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Abstract

Freeze-thaw cycles (FTCs) influence soil nitrogen dynamics and soil aggregate stability. However,
the driving mechanism affecting aggregate stability from the combined perspective of nitrogen (N)
components and nitrogen distribution by 15N tracing technology in both bulk soils and soil
aggregates remains worth exploring. This study took the farmland Mollisols in Hailun City,
Heilongjiang Province, as the research object, and investigated the variations of soil nitrogen
components and aggregate stability across five freeze-thaw frequencies (1, 3, 5,9, and 17 cycles) under
three freeze-thaw temperatures (-9 °C/5 °C, -18 °C/5 °C, and -26 °C/5 °C) using 15N tracing technology.
Results demonstrated that freeze-thaw frequency and temperature both influenced aggregate
stability in Mollisols. Specifically, with the increase of freeze-thaw frequency, soil aggregate stability
was reduced through decreasing the proportion of macroaggregates (2-0.25 mm), increasing the
proportion of silt + clay fractions (<<0.053 mm), and reducing the TN content of silt + clay fractions
and ®N-labeled TN content of macroaggregates, under higher freezing temperature (-9 °C/5 °C). In
contrast, for lower freezing temperature (-18 °C/5 °C and -26 °C/5 °C), the increased freeze-thaw
frequency enhances soil aggregate stability by decreasing the proportion of silt + clay fractions,
increasing the proportion of microaggregates (0.25-0.053 mm), and reducing the TN and *N-labeled
TN contents of microaggregates and silt + clay fractions. Therefore, in regions with higher freezing
temperature, conservation tillage practices are recommended to maintain soil aggregate stability and
preserve soil structure by minimizing exposure to additional freeze-thaw cycles. In regions with
lower freezing temperature, it is advisable to limit the application of excessive nitrogen fertilizers to
mitigate potential nitrogen losses. These findings are essential for developing strategies to mitigate
the adverse effects of FTCs on soil quality and ecosystem functions in cold regions.

Keywords: freeze-thaw frequency; freeze-thaw temperature; nitrate nitrogen; microbial biomass
nitrogen; relative contribution rate; allocation amount and ratio

1. Introduction

Freeze-thaw cycles (FTCs), which are a common phenomenon in cold regions during the winter-
spring transition, significantly impact soil structure, nutrient dynamics, and microbial activity,
thereby affecting soil quality and ecosystem functions [1-6]. Understanding the effects of FTCs on
soil properties is crucial for sustainable land management and predicting soil responses to climate
change.

Soil total nitrogen (TN) is crucial for maintaining soil fertility, supporting plant growth, and
enhancing soil health, which plays a vital role in soil structure, nutrient cycling, microbial activity,
and nitrogen accumulation [7]. However, due to the high organic matter content in soil, TN is often
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unresponsive to short-term agricultural management changes, making it difficult to detect changes
over brief periods [8]. Soil labile nitrogen components, such as nitrate nitrogen (NO;™-N), ammonium
nitrogen (NH4*-N), and microbial biomass nitrogen (MBN), which have short turnover times, can
rapidly respond to changes in soil management practices and environmental conditions, and serve
as important indicators for assessing soil quality and sustainability [9-13]. The contents of TN and
labile nitrogen (N) components could be increased, decrease, or show no significant differences, or
exhibit a fluctuating tendency due to freeze-thaw action [14-17]. This demonstrates that FTCs can
exert diverse impacts on soil nitrogen availability, emphasizing the complexity of nitrogen dynamics
in soils subjected to FTCs.

Soil aggregates serve as the fundamental units of soil structure, influencing soil porosity, water
retention, and resistance to erosion, among other properties [18-21]. The amount and size of these
aggregates are crucial factors that determine the rate and extent of physical processes such as soil
erosion and compaction [22]. Soil aggregate stability is also one of the important indicators that reflect
the soil structure status, which not only plays an important role in regulating soil fertility and
maintaining land productivity, but also has a close relationship with soil erosion and environmental
quality [23-25]. As an abiotic force, freeze-thaw can change soil water content, water distribution and
soil temperature, and also affect soil microbial activity to a certain extent, thus affecting the physical
structure and properties of soils [26,27]. When freezing, the water in the soil void condenses into ice
crystals and expands in volume, thus breaking the bond between soil particles and destroying soil
aggregates [28]. The alternating cycle of freeze-thaw can effectively break the larger aggregates in the
soil into smaller aggregates, and the fine particles in the soil tend to aggregate to medium-sized
particles [29].

The study of Taskin and Ferhan (2003) on clay and sandy soil showed that the content of wet
aggregates decreased by 28.6-51.7% when the soil was frozen and thawed for 9 times, and the increase
of water content promoted the decrease of aggregates [30]. However, the content of soil wet
aggregates increased gradually at 3-6 times of freezing and thawing, and began to decrease after six
FTCs. Edwards (2013) concluded that after freezing and thawing a loam for 15 cycles, the content of
macroaggregates (> 4.75 mm) decreased by 20-28%, and that of while microaggregates (< 0.5 mm)
increased by 32-50% [31]. The mass fraction of macroaggregates was higher than that of
microaggregates, and the overall aggregate content decreased [32]. Due to the increase of porosity,
the moisture conductivity of saturated soil after freezing and thawing increases compared with that
before freezing, and the increment is most significant when the soil has undergone one freeze-thaw
and the fine grain and dry bulk density increase [33]. Compared with the soil that has undergone one
freeze-thaw, the moisture conductivity of soil after multiple freeze-thaw increases slightly, but tends
to a constant [34]. Therefore, the balance between these effects depends on the frequency and
temperature of FTCs, as well as the initial soil conditions.

The application of ®N-labeled corn straw provides a robust tracer approach to quantify the
relative contribution rate, allocation patterns, and transformation efficiency of residue-derived
nitrogen within soil nitrogen fractions [35,36]. Straw nitrogen can enter the soil nitrogen component
after decomposition and transformation in the soil, and the undecomposed straw will remain in the
soil to enhance the soil nitrogen storage [37,38]. Currently, there is limited research on the distribution
and fixation of corn straw nitrogen in the bulk soils and aggregates in Mollisols under different
freeze-thaw frequencies and intensities. Additionally, studies on the driving mechanisms of soil
aggregate stability induced by freeze-thaw action from the combined perspective of nitrogen
components and nitrogen allocation in both bulk soils and soil aggregates are also scarce. Therefore,
this study aims to (1) investigate the effects of FTCs on the nitrogen components and nitrogen
distribution by stable isotope tracing technique in bulk soils and soil aggregates, (2) quantify soil
aggregate stability under different freeze-thaw frequencies and intensities, and (3) identify the
relationship between soil aggregate stability and nitrogen components under freeze-thaw action in
Mollisols. This knowledge is essential for developing strategies to mitigate the adverse effects of FTCs
on soil quality and ecosystem functions in cold regions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0097.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 August 2025 doi:10.20944/preprints202508.0097.v1

