is very small at 
the 10-20 cm depth compared to the 20-30 cm depth, 
probably due to the correlation with the colloidal clay 
(Figs 5 and 6). Thus, based on this last analysis, it can 
be concluded that clay plays a crucial role not only in 
the 0-10 cm soil horizon but also in the deeper horizons 
(10-20 cm and 20-30 cm) after winter, in both poplar and 
rapeseed soils. 

The higher value of the silt content in the 0-10 cm 
layer of rapeseed soil (5.69%) (Fig. 4), in contrast 

with the decreasing value found in the poplar soil 
(Fig. 3), could be influenced by other factors such 
as the plant root factors [65], land use management 
[66] or microbiological activity at soil level [67].  
The rapeseed root system could contribute to the 
physical stabilization of the fine particles of the soil 
texture, and the microbiome established around the root 
system of rapeseed may develop relationships with the 
organic matter in the upper layers of soil, which can 
stabilize the silt fraction [68]. This is a microbiological 
stabilization, but the organic matter can also sustain 
a physical stabilization of the silt particles of the soil, 
which is supported by the findings of this study, 
because a statistically significant difference regarding 
the content of organic matter (humus) was observed 
between the poplar soil and rapeseed soil (Table 3) 
when the spring values were compared in the first  
10 cm of the soil profile. Thus, in the first 0-10 cm,  

Fig. 10. Significant correlations (Pearson correlation, p<0.5) between soil parameters in the rapeseed crop, in autumn (before winter).
Red boxes = negative correlations; Green boxes = positive correlations.

Fig. 11. Significant correlations (Pearson correlation, p<0.5) 
between soil parameters in the rapeseed crop, in spring (after 
winter).
Red boxes = negative correlations; Green boxes = positive 
correlations.
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the humus content of rapeseed soil was 49.30% higher 
than that of the poplar soil, which may explain why at 
this depth the silt content was higher in the rapeseed soil 
than in the poplar soil. This situation was contrary to 
initial expectations, which were based on the significant 
contribution of organic residues resulting from leaf fall 
[69], but it is in line with the results of other studies 
that showed significantly higher soil pH values in forest 
plantations than in monocultures [70]. However, positive 
correlations between soil silt and organic matter in 
agroforestry systems were previously reported [44] and 
explained as a result of organic matter increasing the silt 
content at the expense of soil sand.

The coarse sand content decreased more in the 
rapeseed soil (51.67%) than in the poplar soil (39.35%) 
in the 0-10 cm depth of soil, in May 2023, as compared 
to November 2022. The larger decrease observed in the 
rapeseed soil may also be influenced by the autumn 
agricultural practices from the rapeseed crop, which can 
alter the distribution of soil particle fractions [71]. 

Soil Bulk Density

The bulk density was determined only for the poplar 
soil, for 2 depths: 0-10 cm and 20-30 cm (Table 1). There 
was observed a statistically significant (Table 3) low 
decrease (10.21%) of the soil bulk density recorded in 
May 2023 as compared to that recorded in November 
2022 for the soil depth 0-10 cm (Fig. 3), and a slight 
increase (4.76%) of the soil bulk density (Fig. 6) recorded 
in May 2023 as compared to that recorded in November 
2022 for the depth 20-30 cm in the poplar soil. Several 
factors could explain these seasonal variations. Thus, the 
spring thawing and the moisture variations at soil level 
could determine the soil loosening and expansion [72] in 
the surface soil, which could explain the decrease in the 
bulk density in the upper (0-10 cm) soil layer, processes 
that are less significant in the deeper soil. Also, in the 
springtime, the soil biological activity was intensified, 
leading to soil loosening. As well, a contribution to 
the decrease in bulk density in the first 0-10 cm of soil 
could be brought by the input of organic matter through 
leaf litter in the poplar plantation. The increase of the 
bulk density in the 20-30 cm layer of poplar soil could 
be due to the seasonal hydrological regime [73] at the 
soil level and also to the natural compaction of the soil 
through the poplar roots contribution. Only for the 
0-10 cm poplar soil were found statistically significant 
correlations of the bulk density with other physical soil 
fractions, after winter exposure. Thus, a statistically 
significant (Pearson correlation, p<0.05) positive 
correlation was found between soil bulk density and soil 
content of fine sand, respectively, a negative correlation 
between bulk density and the content of physical clay 
(Fig. 9). This correlation is further supported by the 
negative relationship between fine sand and physical 
clay in the first 10 cm of poplar soil after winter. Thus, 
the decrease in soil bulk density in spring compared to 
fall occurred against the background of an increase in 

