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alpine sandy land
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Shrubs are the main species in desert ecosystems. Better understanding shrubs

fine root dynamics and its contribution to soil organic carbon (SOC) stocks can

improve the accuracy of carbon sequestration estimation and provide basic data

for the calculation of carbon sequestration potential. The ingrowth core method

was used to investigate the fine root (< 1 mm in diameter) dynamics of Caragana

intermedia Kuang et H. C. Fu plantation with different age (4-, 6-, 11-, 17-, and 31-

year-old) in Gonghe Basin of the Tibetan Plateau, and the annual fine root

mortality was used for calculation the annual carbon input to SOC pool. The

results showed that fine root biomass, production, and mortality first increased

and then decreased as the plantation age increased. Fine root biomass peaked in

17-year-old plantation, production and mortality peaked in 6-year-old

plantation, and turnover rate of 4- and 6-year-old plantations were

significantly higher than other plantations. Fine root production and mortality

were negative correlated with soil nutrients at depth of 0–20 and 20–40 cm. The

variation range of carbon input by fine root mortality across different plantation

age at 0–60 cm soil depth was 0.54–0.85 Mg ha-1 year-1, accounting for 2.40–

7.54% of the SOC stocks. C. intermedia plantation has a strong carbon

sequestration potential from long time scale. Fine roots regenerate faster in

young stands and lower soil nutrients environment. Our results suggest that the

influences of plantation age and soil depth should be taken into account when

calculating the contribution of fine root to SOC stocks in desert ecosystems.
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1. Introduction

The carbon storage in arid and semi-arid sandy areas accounts

for a small proportion of the total organic carbon storage in

terrestrial ecosystems, but due to its wide distribution, it has a

very important impact on the global carbon cycle (McCormack

et al., 2013; Lai et al., 2017). Under the global trend of climate

change, the implementation of vegetation restoration measures for

desert ecosystems in arid and semi-arid areas can restore degraded

land and increasing the carbon sequestration potential. Enhanced

desertification control plays an important role in the global carbon

cycle and in addressing the rise of CO2 in the atmosphere. Shrub is

an important vegetation type for ecosystem restoration in desert

areas. As global climate change becomes more and more serious,

people have paid more attention to the shrubs that are widely

distributed in arid and semi-arid areas in recent years (Lai et al.,

2016; Liu et al., 2021; Nie et al., 2022).

Soil carbon pool is the most active component of desert

ecosystem carbon pool in arid and semi-arid regions, which plays

an important role in regulating regional ecosystem carbon cycle and

mitigating global climate change. Fine root, which connects plant

and soil, is not only the main component of underground ecosystem

carbon pool but also an indispensable part of the carbon cycle.

Moreover, the contribution rate of fine root to soil carbon storage

may be much greater than that of above-ground litter (Majdi et al.,

2008). Previous studies indicated that approximately 30–80% of

SOC content is provided through the rapid turnover and

decomposition of fine root (Ruess et al., 2003). The production

and turnover of fine root are very susceptible to genetic and

environmental factors, such as stand age, soil temperature, soil

water content, soil chemical, and physical properties (Batkhuu et al.,

2021; Jiang et al., 2021; Song et al., 2022). However, due to the

invisibility of fine roots, it is difficult to sample, observe, and

analyze, resulting in researches on the contribution of fine root to

soil carbon pool are much less than those on aboveground parts

(Finér et al., 2011). At present, although a large number of studies

have estimated the contribution rate of fine root turnover and

decomposition to SOC storage, most of them focus on forest,

grassland, and farmland ecosystems, and few studies have focused

on desert ecosystems with large area in arid and semi-arid areas

(Ruess et al., 2003; Lai et al., 2017). Therefore, the study of fine root

dynamics is essential for further understanding of their role as a

source of litter and SOC storage in soil for desert ecosystems in arid

and semi-arid regions.

Caragana spp. plants are perennial leguminous shrubs,

distributed all over the world, most of which are important

constructive species in arid and semi-arid regions of Eurasia (Ji

et al., 2019). Caragana spp. plants have strong cold and drought-

resistant, barren-tolerant ability, and regeneration activity. They

play an important role in wind prevention and sand fixation, soil

and water conservation, and ecosystem degradation prevention in

arid and semi-arid desert areas of northern China (Ji et al., 2019).

