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Abstract

Phytolith carbon (C) sequestration plays a key role in mitigating global climate change
at a centennial to millennial time scale. However, previous estimates of phytolith-
occluded carbon (PhytOC) storage and potential in China's grasslands have large un-
certainties mainly due to multiple data sources. This contributes to the uncertainty
in predicting long-term C sequestration in terrestrial ecosystems using Earth System
Models. In this study, we carried out an intensive field investigation (79 sites, 237 soil
profiles [0-100 cm], and 61 vegetation assessments) to quantify PhytOC storage in
China's grasslands and to better explore the biogeographical patterns and influenc-
ing factors. Generally, PhytOC production flux and soil PhytOC density in both the
Tibetan Plateau and the Inner Mongolian Plateau had a decreasing trend from the
Northeast to the Southwest. The aboveground PhytOC production rate in China's
grassland was 0.48 x 10° t Co, al, and the soil PhytOC storage was 383 x 10° t
CO,. About 45% of soil PhytOC was stored in the deep soil layers (50-100 cm), high-
lighting the importance of deep soil layers for C stock assessments. Importantly, the
Tibetan Plateau had the greatest contribution (more than 70%) to the PhytOC storage
in China's grasslands. The results of multiple regression analysis indicated that alti-

tude and soil texture significantly influenced the spatial distribution of soil PhytOC,
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1 | INTRODUCTION

Reducing atmospheric carbon dioxide (CO,) emissions to mitigate
global climate change is one of the biggest challenges for humanity
(Fang et al., 2018; Hanssen et al., 2020). Being an important carbon
(C) sink, the terrestrial ecosystem removes about 20-30% of the total
anthropogenic CO, emissions (Tang et al., 2018). Biogeochemical C
sequestration in terrestrial ecosystems, therefore, plays a signifi-
cant role in mitigating global warming (Beaulieu et al., 2012; Parr &
Sullivan, 2005; Parr et al., 2010; Song et al., 2012a, 2016). Previous
studies on terrestrial C sequestration have been focused on the ac-
cumulation of biomass C and soil organic carbon (SOC) (Erb et al.,
2018; Gherardi & Sala, 2020; Yao et al., 2018). However, as an im-
portant long-term stable C sequestration mechanism, the role of
phytolith C sequestration in plants and soils has not been systemat-
ically studied at a national scale.

Plants absorb dissolved silicon (Si) from soil solution in the form of
monosilicic acid (H,SiO,), transport it through the xylem via transpi-
ration, and eventually deposit it in cell luminas, cell wall, and intercel-
lular spaces to form phytoliths (Biru et al., 2021; Ma, 2003; Neumann,
2003; Piperno, 1988). Phytolith content (expressed as % dry matter)
ranges from lower than 0.5% in most Dicotyledons to higher than 15%
in some Poaceae (Parr et al., 2010; Song et al., 2016). This difference
is mainly attributed to the environmental conditions and plant Si re-
quirements (Guo et al., 2015; Hodson et al., 2005; Seyfferth et al.,
2013). During phytolith formation, approximately 0.2-5.8% of or-
ganic C can be occluded within phytoliths to form phytolith-occluded
carbon (PhytOC) (Parr & Sullivan, 2005; Parr et al., 2010), along with
other elements and water (Li et al., 2014). When the plant material de-
grades or is burnt, phytoliths are released into soils. Some soils contain
up to 3% of phytoliths, with the stable nature of PhytOC allowing C
to be stored in soils or sediments across millennia (620-2100 years)
(Parr & Sullivan, 2005; Wilding, 1967; Wilding et al., 1967). The abun-
dance of phytoliths is highest in surface soils and decreases with soil
depth (Blecker et al., 2006; Zhang et al., 2016a). The dissolution rate
of phytoliths depends on soil type, climatic factors, and soil microbi-
ological composition (Blecker et al., 2006; Song et al., 2016). The ac-
cumulation rate of soil PhytOC in terrestrial ecosystems is slow on
an annual-decadal scale but could account for 15~37% of the global
C sequestration rate at a centennial-millennial scale (Parr & Sullivan,

explaining 78.1% of the total variation. Soil phytolith turnover time in China's grass-
lands was mainly controlled by climatic conditions, with the turnover time on the
Tibetan Plateau being significantly longer than that on the Inner Mongolian Plateau.
Our results offer more accurate estimates of the potential for phytolith C sequestra-
tion from ecological restoration projects in degraded grassland ecosystems. These

estimates are essential to parameterizing and validating global C models.

carbon sink, China's grasslands, ecological restoration, phytolith-occluded carbon, Tibetan

2005). The PhytOC storage in soil is 400-1000 times larger than the
aboveground biomass in most terrestrial ecosystems (Blecker et al.,
2006; Song et al., 2016), suggesting that PhytOC is a key long-term
C sequestration mechanism and plays a crucial role in reducing atmo-
spheric CO, concentrations.