physical clay content at this level. It is possible that, due 
to their small size, fine sand particles form less porous 
structures in the soil, leading to a higher bulk density 
in the first 10 cm of poplar soil. Additionally, the fact 
that the poplar soil has remained uncultivated for the 
past 8 years may have contributed to this effect. On 
the other hand, the negative correlation between soil 
bulk density and physical clay may be attributed to the 
latter’s high capacity to form more stable aggregates in 
soil through its association with organic matter. These 
aggregates contribute to a looser soil structure by 
retaining more water, which is a plausible upper soil 
effect in an undisturbed ecosystem such as the studied 
poplar plantation, because this plantation benefits 
from litter input as a source of organic matter, as well 
as other factors known to increase soil organic matter 
content in undisturbed poplar plantations, such as soil 
microbiology and soil mesofauna factors [74, 75].  
A negative relationship between soil bulk density and 
silt content was also found by Muche and Molla (2024).

Chemical Properties of Soil

In the rapeseed crop, a statistically significant 
seasonal difference was found for the parameter total 
N in the 0-10 cm soil layer (Fig. 4, Table 3). Thus, 
the content of the total N in the rapeseed soil has 
increased by 58.33% in the first 10 cm in May 2023 
versus November 2022. Generally, there were observed 
higher values of the chemical parameters of soil in the 
rapeseed soil than in the poplar soil in the spring season 
(May 2023) (Fig. 7), in contrast to other studies [76].  
For example, the content of humus was significantly 
higher (49.30%) in the first 10 cm of the soil in the 
rapeseed crop than in the poplar plantation in May 2023 
(Fig. 7, Table 3), the total N increased by 26.66% in the 
rapeseed soil compared with the poplar soil, the plant-
available P increased by 51.90%, and plant-available 
K increased by 20.38%. Lower values of the chemical 
soil parameters were previously observed in the soil of 
poplar shelterbelts [77] which border farmlands. This 
effect of enhancing the potential of the rapeseed crop 
by combining it with the woody plant (hybrid poplar) is 
precisely the one pursued by establishing the silvoarable 
system, in attempting to reach the effectiveness of this 
type of plant association and the contribution of the 
woody plant in improving the soil conditions of the 
herbaceous crop. Excluding the rapeseed fertilization, 
the higher values of soil parameters in the rapeseed crop 
compared to the soil of the hybrid poplar plantation can 
be explained by the different nutrient absorption due to 
the distinct positioning of the roots of these plants within 
the soil layers. Also, due to the maintenance workings 
of soil and agricultural crop, the competition of weeds 
is eliminated, which means that, in the first years after 
the planting of poplar plantations, the level of nutrients 
remains higher in crops than in woody plantations, until 
the plantation is stabilized, some studies indicate for 
this a necessary period of up to 10 years [78]. Long-
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term hybrid poplar plantations are the ones capable of 
increasing soil pH, SOC, total N and moisture contents 
compared to those on the cropland [79]. Hybrid poplars 
grow rapidly and have an extensive root system, which 
allows them to extract large amounts of nutrients 
from the soil, particularly nitrogen, phosphorus, and 
potassium. In the poplar plantation, this constant 
extraction can reduce the concentration of nutrients 
compared to the adjacent agricultural land. Additionally, 
differences in soil coverage are also important [80], as 
in the poplar plantation, the shade created by the trees 
and the thick layer of fallen leaves can retain moisture 
and increase humidity, which favours soil acidification 
processes (lowering of pH). As well, plants that grow 
on nutrient-poor soils possess physiological traits that 
favor nutrient recycling. In the case of phosphorus, 
the relationships between the traits that influence its 
recycling appear to be more complex in roots than in 
leaves. It has been observed that, in general, at the whole-
plant level, as the growth rate increases and tissues have 
a longer lifespan, phosphorus resorption becomes less 
important for meeting the plant needs. However, roots 
may be an exception to this rule, as their lifespan does 
not seem to be influenced in the same way. It has been 
found that long-lived roots may not be adaptive in soils 
with very low phosphorus availability; but this may be 
compensated by the fact that plants recycle significant 
amounts of phosphorus from senescing tissues, thereby 
reducing the need to absorb P from the soil [81].