The Gonghe Basin is located in the northeast of the Qinghai-Tibet

Plateau; it is an important ecological barrier for China. The

ecological environment of this region is fragile, and it is one of

the regions seriously affected by desertification. Vegetation
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restoration measures have been carried out in the Gonghe Basin

since 1958 and have obtained good results. Caragana intermedia

Kuang et H. C. Fu is the main species for vegetation restoration on

moving sand dunes in this region. At present, C. intermedia

plantations are widely distributed on sand dunes. Better

understanding the fine root dynamics and its contribution to

SOC stocks during C. intermedia plantation development in

alpine sandy land can improve the accuracy of carbon

sequestration estimation and provide basic data for studying the

carbon sequestration potential of desert ecosystem on a larger scale.

Therefore, we performed a sampling campaign in different age of C.

intermedia plantations to answer the following scientific questions:

(1) How fine root biomass, production, mortality, and turnover rate

changes with the plantation age? (2) What are the main factors

influenced fine roots dynamics? (3) How much does the fine root

mortalities contribute to SOC accumulation?
2. Materials and methods

2.1 Study area

This study was conducted at the Desertification Combating

Experimental Site of the Qinghai Gonghe Desert Ecosystem

Research Station (99°45′–100°30′E, 36°03′–36°40′N, and altitude

2871 m). The climate belongs to the transition zone of alpine arid

desert and semi-arid grassland. The mean annual air temperature is

2.4°C. The mean annual precipitation is 246.3 mm, and the mean

annual potential evaporation is 1716.7 mm. The mean annual frost-

free period is 91 days, and the total solar radiation is 6631.69 MJ·m-

2·a-1. The mean annual number of windy days is 50.6 days, and the

maximum wind speed reaches 40 m·s-1. The main vegetation type of

the study area is sand-fixing plantations, dominated by the tree

species Populus cathayana Rehd and Populus simonii Carr. and the

shrub species C. intermedia, Caragana korshinskii Kom., Salix

cheilophila Schneid., Salix psammophila C. Wang et Chang Y.

Yang, and Hippophae rhamnoides Linn. The zonal soil is chestnut

soil, and the azonal soils are eolian sandy soil, meadow soil, and bog

soil (Li et al., 2019). The soil of C. intermedia plantations in this

study is eolian sandy soil.
2.2 Experimental design and sampling

The ingrowth core method can directly determine fine root

growth (Yuan and Chen, 2012). Therefore, in this study, the

ingrowth core method was used to investigate the fine root

biomass, annual fine root production, mortality, and turnover

rate. The study was carried out in May 2018. Three replicate plots

(20 m × 20 m) were established for sampling in 4-, 6-, 11-, 17-, and

31-year-old C. intermedia plantations; the distance between each

plot was greater than 20 m. All selected plantations were sown in

lines with line spacing of 2 m. Within each plot, four shrubs were

randomly selected for sampling. Samples for each shrub were taken

from two points (at 50 and 100 cm from the center of the shrub).

The soil cores were collected using an 8-cm-diameter and 20-cm-
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length steel soil corer from surface down to 60 cm depth, which

included 82% of root biomass (Zhang et al., 2018). The soil core

samples were divided into three soil depths of 0–20, 20–40, and 40–

60 cm. The soil samples for each depth were passed through a 0.45-

mm sieve; root samples were placed into plastic bags and

transported to an ice-filled cooler to the laboratory and stored at

−4°C until later processing for fine root biomass estimate (a total of

120 sampling points and 360 samples). The root-free soils for each

depth were retained separately for ingrowth cores method. The

disturbance associated with installation of ingrowth cores bag may

impact new root growth (Bauhus & Messier, 1999). To avoid this

impact, in this study, the ingrown core method uses a labeling

method (Figure 1). We cut the PVC pipe (outside diameters 90 mm,

wall thickness 4.3 mm) into 5-cm-long rings, and each PVC ring

was fix with three iron wires on the sampling point for marking,

then root-free soils were filled back at the corresponding depth. One

year later, in May 2019, the ingrowth cores were collected using an

8-cm-diameter steel soil corer, and the soil samples for each depth

were passed through a 0.45-mm sieve, root samples transported to

an ice-filled cooler to the laboratory and stored at -4°C until later

processing for annual fine root production, mortality, and turnover

rate (a total of 120 sampling points and 360 samples).

