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Foreword

This book, “Carbon cycle in the changing arid land: Yanqi Basin and Bosten Lake,”
comes at a time when countries are seriously looking for ways to offset CO2

emissions. Arid and semiarid regions make up about one-third of the Earth’s land
surface, yet these drylands are generally overlooked as places for carbon seques-
tration because (1) soil organic carbon is low compared to more humid soils and
(2) soil inorganic carbon is widely considered to be an inert carbon reservoir rather
than an active pool that can be manipulated by land management techniques.

This book provides examples suggesting that soil inorganic carbon is more
dynamic and complicated than traditionally thought. In addition, readers of this
book will learn about carbon in the interesting geological and climatic setting of
northwest China. Perhaps its most important contribution, this book can stimulate
carbon research in rangeland and irrigated agricultural settings in other arid land
regions of the world.

Las Cruces, USA H. Curtis Monger, Ph.D.
Professor Emeritus, New Mexico State University
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The Carbon Cycle in Yanqi Basin
and Bosten Lake: Introduction

Xiujun Wang, Jiaping Wang, Zhitong Yu and Juan Zhang

1 Introduction

The rate of carbon dioxide (CO2) build-up in the atmosphere depends on the rate of
fossil fuel combustion and the rate of CO2 uptake by the ocean and the land. About
half of the anthropogenic CO2 has been absorbed by the land and the ocean, the
so-called sinks for CO2. The efficiency of the global CO2 sinks has been observed to
change on seasonal to interannual and longer timescales, due to a variety of mecha-
nisms that are not fully understood.Manyof themechanisms are not yet quantitatively
defined either at regional or global scales.

The global soil carbon pool is the third largest pool in the Earth system, thus
plays an important role in the global carbon cycle and climate system. Soil carbon
pool consists of two components, soil organic carbon (SOC) and inorganic carbon
(SIC). Soil organic carbon, as a key index for soil fertility and a means for carbon
sequestration, has gained recognition. In contrast, much less has been done to deter-
mine the magnitude and variability of SIC and to understand SIC dynamics although
scientists pointed out its potential for carbon sequestration and climate mitigation
(Eshel et al. 2007; Lal and Kimble 2000; Zheng et al. 2011). To date, there is a large
discrepancy in the estimated global SIC pool, which ranges from <700 to >1700 Pg
(see Eswaran et al. 2000).

The SOC pool is the predominant carbon pool in soils of humid and semi-humid
regions, whereas SIC is themost common form of carbon in soils of arid and semiarid
zone.More than35%ofEarth’s land surface is characterized as either arid or semiarid,
where SIC content is 2–10 times as high as SOC content (Scharpenseel et al. 2000).

X. Wang (B) · Z. Yu
College of Global Change and Earth System Science, Beijing Normal University, Beijing 100875,
China
e-mail: xwang@bnu.edu.cn

J. Wang
College of Agriculture, Shihezi University, Shihezi 832000, China
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School of Resources and Environment, Northeast Agricultural University, Harbin 150030, China
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In this regard, accurately estimating SIC at all scales is essential to evaluate the role of
soils in the global carbon cycle (Yang and Li 2011). Moreover, attempts to decrease
the atmospheric CO2 concentration require better understanding of transformation
of both SOC and SIC and regulating processes in different soils (Mikhailova and
Post 2006; Monger and Gallegos 2000; Zheng et al. 2011).

2 Studies in Yanqi Basin

The arid and semiarid regions have experienced significant climate changes and
human activity over the past decades. Climate change (e.g., warming) may have
large impacts on the carbon cycle in desert ecosystem (Arnone et al. 2008; Verburg
et al. 2005). There has been a significant increase in both temperature (Chen et al.
2009; Liu et al. 2005) and precipitation (Wang and Zhou 2005) in the northwest
China over the past 50 years, with implications for the terrestrial ecosystem and
carbon cycle (Liu et al. 2009). In addition, there is an increasing trend in growing
season for the entire Xinjiang (Jiang et al. 2011). There is also evidence of land use
and climate change impacts on SOC and SIC in the northwest China (Wu et al. 2003,
2009). However, there have been limited studies that apply an integrated approach
to assess the impacts of climate change and land use changes on the carbon cycling
at a regional scale in arid lands.

The news of “Have desert researchers discovered a hidden loop in the carbon
cycle” (Stone 2008) prompted a focused effort to better understand the carbon cycle in
the atmosphere–plant–soil systems in the arid land of northwest China. A few studies
have yielded collections of a variety of datasets, including approximately 60 years of
climate and hydrological data, nearly 40 profiles of SOC and SIC under various land
uses, and seasonal variations of CO2 efflux and soil CO2 concentration at different
depths in theYanqiBasin. In addition, a studywas carried out to investigate the spatial
and temporal variations of OC and IC burials in Bosten Lake. These datasets provide
basic information of key hydrological and biogeochemical processes in association
with the carbon sequestration in the arid region. On the other hand, these data can
also be used for carbon model calibration and validation for the arid region.

This book reports the studies conducted in theYanqiBasin andBostenLake,which
aim to better understand the carbon cycle in the arid lands. The first two chapters
provide basic information for the region and motivations for the studies. Chapter
3 reports the analyses of climate variables (temperature, precipitation and runoff)
over the period of 1960–2014. Chapters 4–9 are the outcomes of core studies on the
carbon cycle, which include the distributions of carbon and nitrogen under different
vegetation/crops (Chap. 4), the dynamics of soil CO2 concentration and surface CO2

efflux in agricultural soil (Chap. 5), the dynamics of SOC and SIC and their isotopes
under various land uses (Chap. 6), pedogenic carbonate and its relationship with
SOC (Chap. 7), and the spatial and temporal variations in carbon burial in the Bosten
Lake (Chaps. 8 and 9). The last chapter is a mini review, which summarizes the
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main findings from relevant studies, and also discusses the implications and future
directions.

3 Significance of These Studies

A comprehensive evaluation of both SOC and SIC stocks in soils/sediments is impor-
tant to achieve a better understanding of the carbon cycle in the coupled atmo-
sphere–biosphere–pedosphere system. The carbon cycle in the arid and semiarid
lands has to deal with the dynamics of inorganic carbon. To date, most studies of
the terrestrial carbon cycle have largely focused on SOC pool and atmosphere–land
CO2 fluxes, and our understanding is limited in terms of variability and underlying
mechanisms. Apparently, we need data collections of various forms of carbon (e.g.,
SOC and SIC contents, soil CO2 concentration and surface CO2 efflux, and OC and
IC in sediments) to understand the variability of carbon fluxes in the atmosphere–bio-
sphere–pedosphere systems in the arid lands.

In summary, the outcomes of these studies will help answer the following impor-
tant scientific questions: (1) where does the carbon go if a significant amount
of CO2 is absorbed by surface soils in arid regions? (2) how do environmental
changes impact the carbon cycle in the arid and semiarid lands? Answers to
these questions will provide insights of the carbon sinks/sources and their variability
in the arid and semiarid regions, but also improve our understanding of the carbon
cycle at regional to global scales.
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Introduction of the Yanqi Basin
and Bosten Lake

Changyan Tian, Lei Zhang and Shuai Zhao

Abstract The Yanqi Basin is formed on the basement of the Kuruktag fold belt
and the southern Tianshan fold belt and located in the inland region of the Central
Asia and in the transition zone between the Junggar Basin and the Tarim Basin. The
Yanqi Basin is a typical arid region with extremely low precipitation (<100mm/year)
but strong evaporation (>2000 mm/year). The main soil types are brown desert soil
and alluvial soil, which were developed from limestone parent materials. Land use
types/coverages include cropland, shrubland, and desert land. The basin has access to
water resources from theKaiduRiver andundergroundwaters,which aremainly from
melting snows in the Tianshan Mountain. Bosten Lake is the largest freshwater lake
inXinjiang, which is the final converging place for the surfacewater and groundwater
in the Yanqi Basin. Its main inflow water is from the Kaidu River on the west, and
outflow is from the Kongque River on the southwest.

1 Geographical Position

Yanqi Basin (85° 50′–87° 50′E, 41° 40′–42° 20′N) is located in the region of Bayin-
golin Mongol Autonomous Prefecture, Xinjiang, Northwest China (Fig. 1), and this
basin belongs to theKaiduRiver–KongqueRiverwatershed. It is aMesozoic rift basin
between themain ridge and the branch ridge of the TianshanMountain; thus, it is also
a kind of semi-enclosed intermontane basin. It lies at an altitude of 1048–1160 m,
spanning an area of 5600 km2 (Kou et al. 2008).

C. Tian (B) · L. Zhang · S. Zhao
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Fig. 1 Geographical position of Yanqi Basin (after Mamat Zulpiya 2014)

2 Geologic Landforms

2.1 Geology

The Yanqi Basin is known as a Mesozoic–Cenozoic basin, which is formed on the
basement of the Kuruktag fold belt and the southern Tianshan fold belt. Its southern
boundary is the Xingeer fault, borders Kuluketage mountain; its northern boundary
is the Sangshuyuanzi fault, borders Saaerming mountain; its western boundary is
the Tiemenguan fault, borders Huola mountain; its eastern boundary is the Kezile
mountain. According to the distribution ofMesozoic andCenozoic strata in the basin,
its geometric structure can be divided into three tectonic units: Bohu depression in
the south, Yanqi uplift in the middle, and Hejing depression in the north.

It has been found that the main sedimentary layers were formed in the middle-
lower Jurassic Series, Neogene System, Paleogene System, and Quaternary System.
The layers from the middle and middle-low Jurassic System consist of several coal
seams and dull mudstone; the layers from the Neogene System consist of thick
brick-red mudstone and argillaceous siltstone, which exist as stable areal cap rocks.

In the plain area of central basin, sediments were mainly formed in the Qua-
ternary System and classified as diluvial deposit, alluvial–diluvial deposit, alluvial
deposit, and/or alluvial–lacustrine deposit. The lithologic characters of diluvial
plain and alluvial–diluvial plain exhibit a single thick layer structure in which only



Introduction of the Yanqi Basin and Bosten Lake 7

cobblestone exists or a double-layer structure in which a thin sandy loam soil layer
and a thick cobblestone layer exist. The lithologic character of alluvial plain and
alluvial–lacustrine plain exhibit an alternating layers structure in which four layers
such as medium-coarse sand layer contains cobblestone, medium-fine sand layer,
silty-fine sand layer contains sandy loam layer and loam layer exist.

2.2 Landform Features

The basin is rhombus-shaped and the direction of its major axis is northwest–south-
east, and its area is estimated to be 13,600 km2 (including the tableland that was
formed in the Tertiary System at the edge of basin) (He et al. 2015; Yuan 2003).
The basin is surrounded by mountains, and the terrain of northwestern area is higher
than it of southeastern part. In general, the altitude of this district is 1400–1600 m
above the sea level, except the northern Tianshan mountain peaks at 4000 m. In the
southeast corner of this basin, there is a famous freshwater lake—Bosten Lake. The
lake-surface elevation is approximately 1400 m above the sea level (it varies yearly
and monthly). At the northwest shore and the southwest side of the lake, there is a
large swamp lowland (commonly known as “small lake” which harbors lush reeds).
There are large desert areas reaching to the south and east sides of the lake. In the
middle of the basin, there is a fine soil flat plain packed with a large number of
farmlands.

3 Climate

The Yanqi Basin is located in the inland region of Central Asia and in the transition
zone between the Northern Xinjiang (Junggar Basin) and the Southern Xinjiang
(Tarim Basin). Its inland position accounts for the continental climate. The entire
region is marked by rare precipitation, strong evaporation, dry and windy condition,
and great seasonal differences in temperature. The annual average temperature is
7.5 °C. The average temperature is −13.2 °C in January and 23.2 °C in July. The
accumulated temperature above 10 °C is 3450 °C. The frost-free period lasts about
170 days during a year (Fig. 2). This condition is similar to that in the northern
piedmont of the Tianshan Mountains (Wen 1965). Based on the multi-year data
from five meteorological stations (the Baluntai station lies in the mountains, other
four stations from Hejing, Heshuo, Yanqi, and Korla lie in the plain area), the annual
average precipitation is 50.7–79.9mm, and about 80–90% of the precipitation occurs
during the period from May to September (Fig. 3). Precipitation exhibits regional
difference, for example, precipitation inmountain ismore abundant than it in the plain
area. Annual evaporation is up to 2002.5–2449.7 mm, which is 30–40 times more
abundant than annual precipitation. Moreover, the monthly variation of evaporation
(Fig. 4) and monthly variation of temperature (Fig. 2) have the same trend. The high
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Fig. 2 Monthly average temperature at various stations

Fig. 3 Monthly average precipitation at various stations

ratio of evaporation: precipitation is a main reason for the deterioration of ecological
environment in Yanqi Basin. Snowfall is rare in winter; however, the freezing period
lasts for 170 days (from early October to mid-April). The average wind speed is
1.8–2.3 m/s, and the maximum wind speed is up to 5–24 m/s. Windy season occurs
in late spring to early summer or in late summer to early autumn, and the northwest
wind and southwest wind hold a leading place.