Grasslands are widely distributed terrestrial ecosystems and play
a crucial role in biogeochemical cycling of C and Si (Blecker et al.,
2006; Song et al., 2016). Grasslands in China cover an area of ap-
proximately 4 x 10% ha, accounting for 41.7% of country's territory,
and are mainly distributed in arid and semi-arid regions with various
climatic conditions and altitude (Liu et al., 2018b). There is significant
interest in the effects of climate change on the PhytOC production
and accumulation in grasslands of China, especially on the Tibetan
Plateau (Qi et al., 2016; Song et al., 2012b). The Tibetan Plateau is
the largest plateau (about 2.0 x 10° km?) on earth, and accommo-
dates various alpine ecosystem types (Yang et al., 2008). The Inner
Mongolian Plateau and the Tibetan Plateau have highly variable
mean annual temperature (MAT), mean annual precipitation (MAP),
and altitude. Previous studies have evaluated the PhytOC storages
in different grassland ecosystems (e.g., Pan et al., 2017; Qi et al,,
2016). However, these estimates cannot evaluate the current status
of PhytOC storage in China's grasslands. Moreover, little is known
about the impacts of various environmental conditions on phytolith
and PhytOC densities in China's grasslands.

To fill these knowledge gaps, we undertook an intensive field
sampling and analytical campaign to quantify phytoliths and PhytOC
across the Inner Mongolian Plateau and the Tibetan Plateau. The
main purposes of this study were to estimate the PhytOC storage in
China's grasslands and to elucidate the possible anthropogenic and
natural drivers of the spatial distributions of PhytOC storage to all

the parameterization of global C models.

2 | MATERIALS AND METHODS

2.1 | Studyarea

This study assessed five major grassland types including temper-
ate desert steppe (TDS), temperate typical steppe (TTS), temper-
ate meadow steppe (TMS), alpine steppe (AS), and alpine meadow
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(AM). The sites were located on the Inner Mongolian Plateau and
Tibetan Plateau of China, extending 4500 km from the Northeast to
the Southwest (Figure 1, Table 1). The growing season of vegetation
is mainly from May to September, during which 80% of the annual
precipitation occurs.

Grasslands of the Inner Mongolia Plateau include three steppes
(i.e., TDS, TTS and TMS), which belong to the continental semi-arid
grasslands of the Central Asian steppe ecosystem with a cold and
dry mid-latitude climate (Kawamura et al., 2005; Wiesmeier et al.,
2015). Meteorological data (1981-2010) shows a MAT from -2°C
to 9°C, MAP of 152 to 502 mm, and mean annual evaporation cov-
ering from 1200 to 2500 mm (Dai et al., 2014). The altitude ranged
from 185 to 2160 m. The TDS located in the west of the Inner
Mongolia Plateau had Calcisol as the dominant soil type and the
major community species were Cleistogenes squarrosa, Agropyron
mongolicum, and Carex duriuscula. The TTS is located around the
center of the Inner Mongolia Plateau, with Kastanozem as the
dominant soil type and vegetation being Stipa grandis, Stipa kry-
lovii, and Artemisia sacrorum. The TMS is located towards the east
of the Inner Mongolia Plateau, with the dominant soil type being
Chernozem, characterized as being very fertile with vegetation in-
cluding Stipa baicalensis, Filifolium sibiricum, and Carex pediformis
(Table 1) (Jin et al., 2018).

oo, MOEMIE

The native grasslands of the Tibetan Plateau are mainly covered
by AS and AM, which accounts for more than 60% of the area in pla-
teau (Yang et al., 2010). The region is characterized by cold weather
with a MAT of -4 to 3°C, and low rainfall with an MAP of 295 to
518 mm, and an altitude ranging from 3174 to 4703 m, with an av-
erage of 4000 m. The dominant species were Carex moorcroftii and
Stipa purpurea in AS, while Kobresia humilis and Kobresia pygmaea in
AM (Ding et al., 2016). Based on the FAO soil taxonomy system, soil
in both AS and AM was Cambisol (Yang et al., 2010).

2.2 | Field surveys and experimental analyses

This study selected a total of 79 sites including 20 sites on the Tibetan
Plateau and 59 sites on the Inner Mongolia Plateau (Figure 1), repre-
senting a wide range of climatic conditions and altitudes. At each site,
three soil profiles were excavated to the depth of 100 cm, and six
soil layers were identified and sampled. Bulk density samples were
obtained for each soil profile using the cutting ring method (100 cm®
in volume). At the same location, 1 x 1 m quadrats with three rep-
licates were randomly selected and the aboveground biomass was
collected for calculating the aboveground net primary productiv-
ity (ANPP). After manually removing roots and stones, soil samples
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FIGURE 1 Distribution of sampling
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TABLE 1 Location, environment characteristics, and grassland type of each sampling site in China's grassland ecosystem