The soil water content and soil temperature in different depth

(0–20, 20–40, and 40–60 cm) at different plantation ages were

monitored continuously by ECH2O soil moisture monitoring

system. As environmental factors, average monthly soil water

content and soil temperature during the growing season from

May to October were used. Soil bulk density (SBD) was estimated

using the core method (a cylindrical metal 100 cm3 corer).
2.3 Laboratory analysis

In the laboratory, root samples obtained in 2018 were washed

free of adhering soil, then discard roots larger than 2 mm in

diameter. The fine roots (diameter ≤ 2 mm) were divided into two

diameter classes (1 mm < diameter ≤ 2 mm and diameter ≤ 1 mm)

and dried at 65°C to a constant mass, then weighed to the nearest

0.001 g to obtain fine root biomass. The ingrowth core root

samples (obtained in 2019) were also washed free of adhering

soil, and there were no roots larger than 2 mm in diameter.
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Therefore, the fine roots were divided into two diameter classes

(1 mm < diameter ≤ 2 mm and diameter ≤ 1 mm) and then

separated into living and dead roots based on morphological

features (resilience, elasticity, and periderm color) (Brassard

et al., 2009). We found that few of fine roots larger than 1 mm

were found in the root samples, especially for dead roots, so this

study only analyzed the fine roots smaller than 1mm (< 1mm in

diameter). All root biomass was determined after oven-drying at

65°C till constant mass. Dried dead root samples were ground and

sieved through a 100-mesh sieve, and the carbon concentrations

were quantified using the induction furnace method with a

CHNOS elemental analyzer. Soil organic carbon (SOC) was

determined by potassium dichromate and sulfuric acid method.

Soil total nitrogen (STN) was determined by Semimicro-Kjeldahl

Method. Soil total phosphorus (STP) and soil total potassium

(STK) were obtained with the HF-HCLO4
-HNO3 digestion

method using a 6300 ICP-AES (Forestry industry standard of

the People's Republic of China, 1999). The samples were tested at

the State Key Laboratory of vegetation and environmental change,

Chinese Academy of Sciences.
2.4 Calculations and statistical analysis

Fine root production of C. intermedia plantations was

calculated by balancing the living and dead fine root mass

compartments according to the decision matrix method posed by

Fairley and Alexander (1985). In the ingrowth core technique, fine

root production was calculated as the sum of the live and dead root

biomass (Sun et al., 2015). Fine root turnover rate (year-1) was

calculated as the ratio of fine root production (g m-2 year-1) to fine

root biomass (g m-2). The annual carbon input to SOC pool related

to the fine roots was calculated by multiplying the annual fine root

mortality by root carbon content (Huang et al., 2012).

The effects of plantation age and soil depth and their

interactions on fine root biomass, production, mortality, and

turnover rate of C. intermedia plantations were analyzed by two-

way analysis of variance (ANOVA). Comparisons of the above

parameters among five plantations and three soil depths were tested

by one-way ANOVA and Duncan’s multiple range test. The

relationship between fine root biomass, production, mortality,
FIGURE 1

The C. intermedia plantation plot and sampling points.
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and turnover rate of C. intermedia plantation and plantation age

was analyzed using a quadratic regression model. The relationship

between fine root biomass, production, mortality, and turnover rate

of C. intermedia plantation and environmental factors (SOC, STN,

STP, STK, SBD, average monthly soil water content during the

growing season from May to October, average monthly soil

temperature during the growing season rom May to October)

were evaluated by redundancy analysis (RDA). The statistical

significance was tested by the Monte Carlo permutation method

based on 999 runs with randomized data. All statistical analyses

were conducted using SPSS 17.0 software and CANOCO

4.5 software.
3. Results

3.1 Fine root biomass, production,
mortality, and turnover rate

Fine root biomass, production, mortality, and turnover rate of C.