The climate in its surrounding mountainous is much colder and damper than it in
the basin. With the increasing of mountain altitude, temperature decreases and the
precipitation increases, which exhibits an obvious vertical gradient and owns a lot of
natural landscape zones. In the northwestern high/middle altitude mountain zones
(with an altitude of >3500 m), mountains are covered by snow year around. The
annual precipitation is more than 450 mm in this area. In the western and northern
high altitude mountain zones (at an altitude of 2000–3500 m), annual precipitation
ranges from 100 to 300 mm. In the southern medium altitude mountains (at an alti-
tude of 2000m) and low altitudemountains, annual precipitation is only 50–100mm.
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Fig. 4 Monthly average evaporation at various stations

In general, water vapor is transported from northwest to southeast, for which reason
climate in northwestern area is much damper than it in southeastern area.

4 Hydrology in the Watershed

Surface runoff in the Yanqi Basin is mainly formed in the mountains, and its distri-
bution is very uneven. The higher the mountain is, the greater precipitation becomes,
and the easier surface runoff forms. Thus, in the northwestern high altitude mountain
zone and in the northern medium altitude mountain zone, the development of water
system is better than it in other zones. In the southern low altitude or medium alti-
tude mountain zones and in southeastern hills, perennial surface runoff is rare. Only
after the summer rainstorm occurred, flood current can be formed in valley. Rivers
in the plain are originated from the mountains; thus, the distribution of hydrological
network in the plain is similar to that in the adjacent mountain areas. For example,
the perennial river is only distributed in the western and northern piedmont plains
in the basin, and groundwater is recharged by a large amount of seepage water from
the Gobi gravel zone, the rest water finally flows into the Bosten Lake; by contrast,
there is no river in south and eastern piedmont plain, and only sporadic spring flows
are distributed in the adjacent mountainous areas. Spring-fed rivers are formed by
the larger spring flows; however, these rivers have vanished in the area not far from
the mountain due to strong infiltration.

There are five rivers (the Kaidu River, the Haheren Stream, the Huangshui Stream,
the Qingshui River, and the Ustala River), which originate from northwestern peren-
nial snow-clad mountains and flow into the basins (Fig. 5). All of them are mainly
recharged by meltwater, precipitation, and groundwater (in the low-precipitation
season during winter, rivers are mainly recharged by groundwater). The Kaidu River
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Fig. 5 Distribution of the river system in Yanqi Basin

and Huangshui Stream can flow to the central basin throughout the year, and water
of these two rivers finally flow into the Bosten Lake (Zhou et al. 2001; Zuo et al.
2004). In other rivers, part of the water is used for irrigation, and most of the water
has infiltrated into groundwater in the piedmont Gobi plain and finally flow into the
Bosten Lake. Kongque River, which is the only way out of the entire basin, lies on
the southwest of Bosten Lake. It flows toward southwest and passes through the Iron
Gate Pass. Some water of the lake discharges out of the basin and flows into the
Korla area. The annual runoff of three rivers (the Kaidu River, Huangshui Stream,
and Qingshui River) accounts for 93% of the total runoff (39.71 × 108 m3) in Yanqi
Basin, of which the annual runoff of the Kaidu River accounts for 84.7%.

The Kaidu River is the largest river flowing through the Yanqi basin. The total
length is 560 km, and its watershed area is 4.43× 104 km2. Its average annual runoff
is 34.82 × 108 m3, and the average amount of diversion water from the Kaidu River
in irrigation area is 10.93 × 108 m3. On average, the amount of water flowing into
lake is 21.44× 108 m3 per year. It receives water inflow from a huge catchment area,
and the water is mainly recharged by rainfall and meltwater from high mountains.
Distribution of water flow in the summer half-year is higher than it in the winter
half-year. Water quality is good and belongs to the HCO3-Ca type, and the water
mineralization degree is 0.2–0.3 g/L. Moreover, the river bed is not deep from the
surface and is easy to divert water, for which reason it is the main water resource for
irrigation in the basin. Flood discharge is very large in July–August (accounting for
32% of the input water in the whole year), causing a rise in the water level of river
and Bosten Lake and often drowning farmland in the lake area.

Bosten Lake is the largest freshwater lake in Xinjiang, and it is also the final
converging place for surface water and groundwater in Yanqi Basin. Water in the
Bosten lake is mainly derived from the Kaidu River (Zhang and Fu-Hua 2004),
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followed by discharged water and groundwater from the Huangshui Stream and
irrigation area. The east–west length of the lake is 50–60 km, and the south–north
length is 20–25 km, and the water area is about 1000 km2. The lake water level peaks
during the period from April to May and reaches the lowest value during the period
from November to next February. Lake water level varies in the range of 0.4–0.6 m.
Recently, due to a large amount of water diverted for irrigation, lake water level has
decreased year by year. In addition, a significant amount of lake water is consumed
through evaporation (10.86 × 108 m3/a). The water mineralization degree of Bosten
Lake is 1.1–1.4 g/L, and the water belongs to the SO4-CO3-Na-Mg type and is in
slight sulfate mineralized stage. The evapotranspiration in the western reedy marsh
is 8.86 × 108 m3/a. The reedy marshland, spanning an area of 662 km2, lies on
the west of the Lake. There are lots of scattered small lakes over the place, and the
total area of the adjacent small lakes is approximately 60 km2. Between the small
lakes and the big Lakes, there are some distributary channels, for which reason the
water flow can be auto-regulated. However, in recent years, due to the development
of agricultural irrigation, a large amount of salt from the soil has been carried into
Bosten Lake through farmland drainage. As a result, water mineralization increases
in some areas of the lake and has reached 10 g/L (Dong et al. 2006).

5 Groundwater Characteristics

In the Yanqi Basin, the storage of groundwater in the pores of Quaternary ravelly
ground is estimated to bemore than 1320.5× 108 m3. This superior natural condition
makes the Yanqi Basin to become a unique hydrogeological basin with huge natural
underground reservoir. But it is not a closed basin because some water from the
Bosten Lake is outputted by the Kongque River. This river flows through the Iron
Gate Pass and the Korla area and finally flows into the Taitema Lake and Lop Nor
that are lie in lower reaches of the Tarim River.

The surface water and groundwater are abundant in the basin, and the annual
groundwater recharge is 12.17 × 108 m3 (Zhong 1989). There are very close rela-
tionships between surface water and groundwater, such as they can interconnect and
interconvert. Groundwater is recharged by river water seepage in theGobi area, while
groundwater overflows in the low terrain area and then forms surface water. Water
in river and spring is used for irrigation by utilizing open channel, while the diver-
sion water and irrigation water are formed into groundwater again due to infiltration.
Owing to the amount of groundwater recharge increasing in the irrigation area, the
groundwater level raises at the same time. On the one hand, the groundwater is con-
sumed through vertical evaporation and plant transpiration; on the other hand, it is
discharged into the runoff in low-lying areas (such as rivers, canals, lakes) and then
forms surface water. Under natural conditions and human engineering activities, the
contact and mutual conversion between surface water and groundwater can balance
the varying trend and range of groundwater level.
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Groundwater is greatly consumed in the basin through a surface evaporation
(Phreatic water is consumed through soil evaporation and plant transpiration), and
the rest part is discharged into the Bosten Lake, reedymarsh, and peacock river. In the
canyon, the Kongque River flows through the bedrock, which results in conversion of
all underground runoff into surface runoff. Thus, the surface water and groundwater
in the basin form an unified water body that keeps circulating and exchanging, which
essentially makes the whole water body remain freshwater nature in the basin.

From the piedmont to the central basin and to the Bosten Lake, the chemical char-
acteristics of groundwater present regular change in horizontal zone. In the piedmont
zone, alluvial–diluvial fan or diluvial fans are widely distributed, which constitute
piedmont inclined cobbly Gobi plain. Phreatic aquifer is composed of a single thick
sandy gravel, and the layer thickness is 200–300 m. The buried depth of under-
ground water is 8–50 m. The aquifer has great thickness, abundant water, and fine
quality. Degree of water mineralization is generally less than 1 g/L.Most of the water
belongs to HCO3-Ca or HCO3-Ca-Mg type. Groundwater and river water are mainly
recharged by melting snow and rainfall from high mountains and middle altitude
mountains. The lower part of the alluvial fan and the lakeside are a fine soil plain.
The formation stratum presents an alternating layers structure in which sandy gravel
layer, sandy loam layer, and loam layer exist. Phreatic water and confined water are
formed in this formation stratum.As the lithologic character in aquifer becomes finer,
the water level gradually gets much shallower. The depth of groundwater is generally
less than 3 m in the plain area. Under strong evaporation, groundwater continuously
upward moves due to the soil capillarity, for which reason the salt in water is brought
to the soil surface and leads to soil salinization. Phreatic water is concentrated by
evaporation, which results in water mineralization increasing (generally 3–10 g/L).
In the area where water table is less than 2 m, the evaporation is much stronger and
the soil salinization is more common. In the surrounding area of the Bosten Lake, the
marshland and the low-lying depression between fans where the water table is less
than 1 m, the water mineralization degree is as high as 10–50 g/L, which result in
a mineralization center formed and severe salinization occurred (Huang et al. 1985;
Lin and Jin 2006; Liu 1990).

6 Soil Types

The main soil types of the Yanqi Basin include brown desert soil, alluvial soil, and
cultivated soil from irrigation—automorphic ancient oasis and irrigation—hydro-
morphic ancient oasis,meadow soil, bog soil, and solonchak. Solonchak andmeadow
soil are widely distributed. The distribution of soil in the basin is closely related to
the geological, geomorphologic, and hydrogeological conditions. Two most obvious
changes can be found from northwest to southeast and from north to south in the
direction. From the northwest to the southeast, there are piedmont, the Kaidu river
ancient delta (upper, middle, lower, and edge), Kaidu River modern delta and Bosten
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Lake. From north to south, there are piedmont, proluvial–alluvial fan (upper, middle,
and lower part), fan margin and littoral barrier plain of Bosten Lake.

6.1 Brown Desert Soil

The brown desert soils are distributed in the upper parts of proluvial–alluvial fan,
and the parent material mainly consists of cobbly stone. In the 10–50 cm soil layer,
soil is mixed with sandy loam and coarse sand. In this area, cobbly brown desert soil
is mainly distributed in newly formed diluvial fan and lies in the part from Heshuo
to Quhuizhuang, while the cobbly-gypsum brown desert soil is distributed in the rest
part.

6.2 Cultivated Soil from Irrigation—Automorphic Ancient
Oasis

Cultivated soil from irrigation—automorphic ancient oasis includes two classes:
irrigation—automorphic ancient oasis cultivated soil (White clay) and irriga-
tion—automorphic ancient oasis mature cultivated soil (Loess). The clay-type soil is
mainly distributed in the area of Wushitala, Quhuizhuang, Halamaodu, Tahaqi, and
Hejing. This kind soil is characterized with the following features: lighter texture,
pretty dry, hardening surface soil, lacking of organic matter, and the surface appears
grayish white and/or yellowish white. This kind soil is used to plant barren-tolerance
flax and corn and so on, but the yield is low. In contrast, Loess-type soil has
higher organic matter content and better plow layer structure and soil permeability.
Loess-type soil is widely distributed and used to grow corn, wheat, and other crops.

6.3 Cultivated Soil from Irrigation—Hydromorphic Ancient
Oasis

From the soil profile, that there is about 20-cm thick plow layer on the top, in which
the soil appears grayish black and has granular structure and better permeability. The
soil below the plow layer presents steel gray mix with rust spots. This type of soil is
used to grow corn and wheat. However, salinization is common in this soil, which
mainly arises in interfluve lowland lies in middle/lower Kaidu River Delta and in
some parts of fan margin.
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6.4 Meadow Soil

There are two types of meadow soils in the Yanqi Basin: alluvial meadow soil and
fan-land meadow soil. Meadow soil is mainly distributed in the dorsal part of the
Kaidu River Delta and in the fan margin lies on the west of Hejing and to the north of
the Kaidu River. The groundwater level is generally 1–3 m, and the mineralization
degree is less than 1 or 1–3 g/L. Meadow soil is covered with abundant vegetation
which is mainly made up of Achnatherum spp. accompanying Glycyrrhiza spp. and
Alhagi sparsifolia, and so on. The thickness of humus horizon inmeadow soil is about
20 cm, and the content of organic matter is between 1.5 and 2%. Salinization is often
seen in most meadow soils, and average salt content of 0–30 cm soil is 0.5–1.0%.
In the area adjacent to the modern delta, the formation of the dark meadow soil
is the result of the de-swamping. When the Kaidu River is eroded downward and
the modern delta extended forward, the groundwater level reduces to 2–3 m, then
the runoff condition becomes better and the soil gradually develops into meadow
soil. Besides the general characteristics of the meadow soil, dark meadow soil also
consists of buried dark gray and charcoal gray peat horizon.

6.5 Bog Soil

Bog soils are distributed in the low-concave parts of the fan margin which lies to
the west of Hejing and in the west bank of Bosten Lake. The groundwater level is
generally less than 1 m. Bog soils are covered with dense reedy community. The
salinization is widely occurred in the Yanqi Basin. Salt content of the 0–30 cm soil
layer is 0.5%, and the soda content is significant high [total alkalinity (HCO−

3 ) is
above 0.17 mmol/L].