3 of 23

2. Materials and Methods

2.1. Experimental Site

This study selected the typical farmland Mollisols in the black soil belt of Northeast China. The
research area is located in Hailun agricultural ecological experiment station, Chinese Academy of
Sciences of Hailun City, Heilongjiang Province (47°27'N, 126°56'E). The parent material is Quaternary
loeslike parent material, which belongs to the middle and temperate continental monsoon climate,
with an annual average temperature of 1.5°C and annual precipitation of 550 mm. In agricultural
fields, crops such as soybean (Glycine max Merr.) and corn (Zea mays L.) are grown under a one-crop-
per-year system. The soil is a typical Black soil or Mollisols [39]. The percentage of soil silt, clay, and
sand is 43%, 35%, and 22%, respectively. The basic physicochemical properties of soil are as following;:
soil pH of 6.10, soil organic matter (SOM) of 50.6 g kg1, bulk density (BD) of 1.27 g cm3, TN of 2.6 g
kg, total phosphorus (TP) of 1.6 g kg! and total potassium (TK) of 13.8 g kg1

2.2. Preparation of the Straw Used in the Experiment

The straw in freeze-thaw experiment was corn straw with *N-labeled nitrogen content. The soil
used for planting corn in the microplot experiment was collected from the 0-30 cm depth by the
Hailun Agricultural Ecological Experimental Station, Chinese Academy of Sciences. The plastic pots
used for growing corn had an inner diameter of 30 cm and a height of 32 cm. Each microplot was
filled with 19 kg of soil and fertilized with urea, potassium chloride, and triple superphosphate as
the base fertilizers. 1’N-labeled fertilizers were applied at different growth stages of corn to label the
nitrogen in the straw. Corn was sown in March 2021 and harvested in November 2021. After the corn
was harvested, the corn straw was collected for weighing and measuring plant height. The plants
were separated into grains, straw, and roots. After testing, the straw was subjected to steaming at 105
°C for 30 minutes, dried at 65 °C until constant weight, ground, and then passed through a 0.25 mm
sieve before being bagged for later use. The basic physicochemical properties of the experimental
corn straw are as following: pH of 6.31, total carbon (TC) of 457.20 g kg, TN of 5.82 g kg, the ratio
of carbon to nitrogen (C/N) of 78.58, and >N value of 5439.72 %o..

2.3. Soil Column Filling

The soil columns used in the experiment were cylindrical polyethylene (PE) bottles with a
diameter of 10 cm and a height of 13 cm. Each soil column was filled with 1300 g of soil, and the soil
moisture content was adjusted to 25% using distilled water. The experiment included the addition of
straw containing '*N-labeled nitrogen. The straw was applied at a rate equivalent to 7500 kg ha-,
which corresponded to adding 3.6750 g of straw per soil column. The straw was mixed evenly and
placed into nylon mesh bags with a mesh size of 350 and dimensions of 7 cm x 7 cm. These bags were
buried in the soil columns to ensure that the thickness of the soil above and below the straw was
consistent. To mitigate the immobilization of soil nitrogen caused by the high C/N ratio of the straw,
nitrogen fertilizer in the form of urea was applied to the soil columns in proportion. The caps of the
bottles were put back on after all the soil columns were filled.

2.4. Soil Pre-Cultivation, Freeze-Thaw Treatment, and Soil Sampling

The three freeze-thaw intensities were conducted with different temperatures for freezing and
thawing: -9 °C/5 °C, -18 °C/5 °C, and -26 °C/5 °C. After the 7-day pre-cultivation, the soil columns were
placed into a refrigerator for freezing. The timing began when the refrigerator temperature reached
the set point of -9 °C/-18 °C/-26 °C. After freezing for 84 hours, the soil columns were removed and
placed into a refrigerator set at 5 °C for 84 hours of thawing, thus constituting a freeze-thaw cycle.

Under the three different freeze-thaw intensities, the soil columns were subjected to 1, 3, 5, 9,
and 17 freeze-thaw cycles, respectively. Each treatment of the freeze-thaw frequency and temperature
had three replications. During the incubation period, soil columns corresponding to each freeze-thaw
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frequency treatment were taken out for destructive sampling to facilitate subsequent experiments.
Soil samples from each treatment were collected and divided into three portions. Two portions were
air dried, ground, and sieved through mesh sizes of 10 mm and 0.149 mm to determine soil
aggregates and TN content, respectively. The remaining soil was manually disrupted, plant debris
removed, sieved through a 2-mm sieve, and stored at -80 °C for the analysis of NOs-N, NH4*-N, and
MBN contents.

2.5. Determination Indicators and Methods

2.5.1. TN and 5N-Labeled TN Contents in Bulk Soils

The measurements were conducted using an elemental analyzer coupled with an isotope ratio
mass spectrometer (lementar vario PYRO cube-Iso Primel00 Isoto Pe Ratio Mass SPectrometer,
Germany). The 8'N (9, %o), '*N abundance (F, %), and *N-labeled TN content in soils were calculated
using Equations (1) - (3), respectively.

o= (R-Rsmndard)/Rstandard x 1000 (1)
F= [(6+1000) X Rsrundard]/[(6+1000) % Rstandard + 1000] x 100 (2)
15N-labeled TN content = TN content x F 3)

In the formula, R and Rstandard represent the '*N/“N atomic ratios of the sample and the standard

material, respectively. The nitrogen standard material is pure atmospheric nitrogen, with Rstandara
being 0.0036765 [40].

2.5.2. NOs-N, NHs¢*-N, and Their "N-Labeled Nitrogen Contents in Bulk Soils

Soil NH,~-N and NO;-N were extracted with KCl solution. NH4*-N was measured by
indophenol blue colorimetry, and NOs;-N was determined by dual-wavelength ultraviolet
spectrophotometry [41]. The measurement of NH,*-*N, and NOs™-1°N contents in soil was conducted
using the modified micro-diffusion method, as described by Griesheim and Mulvaney (2019) [42]. A
20 mL portion of the filtrate was transferred into a 250 mL Schott bottle fitted with a suspended filter
paper. Subsequently, 0.1 g of MgO and 20 pL of 1 mol L™ oxalic acid were added. The bottle was then
placed on a shaker and shaken at 25°C, 140 r min™ for 24 hours to facilitate the diffusion of NH,*-15N.
The filter paper was removed and placed into a desiccator for drying over a period of 24 hours.
Concurrently, two acidified filter papers were inserted into the Schott bottle, and the diffusion
process continued for an additional 48 hours to eliminate any residual NH,*-1°N. Following, two more
acidified filter papers and 0.1 g of Devarda’s alloy were added, and the diffusion was carried out for
another 24 hours to complete the diffusion of NO;™-15N. Thereafter, the filter papers were removed
and placed into the desiccator to dry for an additional 24 hours. After drying, the filter papers were
analyzed for N abundance using an elemental analyzer connected to an isotope ratio mass
spectrometer (Elementar vario PYRO cube-Iso Prime100 Isotope Ratio Mass Spectrometer, Germany).
The *N-labeled NO;-N and NH,*-N contents are calculated as the products of their respective NO;™-
N and NH4*-N contents and *N abundance.

