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Abstract: Phytolith carbon sequestration has been recognized as an important mechanism
for long-term carbon sequestration in forest ecosystems. Conducting relevant research in
cold temperate regions that are sensitive to climate change can reveal their unique mecha-
nisms as a stable and long-term carbon pool, fill key blind spots in global carbon cycling
models, and provide necessary scientific support for developing climate-resilient ecological
strategies and carbon neutrality pathways. In this study, we focused on the Larix gmelinii
forest ecosystem and investigated the latitudinal spatial characteristics of soil phytolith
and phytolith-occluded carbon (phytOC) in Eastern China. We analyzed the factors that
influenced their accumulation and assessed their storage potential across different climatic
zones. Our findings revealed an exponential increase in soil phytolith content with increas-
ing latitude in Eastern China. Additionally, the content of soil phytoliths in tropical and
subtropical forests was significantly lower than in the cold temperate forests. It was also
found that soil phytOC content increased linearly with latitude and was significantly higher
in cold temperate zones than in the other climatic zones. The order of soil phytOC storage
was tropical (0.23 t ha—!) < middle temperate (0.24 t ha—!) < subtropical (0.27 t ha=!) < cold
temperate (1.20 t ha—?!). Soil phytolith and phytOC content were significantly negatively
correlated with temperature and precipitation. pH, organic matter, and nutrients of soil
significantly influenced the formation and accumulation of soil phytoliths. It can provide a
scientific basis for the quantitative evaluation of forest soil carbon pool.
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1. Introduction

Forests play a critical role in maintaining the balance of the terrestrial ecosystem by
serving as a primary source and sink of atmospheric greenhouse gases. As atmospheric
CO; concentrations continue to rise due to anthropogenic activities, the ability of forests to
mitigate this increase and preserve the carbon (C) balance becomes even more crucial [1-4].
The significance of forests lies in their capacity to sequester atmospheric CO, and store it
in the forest soil C pool, the largest C pool in the terrestrial ecosystem [5]. Any alteration
in soil C content, no matter how small, can significantly impact atmospheric CO, concen-
tration, and potentially have a feedback effect on climate change [6]. Therefore, a deep
understanding of the characteristics of the forest soil C pool is essential to elucidate the C
cycle mechanism of the terrestrial ecosystem [7].

The storage of the soil C pool represents a significant component of the global C
cycle and has important implications for climate change mitigation. Various studies have
suggested that the global organic C reserves in soil range from 1.4 x 10'® g to 1.5 x 10'8 g [8],
emphasizing the significant role of soil in the global C storage. The main sources of forest
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SOC are roots and litter, which greatly impact the soil C cycle. Forest ecosystems are
among the most productive natural terrestrial ecosystems that contribute significantly to
the sequestration of atmospheric CO,, and therefore, the mitigation of climate change.
However, differences in forest types greatly affect their C sequestration capacity, with C
density being a better indicator of this capacity. Liu et al. [9] synthesized previous research,
finding that the natural forest and plantation in the temperate areas had higher surface SOC
than that in the subtropical and tropical areas, indicating the importance of forest types
and climatic conditions in determining SOC storage. Additionally, their study showed
that artificial coniferous and broad-leaved mixed forests showed significantly higher SOC
storage than coniferous pure forests, emphasizing the importance of forest composition in
determining C sequestration capacity.

Global warming has become an increasingly pressing concern in recent years, as
Earth’s climate is significantly impacted by the rising levels of atmospheric CO,. This
has led to a need for the identification of effective long-term C sequestration methods to
mitigate the greenhouse effect. One promising approach is biogeochemical C sequestration,
in which phytoliths or hydrated silicon minerals may be a particularly viable option [10,11].
Phytoliths are hydrated silicon minerals that can be formed through the absorption of
monosilicic acid (H4SiO4) by plants, which results in the precipitation of amorphous silicon
within and between cells [12]. During phytolith formation, a significant amount of organic
C, roughly 0.1-6%, is often encapsulated and forms phytolith-occluded-C (phytOC), which
can be stored in soils for thousands of years [13,14]. This makes phytOC a key mechanism
for long-term C sequestration in terrestrial ecosystems, as it is more stable than other forms
of C due to the protective effects of corrosion and oxidation-resistant phytoliths [15,16].
This form of biogeochemical C sequestration has the potential to significantly reduce
atmospheric CO, concentration and mitigate the greenhouse effect [17,18]. Given the
significant potential of phytOC for long-term C sequestration, this topic has become the
focus of much research over the years [10,11,14,19-21].