6.6 Solonchak

Solonchak occupies a wide area in the basin. Vegetation types and plant growth
conditions are closely related to soil salinity. Plant species in meadow solonchaks
area is mainly composed of Achnatherum splendens accompanyingGlycyrrhiza spp.
and A. sparsifolia; plant species in orthic solonchak area is mainly composed of
Tamarix spp., Halostachys caspica, Haloxylon ammodendron, Nitraria spp., and so
on.

Solonchaks are distributed in the edge of the delta and in the fanmargin. Abundant
groundwater recharge source combined with the backwater effect of Bosten Lake
leads to runoff blocked, for which reason the conditions of soil reclamation is poor
in this area. The content of solonchak in the basin is 2–20% in the 0–30 cm soil layer.
Chloride–sulfate are the main components of salt in most solonchaks. Except for a
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few chloride orthic solonchak, the soda salinization is common in solonchaks. The
total alkalinity of surface soil is more than 0.05–0.5%.

7 Vegetation

The Yanqi basin is mainly composed of shrubs desert, succulent halophytic desert,
herbosa (A. splendens), and reedy marshes (Zhang et al. 2006). Piedmont alluvial
fans consist of gravel Gobi belt and sandy gravel Gobi belt; thus, vegetation is rare
in the marginal area. Plant species of desert vegetation are as follows: H. ammoden-
dron, Anabasis spp., Corchorus capsularis, Calligonum mongolicum, A. sparsifolia,
H. caspica, Halocnemum strobilaceum, Tamarix spp., Lycium spp., Tamarix spp.,
Kalidium foliatum, Reaumuria songonica, Nitraria spp.; plant species of meadow
vegetation are as follows: Iris lacteal andApocynumvenetum; plant species of swamp
vegetation are as follows: Scirpus validus, Typha orientalis, Phragmites australis,
and so on (Wu 1980).

The occurrence and distribution of plants in Yanqi basin are closely related to
the conditions of water and salt distribution. The desert belts which surrounding
marginal irrigated area mainly consist of Suaeda spp. community and Halogeton
glomeratus community; the riverside in the irrigated area is mainly composed of
Tamarix ramosissima community; the central lakeside zone is mainly made up of
P. australis community. Suaeda spp. is the dominant species and constructive species
of plant communities in the desert. The abundance and evenness of desert plants are
low in marginal area, and it significantly varies with the changing of water and salt
distribution. In the marginal area, the most prominent feature of vegetation is there
are xerophytic and a large number of halophilic vegetation exists. Such plant species
have the characteristics of salt secretion,water storing, high-osmotic pressure, foliage
succulent, branches and leaves extremely downsizing, and so on. The life form of the
plant community is dominated by xerophytic shrubs, subshrubs, and succulent plants.
They form sparse plant communities and the representing species including Suaeda
spp. (the dominant species), Nitraria spp., and H. glomeratus. In riverside, Tamarix
spp. become constructive species, and more herbaceous plants are distributed in this
area (Wang 2012).

8 The Social Population Situation

The land in both sides of the Kaidu River is fertile, and the climatic conditions are
fine. Thus, this place is known as a production base of crops, cotton, and sugar beet
in Xinjiang. In addition, Bosten Lake is one of the two fishery bases in Xinjiang.
There is no doubt that Yanqi Basin is important to the agricultural development in
Xinjiang. The population in the watershed area is relatively dense, and the Yanqi
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Basin has a population of 499 thousand according to the census in 2011. The basic
situations of all counties in the Yanqi Basin are as follows:

The Yanqi Hui Autonomous County lies to the southern Tianshan Mountains
and in central Basin. It has a total area of 2570.88 km2. It currently comprises of
4 townships, 4 towns, 3 state-operated farmlands, and 46 administrative villages.
The total population is approximately 160 thousand. Kaidu River passes through
the county and has a huge hydropower and water resources. In the upper reaches of
the river, there is a hydropower station named Dashankou, which provides adequate
power security for the economic development in this region. Yanqi Basin also has
considerable petroleum reserves, and “Baoliang Oilfield” is located in the Yanqi
County. The measured mineral resources include petroleum, natural gas, coal, and
other dozens of kinds with massive reserves; wild medicinal plants include more
than 100 species, such asGlycyrrhiza spp.,Lithospermumerythrorhizon,Codonopsis
pilosula, and so on. Finally, the Yanqi County has a rich and unique tourism resource.

The Hejing County lies to the central-southern part of the Tianshan Mountain
and in the northwest of Bayingolin Mongol Autonomous Prefecture. Its total area
is 3.49 × 106 hm2, of which the mountain area is 3.23 × 106 hm2, accounting for
92.6% of the total area of the county. Plain area is 2.58 × 105 hm2, accounting for
7.4% of the total area. The total population is 194 thousand in the Hejing County.

The Heshuo County lies in the east of Yanqi Basin and on the south of Tianshan
Mountain. It contains an area of 12,892 km2. According to the current census, it has
a population of 75,000. This county is surrounded by mountains on three sides, and
one side is adjacent to Bosten Lake. Midwest area is a low-lying plain. Agriculture is
mainly dominated by crop cultivation including wheat, corn, rice, sugar beet, cotton,
and other crops and by animal husbandry cultivation. Bosten Lake lies on the edge
of the county. In particular, Heshuo is located at 42° north latitude. It is suggested
that Heshuo has the suitable water and soil conditions for wine grape cultivation, and
thus it has broad prospect for wine industry development.

The Bohu County lies in the eastern part of Yanqi Basin and in lower reaches of
Kaidu River. It contains an area of 1646 km2, of which the water area is 1646 km2

(accounting for 43.2% of the total area). It has resources advantage, including aquatic
products, reed, tourism, and petroleum. This area is also known for its moderate and
humid climate and for fertile land, and all the conditions are suitable to develop
agriculture and animal husbandry. It has a total population of 61,000. Bosten Lake
is the largest fishery production base in Xinjiang, and own 32 species of freshwater
fish that are artificially stocked and naturally breed. Reedy area around the lake is
4 × 104 hm2, and it is one of the four major reedy areas. Its annual reedy reserve
is more than 2 × 105 t. The existing cultivated land area is 3641.3 hm2 in the Bohu
County.
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Climate Change Over the Past 50 Years
in the Yanqi Basin

Fengqing Jiang, Junyi Wang and Xiujun Wang

Abstract There has been evidence of warming and significant change in precipita-
tion in northwest China, implying climate change in the vast arid/semiarid regions.
This study showed that there was an increasing trend in air temperature over the
period of 1960–2014 in the Yanqi Basin, and the warming was most pronounced
since the mid-1990s. The warming rate varied over space and between seasons, with
a greater rate in autumn (0.30–0.40 °C/10a) and winter (0.29–0.45 °C/10a) than in
spring (0.13–0.26 °C/10a) and summer (0.17–0.24 °C/10a). There was also large
interannual to decadal variability in precipitation in the Yanqi Basin and runoff in
the Kaidu River. Precipitation showed an overall small increasing trend over the
period of 1960–2014. The lower reaches of the Kaidu River experienced a signif-
icant increase in runoff since the mid-1990s, which might be primarily a result of
warming that enhanced melting of snow and glacier in the surrounding mountains.

1 Introduction

There have been numerous studies of temporal variations of air temperature at various
spatial scales (Brown et al. 2008; Hansen et al. 2002; Jones et al. 1999; Solomon
2007; You et al. 2011), which show a general warming trend in the global mean air
temperature. Earlier studies indicated that the magnitude of warming in the Northern
Hemisphere (0.30 °C/10a) was more than the double of the one (0.13 °C/10a) in
the Southern Hemisphere during 1977–2001 (Jones and Moberg 2003; Luterbacher
et al. 2004).
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There is evidence of difference in the warming trend over space and time in China.
For example, the warming rate of air temperature was 0.25 °C/10a for the period of
1951–2004 in China (Ren et al. 2005), but 0.35 °C/10a in northwest China during
the period of 1961–2006 (Chen et al. 2010; Klein Tank and Können 2003), which
were much greater than the global average. Over the past 50 years, an increase in air
temperature with a linear tendency of 0.28 °C/10a was observed in Xinjiang, which
was lower than that for northwest China (Li et al. 2011). These findings indicated that
climate change in Xinjiang might have its own spatial and temporal characteristics
due to its large extent and complex terrain.

Apart from the warming trend, there has been evidence that most regions in the
world have experienced an increase in precipitation over the last few decades in the
last century. Studies have showed significant changes in precipitation in the majority
of China, with an overall increase in northwest China (Wang et al. 2004), with
implications for the hydrological cycle in Xinjiang. The objective of this study is to
investigate the spatial and temporal variability in air temperature, precipitation, and
runoff and to explore the possible mechanisms responsible for these changes in the
Yanqi Basin.

2 Data and Method

Daily air temperature dataset from four meteorological stations, i.e., the Bayin-
buluke, Baluntai, Yanqi, and Kumishi stations, in the Yanqi Basin (including the
Kaidu River Basin) with a rough data period from March 1, 1954, to December
31, 2014, were provided by the National Climatic Centre of China (NCCC), China
Meteorological Administration (CMA). The quality of the data has been controlled
before its release, and the homogeneity test has also been performed. Furthermore,
in this study, the double mass curve method was used to check the data consistency
(e.g., Li and Yan 2009). The result showed that all the data series in this study
were consistent. In total, the missing data account for 0.01% of the data series. The
missing data were filled using conventional statistical methods including: (1) If only
one day had missing data, the missing data were replaced by the average value of its
two neighboring values; (2) if consecutive two or more days had missing data, the
missing data would be processed by simple linear regression between its neighboring
stations (distance <100 km) without considering the effect of terrain altitude (Jiang
et al. 2013). For temporal consistence and facilitating comparison, the period of
temperature time series was restricted from January 1, 1961, to December 31, 2014.

In addition, two hydrological stations which are located in the Yanqi Basin and
Kaidu River Basin were also chosen for this study (Fig. 1). Among them, the Bay-
inbuluke station is situated in the upper reaches of Kaidu River and the Dashankou
station is in the lower reaches of the river. Monthly streamflow data from 1956 to
2010 of the two stations were obtained from the Xinjiang Administration of Hydro-
logical and Water Resource. Basic information of these stations is given in Table 1,
and the locations of the stations are shown in Fig. 1.
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Fig. 1 Sketch map showing the locations of selected meteorological and hydrological stations

Table 1 Basic information of stations chosen for this study

Station Type Longitude Latitude Altitude (m) Data period

Bayinbuluke Weather 84.15 43.03 2458 1961–2014

Baluntai Weather 86.30 42.73 1739 1961–2014

Kumishi Weather 88.22 42.23 721 1961–2014

Yanqi Weather 86.57 42.08 1055 1961–2014

Bayinbuluke Hydrology 84.12 42.96 2495 1956–2010

Dashankou Hydrology 85.72 42.25 1400 1956–2010

Ordinarily linear regressionwas employed to estimate long-term variations and/or
trends in the annual and seasonal temperature, precipitation, and runoff. The coef-
ficient of variation (Cv value) is used to reflect the interannual variability, which is
calculated as follows: Cv = standard deviation/average.

3 Results and Discussion

3.1 Temporal Changes in Air Temperature

3.1.1 Seasonal Variations in Air Temperature

Viewing from the distribution ofmonthly average temperature during a year, the tem-
perature in the Yanqi Basin and its neighboring mountains shows a gradual increase
from January to July and a slightly faster decrease fromAugust to December (Fig. 2).
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Fig. 2 Climatology of monthly mean temperature at the four weather stations

Overall, the Bayinbuluke station has the lowest temperature year-round, with the
mean temperature being −20 °C in winter and 10 °C for summer (Table 2); the
Kumishi station reveals highest temperature in all the seasons, i.e., 12.6, 25.5, 9.3,
and −6.0 °C for spring, summer, autumn, and winter, respectively.

In general, summer is usually the period with the smallest variability in tem-
perature, while the fall and winter seasons are the periods of largest variability
in the Yanqi Basin. However, spring is the period with the highest variability for
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Table 3 Decadal changes in mean annual temperature (°C) at the four stations

Station 1960s 1970s 1980s 1990s 2000s Mean (1961–2014)

Bayinbuluke −4.5 −4.2 −5.1 −4.2 −3.4 −4.4

Baluntai 6.3 6.1 6.1 6.8 7.8 6.6

Yanqi 8.2 8.1 8.4 8.9 9.2 8.9

Kumishi 9.4 9.0 9.4 9.8 10.1 9.6

the Bayinbuluke station (Table 2). This may be related to the topography of the
mountain basin and instability of the local atmospheric stratification.

3.1.2 Decadal Changes in Air Temperature

Our analyses show that the Yanqi Basin experienced a small decrease in temperature
from the 1960s to the 1970s and an overall increasing trend in temperature from
the 1970s to the 2010s except at the Bayinbuluke station that showed a significant
decrease from−4.2 °C in the 1970s to−5.1 °C in the 1980s, followed by a significant
increase to −3.4 °C in the 2000s. Among the four stations, the Baluntai station is
characterized by its largest increase in temperature, 1.5–1.7 °C from 1961s to 2010s,
while the Kumishi station appears a slightly increasing trend in temperature, i.e.,
0.5–0.9 °C from 1961s to 2010s (Table 3).