2.5.3. MBN and 5N-Labeled MBN Contents in Bulk Soils

The soil microbial biomass was determined using the chloroform fumigation with 0.5 mol L
K250 solution extraction method [43]. The TN content in the extract was measured using the 3%
alkaline persulfate oxidation method combined with an AA3 flow injection analyzer (Bran + Luebbe,
Germany). The soil MBN content is the difference in labile nitrogen content between fumigated and
non-fumigated soil samples, with a correction factor (kec) of 0.45 [12,44,45]. Six milliliters of the non-
fumigated or fumigated extract (with chloroform removed for fumigated samples) were taken and
freeze-dried. The 0N value in the samples were then determined using an elemental analyzer
coupled with an isotope ratio mass spectrometer (lementar vario PYRO cube-Iso Prime100 Isoto Pe
Ratio Mass SPectrometer, Germany).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The fumigated OMB™N (91, %o), non-fumigated SMB!N (82, %o), fumigated MB*N abundance
(F1, %), non-fumigated MB®*N abundance (F2, %), fumigated *N-labeled MBN content, and non-
fumigated ®N-labeled MBN content in soils were calculated using Equations (4)-(9), respectively.

01= (R1— Rstandara)/ Rstandara x 1000 4)
02= (R2— Rstandara)/ Rstandara x 1000 (5)
Fr=[(61+1000) % Rstandara]/[(01+1000) x Rstandard + 1000] x 100 (6)
F2=[(02+1000) x Rstandara]/[(62+1000) % Rstandara + 1000] x 100 7)

Fumigated '*N-labeled MBN content = Fumigated MBN content x Fi (8)

Non-fumigated *N-labeled MBN content = Non-fumigated MBN content x F2  (9)

15N-labeled MBN content = Fumigated *N-labeled MBN content —Non- fumigated ®N-labeled

MBN content (10)

In the formula, R: and Rz represent the >N/N atomic ratios of the fumigated and non-fumigated

samples, respectively. Rsanarra indicate the >N/“N atomic ratios of the standard material. The nitrogen
standard material is pure atmospheric nitrogen, with Rstnra being 0.0036765 [41].

2.5.4. Soil Aggregate Fractionation Methods, and TN and ®*N-Labeled TN Contents in Soil
Aggregates

A Soil Aggregate Analyzer (TTF-100 type, China) was utilized to separate the soil aggregates
through the wet-sieving method. 50 g of air-dried soil samples passed through a 10 mm sieve were
uniformly spread across the nested sieves with mesh sizes of 2 mm, 1 mm, 0.5 mm, 0.25 mm, and
0.053 mm to separate the soil into six different aggregate sizes. The nest was positioned at the peak
of the oscillating cylinder, with distilled water being added to each cylinder until it reached above
the highest sieve. Before proceeding with wet-sieving, the soils were immersed in distilled water for
10 minutes. Throughout the fractionating process, the stroke length in the vertical direction stayed
constant at 4 cm, the oscillation time at 10 minutes, and the frequency at 900 cycles per hour.
According to the procedures mentioned above, the soil aggregates were classified into six different
sizes of >2 mm, 2-1 mm, 1-0.5 mm, 0.5-0.25 mm, 0.25-0.053 mm, and < 0.053 mm. The TN content and
0PN value in each aggregate size were then measured using an elemental analyzer coupled with an
isotope ratio mass spectrometer. The '*N-labeled TN content is calculated as the product of TN
content and 15N abundance.

2.6. Data Calculation

2.6.1. Soil Aggregate Stability

The indicators of soil aggregate stability included proportion of aggregates with a size larger
than 0.25 mm in diameter (Ro.25), mean weight diameter (MWD), geometric mean diameter (GMD),
and fractal dimension (D). These four indicators were computed by Equations (11)-(14), based on the
methods described by Zhou et al. (2020), Bavel (1950), Kemper and Rosenau (1986), and Yang et al.
(1993), respectively [19,46—48].

R.,=M,_,./Mr 11)

mwp= " (x.p) (12)
2r 18X,

GMD = exp_ T ) ) (13)

Go) (=) - (22) (14)

where Mr-025 indicates the mass of aggregates that are larger than 0.25 mm, Mr means the total mass
of the aggregates, X; refers to the mean diameter of each size (mm), calculated as the average of the
minimum and maximum diameters within each aggregate, Xu. indicates the soil particles with a
diameter of 10 mm, and w(.x) signifies the sum of soil weights with size < X..

2.6.2. Relative Contribution Rate, Allocation Amount, and Allocation Rate

Relative contribution rate (f, %), allocation amount (Cs-strw, mg kg ') and allocation ratio (P, %) of
straw nitrogen in soil nitrogen components were calculated by Equations (15)-(17), which was

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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according to the methods described by De Troyer et al. (2011), Liang et al. (2011), and Chen et al.
(2018), respectively [9,12,49].

f= (0s-6ck)/(Or-6ck) x 100 (15)
Cs-straw = Cs xf (16)
P= Csstraw / C’rx100 (17)

where 0s and Ock represent the >N (%o) in soil nitrogen components after incubation with and
without added straw, respectively. 6r represents the initial 8N (%o) of the corn straw before
incubation. Cs denotes the content of soil nitrogen components in the straw-added treatment after
incubation (mg kg soil), and C'r represents the initial TN content of the corn straw (g kg soil).

2.7. Statistical Analysis

A one-way ANOVA was conducted to compare the contents of soil nitrogen components (TN,
NOs-N, NH+-N, and MBN) and their 'N-labeled nitrogen components, and relative contribution
rate, allocation amount and ratio, as well as the distribution of each soil aggregate size and soil
aggregate stability indicators, across the different freeze-thaw frequencies. The mean treatment
effects were compared by the test of Tukey’s honestly significant difference at p < 0.05. The Pearson
correlation analysis was conducted by SPSS software version 20.0 (IBM, Armonk, NY, USA). The
plots showing the contents of nitrogen components and ®N-labeled nitrogen components, relative
contribution rate, allocation amount and ratio in bulk soils and soil aggregates, as well as the
distribution of each soil aggregate size, and soil aggregate stability indicators were generated using
Origin software 2021 (OriginLab, Northampton, MA, USA).

3. Results

3.1. Effects of Freeze-Thaw Frequency and Temperature on Soil Nitrogen Components and 15N-Labeled
Nitrogen Components Dynamics in Bulk Soils

As the frequency of freeze-thaw cycles grows, there was a noticeable increase in the contents of
soil nitrogen components, including TN (Figure 1a), NOs-N (Figure 1b), NH4*-N (Figure 1c), and
MBN (Figure 1d), within the range of freezing temperatures studied. Specifically, across the three
freezing temperatures, compared with 1 freeze-thaw cycle, the 17 cycles were all significantly (p <
0.05) enhanced soil TN, NOs-N, NH4+*-N, and MBN contents by 18.87-20.04%, 51.28-66.71%, 62.66-
221.20%, and 1.36-6.49 fold, respectively (Figure la—d). Simultaneously, their corresponding N-
labeled counterparts had the similar tendency (Figure 1e-h). Among the three freezing temperatures,
the 1*N-labeled TN, NOs-N, NH+-N, and MBN contents were also all significantly increased (p <0.05)
after 17 freeze-thaw cycles compared to 1 cycle, with enhancements ranging from 29.58-31.84%
(Figure 1e), 150.96-172.84% (Figure 1f), 107.87-275.74% (Figure 1g), and 3.65-9.79 fold (Figure 1h)
correspondingly.