Latitude Altitude MAT MAP

©) (m) (°C) (mm) Grassland type
43.54 210 7.03 339.24 TDS
43.42 290 7.24 352.98 TDS
43.23 472 6.99 356.24 TDS
43.36 724 6.55 363.45 TDS
43.97 1126 2.54 243.33 TDS
43.85 1047 2.22 264.23 TDS
43.78 1026 4.07 178.86 TDS
43.70 915 4.57 152.50 TDS
42.19 1312 2.31 355.95 TDS
42.70 1159 3.42 282.95 TDS
42.75 1179 3.42 282.95 TDS
42.40 1265 2.31 355.95 TDS
38.79 1370 7.62 293.85 TDS
38.27 1297 7.78 291.41 TDS
38.36 1304 8.51 235.55 TDS
43.41 1191 3.25 394.42 TTS
43.21 1217 1.25 404.35 TTS
43.46 1276 1.51 369.30 TTS
43.70 1188 1.74 341.43 TTS
43.92 1102 2.44 280.89 TTS
44.29 1100 0.82 329.44 TTS
45.49 834 1.62 269.02 TTS
45.70 837 1.00 313.06 TTS
47.41 876 -2.28 434.58 TTS
48.26 880 -1.73 390.36 TTS
49.04 629 -0.88 349.16 TTS
41.06 1473 3.34 405.60 TTS
41.49 1400 3.34 405.60 TTS
41.70 1378 3.58 344.20 TTS
42.00 1464 3.22 301.57 TTS
42.07 1452 2.31 355.95 TTS
42.07 1398 2.31 355.95 TTS
42.66 1338 1.63 364.18 TTS
42.31 1381 2.32 367.13 TTS
42.20 1384 1.87 393.47 TTS
42.56 1544 1.20 428.77 TTS
42.81 1431 1.20 428.77 TTS
43.31 1269 1.25 404.35 TTS
43.52 940 1.92 392.15 TTS
43.64 907 4.86 377.80 TTS
44.52 297 5.91 380.02 TTS
4415 185 6.69 344.04 TTS
42.34 573 793 386.46 TTS
40.81 1386 4.42 380.45 TTS

N
N~

113.49
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TABLE 1 (Continued)

Longitude Latitude Altitude

Sites ©) ©) (m)

45 111.77 41.71 1462
46 111.23 40.17 1047
47 110.62 40.23 992

48 109.62 39.80 1490
49 105.60 36.50 2160
50 107.50 37.71 1285
51 108.70 37.99 1250
52 110.22 38.79 1237
53 119.44 45.39 937

54 120.93 46.27 534

55 117.89 49.48 545

56 118.91 49.36 633

57 120.63 49.29 650

58 120.88 49.12 711

59 122.01 48.69 620

60 100.63 35.56 3304
61 100.93 35.35 3174
62 98.14 34.93 4242
63 98.07 35.01 4301
64 99.18 35.36 3225
65 93.67 35.49 4633
66 92.94 34.84 4593
67 92.49 34.27 4703
68 91.68 32.19 4532
69 100.77 35.08 3565
70 101.12 35.3 3587
71 100.22 34.52 3778
72 96.74 32.89 3958
73 96.57 33.2 4289
74 95.87 33.73 4161
75 95.7 33.95 4178
76 98.45 34.85 4165
77 99.48 35.44 3224
78 100.13 37.36 3448
79 91.99 31.54 4310

I iy

MAT MAP

(°C) (mm) Grassland type
4.15 275.77 TTS
7.69 391.69 TTS
8.03 370.77 TTS
6.72 359.91 TTS
8.33 301.08 TTS
7.99 325.41 TTS
8.26 379.34 TTS
7.95 420.96 TTS
0.99 395.60 TMS
0.54 480.54 TMS
0.56 279.86 TMS
-0.55 310.52 TMS
-1.91 404.37 TMS
-1.91 404.37 TMS
-0.33 502.61 TMS
1.73 399.67 AS
1.35 406.35 AS
-2.53 328.93 AS
-3.58 409.53 AS
-0.10 348.77 AS
-1.27 232.73 AS
-4.03 306.90 AS
-3.30 295.87 AS
-1.40 456.20 AS
0.53 470.43 AM
1.40 439.73 AM
-0.13 507.00 AM
3.27 518.43 AM
0.70 493.87 AM
-0.20 462.36 AM
-0.90 436.07 AM
-0.16 406.26 AM
0.27 359.17 AM
0.00 390.77 AM
-0.40 456.00 AM

Abbreviations: AM, alpine meadow; AS, alpine steppe; MAP, mean annual precipitation; MAT, mean annual temperature; TDS, temperature desert

steppe; TMS, temperature meadow steppe; TTS, temperature typical steppe.

Note: MAT and MAP in AS and AM are quoted from Ding et al. (2016).

were air-dried and sieved (2 mm) prior to further analysis. Soils from
the bulk density rings from the Inner Mongolia Plateau were oven-
dried for 24 h at 105°C to a constant weight for calculation of bulk
density. The bulk density of soils from the Tibetan Plateau was cal-
culated based on the empirical formula between soil organic matter
and bulk density (Yang et al., 2007). Soil pH and EC were determined
with a soil/water mass ratio of 1:5 using a pH/conductivity meter

(Thermo, USA). The particle size distribution for soils from the Inner
Mongolia Plateau samples was determined by a Laser Particle Sizer
(Malvern Instruments Ltd., Worcestershire, United Kingdom), while
those for soils from the Tibetan Plateau was taken from Fang et al.
(2019). The SOC content was determined by combustion using an
Elementar Analyzer (Vario EL IIl, Elementar, Germany) after remov-
ing soil inorganic C with hydrochloric acid (1 mol L.
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2.3 | Phytolith extraction in plants and soils

Phytoliths from the aboveground vegetation were extracted using
a microwave digestion procedure (Parr & Sullivan, 2014). Phytoliths
from soils were firstly wet oxidized by 30% H,O, followed by a
heavy liquid suspension (ZnBr,, 2.36 g cm™®) (Zuo et al., 2014). The
phytoliths extracted from both plant and soil were digested using
the Walkley-Black method to make sure that any organic matter out-
side the phytolith was completely removed (Parr & Sullivan, 2014;
Walkley & Black, 1934). Thereafter, the extracted phytoliths were
then oven-dried to a constant weight at 60°C for 48 h. The phytolith
C content was measured by combustion using an Elementar Vario EL
I1l. Quality assurance of methodologies was checked with a standard
soil reference sample (GBWQ07405), and a precision better than 5%

was obtained.