3.1.3 Interannual Variability and Change Trend in Different Seasons

Figure 3 shows large interannual variability in spring mean temperatures at all four
stations although there was an overall increasing trend from 1961 to 2014. It appears
that there was no clear trend prior to the 1980s, but an increasing trend starting in
1987, which is coincident with the conclusion that a change point of temperature time
series could be occurred in the middle of the 1980s (Li and Jiang 2007). The linear
tendency rate of spring temperature over the period of 1961–2013 was 0.13, 0.19,
0.26, and 0.16 °C/10a at the Bayinbuluke, Baluntai, Yanqi, and Kumishi stations,
respectively, which was not statistically significant (Table 4).

It is shown in Fig. 4 that summer average temperature was increasing from 1961 to
2014 at the four stations. The linear tendency rate of summer temperature was 0.24,
0.17, 0.18, and 0.17 °C/10a at the Bayinbuluke, Baluntai, Yanqi, and Kumishi sta-
tions, respectively (Table 4). The increasing trend was significant at the Bayinbuluke
station (P < 0.01) and the Yanqi station (P < 0.05).

Figure 5 shows considerable interannual variation in autumn temperature at all
four stations in the Yanqi Basin. In general, autumn average temperature was all
increasing from 1961 to 2014. The linear tendency rate in autumn was 0.32, 0.40,
0.33, and 0.30 °C/10a at the Bayinbuluke, Baluntai, Yanqi, and Kumishi stations,
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Fig. 3 Interannual variability of temperature and trend in spring at the four stations

Fig. 4 Interannual variability and trend in summer temperature at the four stations

respectively, which was much greater than those in spring and summer (Table 4).
The increasing trend was significant at the Baluntai and Yanqi stations.

There was interannual to decadal variability in winter temperature at all four
stations (Fig. 6). Overall, winter average temperatures showed an increasing trend
during the period of 1961–2014. The linear tendency rate was 0.29, 0.45, 0.39,
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Fig. 5 Interannual variability and trend in autumn temperature at the four stations

Fig. 6 Interannual variability and trend in winter temperature at the four stations

and 0.26 °C/10a at the Bayinbuluke, Baluntai, Yanqi, and Kumishi stations, respec-
tively (Table 4), although the change trend was not statistically significant. The most
obvious warming occurred in autumn and winter, which is in agreement with some
previous studies (Long et al. 2016; Wang et al. 2012).
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Fig. 7 Interannual variability and trend in annual mean temperature at the four stations

3.1.4 Variability and Trend in Annual Mean Temperature

Figure 7 shows large interannual variations in annual mean temperature at the four
stations in the Yanqi Basin. It can be seen that a decreasing trend occurred from the
beginning to the late of 1960s, then a gradually increasing trend appeared in the period
of 1970–2009 (except at the Bayinbuluke station), and finally, a decreasing trend
took place since 2010. Overall, there was an increasing trend for four stations from
1961 to 2014, and the linear tendency rate was 0.17, 0.27, 0.25, and 0.17 °C/10a at
the Bayinbuluke, Baluntai, Yanqi, and Kumishi stations, respectively. The increasing
trendwas significant at theBaluntai (P <0.05) andYanqi stations (P <0.01) (Table 4).

3.2 Temporal Changes in Precipitation

3.2.1 Monthly Variations in Precipitation

There is strong seasonality in precipitation in the Yanqi Basin, with the largest in
July and extremely low rate (<3 mm/month) during the period of November–March
at all the stations (Fig. 8). Clearly, precipitation is much higher at the Bayinbuluke
and Baluntai stations than at the Yanqi and Kumishi stations. In particular, July’s
rainfall is greater than 55 mm in the former, but less than 20 mm in the latter.

The variation coefficient of seasonal precipitation is commonly used to charac-
terize intra-annual variability of precipitation in a given region. A smaller variation
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Fig. 8 Climatology of monthly precipitation in the Yanqi Basin

coefficient indicates a smaller interannual variation of precipitation and a higher uti-
lization value of precipitation resources. It is given in Table 5 that in the Yanqi Basin,
seasonal precipitation variability was high. Specially, summer is usually the period
with the minimum precipitation variability, while the fall and winter seasons are the
periods with maximum precipitation variability, demonstrating a greatly interannual
fluctuation in precipitation during winter and autumn seasons.
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Table 6 Interdecadal changes in mean annual precipitation at the four stations in/near the Yanqi
Basin

Station 1960s 1970s 1980s 1990s 2000s Mean
(1961–2014)

Bayinbuluke 261.0 258.7 259.2 281.9 302.0 301.9

Baluntai 190.9 204.5 184.8 253.3 226.2 207.2

Yanqi 72.5 62.3 82.2 96.4 81.1 58.1

Kumishi 47.7 45.6 50.3 74.4 59.6 59.4

Fig. 9 Temporal variation and trend in spring mean precipitation at the four stations

3.2.2 Decadal Changes in Precipitation

The Yanqi Basin experienced considerably decadal changes in precipitation over the
period of 1961–2014. There was a clear increasing trend (from ~260mm in the 1960s
to ~300 mm in the 2000s) at the Bayinbuluke station and an overall increasing trend
prior to 2000, followed by a decrease from the 1990s to the 2000s at the other three
stations (Table 6).

3.2.3 Trend in Different Seasons

It is shown inFig. 9 andTable 7 that the change trend in springprecipitation is different
among the four stations, i.e., an increasing trend at theKumishi (1.56mm/10a), Yanqi
(1.40 mm/10a), and Baluntai (0.43 mm/10a) stations, but a decreasing trend at the
Bayinbuluke (−3.55 mm/10a) station. The largest variability in spring precipitation
is found at the Kumishi station and smallest at the Baluntai station (Table 7).
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Table 7 Change trend of mean precipitation and its coefficient (R) for different seasons

Station Spring Summer Autumn Winter

Trend R Trend R Trend R Trend R

Bayinbuluke −3.55 0.10 9.62 0.12 2.31 0.05 1.30 0.08

Baluntai 0.43 0.00 9.32 0.07 −0.57 0.00 0.24 0.04

Yanqi 1.40 0.02 −0.45 0.00 −0.15 0.00 0.57 0.03

Kumishi 1.56 0.11 2.06 0.04 0.20 0.00 0.48 0.07

Fig. 10 Temporal variation and trend in summer mean precipitation at the four stations

Figure 10 shows the temporal variation of summer precipitation at the four stations
in the Yanqi Basin. It can be seen that there is an increasing trend in summer precipi-
tations at the Baluntai, Bayinbuluke, and Kumishi stations, but a slightly decreasing
trend at the Yanqi station from 1961 to 2014. The linear tendency rates of summer
precipitation are 9.62, 9.32, −0.45, and 2.06 mm/10a at the Bayinbuluke, Baluntai,
Yanqi, and Kumishi stations, respectively (Table 7).

The autumn precipitation shows an increasing trend at the Bayinbuluke and
Kumishi stations, but a slightly decreasing trend at the Yanqi and Baluntai stations
from 1961 to 2014 (Fig. 11). The linear tendency rates of autumn precipitation are
2.31, −0.57, −0.15, and 0.20 mm/10a at the Bayinbuluke, Baluntai, Yanqi, and
Kumishi stations, respectively (Table 7).

As shown in Fig. 12, there was a large interannual to decadal variability in winter
precipitation despite an increasing trend at all four stations from 1961 to 2014. The
linear tendency rate was 1.30, 0.24, 0.57, and 0.48 mm/10a at the Bayinbuluke,
Baluntai, Yanqi, and Kumishi stations, respectively (Table 7).

Figure 13 shows temporal variation in annual mean precipitations at the four
stations in the Yanqi Basin. There was a large interannual variability but also an
overall increasing trend in annual mean precipitation, indicating a potential climate
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Fig. 11 Temporal variation and trend in autumn mean precipitation at the four stations

Fig. 12 Temporal variation and trend in winter mean precipitation at the four stations

regime shift from drier climate to wetter climate, which was in agreement with
previous studies (Jiang et al. 2013; Shi 2003; Zhang et al. 2012; Zhen and Jiang
2007). The linear tendency rate of annualmean precipitationwas 9.73, 8.88, 1.55, and
4.23mm/10a at theBayinbuluke, Baluntai, Yanqi, andKumishi stations, respectively.
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Fig. 13 Temporal variation and trend in annual mean precipitation at the four stations

4 Runoff in the Kaidu River

4.1 Kaidu River: An Introduction

The Kaidu River is an important source of water for the Tarim Basin. The sources
of the Kaidu River are located on the central southern slopes of the Tian Shan from
where it flows through the Yulduz Basin and the Yanqi Basin into Lake Bosten for
which it is the most important tributary (Fig. 1). The full length and the catchment
area of Kaidu River is 560 km and 2.2 × 104 km2, respectively. The Kaidu River
Basin belongs to the arid and semiarid climate, and water sources are from natural
precipitation, snow, and glacier melting water. Annual mean runoff of the Kaidu
River is 34.12 × 108 m3. Bayinbuluke is the upstream station of Kaidu River, and
Dashankou is the downstream station, which controls the total water amount ofKaidu
River.

4.2 Statistics of Runoff in Kaidu River

Themean, maximum, andminimumof annual runoff were 23.02× 108, 38.08× 108,
and 16.03× 108 m3 in the upper reaches of Kaidu River for the period of 1956–2010,
respectively, and 35.96× 108, 61.65× 108, and 24.56× 108 m3, respectively, in the
lower reaches (Table 8).

The variation coefficient (Cv value) of annual runoff ranges from 0.19 to 0.30,
demonstrating a lower interannual variability in the annual runoff of the Kaidu River.
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Table 8 Statistics of annual runoff in the Kaidu River

Station Mean
(×108 m3)

Maximum
(×108 m3)

Minimum
(×108 m3)

Stda Cvb

Bayinbuluke 23.02 38.08 16.03 4.53 0.197

Dashankou 35.96 61.65 24.56 8.00 0.222

aStd—Standard deviation; bCv—Coefficient of variation

The upstream station (Bayinbuluke) has a smaller Cv value than the downstream
station (Dashankou) (Table 8). The main reason for the small interannual variation in
the annual runoff of the Kaidu River is the small interannual variation of precipitation
and the regulation of glaciers and mountain region (Eziz et al. 2014; Xie and Zhu
2011).

4.3 Variations in Annual Runoff

4.3.1 Variations in Runoff in the Upper Reaches of Kaidu River

In general, the upper reaches of Kaidu River experienced a slightly increasing trend
in annual runoff from the 1960s to the 1970s, followed by a decreasing trend from
the 1970s to the 1990s and then a rapidly increasing trend from the 1990s to the
2000s. Roughly, the 2000s was the decade with the maximum annual runoff, while
the 1980s was the decade with the minimum annual runoff (Table 9).

Figure 14 shows the temporal variation inmean annual runoff in the upper reaches
of theKaiduRiver. Therewas afluctuating upward trend inmean annual runoff during
the period of 1956–1971, followed by a rapid downward trend from 1971 to 1977
and then a gradual upward trend during the period of 1977–2010. Generally, there
was a decreasing trend in mean annual runoff from 1956 to 2010 at the Bayinbuluke
station, and the linear tendency rate was −0.153 × 108 m3/10a.

Figure 15 reveals the temporal variation of runoff in different seasons at the
Bayinbuluke station, the upper reaches ofKaiduRiver. Therewas a slightly increasing

Table 9 Decadal variation of annual runoff in Kaidu River (108 m3)

Station 1960s 1970s 1980s 1990s 2000s Average
(1956–2010)

Bayinbuluke
(upper
reaches)

23.21 24.66 19.57 21.71 25.09 23.02

Dashankou
(lower
reaches)

32.95 33.12 30.53 36.72 42.77 35.96
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Fig. 14 Variation and trend of annual runoff at the Bayinbuluke station

Fig. 15 Variation and trend of runoff in different seasons at the Bayinbuluke station

trend in spring runoff from 1956 to 1971, followed by a decreasing trend from
1971 to 1994 and a rapidly increasing trend from 1994 to 2010. The summer runoff
experienced a large fluctuation during the period of 1956–1971, followed by a small
fluctuation during the period of 1971–1997 and a fluctuating upward during the
period of 1997–2010. The autumn runoff showed a fluctuating upward trend during
the period of 1956–1972, followed by a rapid downward trend from 1972 to 1985
and a fluctuating upward trend during the period of 1986–2010. There was a large
interannual variability in winter runoff prior to 1960, followed by a clear upward
trend during the period of 1960–1972, then a rapid decrease from 1973 to 1985, and
a fluctuating upward trend during the period of 1986–2010.

Overall, there were similar downward trends in spring, summer, and winter
runoffs. However, autumn runoff showed a slightly increasing trend. The linear
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Fig. 16 Variation and trend of annual runoff at the Dashankou station

tendencies of spring, summer, autumn, and winter runoff were −0.15 × 108,
−0.48 × 108, 0.002 × 108, and −0.96 × 108 m3/10a, respectively (Table 10).

4.3.2 Variation in Runoff in the Lower Reaches of the Kaidu River

The lower reaches of the Kaidu River experienced a slight increase in annual runoff
from the 1960s to the 1970s, then a decrease from the 1970s to the 1980s, and a rapid
increase from the 1980s to the 2000s. The maximum annual runoff was found in the
2000s, and the minimum annual runoff in the 1980s (Table 9).