Lower freezing temperature led to greater reduction in soil TN and NOs-N contents, as well as
their corresponding '*N-labeled nitrogen contents, within the range of the numbers of freeze-thaw
cycles studied (Figure la,b,ef). The contents of soil NHs-N and '®N-labeled NH4+-N changed
inconsistently with the decrease of freezing temperature under the five freeze-thaw frequencies
(Figure 1c,g). Specifically, as freezing temperature decreases, the contents of soil NHs+*-N and '>N-
labeled NH4*-N in the 1 and 3 freeze-thaw cycles both increased, while that in the 5, 9 and 17 freeze-
thaw cycles decreased first and then increased (Figure 1c,g). In addition, soil MBN and 'N-labeled
MBN contents in the five freeze-thaw frequencies all increased first and then decreased with the
decrease of freezing temperature (Figure 1d,h).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Contents of soil nitrogen components (a, b, ¢, d) and *N-labeled soil nitrogen components (e, f, g, h) in
bulk soils under different freeze-thaw frequencies and temperatures. The different lowercase letters of the same
freezing temperature exhibit significant differences at the p <0.05 level via Tukey’s HSD test under the different
freeze-thaw frequencies. TN and MBN represent total nitrogen and microbial biomass nitrogen respectively.

NOs-N and NHs*-N indicate nitrate nitrogen and ammonia nitrogen respectively.

3.2. Effects of Freeze-Thaw Frequency and Temperature on Relative Contribution Rate, Allocation Amount
and Allocation Ratio of Corn Straw Nitrogen in Soil Nitrogen Components for Bulk Soils

In general, the relative contribution rate, allocation amount and allocation ratio of corn straw
nitrogen in soil TN, NOs-N, NHs¢*-N, and MBN all enhanced as freeze-thaw frequency increases at
any freezing temperature (Figure 2). Specifically, the relative contribution rate of corn straw nitrogen
in soil TN significantly (p < 0.05) increased by 21.11% and 19.82% under 17 freeze-thaw cycles
compared to 1 cycle at freezing temperatures of -9 °C and -18 °C (Figure 2a). Simultaneously,
compared with 1 freeze-thaw cycle, the relative contribution rate of corn straw nitrogen in soil NOs-
N under 5, 9, and 17 cycles were significantly increased (p < 0.05) by 43.1-139.51% for -9 °C, by 55.03-
164.24% for -18 °C, and by 34.62-112.93% for -26 °C freezing temperature (Figure 2b). In regard to the
relative contribution rate of corn straw nitrogen in soil NH4*-N, only 17 freeze-thaw cycles increased
by 64.36% than 1 cycle at -18 °C freezing temperature, other freeze-thaw cycles at the three freezing
temperatures showed no significant (p > 0.05) difference (Figure 2c). With respect to the relative
contribution rate of corn straw nitrogen in soil MBN, compared to 1 freeze-thaw cycle, the 17 freeze-
thaw cycles increased by 33.02% at -9 °C freezing temperature, and 9 and 17 cycles enhanced by
23.59% and 35.06% at -26 °C freezing temperature respectively, while no obvious difference (p > 0.05)
was observed among the five freeze-thaw frequencies at -18 °C freezing temperature (Figure 2d).

The similar tendency was observed between allocation amount and allocation ratio of corn straw
nitrogen in soil nitrogen components (Figure 2e-1). In comparison with 1 freeze-thaw cycle, the other
four cycles both increased allocation amount and ratio of corn straw nitrogen in soil TN, NOs-N,
NHs-N, and MBN to varying degrees across the three freezing temperatures (Figure 2e-l). The
increments for allocation amount ranged from 29.58-69.58% (Figure 2e), 89.82-621.61% (Figure 2f),
2.1-4.49 fold (Figure 2g), and 4.74-13.54 fold (Figure 2h) correspondingly, and allocation ratio showed
the same increments (Figure 2i-1).

The labile nitrogen components, including NOs-N, NH4*-N, and MBN, showed the noticeable
changes under the same freeze-thaw frequency among the three freezing temperatures (Figure 2a—i).
With the decrease of freezing temperature (the decrease of freezing temperature), the relative
contribution rate, allocation amount and ratio of corn straw nitrogen in soil NOs-N all first increased
and then slowly decreased (Figure 2b,f,j). The allocation amount and ratio of soil TN and NH4*-N
showed a decreasing trend (Figure 2a,e,i,c,g k), and that of soil MBN raised first and then fell sharply
(Figure 2d,h,1).
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Figure 2. Relative contribution rate (a, b, ¢, d), allocation amount (e, £, g, h) and allocation ratio (i, j, k, 1) of straw
nitrogen to soil nitrogen components in bulk soils under different freeze-thaw frequencies and temperatures.
The different lowercase letters of the same freezing temperature exhibit significant differences at the p < 0.05
level via Tukey’s HSD test under the different freeze-thaw frequencies. TN and MBN represent total nitrogen
and microbial biomass nitrogen respectively. NOs-N and NH4*-N indicate nitrate nitrogen and ammonia

nitrogen respectively.

3.3. Effects of Freeze-Thaw Frequency and Temperature on Soil Total Nitrogen and '>N-Labeled Total
Nitrogen Dynamics in Soil Aggregates

With the increase of freeze-thaw frequency, TN contents in each soil aggregate size tended to
decrease at any freezing temperature (Figure 3a—c). However, the 1*N-labeled TN content in > 2 mm,
2-1 mm, 0.25-0.053 mm, and < 0.053 mm aggregate sizes mostly decreased or remained constant,
while the ®N-labeled TN content in 1-0.5 mm and 0.5-0.25 mm aggregate sizes fluctuated (Figure 3d—
f). Detailedly, at -9 °C freezing temperature, compared to 1 freeze-thaw cycle, the 3, 4, and 17 cycles
all significantly (p < 0.05) reduced '*N-labled TN content by 13.33%, 19.90%, and 12.21 respectively,
for 1-0.5 mm aggregate size; the 3 cycles significantly (p < 0.05) increased '*N-labled TN content by
10.23%, while 17 cycles obviously (p < 0.05) decreased it by 13.85%, for 0.5-0.25 mm aggregate size
(Figure 3d). At -18 °C freezing temperature, in comparison with 1 freeze-thaw cycle, the 3 and 17
cycles significantly (p < 0.05) decreased >N-labled TN content by 9.82% and 12.39% correspondingly,
while 9 cycles significantly (p < 0.05) enhanced it by 16.03%, for 1-0.5 mm aggregate size; the other
four cycles all significantly reduced *N-labled TN content by 21.91-29.63%, for 0.5-0.25 mm aggregate
size (Figure 3e). At -26 °C freezing temperature, only 5 freeze-thaw cycles increased 12.84% '*N-labled
TN content than 1 cycle, for 1-0.5 mm aggregate size (Figure 3f).