2.4 | Data analysis
In this study, PhytOC production fluxes of aboveground biomass
were calculated based on the ANPP and plant PhytOC content as
follows (Song et al., 2012b):

PhytOC production flux = PhytOC content x ANPP (1)

where PhytOC production flux is the PhytOC weight of aboveground
biomass in per area per year (kg ha™ yr’i), PhytOC content is the
PhytOC content in aboveground biomass (%), and ANPP is the abo-
veground net primary production of different grassland ecosystems
(kg ha yrY).

PhytOC production rate of different grassland ecosystems was

calculated as follows:

PhytOC production rate = PhytOC production flux x area  (2)

where PhytOC production rate is the total PhytOC production amount
of aboveground biomass in different grassland ecosystems per year
(10° t yr'!), and the area is the total coverage of different grasslands
in China (10° ha).

Soil PhytOC density in each grassland ecosystem was calculated

as follows:

(1-C) 4

n
Soil PhytOC density = Z T, x BD; x (soil PhytOC content); x 100

i=1

where soil PhytOC density is the total amount of soil PhytOC per hect-
are in different grassland ecosystems (t ha™). T, BD, and C; are the
thickness (cm), bulk density (g cm™) and fraction percentage (>2 mm)
at each soil layeri(i=1, 2, 3...), respectively. Soil PhytOC content is the
PhytOC content at soil layer i.

Soil PhytOC storage was calculated as follows:

Soil PhytOC storage = soil PhytOC density x area (4)

where soil PhytOC is the total amount of soil PhytOC in each grassland
ecosystem (10° t). Soil PhytOC density was calculated by Equation (3)
and area is the total coverage of each grassland ecosystem in China
(10° ha).

In this study, assuming that the different grassland ecosystems
were at steady state and all phytolith production per area per year
would be returned to the soil profile via litter decomposition. We
calculated soil phytolith turnover time at a national scale based on
soil phytolith pool and phytolith return flux. Thus, soil phytolith
turnover times in the different grassland ecosystems were calcu-
lated as follows (Blecker et al., 2006):

soil phytolith density
phytolith production flux

(5)

Soil phytolith turnover time =

where the units of soil phytolith turnover, soil phytolith density and
phytolith production flux are year, t ha™* and t ha™ a%, respectively.
After the normality tests, least square difference and one-way
analysis of variance were used to evaluate whether the soil PhytOC
distribution significantly differed among the various grassland eco-
systems. Pearson correlation coefficients were performed to reveal
the correlations between density or storage of soil PhytOC and en-
vironment variables (e.g., MAT, MAP, pH, clay, silt). In addition, step-
wise multiple linear regression was performed to assess the variance
in soil PhytOC explained by soil physicochemical properties and cli-

matic factors.

3 | RESULTS

3.1 | Distribution of PhytOC across grasslands

The phytolith content of aboveground vegetation varied significantly
(p < .05) and ranged from 2.6% to 5.8% across different grassland
ecosystems (Table 2). Generally, phytolith content was the highest in
the AS (5.8 + 4.2%), followed by TMS (4.1 + 1.7%), TDS (4.2 + 2.6%),
AM (3.2 + 1.5%), and TTS (2.6 + 1.3%). The PhytOC content of
aboveground vegetation across different grasslands ranged from
0.0468 to 0.0738%, with no significant difference among different
grassland types (Table 2).

Soil phytolith and PhytOC densities exhibited a large spatial
variability across the Inner Mongolia Plateau and Tibetan Plateau
and generally decreased from the Northeast to the Southwest. On
the Inner Mongolia Plateau, soil PhytOC density decreased from
0.43 +0.01 tha™ in the TMS t0 0.26 + 0.02 t ha ' in the TDS. On the
Tibetan Plateau, soil PhytOC density decreased from 0.76 + 0.07 t
ha™ in the AM to 0.56 + 0.06 t ha™ in the AS (Table 3). The densi-
ties of soil phytolith and PhytOC in different grassland ecosystems
decreased in the order of AM > AS > TMS > TTS > TDS (Figure 2).
In addition, soil phytolith and PhytOC in soil profiles of different
grassland ecosystems displayed a similar vertical distribution pat-
tern, decreasing with increasing soil depth (to 100 cm). The propor-
tion of soil PhytOC in the top 50 cm averaged 55.2 + 1.7% (Figure 3).
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TABLE 2 PhytOC production fluxes and rates in different grassland ecosystems

Phytolith PhytOC contentin  ANPP? (kg
Grassland type content (%) plant (%) ha})
TDS 419 +2.63 0.0681 + 0.0490 608.6
TTS 2.58 +1.29 0.0495 + 0.0326 1671.4
TMS 4.06 +1.73 0.0610 + 0.0251 2887.3
AS 578 +4.22 0.0738 + 0.0570 677.0
AM 3.15+1.46 0.0468 +0.0269 1559.0

Total/average

Area® PhytOC production flux PhytOC production rate
(20° ha) (kg ha™t yr'l) (108t yr'1)
18.31 0.415 +0.298 0.0076 + 0.0055
38.52 0.827 +0.545 0.0319 +0.0210
7.64 1.762 + 0.725 0.0135 + 0.0055
70.81 0.499 +0.386 0.0354 +0.0273
58.73 0.730 £ 0.419 0.0429 +0.0246
0.847 +0.475 0.1311 + 0.0839

Abbreviations: AM, alpine meadow; AS, alpine steppe; TDS, temperate desert steppe; TMS, temperate meadow steppe; TTS, temperate typical

steppe.