intermedia plantation were significantly affected by both stand age

and soil depth (P < 0.001) (Table 1). The quadratic regression analysis

showed that the fine root biomass and turnover rate had a relatively

higher fitting degree with the plantation age (Figure 2). At 0–60 cm

depth, the fine root biomass, production, and mortality first increased

and then decreased as the plantation age increased, and the fine root

turnover rate first decreased and then slightly increased as the

plantation age increased (Table 2). The fine root biomass peaked in

17-year-old plantation (692.16 ± 57.31 g m-2), the fine root

production and mortality peaked in 6-year-old plantation (406.99 ±

32.53 and 217.36 ± 17.15 g m-2 year-1, respectively). The fine root

turnover rates of 4- and 6-year-old plantations were significantly

higher than other plantations (P < 0.05). At 0–20 cm and 20–40 cm

depth, the trends of fine root biomass, production, and mortality

changed with plantations age was in consistent with 0–60 cm depth.

At 40–60 cm depth, the fine root biomass significantly increased as

the plantation age increased (P < 0.05); the fine root production and

mortality peaked in 11-year-old plantation.

Fine root biomass, production, mortality, and turnover rate of

different age plantations changed with soil depth were inconsistent.

In 4- and 6-year-old plantations, fine root biomass at 0–20 cm and

20–40 cm depth were significantly higher than that of 40–60 cm

depth (P < 0.05); fine root production and mortality first increased

and then decreased as soil depth increased, peaked at 20–40 cm

depth. In 11-year-old plantation, fine root biomass at 20–40 cm depth
Frontiers in Plant Science 04
was significantly higher than that of 0–20 cm and 40–60 cm depth

(P < 0.05); fine root production and mortality significantly increased

as soil depth increased (P < 0.05). In 17-year-old plantation, fine root

biomass significantly decreased as soil depth increased (P < 0.05); fine

root production and mortality increased as soil depth increased.

There was no significant difference in fine root biomass, productivity,

mortality, and turnover rate of 31-year-old plantation with the

increase of soil depth (P > 0.05). Fine root turnover rate of 4-, 6-,

11-, and 17-year-old plantations significantly increased as soil depth

increased (P < 0.05).
3.2 Relationship between fine root
biomass, annual fine root production,
mortality, turnover rate, and
environmental factors

The relationship between fine root biomass, production,

mortality, turnover rate, and environmental factors at different

depths was assessed through RDA (Figure 3). At depth of 0–20

cm, fine root biomass had a significant negative correlation with

SBD and positive correlation with SOC and STN content. Fine root

production had a significant negative correlation with STP and

positive correlation with soil temperature of July and June. Fine root

mortality had a negative correlation with STP. Fine root turnover

rate had a positive correlation with soil water content of September.

At depth of 20–40 cm, fine root biomass had a positive correlation

with STN and STP content, fine root production and turnover rate

had a significant negative correlation with STP and STN content, and

fine root mortality had a negative correlation with SOC.

At depth of 40–60 cm, fine root biomass had a significant positive

correlation with SOC, STN, and STP content, soil water content of

May and July, and negative correlation with soil temperature of June

and July and SBD. Fine root turnover rate had a significant negative

correlation with STP, STN and SOC content, soil water content of

May, and positive correlation with soil temperature of June and July

and SBD. There was no significant correlation between fine root

production, mortality, and environmental factors.
3.3 Contribution of fine root mortality
to SOC stocks

The variation range of carbon input by fine root mortality

across different plantation age at 0–60 cm soil depth was 0.54–0.85
TABLE 1 Effects of plantation age, soil depth, and their interactions on fine root biomass, production, mortality, and turnover rate.

Plantation age Soil depth Plantation age × soil depth

F P F P F P

Fine root biomass 15.867 < 0.001 9.236 < 0.001 1.781 0.084

Fine root production 6.867 < 0.001 18.326 < 0.001 2.024 0.047

Fine root mortality 10.064 < 0.001 15.067 < 0.001 3.237 0.002

Turnover rate 17.439 < 0.001 19.163 < 0.001 1.327 0.233
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Mg ha-1year-1, accounting for 2.40–7.54% of the SOC stocks, first