Furthermore, with the decrease of soil aggregate sizes, the contents of TN and ®N-labeled TN at
each freezing temperature and frequency showed a trend of decreasing-increasing- decreasing, and
the maximum value basically appeared in the aggregate size of 0.25-0.053 mm (Figure 3). In addition,
the contents of TN and ®N-labeled TN under the five freeze-thaw frequencies on each soil aggregate
size generally showed a decreasing trend as freezing temperature decreases (Figure 3).
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Figure 3. Contents of total nitrogen (a, b, c) and ®N-labeled total nitrogen (d, e, f) in soil aggregates under
different freeze-thaw frequencies and temperatures. The different lowercase letters indicate significant
differences at the p < 0.05 level among the same aggregate sizes within the same freezing temperature, as

determined by Tukey’s HSD test across different freeze-thaw frequencies. TN represents total nitrogen.

3.4. Effects of Freeze-Thaw Frequency and Temperature on Relative Contribution Rate, Allocation Amount
and Allocation Ratio of Corn Straw Nitrogen in Total Nitrogen for Soil Aggregates

With the increase of freeze-thaw frequency, at -9 and -18 °C, the most obvious changes in relative
contribution rate was 0.5-0.25 mm aggregate size, and the other 4 freeze-thaw cycles reduced relative
contribution rate by 24.64-43.55% than 1 cycle (Figure 4a,b). At -26 °C, the relative contribution rate
of < 0.053 mm aggregate size exhibited the largest variation, showing a trend of first rising and then
falling (Figure 4c). Compared with 1 freeze-thaw cycle, the relative contribution rate of 3 cycles
significantly (p < 0.05) increased by 33.46%, while that of 5, 9, and 17 cycles significantly (p < 0.05)
decreased by 27.34%, 17.33% and 24.52% respectively (Figure 4c).

In regard to allocation amount, as freeze-thaw frequency increases, the largest changes were
existed in the 1-0.5 mm and 0.5-0.25 mm aggregate sizes at -9 °C freezing temperature (Figure 4d).
Compared with 1 freeze-thaw cycle, the other 4 cycles reduced allocation amount by 19.59-43.18%
and 31.74-41.46% in the 1-0.5 mm and 0.5-0.25 mm aggregate sizes correspondingly (Figure 4d). At -
18 °C, only 0.5-0.25 mm size showed the largest change (Figure 4e). Compared with the first freeze-
thaw cycle, the other 4 freeze-thaw cycles significantly (p < 0.05) reduced allocation amount by 52.68-
58.77% than 1 cycle for 0.5-0.25 mm aggregate size (Figure 4e). At-26 °C, the biggest change was found
in the < 0.053 mm size, which showed a trend of first increasing and then decreasing (Figure 4f).
Compared with 1 freeze-thaw cycle, the allocation amount was increased by 43.17% in the 3 cycles,
while it was decreased significantly in the 5, 9, and 17 cycles by 42.49%, 32.38% and 40.38%
respectively, for the < 0.053 mm size (Figure 4f). Simultaneously, the variation tendency of allocation
ratio was consistent with allocation amount (Figure 4g—i).
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Figure 4. Relative contribution rate (a, b, c), allocation amount (d, e, f) and allocation ratio (g, h, i,) of straw
nitrogen to soil nitrogen components in soil aggregates under different freeze-thaw frequencies and
temperatures. The different lowercase letters indicate significant differences at the p <0.05 level among the same
aggregate sizes within the same freezing temperature, as determined by Tukey’s HSD test across different freeze-

thaw frequencies. TN represents total nitrogen.

3.5. Effects of Freeze-Thaw Frequency and Temperature on Soil Aggregate Distribution

As the freeze-thaw frequency increases, the proportion of each aggregate size changed
significantly, but its variation trend was different under the three freezing temperatures (Figure 5).
At the freezing temperature of -9 °C, with the increase of freeze-thaw frequency, the proportions of >
2 mm and < 0.053 mm sizes tended to increase with the increments of 120.42% and 150.96%
respectively, while those of 2-1 mm, 1-0.5 mm and 0.5-0.25 mm sizes decreased, and the proportion
of 0.25-0.053 mm size remained unchanged (Figure 5a).

Different from the treatment at -9 °C, with the increase of freeze-thaw frequency at -18 °C and -
26 °C, the proportions of > 2 mm and 2-1 mm aggregate sizes showed an “M” shaped trend of
increasing-decreasing-increasing (Figure 5b,c). The proportion of 0.5-0.25 mm size at -18 °C and 0.25-
0.053 mm size at -26 °C significantly (p < 0.05) increased as freeze-thaw frequency increases, and the
increments were 71.54% and 93.53% after 17 freeze-thaw cycles compared with 1 cycle, respectively
(Figure 5b,c). The proportion of < 0.053 mm size decreased as the frequency of freeze-thaw increased.
Specifically, it decreased by 22.59% at -18°C and by 23.13% at -26°C after 17 freeze-thaw cycles
compared to just 1 cycle (Figure 5b,c).
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Figure 5. Distribution of each soil aggregate size under freezing temperature of -9 °C (a), -18 °C (b), and -26 °C (c)
among different freeze-thaw cycles. The different lowercase letters indicate significant differences at the p <0.05
level among the same aggregate sizes within the same freezing temperature, as determined by Tukey’s HSD test

across different freeze-thaw frequencies.

3.6. Effects of Freeze-Thaw Frequency and Temperature on Soil Aggregate Stability

At -9 °C freezing temperature, with the increase of freeze-thaw frequency, the values of Rozs,
MWD and GMD gradually decreased, but the value of fractal dimension gradually increased,
indicating the decreasing aggregate stability (Figure 6a—d). At -18 °C and -26 °C, the situation was
basically opposite to that at -9 °C. MWD and GMD showed an M-shaped trend (Figure 6b,c). The
fractal dimension of soil aggregates tended to be stable after 3 freeze-thaw cycles under three
different freezing temperatures (Figure 6d). In comparison with 1 cycle, the 17 cycles significantly (p
<0.05) reduced the value of fractal dimension by 26.51%, 3.56%, and 3.10% at -9 °C, -18 °C, and -26 °C,
correspondingly (Figure 6d).
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Figure 6. Soil aggregate stability indicators of Rozs (a), MWD (b), GMD (c), and fractal dimension (d) under
different freeze-thaw frequencies and temperatures. The different lowercase letters indicate significant
differences at the p < 0.05 level within the same freezing temperature, as determined by Tukey’s HSD test across
the different freeze-thaw frequencies. R0.25 indicates distribution of aggregates larger than 0.25 mm in diameter.

MWD and GMD represent mean weight diameter and geometric mean diameter respectively.