Phytolith research represents a multi-disciplinary field of investigation that encap-
sulates a range of scientific domains, including paleoecology, zoology, geology, pedology,
agronomy, and archaeology. The study of phytoliths is integral to unraveling their bio-
logical complexities, a task compounded by the diverse range of factors that influence
phytolith production, including differences in plant organs, genotypes, and ages [10]. Cur-
rent research on phytoliths has primarily focused on agricultural archaeology [22,23], C
isotope research [24,25], paleoclimate reconstruction [26], phytolith radioactive dating [27],
and plant taxonomy [28]. Recently, there has been a growing interest in the production
and accumulation of phytoliths and their potential role as C sinks in terrestrial ecosystems.
Existing research has mostly focused on grasses with outstanding silicon accumulation
ability, systematically elucidating the generation rules of their phytOC. Previous stud-
ies have indicated that bamboo in forest ecosystem [10,29], some herbaceous plants in
grassland ecosystems [30,31], wheat in farmland ecosystems [14,32], and rice [33,34] and
reed [19,20] in wetland ecosystems have significant potential as phytolith C sequestration
sources, providing fresh opportunities to address global warming. However, the vegetation
studied is mainly distributed in subtropical regions [35,36]. In the northern forests, which
account for 30% of the global forest area, especially in the cold temperate coniferous forests
dominated by Larix gmelinii, there is still a lack of quantitative research on the generation
pathways, occurrence characteristics, and contribution of soil phytOC to soil carbon pools.
The tannic acid rich in the litter of Larix gmelini may form a unique carbon sequestration
mechanism through co-precipitation with phytoliths or by inhibiting microbial activity
to prolong the retention time of phytOC. In addition, the distribution area of this tree
species extensively undergoes seasonal freeze-thaw cycles, and its physical disturbance
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may further affect the vertical migration and stability of soil phytOC. Clarifying the above
process will not only reveal the unquantified carbon sink potential of northern coniferous
forests but also provide key parameters for high-dimensional ecosystem carbon balance
models of global vegetation.

The latitude span of eastern China is large, including multiple climate zones such
as cold temperate, middle temperate, subtropical, and tropical, forming significant tem-
perature and precipitation gradients. This provides a natural experimental platform for
studying the regulatory mechanisms of environmental factors on the formation and preser-
vation of soil phytOC. Eastern China covers typical forest types worldwide, and different
forest types correspond to differentiated plant functional traits (such as silicon absorption
capacity and litter quality) and soil physicochemical properties (such as pH and clay miner-
als). Systematic research on phytOC dynamics in this region can comprehensively evaluate
the regional carbon sink function. Therefore, this study aimed to address (1) the differences
in forest soil phytOC across various latitudes in Eastern China, and (2) the impacts of
climatic factors and soil chemical properties on soil phytolith and phytOC accumulations.
We hypothesized that soil phytolith and phytOC would exhibit a clear zonality feature, and
that any increase in temperature or precipitation would lead to a reduction in their content
and storage in the soil. This research is imperative due to its potential contribution to our
understanding of phytolith-based C sequestration and its subsequent impact on mitigating
global warming severity. Furthermore, a deeper knowledge of the factors influencing soil
phytOC variability can initiate restructuring of ecosystem management practices, improve
C storage strategies, and facilitate more effective forest conservation methods.

2. Materials and Methods
2.1. Study Site

This study focused on four typical forest ecosystems that are regionally representative
in eastern China. The research spanned across eastern China, covering an area between
19.87-50.94° N and 109.77-121.53° E, which comprises different climatic zones such as
cold temperate, middle temperate, subtropical, and tropical zones. The average annual
temperature ranges from —5.3 to 23.5 °C, while the average annual precipitation ranges
from 369 to 1815 mm. Table 1 shows the basic geographic information of the study sites
and the selected forest types.

Table 1. Basic information of each plot.