2 ANPP, aboveground net primary productivities in different grasslands are quoted from Hu et al. (2006) and Shen et al. (2016).

b Area, the area of different grasslands are quoted from Ma et al. (2010).

TABLE 3 Densities of soil SOC,
phytolith and PhytOC, and soil PhytOC
storages in different grassland ecosystems

Grassland Type
TDS

TTS

TMS

AS

AM

Total/average

SocC Phytolith PhytOC PhytOC
density density density storage
(tha™) (tha™) (tha™) (10%¢)
46.88 33.87 +2.78 0.26 +0.02 4.78 +0.39
97.28 33.75+ 3.5 0.31+0.03 11.88 + 1.15
172.11 57.33 +2.08 0.43 +0.01 3.27 +0.10
57.32 81.06 + 5.51 0.56 +0.06 39.98 + 3.90
127.25 90.57 + 4.64 0.76 + 0.07 44.73 +4.02
0.46 +0.04 104.65 + 9.57

Abbreviations: AM, alpine meadow; AS, alpine steppe; TDS, temperate desert steppe; TMS,
temperate meadow steppe; TTS, temperate typical steppe; SOC, soil organic carbon.

Note: Soil depth is 100 cm.

3.2 | Production and storage of PhytOC in
different grasslands

The estimated production fluxes and accumulation rates of
PhytOC in different grassland ecosystems varied significantly
(Table 2, Figure 4b). PhytOC production flux was the highest in the
TMS (1.76 + 0.73 kg ha™ yr'?), followed by the TTS (0.83 + 0.55 kg
ha™lyr?), AM (0.73 + 0.42 kg ha™* yr'}), AS (0.50 + 0.39 kg ha™t yr'™®),
and TDS (0.42 + 0.30 kg ha™ yr'Y). However, PhytOC production
rate was highest in the AM (0.043 + 0.025 x 10° t yr™%), followed by
the AS (0.035 + 0.027 x 10° t yr') and TTS (0.032 + 0.021 x 10°
t yr'Y), and lowest in TMS (0.014 + 0.006 x 10° t yr'!) and TDS
(0.008 + 0.006 x 10° t yr'Y).

Estimated soil PhytOC storage varied greatly among different
grassland ecosystems at the national scale (Table 3). The soil PhytOC
stored within the top 100 cm soil layers of the TDS, TTS, TMS,
AS, and AM was calculated to be 4.8 + 0.4, 11.9 + 1.2, 3.3 + 0.1,
40.0 + 3.9, and 44.7 + 4.0 x 10° t, respectively. The 0-100 cm soil
layer of different grassland ecosystems in China stored a total of
104.7 + 9.6 x 10° t PhytOC and displayed significantly different ca-
pacities to store PhytOC (p < .05) (Figure 4a).

3.3 | Turnover times of soil phytoliths in
different grasslands

Phytolith turnover times calculated for the top soil layers
(0-100 cm) displayed a great spatial variability (p < .05), ranging from
489 + 42 years to 2072 + 193 years (Figure 5). The longest turno-
ver time was found on the Tibetan Plateau, where the turnover time
was significantly longer than that on the Inner Mongolia Plateau. The
turnover time for soil phytoliths on the Inner Mongolia Plateau was
in the order of TDS > TTS > TMS. No significant difference was ob-
served between the AM and AS (Figure 5).

4 | DISCUSSION

4.1 | Factors controlling the PhytOC in China's
grasslands

The national field survey provided a comprehensive data set of
PhytOC distribution in China's grasslands. Both the aboveground
PhytOC production fluxes and soil PhytOC densities showed a
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significant difference among the grassland ecosystems (p < .05)
(Tables 2 and 3). Aboveground PhytOC production flux in the
TMS was the highest among all grassland ecosystems. This large
difference may be linked to several factors including the vari-
ation in ANPP. For example, based on the remote sensing data
set of the vegetation index between 1982 and 2011 and sup-
porting field measurements, ANPP varied broadly from 610 to
28,900 kg-ha™-yr™ (Hu et al., 2006; Shen et al., 2016). Annual
variation of grassland ANPP showed a clear fluctuation among
the different regions. The availability of soil nutrients played a sig-
nificant role in controlling vegetative growth and ANPP (Fay et al.,
2015). The plant composition and diversity were also influenced
by precipitation and temperature (Jin et al., 2013; Shimono et al,,
2010; Tang et al., 2012). As reported by Shen et al. (2016), the spe-
cies richness decreased in the order of TMS (19) > AM (18) > TTS
(11) > AS (9) > TDS (8). The contents of phytoliths in different
plant species ranged from less than 0.5% (Dicotyledons) to more
than 15% (Poaceae) (Epstein, 1994; Parr et al., 2010), which was
mainly influenced by plant phylogeny (Ji et al., 2018) and bioavail-
ability of soil Si (Hodson et al., 2005; Song et al., 2016). Ji et al.
(2018) analyzed the Si contents of 184 plant species in grasslands
of Northern China and found that the Si contents of aboveground
biomass ranged from 2.15 to 6.53 g kg™X. In addition, previous
studies revealed that the addition of Si-rich fertilizers to agricul-
tural systems could increase soil Si availability, thereby enhancing
the phytolith content with the concomitant increase in Si uptake
by rice or wheat (Guo et al., 2015; Meena et al., 2014; Tombeur
et al., 2021). The different PhytOC contents among various grass-
land ecosystems could also be influenced by the carbohydrate
content of plant cell walls, which can increase the phytolith con-
tent of plant tissues (Hodson, 2016). Consequently, ANPP, plant
species composition, soil Si availability and PhytOC/phytolith con-
tent of aboveground biomass interact with each other and eventu-
ally lead to the current distribution status of PhytOC production
fluxes in grassland ecosystems.