A reason why the soil of the rapeseed crop registered 
higher values of the nutrient concentrations may result 
from the silvoarable association: the hybrid poplars 
consume more nutrients, especially in the first years 
of vegetation, depleting the soil. This should not be 
seen as a limitation because, although hybrid poplars 
consume nutrients from the soil, in the long term, they 
can recycle nutrients through fallen leaves, gradually 
contributing to soil fertilization [82]. It has been shown 
that agroforestry plantations, although they have lower 
biodiversity compared to natural forests, still share the 
beneficial contributions of litter, which may be one 
of the reasons they are associated with agricultural 
crops. Thus, it has been found that the microclimate 
and especially the litter provided by agroforestry 
plantations sometimes explain soil chemical properties 
better than tree diversity in forests, and the phosphorus 
content in agroforestry plantations compared to that in 
cultivated, fertilized areas, could be explained by the 
return of phosphorus from the litter [83]. The poplar 
leaves decompose more slowly, slowing down the 
nutrient recycling. In this study, the poplar plantation 
was undisturbed or minimally disturbed for 8 years, 
while the rapeseed crop benefited from fertilizers 
and had a faster decomposition of organic matter. 
Other factors have also been found to influence the 
relationship between trees and soil phosphorus. Under 
certain conditions, trees are able to maintain high 
growth rates even in phosphorus-deficient soils, through 
physiological mechanisms that remain incompletely 

understood. These mechanisms are believed to have 
evolved in response to limited phosphorus availability 
and are associated with enhanced phosphorus uptake 
and utilization efficiency [84, 85]. Such adaptations 
include the synthesis of galactolipids as substitutes for 
phospholipids, reduced genome size, preferential and 
flexible allocation of phosphorus to leaves, efficient 
remobilization of phosphorus from senescing leaves 
and woody tissues, and extended tissue longevity. 
Additional tree strategies that enhance phosphorus 
acquisition involve the production of root phosphatases 
to access organic phosphorus from phosphodiesters and 
phytate, symbiotic associations with mycorrhizal fungi 
specialized in phosphorus uptake, secretion of organic 
anions from roots to mobilize soil-bound phosphorus, 
increased mass flow, and modifications in root 
architecture and depth distribution [84]. Woody twigs, 
branches, and coarse roots can represent substantial 
phosphorus reservoirs in high-biomass ecosystems such 
as forests, acting as storage pools that support the growth 
of new organs following the leafless period in deciduous 
trees [86]. Root length and lifespan [85] are key adaptive 
factors for species growing in phosphorus-deficient 
soils. In the case of the studied poplar plantation,  
the lower soil nutrient concentrations compared to 
the rapeseed field may be explained by the greater 
root length of poplars, which allows them to explore  
a larger soil volume and provides a greater surface area 
for phosphorus uptake and storage. A limitation of this 
mechanism emerges in long-term plantation systems. 
Studies have shown that once a root has depleted the 
available phosphorus in its rhizosphere, it no longer has 
easy or rapid access to new reserves, even if it remains 
alive [81, 87]. Therefore, unlike an agricultural crop 
such as rapeseed, which is fertilized and has a shorter 
plant-soil cycle with plants harvested annually, forest 
plantations continuously exploit soil resources but 
without a rapid return of phosphorus to the soil, except 
possibly through litterfall, which decomposes slowly. 
However, as agroforestry systems mature, they become 
more functional, improving nutrient cycling and the 
soil’s water retention capacity. Certain essential soil 
characteristics tend to stabilize over time [88], so even 
after many years of use, the introduction of agroforestry 
systems gradually contributes to the restoration of the 
soil’s chemical and physical properties. This supports 
the sustainable long-term use of land and shows that the 
age of the agroforestry system is an important factor in 
relation to soil parameters [44, 89].