ID Longitude (E) Latitude (N) Climatic Zone Dominant Species NfAT MAP

(@) (mm)

1 109.77° 19.87° Tropical zone " Atica mangachapoi, Musa basjoo, Hevea 5 1815

brasiliensis, Acacia mangium
2 119.87° 30.60° Subtropical Cyclobalanopsis glauca, 14.5 1379
o o Castanopsis sclerophylla,

3 119.68 30.20 zone Schima superba, Pinus massoniana 16 1614
4 121.38° 47.53° Middle Larix gmelinii, Betula platyphylla 1.3 420
5 120.64° 47.53° temperate zone Larix gmelinii, Betula platyphylla —2.6 431
6 119.99° 47.33° p Betula platyphylla ~11 369
7 121.50° 50.94° Cold -5.3 402
8 121.34° 50.94° old temperate Larix gmelinii -53 399
9 121.53° 50.90° zone ~52 405

Note: MAT-mean annual temperature, MAP-mean annual precipitation.
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2.2. Soil Sampling and Analysis
2.2.1. Soil Sampling

The forest soil data for both the cold temperate zone and the middle temperate zone
were obtained through field sampling and analysis. Three sample sites were chosen based
on vegetation status from each zone in the Great Khingan Mountains. Sample sites were
chosen for soil profiles of 0-30 cm depth, with three soil samples collected from each site.
To reduce the impact of soil heterogeneity on sampling error, three samples were combined
into a mixture for analysis. After being brought to the laboratory, the soil samples were
air-dried and then subjected to soil property determination and phytolith extraction, with a
2 mm sieve and a 0.15 mm sieve being used, respectively. Data for tropical and subtropical
forest soils were extracted from prior research [37,38]. Four sampling sites were selected for
each region based on vegetation conditions, and four surface soil samples were collected
at each sampling site. The combined samples of each sampling site were analyzed to
reduce the impact of soil heterogeneity on sampling errors. The local experiments and
cited literature are consistent in terms of soil sample processing and phytolith extraction
methods. To ensure comparability of data, soil depths of 0-30 cm were selected for both.

2.2.2. Soil Properties Determination

Soil pH was determined using a pH meter in a soil/water mass ratio of 1:5 (w/v).
Soil total organic C (TOC) content was determined by the potassium dichromate oxidation
spectrophotometric method (HJ 615-2011) [39], whereas rapidly-available potassium (AK)
and available phosphorus (AP) were determined by the universal extract-colorimetric
method (NY/T 1849-2010) [40].

2.2.3. Phytolith and PhytOC Content Extraction and Determination

Phytolith was extracted from air-dried soil (<0.15 mm) using a modified wet air
oxidation method and heavy liquid flotation method [19,41,42]. The procedure involved
complete removal of organic matter and separation of samples by a heavy liquid flotation
and centrifugation technique, using ZnBr; (specific gravity of 2.35) as the heavy liquid,
to obtain pure phytolith samples [43]. The contents of phytOC were measured using an
Element Analyzer (Thermo Fisher, FlashSmart, Waltham, MA, USA).

2.3. Data Calculation and Statistics
The relevant indices of soil phytolith and phytOC were calculated as follows [44,45]:

Soil phytolith content (g kgfl) = phytolith weight (g)/ soil weight (kg) (1)

Soil phytOC content (g kgfl) = carbon occluded in phytolith(g)/ soil weight (kg) (2)

Soil phytolith storage (t hmfz) = X [soil phytolith content (g kgfl) x bulk density (g cm*3> x soil depth(cm) /10] (3)

Soil phytOC storage (t hmfz) = X [soil phytOC content (g kgfl) x bulk density (g cm*3) x soil depth(cm) /10]  (4)

Data on temperature and precipitation were collected from the Climate AP model’s
website (http://climateap.net/ (accessed on 10 March 2021)) for analysis. The data statistics
were performed using SPSS 22.0 software. This study investigated the latitudinal charac-
teristics of soil phytolith and phytOC, as well as the effects of meteorological factors and
soil chemical indicators on soil phytolith and phytOC. A one-way ANOVA was employed
to analyze differences in the quantitative characteristics of soil phytolith indices and soil
chemical properties. The relationships between soil phytolith indices and soil chemical
properties were investigated using Pearson Correlation Analysis. The results are presented
in figures using Origin 2019 and Excel 2020.
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3. Results
3.1. Soil Chemical Properties in Different Climatic Zones