Soil phytolith and PhytOC contents were generally the great-
est in the topsoil (usually in the A-horizon) and decreased with
increasing soil depth. This phenomenon was in agreement with
previous results for forest (Zhang et al., 2016a), wetland (Li et al.,
2013), and other grassland studies (Pan et al., 2017). These find-
ings suggest that the distribution of soil phytoliths and PhytOC is
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FIGURE 3 The percentage of soil PhytOC in different soil layers
in China's grassland

controlled by aboveground inputs, migration and dissolution fol-
lowed by microbial degradation in the soil profile (Blecker et al.,
2006; Fishkis et al., 2009). In addition, our results indicated that
soil PhytOC density on the Tibetan Plateau was significantly higher
than that on the Inner Mongolia Plateau (Table 3, Figure 6), which
was mainly due to the environmental differences (e.g., MAT; MAP
and altitude) between the two plateaus. It should be noted that
soil PhytOC densities on the Inner Mongolia Plateau and Tibetan
Plateau generally decreased from the Northeast to the Southwest.
All these distribution trends are influenced by the ANPP, climatic
factors and soil physicochemical properties. The soil PhytOC
density increased with increasing aboveground PhytOC pro-
duction fluxes in both the Tibetan Plateau and Inner Mongolia
Plateau (Figure 6), indicating that ANPP and aboveground phyto-
lith content play a key role in regulating soil PhytOC density (Li
et al., 2013; Zhang et al., 2016a). Climate has been shown to be
an important influencing factor for soil PhytOC density (Blecker
et al., 2006; Zhang et al., 2020). Our data showed that soil PhytOC
density was negatively correlated with MAT, but positively with
MAP (Figure 7). Increasing temperature could enhance the de-
composition of soil phytoliths by stimulating soil microbial activity
(Song et al., 2016; Yang et al., 2008). However, precipitation leads
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to increasing availability of soil water, increasing NPP (Bai et al.,
2008; Wynn et al., 2006), and positively influencing PhytOC pro-
duction and consequently density of PhytOC in soil.

Soil PhytOC densities in both the Inner Mongolia Plateau and
Tibetan Plateau were significantly different (Inner Mongolia Plateau:
TMS > TTS > TDS; Tibetan Plateau: AM > AS) (Table 3). These differ-
ences are due to the differences in production inputs, and migration,
dissolution and microbial degradation. The aboveground PhytOC
production fluxes of TTS and TMS on the Inner Mongolia Plateau
were significantly higher than that on the Tibetan Plateau, however,
the average soil PhytOC density on the Tibetan Plateau was greater
than that in Inner Mongolia Plateau (0.66 vs. 0.33 t ha™). We sug-
gest that the large difference in altitude between the two plateau re-
gions could influence this, along with the differences in temperature
and precipitation. For example, the average altitude of the Tibetan
Plateau region (4239 m) is significantly higher than that of the Inner
Mongolian Plateau region (1066 m), resulting in a lower MAT on the
Tibetan Plateau compared to the Inner Mongolia Plateau (-1 vs. 2°C)
(Ma et al.,, 2012). In addition, due to the high altitude, the Tibetan
Plateau has a large area of permafrost (about 1.35 x 108 ha), which
covers about 67% of the plateau area (Ding et al., 2016; Mu et al.,
2015). The low-temperature conditions of permafrost would result
in lower microbial decomposition rates thus limiting soil PhytOC
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FIGURE 6 Relationship between PhytOC production flux and
soil PhytOC density

mineralization. Of the variables examined, altitude explained the
largest proportion (~57.9%) of the total variation of soil PhytOC den-
sity and is, thus, the primary factor influencing the distribution of
soil PhyOC in China's grassland ecosystem.