Regarding the seasonal variation of the chemical 
parameters of soil (Figs 3 and 6), statistically significant 
differences were observed between the soil content 
of plant-available P recorded in the poplar soil in May 
2023 versus that recorded in November 2022 at the 
0-10 cm soil depth (Fig. 3, Table 3). Thus, the content 
of plant-available P was approximately 8 times higher in 
May 2023 than in November 2023 in the poplar topsoil  
(0-10 cm). Another seasonal statistically significant 
variation was observed for the parameter humus 
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recorded in May 2023 versus that recorded in November 
2022 in the poplar soil at the depth 10-20 cm (Fig. 5, 
Table 3). Thus, the humus content decreased by 31.82% 
in May 2023 versus November 2022 in the 10-20 cm 
poplar soil. The content of humus decreased by 38.20% 
also in the poplar soil in the 0-10 cm layer (Fig. 3) after 
winter exposure. Since our expectations were that the 
carbon content in the poplar soil would increase (based 
on the contribution of litter and that of the no-tillage 
system, which favor microbiological activity and soil 
fauna activity, increasing the concentration of organic 
carbon), this result represented a challenge in finding 
explanations for its occurrence, especially since in 
rapeseed there was found a slight increase in the content 
of soil organic carbon. It seems that the decrease in soil 
carbon content in poplar-planted soils was also observed 
during the first (5) years after planting [78] and is 
associated with high planting density and short rotation 
cycles ranging from 2 to 8 years, which involve a high 
rate of organic matter decomposition due to favorable 
factors such as higher temperature, higher moisture, 
and increased microbiological activity as a result of 
litter presence, but at the same time with inefficiency in 
subsequently capturing carbon in stable organo-mineral 
complexes [22]. This inefficiency was found to be caused 
by soil particle disruption during freeze-thaw water 
phase transitions (volume expansion and contraction), as 
this process exposes the resulting smaller soil particles 
to rapid mineralization and carbon loss [22]. Also, after 
freeze-thaw, the soil stability and soil organic carbon 
decreased. Vertisols are soils with high clay content that 
make these soils vulnerable in the superior horizons 
to physical modifications occurring during the water 
transition between the liquid or solid state, and even 
gaseous by sublimation, the soil aggregate disruption 
being susceptible to occur [47]. Also, the soil salinity 
could be a factor for clay dispersion and flocculation, 
and this may lead to loss of soil organic matter and 
subsequently to loss of soil organic carbon. There is also 
evidence that soil compaction (to which the analyzed 
poplar plantation is also susceptible because of the 
8-year no-till system and of woody roots) decreases its 
water infiltration rate and alters its hydraulic properties 
[51], leading to soil drying in the upper horizon, and 
these are phenomena associated with soil carbon loss. 
In the no-tillage management systems of hybrid poplar 
plantations, especially in long-term ones (15 years, 
which is rare, because usually the cycles are short to 
reach the interest of harvesting biomass), the specialized 
literature reported that lower soil respiration takes place, 
which leads to lower soil carbon loss [90].