Our results, as shown in Table 2, demonstrated a gradual increase in TOC content
as the climatic zone shifted from south to north, with the order of cold temperate forest
(94.67 g kg~!) > middle temperate forest (59.56 g kg ~!) > subtropical forest (12.81 g kg~ 1)
> tropical forest (5.54 g kg~1). The TOC contents in the tropical and subtropical forests
were significantly lower than those in the temperate forests (including middle temperate
and cold temperate zones). In terms of pH, the middle temperate forest exhibited the
highest value (5.63), followed by the cold temperate forest (5.53), tropical forest (4.69), and
subtropical forest (4.50). The values in the temperate forests were significantly higher than
those in the tropical and subtropical forests, which may reflect differences in vegetation
composition, soil parent material, and climate. There were significant differences among
different climatic zones in the variation rule of AP content, which was consistent with
the pH value. Finally, the AK content followed the order of middle temperate forest
(245.85 mg kg 1), cold temperate forest (101.82 mg kg~ !), subtropical forest (55.39 mg
kg’l), and tropical forest (32.67 mg kg’l), and the content in the middle temperate forest
being significantly higher than that in the other climatic zones. These findings suggest that
climate and soil properties, such as mineralogy and texture, may influence the availability of
potassium for plant growth and productivity. Overall, our results highlight the importance
of considering climate and soil properties when assessing the status and sustainability of
forest ecosystems.

Table 2. Statistics of soil indexes in different climatic zones of China.

Climatic Zone TOC (gkg™1) pH AP (mg kg1) AK (mg kg™1)
Tropical zone 554 £2.05a 4.69 = 0.06 a 498 +139a 32.67 £20.90 a
Subtropical zone 1281 +211a 450£0.16a 0.79+0.21b 5539 £17.51 a

Middle temperate zone 59.56 £42.15b 5.63 £027b 1922 +4.19c 24585+ 131.99b
Cold temperate zone ~ 94.67 £1431c 553 +0.38b 1131 +227d  101.82+13.87a
Mean 37.08 £ 39.62 492 £ 0.55 742 +753 98.23 £ 95.23

Note: The statistical data for tropical and subtropical regions were obtained from the studies of He [37] and
Lin [38]. Lowercase letters represent statistically significant differences among different climatic zones.

3.2. Latitudinal Zonality of Soil Phytolith and PhytOC

There was a significant exponential increase in the content of soil phytolith with
increasing latitude (p < 0.01), as depicted in Figure 1a. Furthermore, we found that the
order of soil phytolith content followed a geographic pattern with the cold temperate
forest having the highest content (20.92 g kg 1), followed by the middle temperate forest
(14.08 g kg™ 1), subtropical forest (9.00 g kg~!), and tropical forest having the lowest
content (5.30 g kg~ !). The soil phytolith contents in the tropical and subtropical forests
were significantly lower than those in the cold temperate forest; however, there was no
significant difference noted between adjacent climatic zones, such as tropical forest and
subtropical forest, subtropical forest and middle temperate forest, and middle temperate
forest and cold temperate forest. The results revealed a significant linear increasing trend
(p < 0.01) in the soil phytOC content with the increase in latitude, as shown in Figure 1b,
which shared the same pattern with soil phytolith content. Specifically, the soil phytOC
content in the cold temperate zone was the highest (0.61 g kg~!) and significantly higher
than that in other climatic zones (p < 0.05), while the tropical zone exhibited the lowest
content (0.08 g kg™!). Our findings demonstrate that latitude plays an essential role in
influencing the contents of soil phytolith and phytOC in different forest types. This study
enhances our understanding of the biogeochemical processes of phytolith accumulation
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Figure 1. Variation characteristics of soil phytolith and phytOC content with latitude. (a) Soil
phytolith content with latitude; (b) Soil phytOC content with latitude; (c) Soil TOC content with
latitude; (d) Soil phytOC/TOC with latitude. Lowercase letters represent statistically significant
differences among different climatic zones.