Figure 16 shows that a fluctuating downward in annual mean runoff in the lower
reaches ofKaiduRiver (Dashankou station) occurredduring theperiodof 1956–1986,
and a rapid upward appeared in the period of 1986–2010. Generally, there was an
increasing trend in annual runoff from 1956 to 2010 at the Dashankou station. The
linear tendency rate of annual runoff was 1.89 × 108 m3/10a at the Dashankou
station. The linear tendencies of spring, summer, autumn, and winter runoff in
the lower reaches of Kaidu River were 1.89 × 108, 2.75 × 108, 5.48 × 108, and
6.68 × 108 m3/10a, respectively (Table 10).

There was a large temporal variation in all four seasons at the Dashankou sta-
tion (Fig. 17). However, the fluctuation of runoff was more pronounced in spring
and summer than in autumn and winter. Overall, the lower reaches of Kaidu River
experienced an increase in runoff post-mid-1990s despite the fluctuation. The sum-
mer runoff showed a fluctuating downward trend during the period of 1956–1985,
followed by a fluctuating upward trend during the period of 1986–2002 and then
much lower values with a slightly increasing trend during the period of 2002–2010.
The autumn runoff experienced a small change during the period of 1956–1985,
but a gradual upward trend from 1986 to 2000, followed by a remarkable fluctua-
tion (between ~80 and ~280 m3/s) over the period of 2001–2010. The winter runoff
showed a similar temporal variationwith less degrees of fluctuation to autumn runoff,
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Fig. 17 Variation and trend of runoff in different seasons at the Dashankou station

with a little change during the period of 1956–1990 and an upward trend during the
period of 1990–2000, and a large fluctuation during the period of 2000–2010.

5 Conclusions

This study demonstrated an increasing trend (0.17–0.27 °C/10a) in air temperature
during the period of 1960–2014 in the Yanqi Basin. However, there were some
differences in the warming rate between seasons and over space. In general, warming
wasmore pronounced in the areas of low elevation relative to high elevation;warming
rate was much greater in autumn (0.30–0.40 °C/10a) and winter (0.29–0.45 °C/10a)
than in spring (0.13–0.26 °C/10a) and summer (0.17–0.24 °C/10a). The greatest
warming was observed since the mid-1990s.

There was large interannual to decadal variability in precipitation in the Yanqi
Basin, which showed an overall small increasing trend over the period of 1960–2014.
The lower reaches of the Kaidu River experienced a significant increase in runoff
since themid-1990s,whichmight be linkedwith thewarming.Apparently, increasing
temperature would lead to enhanced melting of snow and glacier in the surrounding
mountains, resulting in more runoff in the Kaidu River.
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Characteristics of Soil Organic Matter
and Carbon and Nitrogen Contents
in Crops/Plants: Land Use Impacts

Juan Zhang, Xiujun Wang, Jiaping Wang and Qingfeng Meng

Abstract Change of land use is an important factor for the dynamics of soil organic
matter and carbon and nitrogen cycles. Many parts of native land in the Yanqi Basin
have been converted to cropland since 1950. To study the influence of land use
change on carbon and nitrogen cycling, we collected plant and soil samples from
28 representative sites in crop and native land. Our results show a narrow range in
carbon content (i.e., 44.2% in the native species and 41.7% in the crop species), but
a large range in nitrogen content (0.3–3.9%). Plant C:N ratio may follow an order:
native species (~31) < crops (~53), and aboveground tissues (~32) < belowground
tissues (~52). Soil C:N ratio in native land (9.9) is closed to that in cropland. Both soil
organic carbon and total nitrogen show a marked increase after long-term cultivation
in Yanqi Basin, which may be associated with the increase of recalcitrant SOC.

1 Introduction

Soil fertility is the basis for plant growth, and soil organic matter (SOM) is the basis
for soil fertility. The quality of SOM can be characterized by carbon and nitrogen
contents and fractionations of soil organic carbon (SOC). On the one hand, carbon
(C) and nitrogen (N) contents in plants may reflect soil nutrient conditions; On the
other hand, they can affect the characteristics of SOM. The arid and semiarid regions
are a major component of globe biogeochemical cycle because they account for 1/3
earth’s land surface. But less attention has been paid to the characteristics of SOM
and C and N contents in the plants in the arid and semiarid regions.
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The SOC dynamics reflects the equilibrium of input and output. Land use change
as an important factor may change SOC content by altering the rates of litter inputs
and/or SOM decomposition (Zhang et al. 2014b). In order to ensure food security,
many parts of native land have been converted to cropland. Some studies conducted
in tropical humid area have demonstrated that SOC content often declined after
cultivation (Del Grosso et al. 2009; Dinesh et al. 2003). However, the opposite results
were observed in arid regions. Fallahzade and Hajabbasi (2012) showed that content
of total SOC was 5 times higher in cropland than that in native land; Another study
also proved that labile carbon and semi-labile carbon increased after native land
cultivation (Cochran et al. 2007).

Our study was conducted in Yanqi Basin that is a typical arid land. Many parts
of native land have been used for cropping since 1950 in this region. We determine
C and N contents in typical vegetations and soils from native and cropland. Our
study aims to assess C and N distributions in plants and soils, and to determine the
relationship among them.

2 Materials and Methods

2.1 Site Description

Our sampling area is located in the center of Yanqi Basin, which is a typical arid land
in Northwest China (Fig. 1). This region shows annual average temperature <10 °C,
with a very low precipitation (<80 mm) but very high evaporation (>2000 mm).
The major soil types are brown/gray-brown desert soil. The typical native plants are
Halostachys caspica C. A. Mey. ex Schrenk and Phragmites australis (Cav.) Trin.
ex Steud. But portions of native land have been cultivated after 1950. Lycopersicon
esculentum Mill. and Capsicum annuum Linn are the dominant crops.

2.2 Plant and Soil Sampling and Analysis

We collected plant and soil samples randomly from 14 sites in native land and 14 sites
in cropland in fall, 2010. Plant samples were gathered from two parts: aboveground
tissue and root, which were grinded to 0.15 mm for C and N contents measurements,
by using an element analyzer.

Soil samples were gathered from five layers, which were air-dried then passed
2 mm/0.25 mm sieve. Soil pH was measured using 2-mm soils with 1:5 soil-to-
water ratio. SOC and TN were analyzed using the 0.25-mm soils, by following the
Walkley–Black method (Walkley and Black 1934), and fully automatic azotometer,
respectively. For the measurement of SOC fractions, we followed a two-step H2SO4
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Fig. 1 Sampling sites (modified from Zhang et al. 2014b)

hydrolysis procedure (Rovira and Vallejo 2002). Plant species and soil properties in
surface layer are shown in Table 1.

3 Results and Discussion

3.1 Plant C Contents

Plant C content in native and crop species is shown in Fig. 2. A wide range of C
content is seen for native species, i.e., 38.5–49.5% for aboveground tissues, and
37.8–50.1% for roots (Fig. 2a). On the other hand, a relatively smaller range of C
content (37.1–44.1%) is found in crop species for the whole plants (Fig. 2b). On
average, C content in native species (44.2%) is close to that in crop species (41.7%).

Relative to other studies, C content is modestly higher in the crops/plants of the
Yanqi Basin. For example, Xu et al. (2007) and Dossa et al. (2009) showed that the C
content was about 35–36% in shrub species in some other arid regions, i.e., the Inner
Mongolia and Senegal. The lower C content in those places might be associated with
the extremely low levels of SOC (~4 g kg−1).
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Table 1 Characteristics of plant and soil among sampling sites (modified from Zhang et al. 2014a,
b)

Land use types Sites Plant species BD pH

(g cm−3)

Native land A Phragmites
australis (Cav.)
Trin. ex Steud.

1.5 8.1

B Alhagi
sparsifolia Shap.

1.4 8.5

C Tamarix
ramosissima
Ledeb.

1.6 8.6

D Halostachys
caspica C. A.
Mey. ex Schrenk

1.2 8.5

E Populus
tomentosa
Carr/Acroption
repens DC.
Prodr./Sophora
alopecuroides
Linn

1.5 8.1

Cropland F Capsicum
annuum Linn

1.4 8.0

G Solanum
lycopersicum

1.3 8.4

H Zea mays 1.3 8.3

I Lycopersicon
esculentum Mill.

1.3 8.4

J Gossypium
spp/Brassica
campestris
L./Helianthus
annuus/Beta
vulgaris

1.3 8.3

Note BD bulk density

3.2 Plant N Contents

TheN content reveals great variations between different plant tissues and among sites
(Fig. 3). For native plants, N content varies from 1.3 to 3.9% for above and from
0.7 to 2.0% for roots. On average, the N content in aboveground (2.5%) is almost
twice of that in belowground tissues (1.3%). For crops, a narrow range of N content
is observed, with 0.8–1.3% for aboveground and 0.3–1.3% for roots. The mean N
content is similar (~1.0%) for different parts in crops.
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Fig. 2 Plant C content in
native (a) and crop (b)
species

Fig. 3 Plant N content in
native (a) and crop (b)
species
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Early studies revealed that N content in shrub was between 2.3–2.6 for above-
ground and 2.8 for belowground tissues (Xu et al. 2007; Yuan et al. 2005); com-
paring with those in the Yanqi Basin, N content was comparable for aboveground
part, but higher in belowground part. As for crops, Zhai et al. (2013) reported a large
range (0.4–3.3%) for wheat N content in Henan Province of China. Minkenberg and
Ottenheim (1990) illustrated that plant N content ranged from 2.1 to 4.9% in the
Western Europe. Apparently, nitrogen content is significantly lower in the crops of
Yanqi Basin than in those of other parts in the world, probably owing to the low
soil fertility.

3.3 Soil C and N

TheSOCandTNshowalmost identical vertical distribution in the native land (Fig. 4).
For most sites, the SOC is <10 g kg−1 and TN < 1 g kg−1 in topsoil layer; both SOC
and TN show a clear decline with depth above 40 cm. Similar results were also
reported for northern Xinjiang by Li et al. (2010).

Figure 5 shows that there are some differences in the vertical distribution between
SOC and TN in the cropland although both show a sharp decrease with depth. Appar-
ently, the cropland sites contain much higher levels of SOC and TN relative to the
native land. For example, SOC content is almost greater than 10 g kg−1 and TN con-
tent greater than 1 g kg−1 in the top three soil layers. There has been evidence that
land reclamation in arid regions often leads to an increase in SOC and TN contents,
as reported for northern Xinjiang (Li et al. 2010) and Inner Mongolia (Wang et al.
2010).

3.4 Soil Organic Carbon Fractions

3.4.1 SOC Fractions and SOC Stock in the Native Land

Generally, C content in each fraction is higher in topsoil layer than in deeper layers
(see Fig. 6). For example, labile SOC is always >1 g kg−1 for the top 10 cm, but
<1 g kg−1 in the other soil layers. And the content of recalcitrant SOC has a range
of 3.42–5.73 g kg−1 for the surface layer, but <2 g kg−1 below 50 cm. The con-
tent of semi-labile SOC is lowest among the SOC fractions, i.e., <1 g kg−1 for the
whole profiles. The SOC stock in Yanqi Basin is 6.01 kg m−2, which composed of
1.34 kg m−2 from labile SOC, 0.89 kg m−2 from semi-labile SOC, and 3.78 kg m−2

from recalcitrant SOC (Table 2).
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Fig. 4 Content of SOC and TN in the native land (modified from Zhang et al. 2014a)

Table 2 SOC stock in each fraction (after Zhang et al. 2014b)

Land use types Labile carbon Semi-labile carbon Recalcitrant carbon

Native land (kg m−2) 1.34 0.89 3.78

Cropland (kg m−2) 2.31 1.37 6.50

Difference 0.97 0.48 2.72

3.4.2 SOC Fractions and SOC Stock in the Cropland

All SOC fractions in cropland are significantly higher relative to those in the native
land (Fig. 7). The SOC content of each fraction is generally higher in top three layers
in the cropland, but shows a sharp decrease over the 30–100 cm. For example, the
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Fig. 5 Content of SOC and TN in the cropland (modified from Zhang et al. 2014a)

labile SOC is 2.25–2.02 g kg−1 for the top 30 cm, but lower than 1.5 g kg−1 at the
depth of 30–100 cm. The semi-labile carbon is higher than 1 g kg−1 for the surface
30 cm, but <0.7 g kg−1 in the 30–100 cm. The recalcitrant SOC is almost >8 g kg−1

in top three layers, but <3.5 g kg−1 in the deeper layers.
After long-term cultivation in Yanqi Basin, the SOC stock increased 4.17 kg m−2

(Table 2). The study by Zhang et al. (2012) showed that SOC stock increased by
1.2 kgm−2 after 20 years of tillage. The significant increase of SOC stock in cropland
may be associated with agricultural practice. For example, manure application and
residuemanagement can also lead to SOC enhancement in cropland (Tian et al. 2015;
Benbi et al. 2015).
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Fig. 6 SOC fractions in the native land (modified from Zhang et al. 2014b)

The contributionof each fraction to the increase inSOCstock is different, i.e., 0.97,
0.48, and 2.72 kg m−2 from labile, semi-labile, and recalcitrant SOC, respectively.
Obviously, recalcitrant SOChas a primary role to enhance SOC stock in the cropland.
Given that recalcitrant SOC has a direct relationship with long-term carbon storage,
one could suggest that cultivation may be conducive to long-term carbon storage in
the arid land (Zhang et al. 2014b).
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Fig. 7 SOC fractions in the cropland (modified from Zhang et al. 2014b)

3.5 C:N Ratio in Soil-Plant Systems

3.5.1 Plant C:N Ratio

PlantC:N ratio can have effects on decomposition of litters. In general, the higherC:N
ratio of plant, themore difficult the decomposition is (Jafari et al. 2011). As illustrated
in Fig. 8, plant C:N ratio is generally lower in the native land, with an average of 21.4
for the aboveground parts and 40.2 for the roots. Similar results were obtained byMi
et al. (2005), revealing extremely higher C:N ratio in roots for arid plant. The C:N
ratio is much higher in the crops than in the native plants, with 42.2 for aboveground
and 63.1 for belowground tissues. These results suggested that the decomposition
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Fig. 8 Plant C:N ratio in the
native (a) and crop (b)
species

Table 3 Soil C:N ratio in the
native land and cropland

Depths (cm) Native land Cropland

0–5 11.5 10.7

5–15 11.0 10.9

15–30 10.4 10.3

30–50 8.3 9.0

50–100 8.6 8.6

rate may follow an order: native species > crops, and aboveground > belowground
tissues.