At the 20-30 cm depth, statistically significant 
seasonal variations were observed in the poplar soil 
for pH, humus, plant-available P and plant-available K 
(Fig. 6, Table 3). Thus, in the 20-30 cm poplar soil, the 
pH slightly decreased in May 2023 versus November 
2022, the plant-available P slightly increased, the humus 
increased by 27.84%, and the plant-available K slightly 
increased by 2.49%. 

The results of our study showed a 50% higher 
amount of humus (the stable fraction of SOC) in the 
rapeseed soil compared to poplar, but with a lower pH 
than in the poplar in the first 10 cm of soil. The pH 
values were slightly higher under poplar than under 
rapeseed in both seasons, contrary to other studies that 
have shown a reduction in soil pH under agroforestry 
compared to open fields [91].

An inverse relationship between the amount of soil 
organic matter and pH value has also been reported in 
other studies. For example, one study found that soil 
pH showed a strong negative correlation with organic 
matter when investigating soil physicochemical property 
variations depending on plant fine-root distribution 
[34]. Other studies [35] that investigated agroforestry 
systems where the woody species bordering the 
cropland was Terminalia brownii showed that soil 
pH did not record significant differences between the 
tree canopy and open fields. Manjur et al. (2014) [92], 
studying agroforestry systems in Ethiopia with tree 
species Faidherbia albida and Croton macrostachyus 
scattered on Zea mays farmland, found that soil pH 
tended to rise with increasing distance from the tree 
base, being lower beneath the canopy and slightly higher 
in adjacent cultivated open areas. It is not unusual for 
soils with organic matter content to have lower pH 
values, because the microbiological decomposition of 
organic matter releases organic acids (humic, fulvic, 
acetic, etc.) which donate protons (H⁺) to the soil 
solution, lowering the soil pH. The higher pH level in 
poplar soil could be related to its increased moisture 
at this depth, which leads to a higher cation exchange 
rate, as previously reported [93]. Other processes like 
chelation and cation (calcium, magnesium, potassium, 
or sodium) binding by organic matter determine the 
release of H⁺ into the soil solution and this exchange 
process increases the soil acidity. Organic matter has 
many carboxyl and phenolic groups that can hold onto 
cations. The decrease in the humus content in the first 
20 cm of the soil and its increase in the 20-30 cm layer, 
in the poplar plantation soil, after exposure to winter, 
may be the result of the differentiated phenomena of 
microbiological and biological activity (bioturbation) 
[94-96] at the depth of the soil, against the background 
of the differences in humidity and temperature in deeper 
layers of soil compared to the surface layer exposed to 
freezing-thawing phenomena during the winter. These 
factors may also explain the seasonally significant 
variations of the soil chemical parameters in the poplar 
soil, at different depths. Another explanation for the 
lower pH value observed in the arable soil, despite its 
higher organic matter content compared to poplar, could 
be the enhanced microbial respiration and CO₂ release 
in the rapeseed soil associated with the soil management 
system that results in greater loosening of the rapeseed 
soil compared to the poplar soil. Studies have shown 
that soil aeration is associated with increased microbial 
activity, which can enhance the amount of CO₂ in soil 
pores, and its dissolution in soil water may form carbonic 
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acid (H₂CO₃), which lowers pH. Nevertheless, for the 
present study, we consider that nitrogen fertilization 
of rapeseed is a more important factor in explaining 
why the pH was lower in rapeseed cultivation than in 
poplar, even though the amount of organic matter was 
found to be higher. Studies have shown that in soils with 
high organic matter and microbial activity, ammonium 
(NH₄⁺) resulting from its decomposition or fertilizers 
can be oxidized to nitrate (NO₃⁻) through nitrification. 
This process releases H⁺ ions, acidifying the soil. 
Also, the soils rich in organic matter often retain more 
moisture, which can enhance the leaching of Ca²⁺, Mg²⁺, 
K⁺, and Na⁺, leaving behind H⁺, Fe2+, Mn2+, and Al³⁺ 
ions, which lowers pH. Ngaba et al. (2023) [97] showed 
that soil acidification increased by more than 100%  
in temperate soils due to agroforestry practices as 
a result of soil NO₃⁻ increase and Ca2+ leaching, 
alongside an increase in Fe2+ and Al3+. The same study 
revealed that N mineralization, soil nitrogen content, 
and dissolved organic nitrogen content are increased, 
particularly in temperate agroforestry soils compared to 
tropical or Mediterranean systems. However, the same 
study also demonstrated that, in agroforestry, trees 
may reduce soil acidity by decreasing water drainage  
as well as through deep capture and recycling of 
nutrients, an aspect which we believe also explains 
why, in our study, the pH of the poplar-planted 
soil was slightly higher than that of the rapeseed-
cultivated soil. This suggests rather an effect of 
improved water management mediated by poplar 
roots than an effect of litter, considering that under 
poplar, the organic matter (humus) content was 
lower. However, we consider that the relationship 
between litter contribution and organic carbon content  
in the 0-10 cm soil horizon of the poplar plantation is 
important to elucidate. What was surprising in our 
study was the fact that the organic matter content was 
lower in poplar soil than in rapeseed soil, although 
the expectation was that litter input from the poplar 
plantation would produce the opposite situation.  
This is because it can be observed that organic matter 
content decreased considerably after the winter season, 
being lower in May than in November across all three 
studied depths in poplar soil. Wolde and Desalegn 
(2025), studying the relationship between soil organic 
matter and litter in agroforestry systems [98], showed 
that organic matter is added to the soil when litter fall 
decomposes; therefore, in our study, we consider that 
the decrease in organic matter content in the poplar 
plantation during the unfavorable season was also due 
to the fact that litter input did not occur or was very 
limited as a result of the winter freeze, which did not 
favor its decomposition. One possible explanation could 
be that the 8-year no-tillage system caused much of the 
organic matter to stay on the surface as litter, not always 
incorporated into the soil profile, and therefore less 
mineralization in poplar soil, while better soil aeration 
in rapeseed and, consequently, higher microbial activity, 
may have led to a faster nitrogen cycle in rapeseed 