3.7. Relationships of Soil Properties in Bulk Soils and Soil Aggregate Sizes Under Freeze-Thaw Action

Two factor analysis of variance revealed that the freeze-thaw frequency, freeze-thaw
temperature, and their interaction showed significant effects on the MBN content, as well as the
relative contribution rate, allocation amount and allocation ratio of NOs-N in the bulk soil, and all of
them have reached the extreme significant level (Table 1). For soil aggregates, freeze-thaw frequency,
freeze-thaw temperature, and their interaction had significant effects on the *N-labeled TN content
of each size, and presented significant effects on the relative contribution rate of 1-0.5 mm, 0.5-0.25
mm, 0.25-0.053 mm and < 0.053 mm sizes (Table 1). Simultaneously, it showed significant influence
on the allocation amount and ratio of > 2 mm, 1-0.5 mm, 0.5-0.25 mm, 0.25-0.053 mm and < 0.053 mm
sizes. Moreover, the freeze-thaw frequency, freeze-thaw temperature, and their interaction had
extremely significant effects on the four indexes of aggregate stability (Table 1).

Pearson correlation analysis demonstrated that the contents of NOs-N and MBN in bulk soils,
as well as the proportion of 2-1 mm, 0.5-0.25 mm, and < 0.053 mm aggregate sizes, the TN content of
2-1 mm aggregate size, and the *N-labeled TN content of 2-1 mm and < 0.053 mm aggregate sizes all
had the significant correlation with fractal dimension (Table 2). There were negative and significant
correlations between the fractal dimension and the relative contribution rate, allocation amount, and
allocation ratio in bulk soils under the freeze-thaw action of -26 °C/5 °C. However, as for the
aggregates, no consensus was observed between the fractal dimension and the relative contribution
rate, allocation amount, and allocation ratio for each freeze-thaw temperature (Table 2). Therefore,
the conceptual diagram illustrating the response mechanism of soil nitrogen components to
aggregate stability under varying freeze-thaw frequencies and intensities was illustrated in Figure 7.
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Figure 7. Conceptual diagram illustrating the response mechanism of soil properties to aggregate stability under
varying freeze-thaw frequencies and temperatures. TN, NOs-N, NH4+*-N, and MBN represent total nitrogen,

Nitrate nitrogen, ammonium nitrogen, and microbial biomass nitrogen, respectively.

Table 1. The p values of two-factor variance analysis of freeze-thaw frequency and freeze-thaw temperature on

soil properties.

Factors
Soil Nitrogen Freeze-thaw
oi
Soil types Lo components/ Freeze-thaw Freeze-thaw frequency x
indicators
Aggregate sizes  frequency temperature Freeze-thaw
temperature
TN <0.001*** <0.001*** 0.401
Soil nitrogen
NOs-N <0.001*** 0.001** 0.593
component
NH4-N <0.001*** 0.108 0.005**
contents
MBN <0.001*** <<0.001*** 0.001**
5N-labeled TN <0.001*** <0.001*** 0.518
nitrogen NOs-N <0.001*** <0.001*** 0.060
component NHs-N <0.001*** 0.156 0.016
contents MBN <0.001*** <0.001*** 0.210
TN <0.001** 0.753 0.859
Relative
Bulk soils NOs-N <0.001%** <0.001*** <0.001***
contribution
. NHs-N <0.001%** 0.294 0.333
rate
MBN 0.042* 0.983 0.851
TN <0.001*** 0.034 0.807
Allocation NOs-N <0.001*** <0.001*** <0.001***
amount NHs-N <0.001*** 0.214 0.079
MBN <0.001*** 0.001** 0.457
TN <0.001*** 0.034* 0.807
Allocation
. NOs-N <0.001*** <0.001*** <0.001***
ratio
NH4-N <0.001*** 0.213 0.078
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MBN <0.007*** 0.001** 0.457
>2 mm <0.001*** <0.001*** 0.040*
2-1 mm <0.001*** <0.001*** <0.007***
O 1-0.5 mm 0.062 <0.007*** <0.001***
0.5-0.25 mm 0.007** <0.007*** 0.006**
0.25-0.053 mm <0.001*** 0.296 <0.001***
<0.053 mm <0.001*** <0.001*** 0.061
>2mm <0.007*** <0.007*** 0.002**
2-1 mm <0.007*** <0.007*** 0.002**
15N-labeled 1-0.5 mm <0.007*** <0.007*** <0.001***
TN contents 0.5-0.25 mm <0.007*** <0.007*** <0.001***
0.25-0.053 mm <0.007*** <0.007*** 0.021*
<0.053 mm <0.001*** 0.003** <0.001***
>2 mm 0.151 0.563 0.034*
2-1 mm 0.273 0.431 0.007***
Soil Relative 1-0.5 mm <0.007*** 0.004** <0.001***
contribution
aggregates rate 0.5-0.25 mm <0.001*** <0.001*** <0.001***
0.25-0.053 mm <0.007*** <0.007*** <0.001***
<0.053 mm <0.001*** <0.001*** <0.007***
>2 mm 0.003** <0.007*** 0.003**
2-1 mm 0.384 0.038 0.005**
Allocation 1-0.5 mm <0.007*** 0.001** <0.001***
amount 0.5-0.25 mm <0.007*** <0.007*** <0.001%**
0.25-0.053 mm <0.007*** <0.007*** <0.001***
<0.053 mm <0.007*** <0.007*** <0.001***
>2 mm 0.003** <0.001*** 0.003**
2-1 mm 0.384 0.038* 0.005**
Allocation 1-0.5 mm <0.007*** 0.001** <0.001***
ratio 0.5-0.25 mm <0.007*** <0.007*** <0.001***
0.25-0.053 mm <0.007*** <0.007*** <0.001***
<0.053 mm <0.001*** <0.001*** <0.007***
) Roas <0.007*** <0.007*** <0.001***
soil MWD <0.007*** <0.007*** <0.001***
aggregate GMD <0.007*** <0.007*** <0.001***
stability
D <0.007*** <0.007*** <0.001***

1*,** and ** indicate the significant differences at p<<0.5, p<<0.1, and p<<0.001,
respectively. n =45. TN signifies total nitrogen, NOs-N and NHs*-N indicate
nitrate nitrogen and ammonium nitrogen respectively, and MBN means
microbial biomass nitrogen. Ross indicates distribution of aggregates larger
than 0.25 mm in diameter. MWD and GMD represent mean weight diameter
and geometric mean diameter, respectively. D indicates fractal dimension.