3.5.2 Soil C:N Ratio

On average, soil C:N ratio in native land (9.9) is closed to that in cropland (10.0, see
Table 3). But the C:N ratio in top three layers (10.8) is higher than in the 30–100 cm
(8.6). Soil C:N ratio is usually affected by various factors, i.e., manure application,
vegetation types, and microbial activities (Esser et al. 2011). There was evidence of
a negative correlation between SOM decomposition rate and soil C:N ratio (Zhang
et al. 2008; Wang et al. 2015).
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4 Concluding Remarks

Knowledge of C and N distributions in vegetation and soil is significant for compre-
hending the biogeochemical cycle on the arid land. Our study shows that C content
in the native species (44.2%) is close to that in the crops (41.7%), but N content
varies largely (0.3–3.9%). Plant C:N ratio follows an order: native species < crops,
and aboveground tissues < belowground tissues. Soil C:N ratio in native land (9.9)
is closed to that in cropland in Yanqi Basin.

Both SOC and TN show a marked increase after intensive cropping in Yanqi
Basin, whichmay be associatedwith the increase of recalcitrant SOC fraction. Future
work should include the studies of plant–soil interactions (e.g., allocation of organic
carbon), the interactions and feedbacks between the carbon cycle and nitrogen cycle,
and the effect of land use change and climate change in the arid region.
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Dynamics of Soil CO2 and CO2 Efflux in
Arid Soil

Junyi Wang, Xiujun Wang, Jiaping Wang and Tongping Lu

Abstract Soil carbon dioxide (CO2) is an important component in the terrestrial
ecosystem and regulates the atmosphere–land CO2 exchange. Studying the variation
of CO2 in soil profile and surface CO2 efflux can improve our understanding of the
carbon cycle in the terrestrial ecosystem. In this paper, we analyze the dynamics
of soil CO2 and CO2 efflux in an arid region, Yanqi, northwest China. Both CO2

concentration and surface CO2 efflux showed a clear seasonal variation, with two
peaks in summer and a gradual decrease in autumn. We found that surface CO2

efflux was exponentially related to soil temperature and linearly related to moisture
when soil moisture was less than ~22%. We estimated surface CO2 efflux by linear
regression of CO2 fluxes that were calculated by gradient method using Penman
(1940), Marshall (1959), and Moldrup et al. (2013) models and found that the
Marshall (1959) model did a better job than the other two models. However, there
were considerable mismatches between the observation andmodel results. Our study
indicates that the relationship is complex between the concentration of CO2 in soil
profile and surface CO2 efflux in the arid region.

1 Introduction

Soil carbon dioxide (CO2) is an important component in the terrestrial ecosystem and
regulates the atmosphere–landCO2 exchange. Recently, some studies (Jia et al. 2014;
Li et al. 2015; Liu et al. 2015; Xie et al. 2009) showed a great potential of CO2 uptake
in arid and semiarid regions of the northwest China. For example, Xie et al. (2009)
reported that CO2 uptake in the desert soils could reach 62–622 g C m−2 year−1.
Therefore, studying the dynamics of soil CO2 and CO2 diffusion mechanisms in
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arid region will improve our understanding of the carbon cycle in the terrestrial
ecosystems.

Soil CO2 concentration depends onmany factors, including soil moisture, temper-
ature, organic matter content, and other soil properties, without considering the veg-
etation. There were studies on soil CO2 concentration using sampling tubes (Fierer
et al. 2005; Kammann et al. 2001; Sanderman and Amundson 2010), which can-
not provide continuous measurement or minimize disturbance of soil environment.
However, the employment of solid-state CO2 sensors could resolve these issues. For
example, Tang et al. (2003) carried out a study in aMediterranean savanna ecosystem
of California and validated the feasibility of CO2 sensors.

At present, the common methods for determining surface CO2 efflux are eddy
covariance method (Pattey et al. 2002), chamber-based method (Wang et al. 2010),
and gradient method (Tang et al. 2003). The first two methods only provide CO2

exchange between the ecosystem/soil and atmosphere; however, gradient method
can provide more information about CO2 dynamics in soil profile, including CO2

diffusion at different depths. However, gradient method may introduce biases and
uncertainties due to some assumptions dealing with gas diffusivity (Risk et al. 2015),
spatial heterogeneity (Wiaux et al. 2015), and the interferences by other factors such
as wind (Maier et al. 2010) and rainfall (Tang et al. 2005).

Although there have been some studies on surface CO2 efflux in China’s arid
area (Liu et al. 2017; Yan et al. 2014; Zhang et al. 2010), our understanding of
soil CO2 dynamics and its relationship with CO2 efflux is limited. Therefore, we
carried out an integrative study during the summer and autumn of 2012 in Yanqi
Basin, Xinjiang, by continuously monitoring CO2 concentration, temperature, and
water content in soil profile and simultaneously measuring surface CO2 efflux. The
objectives of our study are as follows: (a) to evaluate the temporal and vertical
variations of CO2 concentration, (b) to analyze the temporal variability of soil CO2

efflux and influence of environmental factors, and (c) to evaluate the applicability
of different diffusion models for the arid soil.

2 Materials and Methods

2.1 Measurement of Soil CO2, Water Content, and
Temperature

Straw return is an effective practice for sustaining crop productivity and soil fertility
in large parts of China (Wang et al. 2015b). Straw returning is a common agricultural
management in Xinjiang. Accordingly, the experiment included 2 PVC tubes (50 cm
in diameter and 80 cm in height), corresponding two treatments: soil only and soil
mixed with maize straw (<2 cm in length). Before adding soil, the two tubes were
buried underground, spacing 50 cm, the top as high as the ground level. We collected
surface soil (0–30 cm) after harvest, which was passing through a 5-mm sieve (with
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root removed), and fully mixed and added water so that soil moisture content was
close to 60% of field capacity. Then, we selected randomly two samples to be used
in experiment and selected two representative soil samples to determine the physical
and chemical properties. The soil is a silty loam composed of 8.5% clay, 72.7%
silt, and 18.8% sand, which contains organic carbon of 1.09%, inorganic carbon of
2.29%, total nitrogen of 0.09%, with pH of 8.1 and a bulk density of 1.3 g cm−3.

We used CO2 sensors (GMT222, Vaisala Inc., Finland) to monitor CO2 concen-
tration in soil profiles. To avoid the damage of water to probes, before installation, all
CO2 sensors were housed inside steel tubes, the upper end sealed with plastic film,
and the lower end wrapped with waterproof-breathable membrane (Gore-Tex). We
vertically put one CO2 sensor just above the soil surface and buried two CO2 sensors
into soil at depths of 10 and 20 cm in each PVC.

Soil temperature (TS) and soil water content (SWC) were measured using
temperature probe (109, Campbell Scientific Inc.) and water content reflectometers
(CS616, Campbell Scientific Inc.) with precision of better than 0.1% volumetric
water content. These probes were placed horizontally at the same depths where the
CO2 sensors were installed.

Because the soil sank during the experiment, we remeasured the depths of all
probes in the soil at the end of the experiment, which was 6, 17 cm in the soil-only
treatment and 8, 18 cm in the soil with straw treatment, respectively. All outputs from
sensors were scanned every 30 min, and hourly means were computed and stored in
the data logger (CR1000, Campbell Scientific Inc.). Data for analysis were collected
from June 29, 2012, to November 19, 2012.

2.2 Soil CO2 Efflux Measurements

In this experiment, we measured the soil surface CO2 efflux using a LI-8150 CO2

efflux system (LI-COR, USA). Two soil collars with a height of 20 cm and a diam-
eter of 21.3 cm were pushed into the soil for 10 cm. One long-term measurement
chamber was installed in each soil collar so that temporal variation of CO2 effluxes
of two treatments can be independently observed. During the study period, the
LI-8150 automatically recorded every half hour of CO2 efflux.

2.3 Calculation of CO2 Diffusion

Molecular diffusion is the dominant process of CO2 transport in the soil profile
and soil–atmosphere boundary. Accordingly, we can use gradient method (Jone and
Schapper 1972) based on Fick’s first law to calculate CO2 flux of each soil layer:

F � −DS
dC

dz
(1)
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where F is the CO2 flux (μmol m−2 s−1), DS the CO2 diffusion coefficient (m2 s−1),
C the CO2 concentration (μmol m−3), and dC

dz the vertical gradient of soil CO2.
DS can be derived by a function of the diffusivity of CO2 in free air (Da) and the

gas tortuosity factor (ξ) as follow:

DS � ξDa (2)

We compute ξ using three models, according to Penman (1940), Marshall (1959),
and Moldrup et al. (2013), respectively:

ξ � 0.66ε (3)

ξ � ε1.5 (4)

ξ � ε[1+Cm∅]
( ε

∅
)

(5)

where ε is air-filled porosity in soil, ∅ the total porosity, andCm themedia complexity
factor, with Cm = 1 in repacked soils.

The influence of temperature on the diffusion coefficients is given by Tang et al.
(2003):

Da � Da0

(
T

293.15

)1.75

(6)

where T is the temperature (K) and Da0 the standard diffusion coefficient at 20 °C
(293.15 K) and 101.3 kPa, which is 1.47 × 10−5 m2 s−1 (Jones 1992).

2.4 Computation of the Relationships of CO2 Efflux with Soil
Temperature and Moisture

We used an exponential relationship and a quadratic relationship to fit soil CO2 efflux
against temperature (T ) and moisture (M), respectively:

F � aebT (7)

F � a + bM + cM2 (8)

where a, b, and c are fitted parameters.
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Fig. 1 Seasonal variation of (a, c) soil temperature and (b, d) soil water content at different depths
in the soil-only treatment (upper panel) and soil with straw treatment (lower panel) (left panel
redrawn from Wang et al. 2015a)

3 Results

3.1 Seasonal Variations of Soil Variables

Figure 1 shows seasonal variations in TS and SWC at different soil depths. During the
observation period, TS showed a similar pattern in the soil-only treatment (Fig. 1a)
and soil with straw treatment (Fig. 1c). Daily mean TS remained relative high in
summer with small fluctuation from 21 to 30 °C, while TS in autumn gradually
decreased from 26 to −3 °C. Seasonal fluctuation of TS was greater near the surface
than in the deep layers. For example, TS ranged from 29.3 to−2.2 °C (in the soil-only
treatment) and 29.3 to −2.2 °C (in the soil with straw treatment) at 0 cm and ranged
from 27.8 to 3.9 °C (in the soil-only treatment) and 27.7 to 1.7 °C (in the soil with
straw treatment) at 17 and 18 cm.

The day-to-day variation of SWC differed substantially between the soil only and
soil with straw profiles. In the soil-only treatment (Fig. 1b), SWC at 6 cm depth
gradually decreased in the mid-summer and reached two peaks (28.8 and 24.8%,
respectively) in late summer due to two significant rainfall events. However, SWC
at 17 cm depth remained relatively stable in the mid-summer and then continuously
increased in late summer and reached its maximum (29.4%) after second rainfall
event. In autumn, SWC showed a similar decreasing trend at two depths. However,
SWC in the soil with straw treatment (Fig. 1d) at 18 cm depth generally displayed a
decrease tendencywith weak increase caused by two rainfall events. The evolution of
SWC at 8 cm in the soil with straw treatment resembled that at 7 cm in the soil-only
treatment with peaks (29.4 and 26.2%, respectively) after rainfall.
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Fig. 2 Seasonal variation of soil CO2 concentration at different depths in the soil-only treatment
(a) and soil with straw treatment (b) between day of 181 and 324 in 2012 (after Wang et al. 2015a)

Seasonal variations in soil CO2 concentration in the two treatments are shown
in Fig. 2. During the study period, CO2 concentration at soil surface generally kept
steady and slightly increased from 355.1 to 495.1 ppm in the soil-only treatment
(Fig. 2a) and from 388.7 to 596.3 ppm in the soil with straw treatment (Fig. 2b). In
the soil-only treatment, CO2 concentration averaged 1558 and 2753 ppm at 6 and
17 cm, respectively, which were lower than the CO2 concentration in the soil with
straw treatment, which averaged 2346 and 3720 ppm at the depth of 8 and 18 cm,
respectively. In deeper soil, CO2 concentration had an obvious seasonal variation,
which dropped in late June and July, reached two peaks following the two rainfall
events in August, and then continuously declined from September to November.