than in poplar, and thus to greater soil acidification in 
rapeseed. Current research has further indicated that 
crop residues (roots, stubble) decompose rapidly in 
annual systems, producing organic acids and CO₂, both 
of which lower the soil pH [99]. Annual crops usually 
have shallow roots and do not recycle base cations from 
deeper layers, resulting in less buffering against the 
acidifying effects of organic matter decomposition. In 
the perennial deep-rooted systems, base cycling from 
deep roots can help neutralize acidity [97]. Also, the 
poplar plantation was unfertilized with synthetic N 
fertilizers and therefore nitrification had less substrate 
available, which determined less acidification. In 
addition, the deep-rooted poplars may recycle base 
cations (Ca²⁺, Mg²⁺, K⁺, Na⁺) from deeper soil layers, 
buffering its acidity. It could also be relevant, in 
explaining the results of our study, that annual cropping 
cycles create pulses of organic inputs that increase the 
content of organic matter in the annually cropped soil. 
This could explain why, in rapeseed, after the freeze 
season, the amount of soil organic carbon slightly 
increased compared to the value recorded before the 
unfavorable season (Table 2). In croplands, organic 
matter inputs are seasonal and decomposition is 
accelerated by tillage (more aeration, larger porosity), 
and the transient accumulation of organic matter often 
coincides with short-term acidification before organic 
matter is stabilized. This can also explain why the soils 
with higher organic matter in annual croplands are often 
the more acidic ones.