Table 2. Pearson correlation analysis between soil properties and fractral
dimension under the three freeze-thaw intensities.
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. Soil Soil indicators/ Freezing temperatures
Soil types . .
properties Aggregate sizes -9°C -18 °C -26 °C
Nitrogen content 0.521* -0.440 -0.609*
15N-labeled nitrogen
0.504 -0.418 -0.666**
content
TN Relative contribution
0.433 -0.369 -0.604*
rate
Allocation amount 0.466 -0.379 -0.680**
Allocation ratio 0.466 -0.379 -0.680**
Nitrogen content 0.723** -0.532* -0.726**
15N-labeled nitrogen
0.635* -0.433 -0.741**
content
NOs-N Relative contribution
0.624* -0.418 -0.711%*
rate
Allocation amount 0.530* -0.356 -0.752**
Allocation ratio 0.530* -0.356 -0.752**
Bulk soils
Nitrogen content 0.694** -0.474 -0.531*
15N-labeled nitrogen
0.643** -0.459 -0.564*
content
NH4-N Relative contribution
0.489 -0.403 -0.532*
rate
Allocation amount 0.558* -0.388 -0.595*
Allocation ratio 0.558* -0.388 -0.595*
Nitrogen content 0.767** -0.589* -0.650**
15N-labeled nitrogen
0.694** -0.256 -0.674**
content
MBN Relative contribution
0.593* 0.019 -0.582*
rate
Allocation amount 0.632* -0.248 -0.689**
Allocation ratio 0.632* -0.248 -0.689**
>2 mm 0.061 0.007 0.007
2-1 mm -0.868** 0.597* 0.597*
1-0.5 mm -0.971** 0.098 0.098
Proportion
0.5-0.25 mm -0.602* -0.622% -0.622%
0.25-0.053 mm 0.112 -0.533* -0.533*
Soil <0.053 mm 0.978%* 0.861%* 0.861**
aggregates >2 mm -0.817** 0.469 0.469
2-1 mm -0.917** 0.599* 0.599*
1-0.5 mm -0.348 -0.434 -0.434
TN content
0.5-0.25 mm -0.100 0.205 0.205
0.25-0.053 mm -0.631* 0.461 0.461
<0.053 mm -0.651** 0.435 0.435
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>2 mm -0.765** 0.076 0.076
2-1 mm -0.862** 0.531* 0.531*
15N-labeled 1-0.5 mm -0.675** -0.361 -0.361
TN content 0.5-0.25 mm -0.674** -0.177 -0.177
0.25-0.053 mm -0.494 0.454 0.454
<0.053 mm -0.576* 0.550* 0.550*
>2 mm -0.007 -0.535% -0.535%
D 2-1 mm 0.524* 0.247 0.247
oot 1-0.5 mm -0.702** -0.029 -0.029
0.5-0.25 mm -0.653** -0.469 -0.469
rate 0.25-0.053 mm -0.379 0.156 0.156
<0.053 mm 0.247 0.509 0.509
>2 mm -0.575* -0.419 -0.419
2-1 mm -0.227 0.354 0.354
Allocation 1-0.5 mm -0.734** -0.103 -0.103
amount 0.5-0.25 mm -0.698** -0.400 -0.400
0.25-0.053 mm -0.429 0.360 0.360
<0.053 mm -0.131 0.541* 0.541*
>2 mm -0.575* -0.420 -0.420
2-1 mm -0.227 0.355 0.355
Allocation 1-0.5 mm -0.734** -0.103 -0.103
ratio 0.5-0.25 mm -0.698** -0.400 -0.400
0.25-0.053 mm -0.429 0.360 0.360
<0.053 mm -0.131 0.541* 0.541*

1* and ** indicate the significant differences at p<<0.5 and p<<0.1, respectively. n = 15. TN signifies total nitrogen,
NOs-N and NHs*-N indicate nitrate nitrogen and ammonium nitrogen respectively, and MBN means microbial

biomass nitrogen.
4. Discussion

4.1. Dynamics of Nitrogen Components and 15N-Labeled Nitrogen Components in Bulk Soils Due to Freeze-
Thaw Action

This study found that with increasing freeze-thaw frequency (number of cycles), the nitrogen
components (TN, NOs-N, NH+-N, and MBN) and *N-labeled nitrogen components, as well as their
relative contribution rate, allocation amount, and allocation ratio in bulk soils, all showed an
increasing trend under three freeze-thaw intensities (Figures 1 and 2), which was consistent with the
previous research finding [50]. This phenomenon may be explained by the following aspects. Firstly,
freeze-thaw action will destroy the soil aggregate structure, rupture soil microbial cells, release
mineral nitrogen, and then release a large amount of nutrients accumulated during the freezing
period of soil, increasing the content of inorganic nitrogen nutrients in soils [51,52]. Secondly,
frequent freeze-thaw alternations during the thawing of frozen soil increase soil water content,
enhance microbial activity, accelerate the nitrification and denitrification processes of soil nitrogen
[63-55], accelerate the mineralization and decomposition rate of litter, and further increase the
effective resources in soils. Thirdly, multiple freeze-thaw alternations can cause the death of soil
microorganisms, so that the residual microorganisms in the soil have enough matrix, stimulate
microbial activity, and stabilize and utilize the labile nutrients in the soil [56]. Simultaneously, these
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dead microorganisms decompose under the action of decomposing bacteria, releasing small
molecules of amino acids and sugars, thus increasing the soil microbial biomass [57].

With decreasing freezing temperature, the TN and NOs-N contents in bulk soils, as well as their
corresponding *N-labeled nitrogen compounds, tended to decrease, for each freeze-thaw frequency
(Figure 1a,b,e f). Freeze-thaw cycles can enhance nitrogen transformation processes, leading to
increased nitrogen losses through leaching and denitrification. Research has indicated that freeze-
thaw cycles enhance the leaching of NOs™-N, especially in soils with high initial nitrate levels, which
is probably intensified with more intense freeze-thaw activity, leading to a decrease in soil NOs;™-N
content [58].

The relative contribution rate, as well as the allocation amount and ratio of nitrogen compounds,
are also influenced by the temperature of freeze-thaw cycles. The initial increase in MBN indicators
followed by a sharp decline in bulk soils with lower freezing temperature (Figure 2d,h,1) aligns with
the observation that microbial activity is initially enhanced by freeze-thaw processes, promoting
nitrogen mineralization and microbial biomass accumulation [59]. Nevertheless, as the freezing
temperature decreases, the extreme temperature changes can impose significant stress on microbial
communities, resulting in a reduction of microbial biomass nitrogen [57]. This reduction can further
diminish the availability of nitrogen in the soil, since microbial biomass serves as a vital reservoir of
organic nitrogen [60]. Furthermore, as freezing temperature decreases, the relative contribution rate
and the allocation amount and ratio of NH4+*-N decrease (Figure 2¢,g k), while NOs-N shows an initial
increase followed by a gradual decline (Figure b,f,j). This trend is likely due to the differential
sensitivity of NH+-N and NOs-N to freeze-thaw processes. NH4*-N is more tightly bound to soil
particles due to its positive charge, which allows it to be adsorbed onto negatively charged soil
surfaces and makes it less susceptible to leaching. In contrast, NOs-N is more mobile and can be
easily lost through leaching and denitrification [61,62].

Freeze-thaw cycles lead to alterations in soil pH, redox potential, and soil structure, thereby
influencing nitrogen dynamics [26,63]. Freezing can cause soil compaction and reduce pore size,
limiting oxygen availability and promoting denitrification. In contrast, thawing can improve soil
aeration, enhancing nitrification [26]. These opposing processes can result in complex changes in
nitrogen forms and their availability.

As a consequence, the observed variations in nitrogen components, *N-labeled nitrogen
compounds, as well as their relative contribution rate, allocation amount and ratio with increasing
freeze-thaw frequency and decreasing freezing temperature are probably due to the combined effects
of nitrogen transformation and loss, microbial dynamics, differential sensitivity of nitrogen forms,
and soil chemical and physical changes [64]. These mechanisms together shape the observed
tendencies in nitrogen cycling and availability.