Soil physicochemical properties can also largely influence soil
phytolith and PhytOC densities (Bartoli, 1985; Cornelis et al., 2011;
Farmer et al., 2005; Fraysse et al., 2006). For example, increasing
soil silt and clay contents could suppress microbial activity (Nguyen
etal., 2019; Schimel et al., 1994; Torn et al., 1997; Wynn et al., 2006),
facilitating the preservation of soil phytolith and PhytOC. Li et al.
(2020) reported that 60% of the soil phytoliths occurred within soil
macroaggregates, supporting the notion that soil aggregation pro-
tects phytoliths from microbial decomposition and rapid dissolution.
Our data support these results which showed that soil phytolith and
PhytOC density were positively correlated with soil clay content,
explaining 17.9% of the spatial variation (Table 4). The soil pH buff-
ering capacity largely drives the phytolith dissolution rate (Li et al.,
2019; Song et al., 2016), affecting its storage and PhytOC density
(Figure 7). In addition, the availability of soil metal ions (e.g., Fe3*,
AIP*) in soils, although not analyzed by this study, could also influ-
ence the dissolution rate of soil phytoliths because of their high abil-
ity to complex and thus stabilize soil phytoliths (Bartoli & Wilding,
1980; Dan & Ruth, 2015; Nguyen et al., 2014).
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Variables B SE Beta t Sig. of the significant variables for PhytOC
density in China's grassland
Constant 0.500 0.284 1.762 0.084
Altitude 0.000 0.000 0.705 6.553 0.000
Clay 0.014 0.007 0.215 2.053 0.045
Silt 0.003 0.001 0.368 3.314 0.002
BD -0.384 0.173 -0.229 -2.216 0.031
4.2 | Effects of climate on soil phytolith turnover increasing MAP (ranging from 200 to 500 mm). This finding was con-

Phytolith-occluded C can be preserved in soils or sediments for
hundreds to thousands of years (Blecker et al., 2006; Meunier &
Fabrice, 1999; Parr & Sullivan, 2005; Song et al., 2012a). It should
be noted that phytoliths in different soil layers are dissolved at vari-
ous rate and it is impossible to examine the actual dynamics of each
soil phytolith due to their high abundance (Alexandre et al., 1997;
Song et al., 2016). Thus, as the dissolution rate of phytolith varies,
the estimation of average turnover time of phytolith in soil profiles is
commonly used to calculate soil PhytOC storage capacity.

The average turnover times of soil phytoliths on the Inner
Mongolia Plateau showed significant differences (p < .05) among
the studied grassland ecosystems: TDS (1327 + 173 years) > TTS
(782 + 162 years) > TMS (488 + 41 years) (Figure 5). This differ-
ence was mainly attributed to MAP. On the Inner Mongolia Plateau,
there was no significant difference in the MAT among various grass-
land ecosystems, while soil phytolith turnover times decreased with

sistent with the results of Blecker et al. (2006). These results further
suggest that high soil water availability simultaneously promotes
both ANPP and soil phytolith dissolution, resulting in a higher turn-
over rate of soil phytoliths. However, MAT in AM and AS are similar
and MAP in AM is generally higher than that in AS (442 vs. 346 mm).
The average turnover times of soil phytoliths in AM and AS were sim-
ilar (1844 vs. 2072 years), suggesting that MAT (as opposed to MAP)
was the main factor controlling the turnover time of soil phytoliths
on the Tibetan Plateau. We found that the average turnover time of
soil phytoliths on the Inner Mongolia Plateau (866 + 126 years) was
significantly shorter than that in Tibetan Plateau (1958 + 198 years).
This difference may be attributed to the lower MAT and higher al-
titude in Tibetan Plateau leading to lower decomposition rate com-
pared to the Inner Mongolia Plateau (-1 vs. 2°C, 4239 vs. 1066 m).
In this study, the turnover time of soil phytoliths estimated by
our might have some biases. Firstly, we assumed that all grassland
ecosystems were at a steady state. In reality, few soil profiles could
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be maintained in a long-term steady state due to climate variabil-
ity as well as anthropogenic and natural disturbance (e.g., land-use
change and fire) (Yan et al., 2017). Previous studies have indicated
that permafrost in Tibetan Plateau has experienced pronounced
warming and is thawing gradually over the last decades, which may
lead to nutrient release (e.g., nitrogen and phosphorus) (Ding et al.,
2016; Schuur et al., 2015). Only if the disturbance and climate fluctu-
ations are regular, the soil profiles can be considered to be in quasi-
steady state (Luo et al., 2019). Secondly, we did not take into account
the spatial variability of soil properties in different grassland eco-
systems. Although our results suggest that climate plays the domi-
nant role in controlling soil phytolith turnover time, previous studies
have indicated that soil properties exerted the most important in-
fluences on SOC turnover, especially in subsoils (Luo et al., 2019).
Hence, comprehensive studies on the effect of soil properties and
climate on soil phytolith turnover should be strengthened in the fu-
ture. Thirdly, the turnover times of soil phytoliths can vary greatly
with soil depth. Phytoliths in deep soils are more stable compared
to those in the topsoil (Parr & Sullivan, 2005), potentially influenc-
ing our results. This may lead to the underestimation of phytolith
turnover time. We acknowledge that more accurate estimates of
soil phytolith turnover time and controlling factors may be achieved
once these aforementioned gaps in knowledge are addressed.

4.3 | Potential of phytolith C sequestration in
terrestrial ecosystems

This study provides a regional-scale and comprehensive investiga-
tion of PhytOC storage in China's grassland ecosystem. The above-
ground PhytOC production rate in China's grasslands is equivalent
to about 0.48 x 10° t Co, yr', approximately 60% of which comes
from the grassland on the Tibetan Plateau. The rate was similar
to the previous estimation for the grasslands in China (0.6 x 10° t
co, yr'}) (Song et al., 2012b) but lower than that of North American
grasslands (1.0 x 10°t CO, yr™?) (Blecker et al., 2006). Because ANPP
plays a key role in determining the aboveground PhytOC production
rate, the difference is mainly attributed to the lower ANPP in China's
grasslands compared to North American grasslands (940-4240 kg
ha™). It should be noted that Shen et al. (2016) found that the aver-
age above- and belowground biomass density of China's grasslands
in the past 30 years (1982-2011) was 1780 and 7590 kg ha™%, respec-
tively, showing that the belowground biomass density was about 4.3
times higher than that of the aboveground (Shen et al., 2016). This
also highlights the role of the belowground PhytOC production rate
in long-term C sequestration and should be taken into account in C
budgets in global terrestrial systems in the future.