The results demonstrated an evident exponential increase in TOC content with in-
creasing latitude (p < 0.01) (Figure 1c). Our data showed that cold temperate forest had the
highest TOC content (94.67 g kg~ 1), followed by middle temperate forest (59.56 g kg~1),
subtropical forest (12.81 g kg 1), and tropical forest (5.54 g kg~ !). Notably, the TOC content
in the temperate forest was significantly higher than that in tropical and subtropical forests,
and there was a significant difference between the cold temperate forest and the middle
temperate forest. Furthermore, the proportion of soil phytOC decreased linearly with
increasing latitude (p < 0.05) (Figure 1d). The order from highest to lowest proportion of
soil phytOC was tropical forest (1.68%), subtropical forest (0.86%), cold temperate forest
(0.65%), and middle temperate forest (0.24%). Interestingly, the proportion of soil phytOC in
the middle temperate forest was significantly lower than that in the tropical forest (p < 0.05),
but there was no significant difference among other climate zones (p > 0.05).

3.3. Relationship Between Soil Phytolith Factors and TOC

The correlation between the soil phytOC content, soil phytolith content, and C content
occluded in phytolith was found to be significantly positive, as depicted in Figure 2
(p < 0.01). This suggests that the joint action of phytolith and C occluded in phytolith led to
the increase in soil phytOC storage, with C occluded in phytolith having a greater influence.
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Additionally, there was a significant positive correlation between soil phytolith content,
phytOC content, and TOC content (p < 0.01). An increase in TOC content would facilitate
the formation and accumulation of soil phytolith and phytOC.
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Figure 2. Scatter plots of soil phytolith, phytOC, and TOC. (a) Scatter plot of soil phytOC content
and soil phytolith content; (b) Scatter plot of soil phytOC content and carbon content occluded in
phytolith; (c) Scatter plot of soil phytolith content and soil TOC content; (d) Scatter plot of soil phytOC
content and soil TOC content.

3.4. Effects of Soil Chemical Properties and Climatic Factors on Soil Phytolith and
PhytOC Accumulation

Temperature and precipitation played significant roles in the formation and accumula-
tion of soil phytolith and phytOC (Figure 3). A negative correlation was observed between
soil phytOC and phytolith with temperature (p < 0.01), indicating a significant increase in
soil phytolith and phytOC with a decrease in temperature. Similarly, a negative correlation
was observed between soil phytOC and phytolith with precipitation (p < 0.05), suggesting
that a decrease in precipitation led to a significant increase in soil phytOC and phytolith.
Therefore, low temperature and optimal precipitation levels are favorable for the formation
and accumulation of soil phytolith and phytOC.

The correlation coefficients between soil phytolith indices and soil chemical properties
were presented in Figure 4. The soil phytolith content showed a significant (p < 0.01 or
p < 0.05) positive correlation with TOC, pH, and AP, with correlation coefficients of 0.806,
0.687, and 0.521, respectively. Similarly, a positive correlation was observed between soil
phytOC content and TOC content (r = 0.774, p < 0.01) and pH (r = 0.551, p < 0.01). The ratio
of phytOC/TOC exhibited a negative correlation with AP (r = —0.571, p < 0.05).
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Figure 3. Variations of soil phytolith and phytOC content with temperature and precipitation.
(a) Scatter plot of soil phytolith content and temperature; (b) Scatter plot of soil phytOC content and
temperature; (c) Scatter plot of soil phytolith content and precipitation; (d) Scatter plot of soil phytOC
content and precipitation.
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3.5. Soil Phytolith and PhytOC Storage in Different Climatic Zones

The storage of soil phytoliths among different climatic zones showed a distinct pattern
from south to north, as illustrated in Figure 5. The highest phytolith storage was in the
cold temperate forest, with a value of 41.01 t ha1, followed by the middle temperate forest
(29.57 tha™1), subtropical forest (21.59 t ha—1), and tropical forest (15.88 t ha1). The soil
phytolith storage in the tropical and subtropical forests was significantly lower than that
of the cold temperate zone, indicating differences in the distribution and composition of
plant species among these areas. In terms of soil phytOC storage, the cold temperate forest
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showed the highest value of 1.20 t ha=1 followed by the subtropical forest (0.27 t ha’l),
the middle temperate forest (0.24 t ha—1), and the tropical forest (0.23 t ha—1). The soil
phytOC storage in the cold temperate forest was significantly higher than that in the other
three climatic zones, pointing to variations in the amount and quality of organic matter
and carbon fixation processes in soils across different forest types.