4.2. Variations of Soil Aggregate Stability Induced by Freeze-Thaw Action

As freeze-thaw frequency increases, higher freezing temperature (-9 °C/5 °C) are likely to
decrease the proportion of macroaggregates (2-1 mm, 1-0.5 mm, and 0.5-0.25 mm) while increasing
the proportion of silt + clay fractions (< 0.053 mm) (Figure 5a), resulting in reduced soil aggregate
stability (Figure 6). This reduction in macroaggregates is mainly due to the mechanical disruption
caused by the expansion of water during freezing, which damages the physical structure of these
aggregates [65]. Repeated freeze-thaw cycles at this temperature cause larger aggregates to break
down into smaller particles, making them more vulnerable to erosion and loss of stability [66].
Moreover, the relatively higher freezing temperature might not be strong enough to trigger
substantial re-aggregation during thawing, leading to an overall decline in aggregate stability [67].
The rise in silt + clay fractions is probably because finer particles are more resilient to the freeze-thaw
process or are released from macroaggregates during breakdown [66]. Additionally, as freeze-thaw
frequency increases, higher freezing temperature reduce the °N-labeled TN content in
macroaggregates (2-1 mm, 1-0.5 mm, and 0.5-0.25 mm) (Figure 3d) and the TN content in silt + clay
fractions (< 0.053 mm) (Figure 3a). This likely results from the mechanical disruption of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0097.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 August 2025 doi:10.20944/preprints202508.0097.v1

18 of 23

macroaggregates during freezing, which releases nitrogen compounds and causes their
redistribution into smaller fractions [68]. The decrease in TN content in silt + clay fractions may also
be due to these finer particles being more susceptible to leaching and loss during freeze-thaw cycles
[14,69].

In contrast, as freeze-thaw frequency increases, lower freezing temperature (-18 °C/5 °C and -26
°C/5 °C) tend to increase the proportion of microaggregates (0.25-0.053 mm) while decreasing the
proportion of silt + clay fractions (< 0.053 mm) (Figure 5b,c), thereby enhancing soil aggregate stability
(Figure 6). The increase in microaggregates could be attributed to the more intense mechanical action
of freezing and thawing, which may cause smaller particles to bind together more tightly [70].

Additionally, the reduction in the silt + clay fractions suggests that these particles are either being
incorporated into macroaggregates or are being lost through processes like leaching or erosion [16].
Meanwhile, with the increase in freeze-thaw frequency, the TN content tends to decline induced by
lower freezing temperature, both in microaggregates (0.25-0.053 mm) and in silt + clay fractions (<
0.053 mm) (Figure 3b,cef). This indicates that higher intense freeze-thaw cycles can induce
substantial alterations in the physical structure of smaller aggregates, resulting in the release and
potential loss of nitrogen compounds. The decline may also be associated with increased microbial
activity and nitrogen mineralization processes that take place during intense freeze-thaw cycles
[16,71].

Furthermore, the mechanical pressure exerted by the expansion of water during freezing causes
soil aggregates to break down. At -9°C, the mechanical action is strong enough to break apart
macroaggregates, but it is not intense enough to facilitate significant re-aggregation during thawing.
In contrast, at -18°C and -26°C, the more extreme temperature changes result in greater mechanical
stress, which causes soil particles to reorganize and form more stable aggregates during thawing [72].
At the same time, freeze-thaw cycles can boost microbial activity, especially during thawing. When
temperatures are low (-18°C and -26°C), extreme freeze-thaw cycles can increase microbial activity,
which results in the creation of organic compounds that serve as binding agents for soil particles.
These organic compounds enhance aggregate stability by facilitating the development of larger and
more stable aggregates [72]. In addition, the stability of soil aggregates is also affected by soil pore
structure and water content. At -9°C, the relatively higher freezing temperature may not be strong
enough to cause substantial alterations in soil pore structure, leading to less stable soil aggregates. In
contrast, at -18°C and -26°C, the more intense freeze-thaw cycles can modify soil pore structure,
resulting in improved water retention and movement within the soil. This alteration in soil structure
can further boost aggregate stability [66].

The influence of freeze-thaw cycles on soil aggregate stability and nitrogen dynamics is strongly
influenced by the temperature and frequency of these cycles. Higher freezing temperature cycles
often decrease aggregate stability by fragmenting macroaggregates and increasing the proportion of
silt and clay complexes, whereas lower freezing temperature cycles improve aggregate stability by
facilitating the formation of microaggregates.

Consequently, understanding these dynamics is essential for forecasting soil behavior in areas
with frequent freeze-thaw cycles, especially in high-latitude and high-altitude regions. Future
research should concentrate on clarifying the specific mechanisms by which freeze-thaw cycles
impact soil aggregate stability and nitrogen dynamics, including the roles of soil physicochemical
properties and microbial communities.

5. Conclusion

In terms of bulk soils, with the increase of freeze-thaw frequency, the contents of nitrogen
components (TN, NOs-N, NHs-N, and MBN) and their corresponding!*N-labeled nitrogen
components, as well as their relative contribution rate, allocation amount and ratio all showed an
increasing trend, under the three freeze-thaw intensities. Simultaneously, decreased freezing
temperature reduced the contents of TN, NOs-N, ®N-labeled TN, and "N-labeled NOs-N regardless
of freeze-thaw frequency. Additionally, as freezing temperature decreases, the relative contribution
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rate, allocation amount and ratio of TN and NH4*-N all showed a decreasing trend, while those of
NOs-N increased first and then slowly decreased, and those of MBN increased first and then rapidly
decreased under the five freeze-thaw frequencies.

For soil aggregates, the freeze-thaw action significantly affect both the proportion of soil
aggregates and the nitrogen content within them. With the increase of freeze-thaw frequency, the
proportion of macroaggregates (2-1 mm, 1-0.5 mm and 0.5-0.25 mm) and silk + clay fractions (< 0.053
mm) were decreased under the higher freezing temperature (-9 °C/5 °C). However, lower freezing
temperature (-18 °C/5 °C and -26 °C/5 °C) increased the proportion of microaggregates (0.25-0.053 mm)
and decrease that of silk + clay fractions (< 0.053 mm). Both higher and lower freezing temperature
reduced the contents of TN and '*N-labeled TN in each aggregate size to varying degrees.

Furthermore, both the number of freeze-thaw cycles and freeze-thaw temperature are important
factors affecting the stability of soil aggregates. As freeze-thaw frequency increases, higher freezing
temperature reduced the stability of soil aggregates, while lower freezing temperature increased the
stability in Mollisols. The factors that showed significant relationship with soil aggregate stability
included the contents of NOs-N and MBN in bulk soils, the proportions of 2-1 mm, 0.5-0.25 mm and
< 0.053 mm aggregate sizes, the TN content of 2-1 mm size and the *N-labeled TN content of 2-1 mm
and < 0.053 mm sizes, regardless of the freeze-thaw frequency and temperature in Mollisols.
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