The grasslands on the Tibetan Plateau store more than 70% of
the PhytOC in the top 100 cm soil layer across China's grasslands
(383 x 10° t CO,), suggesting that the Tibetan Plateau plays an im-
portant role in long-term C sequestration in China. It should be noted
that the proportion of PhytOC to SOC increases with soil depth,
especially in AM, and about 45% of soil PhytOC occurred in deep
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layers (50-100 cm) (Figure 3). Therefore, deep soil PhytOC should
be included in the assessment of soil PhytOC storage of grassland
ecosystems. The soil thickness in some grassland ecosystems could
reach several meters (e.g., TMS and AM steppe). Ding et al. (2016)
evaluated the storage and spatial variation of SOC down to 300 cm
depth in Tibetan Plateau and found 44% of SOC occurred in deeper
layers (e.g., 100-300 cm). Therefore, understanding processes and
storage capacity below 100 cm may be important to better estimate
C storage potential.

China's grasslands serve as important green barriers for national
ecological security. However, due to enhanced human disturbance
and climate change (Jiang et al., 2006), almost all of China's grass-
lands are affected by some form of degradation, leading to dete-
rioration of soil C storage (Pan et al., 2017). Since the late 1970s,
a series of ecological restoration projects have been carried out
in China to restore degraded ecosystems (e.g., Returning Grazing
Land to Grassland Project and Beijing-Tianjin Sand Source Control
Project), covering about one quarter of China's grasslands (Lu et al.,
2018). These projects have substantially increased C stock in spe-
cific regions, especially in the north of China. For example, Deng
et al. (2017) found that large scale grazing exclusion has promoted
grassland C sequestration. Given the positive correlation between
SOC and soil PhytOC (Figure 7), we suggest that decreasing grazing
intensity has a high potential to increase the aboveground PhytOC
production rate and soil PhytOC storage in China's grassland eco-
systems, especially in degraded semi-arid grassland ecosystems.
Meanwhile, Zhao et al. (2015) found that nitrogen fertilizer appli-
cation could effectively increase the PhytOC production flux in the
extremely degraded grassland, which indicates that the optimization
of nutritional application is a promising approach to increase phy-
tolith C sequestration in degraded grassland ecosystem. Besides,
increasing the proportion of Poaceae and Cyperaceae during grass-
land management can further increase PhytOC production flux and
rate (Song et al., 2012b).

Importantly, China's grasslands have experienced significant
warming in the past 50 years and this warming trend will further
intensify in the future (Liu et al., 2018a; Zhang et al., 2016b). Climate
change can have significant impacts on plant species composition,
NPP and temperature sensitivity of SOC, especially in high-altitude
permafrost regions like the Tibetan Plateau. For example, Liu
et al. (2018a) found that the changes to plant species composition
in Tibetan Plateau in response to climate change have shifted from
aboveground to belowground productivity. It is clear that PhytOC
production rate and soil PhytOC storage in China's grassland ecosys-
tems is experiencing a dramatic and dynamic change. Future studies
should be combined with biogeochemical models, which will provide
valuable data sets for the estimation of C turnover and storage po-
tential in terrestrial ecosystems.

To sum up, this study indicated that there were significant dif-
ferences in the aboveground PhytOC production fluxes and soil
PhytOC density among various grassland ecosystems, due to the
variations of climate, soil physicochemical properties and human
disturbance. The aboveground PhytOC production rate and soil
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PhytOC storage (~100 cm) in China's grasslands were 0.48 x 10°
and 383 x 10° t CO,, respectively, more than 70% of which were
on the Tibetan Plateau. Most importantly, soil phytolith turnover
time on the Tibetan Plateau was significantly longer than that on
the Inner Mongolian Plateau, reinforcing the importance of the
Tibetan Plateau for long-term C storage. Moreover, Lu et al. (2018)
noted that the total C sequestration rate in China's grasslands was
0.26 Mg C ha™ yr'* between 2001 and 2010 due to national ecolog-
ical restoration projects, which reinforces the significant potential
of grasslands to be a PhytOC sink. Our findings also indicate that
management measures (e.g., organic mulching and silicon fertiliza-
tion in croplands; bamboo afforestation/reforestation) to maximize
net primary production and plant phytolith content can effectively
increase phytolith C sequestration in other terrestrial ecosystems.
Further studies should focus on the assessment of deep soil PhytOC
dynamics in China's grassland ecosystems and the development of
models that can better predict storage potential based on land man-
agement practices. Technologies that can monitor and model the
spatial distribution and dynamic change of soil phytoliths on both
the national and global scales will improve estimates of soil PhytOC
storage. Our data also have provided a comprehensive and unique
data set for studying the coupled terrestrial biogeochemical cycles
of Siand C.
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