100 1 2.0
O Soil phytolith storage
O Soil phytOC storage

[~
(=]
T
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o 172]
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g2 t a ’—X“ ]E 1042
0 | | | ! ! | I ! 0.0
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Climatic zones

Figure 5. Soil phytolith and phytOC storage in different climatic zones. Lowercase letters represent
statistically significant differences among different climatic zones.

Overall, the study findings suggest that climatic conditions and vegetation character-
istics have a significant impact on the storage and distribution of phytoliths and phytOC in
soils, which in turn may influence ecosystem functions and services in different regions.

4. Discussions
4.1. Characteristics of Soil phytOC in Larix gmelinii Forests

In recent years, there has been a growing interest in the study of soil phytOC content in
different vegetation types and regions. Numerous studies have been conducted assessing
soil phytOC content in various environments. For instance, research has shown that
soil phytOC content in Moso bamboo forest is 0.195%., compared to 0.165%. in China
fir forest [38]. Moreover, the content in paddy soil and the Loess Plateau is 0.203 %o [46]
and 0.024 %o [42], respectively. Our study discovered that the mean soil phytOC content
in Larix gmelinii forest is 0.588 %0, which is higher than that of the other vegetation types
mentioned earlier.

Several studies have highlighted the importance of organic matter encapsulation in
the formation [10,14] of phytoliths during plant growth periods [19] for carbon sequestra-
tion in phytoliths. In the Larix gmelinii forest, our study observed a significant positive
correlation between the soil phytOC content and soil phytolith content, as well as C content
occluded in phytolith. This finding is consistent with several studies, including those by
Lietal. [19,20,33], Zuo et al. [42], Guo et al. [47], and Zhao et al. [48], which suggests that
the phytOC content in forest soils is jointly affected by phytolith content and C content
occluded in phytolith. The C capture capacity during phytolith deposition in plants also has
a significant impact on soil phytOC [10,13,14,49]. The soil phytolith content and the carbon
occluded in phytolith in cold temperate forest soils are higher than those in tropical forests,
resulting in a much higher phytOC content in cold temperate forest soils than in tropical
forests. On one hand, coniferous tree species enhance their frost resistance and resistance
to pathogens through silicification structures, resulting in higher silicon accumulation than
non-grasses. On the other hand, plants in cold temperate regions have a stronger ability to
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capture carbon during the deposition of phytoliths, which can encapsulate more carbon;
Meanwhile, the cold environment is more conducive to the stability of silicone implants.

4.2. Influencing Factors of Soil Phytolith and PhytOC

The accumulation of soil phytoliths can increase the stocks of soil phytOC, and three
key factors must be taken into account: accumulation rate, dissolution, and migration of
phytoliths [42]. The accumulation of phytoliths is mainly controlled by the return flux
and stability of soil phytoliths in different environmental conditions. Previous studies
have demonstrated that the return flux of phytoliths plays a significant role in determining
the overall accumulation trend of soil phytoliths in different ecosystems [19,46,50,51]. It
has been found that the release of phytoliths into the soil occurs when plants die and
decay. If the input of phytoliths exceeds their decomposition and migration, phytoliths will
accumulate [48].

The yield of aboveground plants is the key factor controlling phytoliths in soil. As such,
the return flux of phytoliths is directly influenced by the forest types present in an ecosystem.
The affected NPP is likely the most critical factor that determines soil phytOC [42]. The
phytolith flux in ecological communities is also influenced by the phylogenetic level of plant
species and the composition and distribution of herbs and trees in different forests [48].
Zhang et al. [50] has confirmed that there is a significant link between soil phytOC storage
and the aboveground plant community. They found that higher litter recovery contributed
to phytOC sequestration in forest soils. Vegetation type and growth status (i.e., age) also
play a significant role in litter recovery. Yang et al. [52] found that community composition,
phytolith yield for each plant, biomass ratio of aboveground herbaceous plants to tree
leaves (i.e., needles), and the source of soil phytoliths could control the distribution of soil
phytoliths, affecting biogenic silicon stability and geochemical cycling. Further research on
these factors is vital to understand the role of phytoliths in carbon sequestration in different
ecosystems fully. Furthermore, tree species also have a certain impact on the stability of
phytoliths due to the differences in their chemical properties [51,53]. For instance, broad-
leaved phytoliths are more unstable than coniferous phytoliths in temperate forest soils,
where the biological cycle of silicon in broad-leaved leaves is faster [54]. Larix gmelinii
is a dominant tree species in the cold temperate zone. As a coniferous tree species, it
enhances its frost resistance and resistance to pathogens through silicification structure,
and its silicon content is higher than that of non-grasses [55]. At the same time, the C/N
ratio and lignin content of its leaf litter are high, and the surface is covered with a wax layer,
which decomposes slowly, thereby prolonging the release time of silicon [56]. The thick
layer of undecomposed litter formed by the Larix gmelinii also reduces soil disturbance
and protects the lower layer of plant silicon from oxidation and water erosion. The Larix
gmelinii has constructed a unique “high silicon input-slow turnover” carbon sequestration
mode in cold temperate soils through the above traits. Therefore, the phytOC content in
forest soils in cold temperate zones is significantly higher than that in other climatic zones.