3.2 Relationship Between Observed CO2 Efflux and
Estimated CO2 Flux

Figure 3 shows the relationship between observed surface CO2 efflux and calculated
CO2 flux near the surface using three different diffusivity models.We selected 5 days
(day 201–206 in 2012) in the mid-summer and 5 days (day 275–280 in 2012) in the
mid-autumn to compare the seasonal difference in diurnal pattern of surface CO2

efflux andmagnitudes between observed and calculated values. Surface CO2 effluxes
in both treatments showed a similar diurnal variation with peaks at 13:00–17:00 and
valleys at 22:00–08:00 in themid-summer andmid-autumn. Three different diffusion
models estimated fluxes at the top of the soil profiles with a similar diurnal variation,
however, whose peaks and valleys lagged behind observed surface CO2 effluxes.
The values calculated by Penman (1940) model were always highest and those by
Moldrup et al. (2013) model lowest. In the mid-summer, we found that calculated
average CO2 fluxes at the top of profiles by Penman (1940), Marshall (1959), and
Moldrup et al. (2013) models were lower than average observed surface CO2 effluxes
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Fig. 3 Comparison of soil CO2 effluxes between observed and calculated using three different
diffusivity models in the soil-only treatment at 3 cm (a), (b) and soil with straw treatment at 4 cm
(c), (d)

by 5.6–14%, 21–28%, 54–57%, respectively. In contrast, in the mid-autumn, we
found that estimated mean values using the Penman (1940), Marshall (1959), and
Moldrup et al. (2013) models were 62.1, 49.1, and 6.8% higher in the soil with straw
treatment; in the soil-only treatment, the values estimated by Penman (1940) model
were 14.7% higher; however, the Marshall (1959) and Moldrup et al. (2013) models
underestimated the CO2 efflux by 1.8 and 39.2%, respectively.

3.3 Vertical Profiles of CO2 Fluxes

Figure 4 showsmeans ofmeasured surface CO2 efflux andCO2 fluxes (at two depths)
calculated using the concentration gradient method with three different diffusion
models between day 201 and 205 in the mid-summer (Fig. 4a, c) and day 275 –280
in the mid-autumn (Fig. 4b, d). Generally, the vertical profiles of calculated soil CO2

fluxes showed a similar shape, i.e., soil CO2 flux decreasing with depth. In the mid-
summer, estimated CO2 fluxes at two depths were less than the observed surface CO2

effluxes in both treatments. However, in the mid-autumn, the calculated CO2 flux at
depth was higher than the measured surface CO2 efflux. For example, in soil with
straw treatment, the calculated CO2 flux at 4 cm was higher relative to the measured
surface CO2 efflux.

One may estimate the surface CO2 efflux using linear extrapolated method.
However, using different models could result in dramatically different values. The
Moldrup et al. (2013) model underestimated the surface CO2 effluxes in the soil-only
treatment, while Penman (1940) model overestimated the values for both treatments.
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Fig. 4 Distribution of modeled average soil CO2 fluxes and observed average surface CO2 effluxes
in (a, b) soil-only treatment and (c, d) soil with straw treatment between day 201 and 205 (left
panel) and day 275–280 (right panel). The gray dashed lines represent linear regressions

Overall, the Marshall (1959) model produced smallest bias, i.e., overestimation of
4.7%.

3.4 Seasonal Variations of CO2 Fluxes

Based on the evaluations of the three models, we found that the performance of the
Marshall (1959) model was better than the other two. Thus, we used the Marshall
model to calculateCO2 fluxes in soil profiles. Figure 5 shows themeasureddailymean
surface CO2 effluxes and estimated daily mean CO2 fluxes over the entire experiment
period. For both treatments, therewas a strong seasonal variation, followed a bimodal
curve with two peaks in July and August. Interestingly, the calculated CO2 fluxes
showed an immediate decrease after first rainfall episode, but a small increase near
the surface following second rainfall event. These different responses were partly
due to the intensity of the first rainfall greater than second times and partly due to a
significant increase of CO2 concentration gradient which offset the decrease of CO2

diffusivity following the second rainfall.
We also assessed the effect of temperature and water content on surface CO2

efflux using Eqs. 7–8 for the experiment period. Our analyses showed that soil CO2

efflux was significantly (P < 0.001) correlated with temperature and water content
in both treatments. More precisely, soil CO2 efflux had a positive relationship with
temperature (as an exponential function). However, the fitting relationship between
CO2 efflux and soil moisture was complex: positive when SWC< 24% (SWC< 22%)
and negative when SWC > 24% (SWC > 22%) in the soil-only treatment (in the soil
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Fig. 5 Time series of dailymean soil CO2 effluxes observed and CO2 fluxes calculated for different
depths using theMarshall (1959) diffusivity model in the soil-only treatment (a) and soil with straw
treatment (b)

with straw treatment) as shown in Fig. 6. Nevertheless, it seems clear that there is a
linear relationship between CO2 efflux and soil moisture when soil water content is
less than ~22%.

4 Discussion

4.1 The Effect of Environmental Factors on Soil CO2 Efflux

There is evidence of different responses of CO2 efflux to environmental factors in
different areas (Pangle and Seiler 2002; Zhang et al. 2006). Here, we discuss how
environmental factors (temperature, moisture, and rainfall) influence CO2 efflux in
the arid region.

Our study showed a significantly positive correlation between CO2 efflux and
temperature, indicating that temperaturewas a limiting factor for soil respiration. This
is in agreement with many studies that conducted in various ecosystems (Almagro
et al. 2009; Godwin et al. 2017; Suh et al. 2009). For example, Yu et al. (2015)
showed that soil temperature at 10 cm depth could explain 70.5% of variations for
heterotrophic respiration in dryland agriculture system.

The dual effects of soilmoisture on surfaceCO2 effluxwere also reported by Jassal
et al. (2005) who found efflux in a forest soil showing an increase with increasing
moisture to 12%, followed by a decrease with further increase in moisture. However,
there was a positive correlation between CO2 efflux and soil moisture reported in
arid and semiarid region (Chang et al. 2009; Wu et al. 2010). The reason may be that
soil water content can influence soil CO2 flux in two directions. On the one hand,
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Fig. 6 Relationship between soil CO2 efflux and temperature and moisture at 6 cm in the soil-only
treatment (upper panel) at 8 cm in the soil with straw treatment (lower panel) using data from day
181 to day 324 (left panel redrawn from Wang et al. 2015a)

increasing soil moisture in dry soil can promote the decomposition of organic matter,
especially in long dry season, as shown at a saline desert in western China (Ma et al.
2012) and in a semiarid grassland (Lopez-Ballesteros et al. 2016). As a result, there
should be more CO2 in soil profile and subsequent an increase in CO2 efflux. On the
other hand, more water in soil can cause more CO2 to be dissolved (thus less CO2

in soil profile) and also reduce air-filled porosity (Ball et al. 1999; Chayawat et al.
2012), leading to a decrease in CO2 diffusivity and a subsequent decrease in CO2

efflux.
The influence of rainfall on soil surface CO2 efflux may be complex because

various processes can be affected over different time scales. The two opposite effects
linked with an increase in soil moisture (see discussion above) may last (from days
to weeks) until soil water content becoming normal (i.e., close to average or that
before rainfall or being stable). On the other hand, there may be other processes with
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short-term effects (from minutes to hours). For example, rainwater can fill the pore
in soil profile and squeeze air (including CO2 gas) out, which leads to a temporary
increase in CO2 efflux (Jassal et al. 2005); rainfall may cause a pause for CO2 efflux
or influx, which has been observed in sandy soil due to a gradient of gas pressure
between soil–atmosphere interface (Fa et al. 2015).

4.2 Comparison of Different Diffusion Models

Our study demonstrates that the Marshall (1959) model may do a better job in esti-
mating CO2 efflux of the arid soil than the Penman (1940) and Moldrup et al. (2013)
models although the Marshall (1959) model underestimates the seasonal amplitude.
There have been reports that show differences between measured surface CO2 efflux
and gradient method using different diffusion models. For example, Pingintha et al.
(2010) found that the Penman (1940) andMarshall (1959) models significantly over-
estimated CO2 efflux in a non-irrigated peanut field. A study by Fan and Jones (2014)
showed that the Moldrup et al. (2013) model overestimated CO2 diffusion in a pas-
ture plot with calcareous soil in a semiarid region, Utah, USA. However, Schwen
et al. (2015) found that the Moldrup et al. (2013) model with modified parameters
could reproduce the observed CO2 diffusion in a maize field with calcareous soil
under a sub-humid climate in lower Austria.

There have been studies using other models to predict CO2 efflux. For example,
Risk et al. (2015) applied the complex model by Mccarthy and Johnson (1995) that
includes CO2 diffusion in both free air and water and found that the model overpre-
dicted (underpredicted) CO2 diffusivity under dry (wet) condition in representative
soils with a range of textural classes. Interestingly, Fan and Jones (2014) tested a
simple power model by Buckingham (1904) that only considers air-filled porosity,
but found that the model “was sufficient to provide estimates that agreed well with
experimental measurements.” In general, empirical models tend to have bigger error
in relatively dry or wet situation, implying that those models may not be able to
predict CO2 efflux during and following rainfall. Thus, there is no single diffusion
model that can perform well for all soil conditions.

5 Conclusions

Soil CO2 concentration and efflux had a clear seasonal variation (with two peaks
in summer and continuously decreasing in autumn). Surface CO2 efflux had signifi-
cantly positive correlation with soil temperature throughout the summer and autumn;
soil CO2 efflux linearly increased with increase of soil moisture when soil was not
too wet (moisture less than ~22%).

TheMarshall (1959) model showed a better performance than the Penman (1940)
and Moldrup et al. (2013) models in the arid soil of Yanqi Basin. However, the
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Marshall (1959) model underestimates the seasonal amplitude. Studies are needed
to investigate the relationship between CO2 flux and soil environmental variables
under various conditions.
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Land Use Impacts on Soil Organic
and Inorganic Carbon and Their Isotopes
in the Yanqi Basin

Jiaping Wang, Xiujun Wang and Juan Zhang

Abstract Assessments of both soil organic carbon (SOC) and inorganic carbon
(SIC) under different land use types are lacking in arid regions. To advance the
understanding of soil carbon dynamics and impacts of land use changes, a study
was conducted in the central Xinjiang, the Yanqi Basin that had significant land use
changes since the 1950s. Soil samples were collected at representative sites under
various types of land use and vegetation, and SOC and SIC and their isotopes were
measured over the 0–100 cm. This study revealed that both SOC and SIC stocks were
the lowest in the desert land, but the highest in the agricultural land. Conversion of
native land to cropland has caused a significant increase of SOC in the topsoil,
and SIC in the subsoil. Total soil carbon stocks in the 0–100 cm are 11.6 ± 4.8,
44.7 ± 10.4, and 51.2 ± 5.6 kg C m−2 in the desert land, shrub land, and agricultural
land, respectively. On average, soil inorganic carbon counts more than 80% of the
total carbon stock in the soil profiles. δ13C of SOC shows no significant differences
between land use types, but δ13C of SIC is much different among land use types,
following an order: desert land (−0.6‰) > shrub land (−2.2‰) > agricultural land
(−3.4‰). Our finding of SIC increase with depletion of 13C in the agricultural land
indicates that there has been enhanced accumulation of pedogenic carbonate as a
result of cropping.
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1 Introduction

There have been many studies on the terrestrial carbon cycle over the last century
because of the great concern on the continuous increase of atmospheric carbon diox-
ide (CO2), whichmay be themain reason for the global warming. Soil organic carbon
(SOC), the largest carbon pool in the terrestrial ecosystem, has attracted great atten-
tion (Sanderman et al. 2008; Vargas et al. 2011). In contrast, soil inorganic carbon
or carbonate (SIC), mainly found in the arid and semi-arid lands, may also play an
important part in the global carbon cycle and climate change (Entry et al. 2004; Lal
2004; Schlesinger 1999). Apparently, studying the dynamics of both SOC and SIC is
crucial to the understanding of the carbon cycle over the regional and global scales.

There have been significant land use changes (i.e., conversion of native lands to
agricultural lands with fertilization and irrigation) in the arid and semi-arid regions
of China over the past decades, which may have implications for the carbon cycling.
A few studies have indicated that there is an increase in SIC in irrigated agricultural
lands in arid regions, relative to non-irrigation lands (Wu et al. 2008, 2009; Zhang
et al. 2010). While the topic of soil carbon storage has been a focus of the carbon
cycle research (Gang et al. 2012; Su et al. 2010; Wu et al. 2008), there are limited
studies of both SOC and SIC profiles (Wang et al. 2010; Yang et al. 2007), and little
is done to assess impacts of land use change on soil carbon dynamics in northwest
China.