increased, and then decreased as the plantation age increased,

peaked in 6-year-old plantation (Figures 4, 5). The percentage of

carbon input from fine root mortality accounting for the SOC

stocks of 31-year-old plantation was obviously lower than other

plantations. Comparing the three soil depths, carbon input from

fine root mortality of 4- and 6-year-old plantations at 20–40 cm soil

depths were more than other soil depths, while carbon input from

fine root mortality of 11-, 17-, and 31-year-old plantations

increased as the soil depth increased. The percentage of carbon

input from fine root mortality accounting for the SOC stocks of the

three soil depths have the same trend.
4. Discussion

4.1 Fine root dynamics

The fine root biomass (except for 4-year-old plantation) and

production for C. intermedia plantation were higher than

the average fine root biomass (332 g m-2) and production (250 g

m-2 year-1) (< 2 mm in diameter) for European forests (Neumann

et al., 2019). Fine root biomass for 17- and 31-year-old plantation

were similarly to the fine root biomass (< 2 mm in diameter) for
Frontiers in Plant Science 05
boreal forest (5.28 Mg ha−1, n = 765), and fine root production for

4-, 6-, and 17-year-old plantations were higher than fine root

production (< 2 mm in diameter) for the boreal forest (2.83 Mg

ha−1year-1) (Yuan and Chen, 2010). The fine root biomass and

production were also higher than Salix psammophila (189.96 g m-2

and 310.22 g m-2 year-1), Hedysarum mongolicum (21.58 g m-2 and

37.54 g m-2 year-1), and Artemisia ordosica (41.09 gm-2 and 35.48 g

m-2 year-1) (fine root < 2 mm in diameter) in northwest China (Lai

et al., 2016). Our result reveals that the fine root biomass and

production (< 1mm in diameter) of C. intermedia plantation in

alpine sandy land were similarly or higher to some forest, it has a

strong carbon sequestration potential.

Fine root biomass, production, and mortality first increased and

then decreased as the development of plantation. Plantations with

lower age have higher fine root production, mortality, and turnover

rate. All these results indicating that fine roots in young stands had a

faster metabolism. Finér et al. (2011) also reported that fine root

turnover rate declined with stand age in their meta-analyses. With

the development of plantations, how fine root biomass changes and

when it reaches to peak may depend on ecosystem types (Yuan and

Chen, 2010). Mund et al. (2002) reported that, along a

chronosequence of spruce forest in central Europe, fine root (<

2 mm) biomass increased from 16- to 112-year-old stands and then

decreased at an age of 142 years. In Southern Ontario, Canada, with
FIGURE 2

Fine root biomass, production, mortality, and turnover rate in relation to plantation age.
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the development of four white pine plantations (2-, 15-, 30-, and 65-

year-old), fine root biomass firstly increased with stand age and

reached to a peak in the 30-year-old stand (6.2 t ha-1), then it

decreased in the 65-year-old stand (3.5 t ha-1) (Peichl and

Arain, 2007).

With the C. intermedia plantation development, fine roots

biomass decreased with the soil depth increased; conversely, fine

root production and mortality increased with the soil depth

increased. Lai et al. (2016) reported that fine-root production of

S. psammophila was mostly concentrated in the 0–20 cm depth

interval; H. mongolicum and A. ordosica in all soil depths were
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evenly distributed in northwest China. Some studies found that the

highest amount of necromass occurred close to surface soil, and the

dead fine roots mass decreased with soil depths (Wang et al., 2015;

Lai et al., 2016). Wang et al. (2015) reported that the live and dead

fine roots mass of Pinus koraiensis forest dramatically decreased

with soil depths in northeastern China. The differences in vertical

distribution of fine roots production and mortality among studies

suggested that different species might have different adaption

mechanisms to their environment, especially when resources are

limited. Some studies revealed that the distribution patterns of fine

root production in different soil profiles were different due to
TABLE 2 Fine root biomass, production, mortality, and turnover rate of C. intermedia plantations (mean ± SE, n = 12).