The stability of soil phytoliths is a vital aspect that influences soil phytOC storage, and
this is mainly determined by physical and chemical properties, as well as environmental
conditions. Under the same environmental conditions, the stability of soil phytoliths
remains constant [50]. Soil phytoliths have low water use efficiency, small surface area,
and high aluminum concentration [57,58], making them less soluble in the soil compared
to plants. In addition to different plant communities, soil characteristics (such as bulk
density), biological disturbances (such as earthworm creep), and climatic conditions (such
as precipitation and temperature) also play an important role in the distribution and
migration of soil phytoliths [42,51,59,60]. Soil properties are another significant factor
affecting the preservation and retention of phytoliths and phytOC in soils. Several soil



Forests 2025, 16, 887

11 of 15

characteristics, such as soil texture [61] and pH [62,63], can have significant effects. Soil
factors like water and pH not only impact the accumulation of soil phytoliths [64] but also
influence the assimilation of silicon by plants from the soil solution [15,52,58]. Research
has demonstrated that plants growing in soils with low pH and high organic matter have
the ability to absorb and accumulate greater amounts of silicon, thereby promoting the
accumulation of phytoliths and enhancing carbon sequestration [11]. In our study, we
discovered a significant positive correlation between soil phytolith content and TOC content
(p < 0.01), demonstrating that the more litter input, the more phytolith accumulation in
forest soil [50]. Furthermore, we also found a significant positive correlation between soil
phytolith content and pH (p < 0.01). Generally, phytoliths tend to dissolve more easily
under alkaline conditions [11]. An acidic environment with a lower pH value can reduce
the nucleophilic attack of OH™ on the = Si-O-5i = bond [65], which increases phytolith
stability for a longer period, leading to increased phytOC storage [62,63,66]. However, in
contrast to those findings, other studies have demonstrated a significant positive correlation
between the content of available silicon in soil and soil pH [67,68], which is consistent with
our results. Leaching can decrease soil phytoliths, which in turn reduces the C storage
of soil phytoliths [69]. In southern China, leaching is a prominent phenomenon that is
influenced by lower pH values, resulting in greater silicon leaching [67]. Zuo et al. [42]
conducted a study on soil phytOC from the Loess Plateau and discovered variations in soil
phytolith C density (SPCD) among different soil types having the same plant community.
Therefore, the relationship between soil pH and phytoliths varies depending on soil and
plant species, and a comprehensive analysis of these variables is crucial for the study
of phytoliths. Additionally, there exists a significant correlation between soil phytoliths
and AP (p < 0.05). As soil phytoliths remain relatively stable, soil nutrients indirectly
promote their formation and accumulation of silicon by enhancing plant growth, increasing
absorption of soluble silicon by plant roots, and accumulating silicon in phytoliths [48,69].