A negative correlation was also found between soil 
silt content and plant-available P in the poplar soil after 
winter, but at a greater depth, specifically at 10-20 cm 
(Fig. 9). Positive correlations between soil silt content 
and phosphorus in the upper 30 cm of soil have also 
been reported in other studies, which have highlighted  
the complex interactions between phosphorus fractions 
and silt. These studies have identified silt as one of 
the main drivers, along with total soil N content, in 
determining the availability of phosphorus fractions 
in soil [100], mainly due to its smaller particle size, 
which facilitates its binding to organic matter, thereby 
retaining more phosphorus that can later become 
available through the influence of other factors, such 
as pH and clay content. These findings may explain 
why, in our study, fine silt particles were positively 
correlated with plant-available P, while as the size of 
the physical soil particles increased (fine sand), their 
presence in the soil was negatively correlated with plant-
available P content. Our findings support that the size 
of the physical particles of soil is important in nutrient 
availability. It was also observed that plant-available 
P interactions occurring in the top 10 cm of soil are 
mainly with the physical soil factors (physical particles), 
whereas at greater depths, it establishes correlations 
with chemical elements. For instance, in the poplar soil 
during autumn, at the depth of 10-20 cm, plant-available 
P was negatively correlated with total N and positively 
correlated with humus content (Fig. 8), supporting the 
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research of Muche and Molla (2024), who found that P 
availability in the upper 30 cm of soil is significantly 
influenced both by the total N and organic matter. Also, 
after winter, in the poplar soil, the importance of pH 
was observed in the 20-30 cm soil layer. This chemical 
factor established negative correlations with coarse 
sand, clay, and humus at this depth.

Conclusions

The most obvious seasonal changes in soil physical 
parameters were observed in the 0-10 cm horizon, 
followed by the 10-20 cm layer, in both rapeseed and 
poplar soils. After winter, coarse sand increased in the 
first 10 cm soil layer of both plants, while silt decreased 
in poplar but increased in rapeseed; both physical and 
colloidal clay fractions increased in both soils at all 
studied depths. Bulk density showed seasonal variation 
in the poplar plantation, decreasing in the 0–10 cm 
horizon but increasing in the 20-30 cm layer after winter. 
Soil organic carbon dynamics differed between systems: 
poplar soil experienced an unexpected decrease after 
winter, while rapeseed soil showed a slight increase. 
The humus content was higher in rapeseed, mainly  
as a result of nutrient cycling, whereas poplar 
maintained a slightly higher soil pH, explained by root-
mediated deep water capture and recycling of nutrients 
rather than by litter input. Freeze–thaw cycles induced 
soil aggregate breakdown and clay fraction increase, 
with stronger effects in rapeseed due to greater surface 
exposure, mechanical disturbance, and absence of 
protective litter. Sampling depths (0-10 cm in rapeseed, 
0-30 cm in poplar) captured the representative processes 
in each system, reflecting differences in root activity, 
litter cover, and soil management. 

Overall, higher chemical parameter values were 
found in rapeseed soil than in poplar soil after winter, 
underscoring the potential of integrating rapeseed 
with woody plants such as hybrid poplar within 
silvoarable systems, where the woody plant (hybrid 
poplar) contributes to improved soil conditions for the 
adjacent herbaceous crop (rapeseed). This highlights 
the effectiveness of silvoarable systems as a sustainable 
agricultural alternative, where trees contribute to 
improved soil conditions for adjacent crops.

To verify the validity of the results over time, future 
studies should focus on long-term monitoring of multiple 
freeze–thaw cycles to better understand cumulative 
effects on soil structure, as well as nutrient and organic 
matter dynamics in agroforestry systems, the role of 
litter quality, and decomposition rates in shaping nutrient 
cycling and organic matter stability, the assessment of 
how root systems (depth, distribution, turnover) mediate 
soil chemical and physical characteristics in perennial 
vs. annual components of the agroforestry system and 
deeper monitoring depths for soil parameters.
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