Depth (cm) Plantation age (years)

4 6 11 17 31

Fine root biomass
(g m-2)

0–20 cm 106.85 ± 15.11 Ab 144.51 ± 14.59 Ab 113.92 ± 10.53 Aa 232.66 ± 22.86 Bb 207.16 ± 36.31 Ba

20–40 cm 118.02 ± 11.79 Ab 115.57 ± 11.03 Ab 167.11 ± 13.30 ABb 208.58 ± 24.99 Bab 151.56 ± 21.28 Aa

40–60 cm 56.93 ± 8.69 Aa 76.77 ± 8.94 ABa 117.92 ± 10.94 BCa 150.92 ± 18.91 Ca 163.95 ± 26.32 Ca

0–60 cm 281.79 ± 22.58 A 336.85 ± 22.04 A 398.95 ± 21.24 AB 592.16 ± 57.31 C 522.67 ± 69.33 BC

Fine root production
(g m-2 year-1)

0–20 cm 94.90 ± 7.93 ABa 107.97 ± 11.88 Ba 82.47 ± 8.56 ABa 73.90 ± 7.68 Aa 73.25 ± 7.81 Aa

20–40 cm 138.98 ± 12.34 BCb 164.20 ± 12.30 Cb 110.49 ± 6.03 ABab 108.09 ± 10.49 Ab 105.75 ± 8.23 Aa

40–60 cm 98.75 ± 7.94 Aa 134.81 ± 12.87 Aab 138.39 ± 14.89 Ab 123.96 ± 15.14 Ab 94.91 ± 12.79 Aa

0–60 cm 332.62 ± 20.14 A 406.99 ± 32.53 B 331.36 ± 17.99 A 305.96 ± 27.03 A 273.91 ± 25.26 A

Fine root mortality
(g m-2 year-1)

0–20 cm 43.02 ± 2.84 Aa 63.49 ± 7.87 Ba 33.20 ± 4.71 Aa 47.04 ± 4.96 Aa 38.37 ± 5.12 Aa

20–40 cm 61.96 ± 5.14 Bb 82.69 ± 5.21 Ca 58.78 ± 4.90 Bb 64.14 ± 7.53 Ba 43.18 ± 3.87 Aa

40–60 cm 42.31 ± 2.85 Aa 71.19 ± 6.03 BCa 80.74 ± 7.94 Cc 72.19 ± 9.47 BCa 51.77 ± 6.57 ABa

0–60 cm 147.29 ± 8.41 AB 217.36 ± 17.15 C 172.72 ± 12.06 AB 183.37 ± 17.29 BC 133.32 ± 12.44 A

Turnover rate
(year-1)

0–20 cm 1.18 ± 0.25 Ca 0.84 ± 0.11 BCa 0.78 ± 0.10 BCa 0.35 ± 0.04 Aa 0.49 ± 0.10 ABa

20–40 cm 1.47 ± 0.31 Bab 1.48 ± 0.11 Bb 0.71 ± 0.07 Aa 0.59 ± 0.07 Aa 0.81 ± 0.10 Aa

40–60 cm 2.30 ± 0.42 Cb 1.87 ± 0.15 BCc 1.26 ± 0.15 ABb 0.96 ± 0.14 Ab 0.83 ± 0.21 Aa

0–60 cm 1.29 ± 0.15 B 1.23 ± 0.08 B 0.85 ± 0.06 A 0.57 ± 0.07 A 0.64 ± 0.11 A
Different uppercase letters following values indicate a significant difference among plantation ages; different lowercase letters following values indicate a significant difference among soil depths,
according to Duncan’s multiple range test (P < 0.05), n = 12.
FIGURE 3

Ordination diagram of RDA on fine root biomass, production, mortality and turnover rate with environmental factors at different soil depths. B, fine
root biomass; M, fine root mortality; P, fine root production; T, fine root turnover rate; SOC, soil organic carbon; STN, soil total nitrogen; STP, soil
total phosphorus; STK, soil total potassium; SBD, soil bulk density; W5-W10, average monthly soil water content during the growing season from
May to October; T5-T10, average monthly soil temperature during the growing season from May to October.
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heterogeneity of soil nutrients and water (Wang et al., 2014). In this

study, the fine roots in deep soil were more active and had a

faster metabolism.
4.2 The relationship between fine root
dynamics and environmental factors

Fine root production and mortality were negative correlated

with soil nutrients (especially STP) at depth of 0–20 and 20–40 cm.