The accumulation of phytolith is influenced by several factors, including species
and soil environment, such as pH, temperature, water, and nutrients. Phytoliths are also
impacted by climate, human activities, and other factors, which can lead to varying levels of
phytolith accumulation among different soil types and ecological settings [15,42,48,50,70].
Further analysis has shown that biogeochemical activities also affect the stability of soil
phytoliths. This study indicates that temperature and precipitation play important roles
in the formation and accumulation of soil phytoliths and phytOC [42]. There was a
significant negative correlation between soil phytoliths and phytOC with temperature and
precipitation (Figure 3), indicating that low temperature and optimal precipitation levels
are conducive to the formation and accumulation of soil phytoliths and phytOC. In tropical
regions, where high temperatures and humidity prevail [71], the stability of soil phytoliths is
significantly reduced, limiting their accumulation in comparison to subtropical regions [72].
Therefore, phytolith storage is typically lower in tropical soils than in subtropical soils
due to the weaker biogeochemical stability of soil phytoliths. The Larix gmelinii forest
studies showed higher soil phytolith and phytOC contents compared to other regions. The
forest is located in the cold temperate zone, where low temperature helps to preserve soil
phytoliths. These results suggest that the accumulation of phytoliths is influenced by a
combination of biogeochemical and environmental factors, and that cold temperate zones
may provide optimal conditions for phytolith storage. We also found that the ratio of soil
phytOC to TOC exhibited a latitudinal variation pattern opposite to that of soil phytolith
and phytOC content. Due to the relative stability of phytOC protected by siliceous shells,
this phenomenon is more influenced by soil TOC. In tropical regions, easily decomposed
litter dominates, with a high proportion of activated carbon pools. Moreover, the high
temperature and humidity throughout the year promote microbial activity and enzymatic
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reactions, leading to rapid decomposition of organic carbon (such as lignin and cellulose).
Therefore, the proportion of phytOC is relatively high. As latitude increases, the low
temperature season prolongs, microbial activity is limited, the overall decomposition rate
of organic carbon slows down, and the accumulation increases.

The high phytOC content in cold temperate forests provides a unique “slow cycling”
carbon pool for carbon neutrality goals. When afforestation or ecological restoration is con-
sidered, silicon-rich tree species (such as Picea asperata, Larix gmelinii) can be prioritized to
maximize the input of plant silicon and carbon. The mixed forest configuration of high silica
tree species and high productivity tree species to balance short-term and long-term carbon
sequestration should be considered. Silicon fertilizer in silicon-poor areas to improve plant
silicon absorption efficiency should be promoted. In forest management, the following
should occur: promote low disturbance management modes, maintain understory veg-
etation cover, reduce soil disturbance, and extend carbon sequestration time. Phytolith
carbon can be included in the “long-term soil carbon pool” of the national greenhouse gas
inventory. By selecting silicon-rich tree species, managing soil silicon availability, imple-
menting low-disturbance management, and innovating carbon accounting, a combination
strategy is adopted to enhance carbon sequestration efficiency and climate resilience in
cold temperate regions, providing a reference for the development of climate solutions.

5. Conclusions

In conclusion, our study showed that there was a distinct latitudinal zonation in the
content of phytolith and phytOC in Chinese forest soils. The concentration of soil phy-
toliths exhibits an exponential increase with higher latitudes, whereas the concentration
of phytOC shows a gradual linear increase. The highest concentrations of both soil phy-
toliths and phytOC are observed in the cold temperate forests, whereas the tropical and
subtropical forests exhibit lower concentrations. Furthermore, the storage of soil phytoliths
and phytOC is significantly higher in cold temperate forests compared to their tropical and
subtropical counterparts.

The increase in soil phytOC storage is primarily attributed to the occluded C in phy-
tolith, which has a significant influence on the combined impact of phytolith and C occluded
in phytolith. The formation and accumulation of soil phytolith and phytOC are influenced
by temperature and precipitation, with low temperature and suitable precipitation being
more conducive. Moreover, the pH, organic matter, and nutrients of soil can also play a
role in the formation and accumulation of soil phytoliths.

The accumulation and stability of phytoliths in soil are impacted by various factors,
including biogeochemical activities, climate, and species composition. This work highlights
the role of litter recovery, phytolith content, C occluded in phytolith, and vegetation type
and growth status in affecting soil phytOC content. These findings contribute to a better
understanding of the complex mechanisms underlying C sequestration in phytoliths in
forest soil ecosystems. Our research provides valuable insights into the patterns of soil
phytolith and phytOC storage in Chinese forest soils, which can aid in enhancing our
understanding of the biogeochemical cycles of C in forest ecosystems.

Of course, due to sample limitations, this study has certain spatial limits. In the
future, the distribution and quantity of samples should be further expanded, and statistical
methods should be used to construct a theoretical model framework to deeply explore the
environmental impact mechanism of forest soil phytOC.
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