Leguminous plants need a large amount of phosphorus to form or

maintain a symbiotic system, and rhizobium nitrogenase also needs

a large amount of phosphorus in the nitrogen fixation process

(Vitousek et al., 2002). Inagaki et al, 2009 reported that legume

species demand more P than non-legume species. C. intermedia is a

leguminous shrub, and the fine root dynamics may be more

susceptible to the influence of STP content. The cost-benefit

hypothesis states that favorable conditions increase fine root life

span, whereas stress reduces fine root life span (McCormack and

Guo, 2014). Lack of soil fertility in desert ecosystems may cause
Frontiers in Plant Science 07
plants to allocate more carbon to root systems and form a denser

fine root network (Loiola et al., 2016). However, some studies have

shown that N addition had no effect on root biomass (Wang et al.,

2020). In the early period of vegetation restoration, with increasing

aboveground production, litter accumulated resulting in a higher

nutrient in surface soil (Wang et al., 2018a), fine roots in sub-soil

accelerated metabolism for absorbing limited nutrients. With the

plantation age increased, the nutrient conditions of the sub-surface

soil were also improved (Li et al., 2019), fine roots in deeper soil

accelerated metabolism for absorbing limited nutrients, resulting

the fine roots active soil layer transitions to the deeper soil layer with

the plantation development. Our result indicating that, in the cold,

arid and barren sandy land ecosystem, fine root production, and

mortality were greater, and metabolism was faster in lower soil

nutrients environment.

At depth of 0–20 cm, fine root production was positive

correlated with soil temperature of July and June. The

temperature in July and June in the study area is relatively high,

and the plant growth is more vigorous at this time. Surface soil is

more susceptible to temperature, and the soil temperature increases

can promote the fine root production (Wang et al., 2014). Wang

et al. (2015) reported that, in a mixed mature Pinus koraiensis forest

in northeastern China, monthly fine root production was associated

with current month air temperature.
4.3 SOC input from fine root mortality

Fine roots not only store a large amount of organic carbon but

also transfer organic carbon from dead roots to the soil by fine root

turnover. Therefore, fine root production and turnover are an

important part of carbon and nutrient cycles in terrestrial

ecosystems (Gill and Jackson, 2000). Many studies have reported

the importance of fine root mortality for SOC in forest soils

(Clemmensen et al., 2013; Prietzel & Christophel, 2014; Wang

et al., 2018b). In the arid ecosystems of Xinjiang, China, SOC

input from fine root mortality at 0–60 cm soil depth was 42. 68 g·m–

2·year –1 for Tamarix ramosissima community; the percentage of

SOC input from fine root mortality account for the SOC stocks was

2.12% (Wang et al., 2014). In this study, the variation range of

carbon input from fine root mortality at 0–60 cm soil depth was

0.54–0.85 Mg ha-1year-1 for different age C. intermedia plantation,

accounting for 2.40–7.54% of the SOC stocks. Although the SOC

input from fine root mortality only accounts for a small part of the

SOC stocks, the fine root is more conducive to the long-term

accumulation of SOC in desert ecosystems.

With the development of plantation, carbon input to soil from

fine root mortality first increased and then decreased, and increased

as the soil depth increased. Some studies reported that fine root

mortality was higher at surface soil, and decreased with soil depths

(Wang et al., 2015; Lai et al., 2016; Du et al., 2019). The contribution

of fine root mortality to SOC stocks will be significantly

underestimated if we calculate the carbon input to soil only using

the fine root mortality at surface soil, especially in mature

plantations (11-, 17-, and 31-year-old plantations). Therefore, we

suggest that the influences of plantation age and soil depth should
FIGURE 4

Carbon input from fine root mortality at different soil depths of C.
intermedia plantations of different ages.
FIGURE 5

The percentage of carbon input from fine root mortality account for
the SOC stocks at different soil depths of C. intermedia plantations
of different ages.
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be taken into account when calculating the contribution of fine root

mortality to SOC stocks.
5. Conclusions

In C. intermedia plantation in alpine sandy land, the fine root

biomass and production were similarly or higher to some forest; it

has a strong carbon sequestration potential. Fine root production,

mortality, and turnover rate were higher in young stands. With the

development of plantation, the fine roots in deep soil were more

active and had a faster metabolism. Fine roots regenerate faster in

lower soil nutrients environment. The soil temperature increases

could promote the fine root production in surface soil. The

variation range of carbon input by fine root mortality across

different plantation age at 0–60 cm soil depth was 0.54–0.85 Mg

ha-1year-1, accounting for 2.40–7.54% of the SOC stocks. The fine

root is more conducive to the long-term accumulation of SOC in

desert ecosystems.
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