Because of 13C discrimination during photosynthesis, different plant has its own
isotopic signature. Thus, vegetation type can have influences not only on soil carbon
stocks but also on their stable isotopic compositions. It is well documented that C3
and C4 plants have much different isotopic signatures, with a mean δ13C value of
−27 and −12‰, respectively (Cerling 1984). Thus, δ13C in SOC gives us a way to
trace vegetation change from C3 to C4, or vice versa (Boutton et al. 1998; Krull and
Bray 2005). On the other hand, δ13C in SIC may be used to differentiate carbonate
origination, i.e., lithogenic carbonate (LIC) and pedogenic carbonate (PIC) (Liu et al.
1996; Nordt et al. 1998).

There are a few methods for determining SOC and SIC. For example, dry com-
bustion with automated analyzers and wet chemical oxidation are common methods
for SOC measurements (Walkley and Black 1934). While the automated technique
is quick and accurate, the cost is usually high. Commonly, SIC is often measured
by determining the CO2 production following the addition of HCl acid (Dreimanis
1962; Heiri et al. 2001; Presley 1975; Sherrod et al. 2002). Another simple and cheap
method is the loss-on-ignition (LOI) that is to heat soils at high temperature to cause
combustion of soil organic material (SOM) or carbonate and measure the weight
losses (Wang et al. 1996, 2011b). Compared to the automated techniques and chem-
ical methods, LOI techniques are less expensive and labor intensive (Wang et al.
2012).

The Yanqi Basin has had land use changes over the past decades. Majority of the
shrub land in the Yanqi Basin was changed to agricultural land that has been used
for farming. A set of studies were carried out to understand the impacts of land use
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changes on the dynamics of soil carbon, which include the assessments of common
methods for SOC and SIC measurements, and evaluations of the profile distributions
of SOC and SIC and their isotopic compositions under various land uses.

2 Materials and Methods

2.1 Site Description and Soil Sampling

The Yanqi Basin is located in the northeast brim of the Taklamakan Desert, China.
The main soil types are brown desert soil and gray-brown desert soil, which were
developed from limestone parent material and classified as a Haplic Calcisol (FAO-
UNESCO1988). There are various land uses,with approximately 70%as agricultural
land and ~30% as shrub land and desert. Due to the extremely low precipitation,
agriculture land uses water from the Kaidu River; rainfall and underground waters
are the water sources for the desert and shrub lands.

We randomly selected 21 sites in the Yanqi Basin during August and November,
2010: 3 sites from desert, 9 sites from shrub land, and 9 sites from agricultural
land (Fig. 1). We collected soils over five layers at most profiles in the desert and
shrub lands, and six layers in the agricultural land. Initially, soil was air-dried, well
mixed, and then sieved to pass a 2-mm screen. Bulk density was determined for all
sites and soil texture for representative sites. Soil texture was determined for surface
soil samples (0–30 cm) using the Mastersizer 2000 particle size analyzers. Soil pH
and electrical conductivity (EC) were determined using a soil:water (1:5) mixture.
Representative sub-samples were ground to 0.25 mm for measuring SOC and SIC
and their isotopes.

2.2 Basic Soil Properties

Table 1 shows the basic properties of the topsoil (0–30 cm). In general, clay content
was low (3–8%) in all land uses, with the highest value in the agricultural soils. Sand
content was significantly higher in the desert soils (68%) than in the shrub (25%) and
agricultural lands (20%). Silt content was much lower in the desert soils (29%) than
in the shrub and agricultural soils (69–72%). Bulk density was the highest in desert
land (1.6 g cm−3) and lowest in the agricultural land (1.3 g cm−3). Soil pHwas similar
between the desert (8.3), shrub (8.4) and agricultural lands (8.2). However, EC was
much higher in the shrub land (9.1 ms cm−1) than in the desert and agricultural lands
(0.8–1.4 ms cm−1).
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Fig. 1 Map of sampling layout in the Yanqi Basin [Desert land (stars), Shrub land (triangles), and
Agricultural land (circles)] (redrawn from Wang et al. 2012)

Table 1 Means (standard deviations) of soil basic properties in desert land (DL), shrub land (SL),
and agricultural land (AL) (redrawn from Wang et al. 2012)

BD pH EC Clay Silt Sand

g cm−3 ms cm−1 %

DL 1.6 (0.2) 8.3 (0.2) 1.4 (2.0) 3.1 (0.5) 28.8 (12.1) 68.1 (12.2)

SL 1.4 (0.1) 8.4 (0.3) 9.1 (7.8) 5.5 (1.8) 69.4 (9.8) 25.1 (10.8)

AL 1.3 (0.1) 8.2 (0.2) 0.8 (0.6) 7.6 (1.6) 72.3 (4.4) 20.1 (5.8)

2.3 Soil Carbon Measurements

2.3.1 Traditional Methods

We used a modified Walkley–Black method to determine SOC, which was modified
according to the traditionalWalkley–Blackmethod (i.e.,Walkley andBlack 1934). In
brief, soil was treated with concentrated H2SO4 and 0.5 M K2Cr2O7 at 150–160 °C,
then followed by titrating with 0.25 M FeSO4. The pressure calcimeter method was
used for SIC measurement, which was similar to that of Sherrod et al. (2002).
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2.3.2 LOI Methods

Based on the methods byWang et al. (1996) andWang et al. (2011b), we first heated
soil at 105 °C for 24 h to remove soil moisture. We then follow a two-step procedure
for both SOC and SIC estimates by combusting soil in a muffle furnace (S1849,
KOYO LINDBEERE LTD): At 375 °C for 17 h, then at 800 °C for 12 h. Soil organic
matter is calculated as the weight difference between 105 and 375 °C, and SIC as
the weight loss during the combustion under 800 °C.

2.3.3 Elemental Analyzer

We also used a CNHS-O analyzer (EuroEA3000) to determine SOC and SIC con-
tents. For SOC estimate, soil is pretreated with 10 drips of H3PO4 for 12 h to remove
carbonate. Then the sample is combusted and CO2 production is determined by a
thermal conductivity detector. Total soil carbon is measured, using the same proce-
dure without pretreatment with H3PO4. We calculated the difference between total
soil carbon and SOC as SIC content.

2.3.4 Carbon Isotope Measurement

Stable isotope, δ13C, in SOC was measured using a Finigan MAT Delta Plus XP
at the State Key Laboratory of Lake Science and Environment (SKLLSE), Nanjing
Institute of Geography and Limnology, Chinese Academy of Sciences (CAS), and
δ13C in SIC at the Nanjing Institute of Geology and Paleontology, CAS. For δ13C in
SOC, soil was pretreated with H3PO4 to remove carbonate. The pretreated soil was
combusted at 1020 °C with constant helium flow carrying pure oxygen to ensure
complete oxidation of organic materials. For δ13C in SIC, CO2 was collected during
the reaction of soil with 100%H3PO4 and transported in a helium stream to the mass
spectrometer. Isotopic data were reported in delta notation relative to the Vienna Pee
Dee Belemnite (VPDB).

2.4 Evaluations of Soil Carbon Methods

2.4.1 Comparisons of SOC Methods

Figure 2 shows the comparison in SOC measurement between the modified Walk-
ley–Black method and the automated CNS analysis. Clearly, there is a strong linear
relationship between the two methods. The regression line is forced through zero
since the intercept is not significantly different from zero. The slope value of 1.023 is
significantly different from 1. When SOC content is too low (less the 5 g kg−1), the
modified Walkley–Black method can cause over-estimate for SOC. If the low-SOC
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Fig. 2 Linear regression in measured SOC between the automated analysis and theWalkley–Black
method (redrawn from Wang et al. 2012)

data are excluded, a new regression line gives a slope value of 0.997. These compar-
isons demonstrate that near 100% SOC can be oxidized in the soils in this region,
which is much higher than previous published values for forest soils in Flanders
(De Vos et al. 2007), but in line with those (~100%) in the Tasmanian soils (Wang
et al. 1996). The high SOC recovery and large correlation coefficient (0.95) in this
study indicate that the modified Walkley–Black method can provide good estimates
of SOC, except for soils with very low levels of SOC.

Figure 3 shows the relationship betweenLOI-derivedSOMandautomatedSOCby
the CNS analyzer. There is a large intercept (4.189) for the regression line, suggesting
some weight losses of non-SOM materials (e.g., structural water and carbonate)
during ignition. The conversion factor (1.792) is little larger than the traditional
value (1.724). Accordingly, SOC can be estimated by LOI at 375 °C for 17 h as
follows:

SOCLOI � (SOMLOI − 4.189) /1.792 (1)

As demonstrated in Table 2, the calculated SOC using the LOImethod (i.e., above
equation) has a range of 0.1–13.3 g kg−1, mean value of 6.2 g kg−1, and standard
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Fig. 3 Linear regression between measured SOC by the CNS Analyzer and LOI-derived SOM
(redrawn from Wang et al. 2012)

Table 2 Analyses of soil organic carbon (SOC) (g kg−1) and inorganic carbon (SIC) (g kg−1)
determined by three different methods (redrawn from Wang et al. 2012)

SOCCNS SOCW&B SOCLOI SICCNS SICPC SICLOI

Maximum 14.11 15.17 13.32 52.97 51.47 54.93

Minimum 0.78 1.84 0.10 8.53 6.34 9.26

Mean 6.00 6.57 6.20 24.65 23.55 28.28

Standard
deviation

4.19 3.79 4.18 10.39 10.73 11.07

deviation of 4.2 g kg−1 for the soils tested, which are similar to those (0.8–14.1, 6.0,
and 4.2 g kg−1, respectively) determined by the elemental CNS analyzer.

2.4.2 Comparisons of SIC Methods

SIC determined by the pressure calcimeter method shows significantly linear rela-
tionship (r = 0.99, p < 0.001) with the automated CNS analysis (Fig. 4) although the
former yields slightly lower values than the latter (Table 2). Since the intercept is
not significantly different from zero, the regression line is forced through the origin.
The close-to-1 slope value and large correlation coefficient give us confidence that
the pressure calcimeter method is comparable with the automated CNS technique
for the tested calcareous soils.
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Fig. 4 Linear relationship for SIC between the automated analysis and the pressure calcimeter
method (redrawn from Wang et al. 2012)

As shown by Fig. 5, the LOI method produces a very similar range of SIC to the
automated CNS analysis, and there is a significant linear relationship between the
two methods:

SICLOI � 1.043 SICCNS + 2.582 (2)

The intercept value of 2.582 is significantly bigger than 0, indicating that there
may beweight losses of non-SICmaterials (e.g., dehydration from other compounds)
during ignition (Santisteban et al. 2004). However, the slope value is close to 1 and
correlation is significant (r = 0.98, P < 0.001), which suggest that SIC content can
be accurately measured by the LOI technique.

Figure 6 shows that there is also a strong linear relationship between the pressure
calcimeter method and the LOI technique for SIC:

SICLOI � 1.021 SICPC + 4.241, (3)
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Fig. 5 Linear relationship between the automated analysis and the LOI method for SIC (redrawn
from Wang et al. 2012)

which is similar to the regression between the LOI-SIC and the CNS-SIC (see Eq. 2).
The much higher intercept (4.241) in Eq. (3) causes higher estimates for SIC by the
LOI method, compared to those by the CNS technique (Table 1).

3 Results and Discussion

3.1 Soil Carbon and δ13C Under Various Land Uses

3.1.1 Vertical Distributions of SOC and Its δ13C

We first assessed the vertical distributions of SOC and its δ13C value at the desert
sites (Fig. 7). As was expected, all the soil profiles show low-SOC content, i.e., less
than 4 g kg−1 except at site D2(0–5 cm) that reveals a rapid decrease of SOC from
~6 g kg−1 in the topsoil to almost zero in the subsoil. Overall, δ13C in SOC is more
negative in the topsoil (close to −22‰) than in the subsoils (close to −19‰).

Soil organic carbon varies widely in the shrub land in terms of magnitude and
vertical distribution (Fig. 8). While more than 50% of the sites show small vertical
variations of SOC, there is an obvious decrease (from ~20 g kg−1 in the topsoil to
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Fig. 6 Linear relationship between the pressure calcimeter and LOI methods for SIC (redrawn
from Wang et al. 2012)

(a) (b) (c)

Fig. 7 Vertical distributions of SOC (solid line) and δ13C (dashed line) on the desert land

<7 g kg−1 in the subsoil) in SOC in one-third of the profiles. It appeared that δ13C
in SOC is less negative in the subsoil at most sites, and there is an overall negative
correlation between δ13C and SOC content. For example, the vertical distribution of
δ13C is opposite to that of SOC at the sites S3, S4, and S5.

Figure 9 presents vertical profiles of SOC and δ13C in the agricultural land. In
general, SOC content in the topsoil is greater than 10 g kg−1 in the agricultural land,
which ismuch larger than those in the desert and shrub lands. Generally, SOCvertical
distribution on the agricultural land shows a sharp decline from 10 to 15 g kg−1(above
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 8 Vertical distributions of SOC (solid line) and δ13C (dashed line) on the shrub land

20 cm) to <4 g kg−1 (below 70 cm). The δ13C value varies narrowly in the topsoil,
from−25 to−23‰, butwidely in the subsoil (from−24 to−20‰) in the agricultural
land. Similar to the shrub land, there is enriched 13C in the subsoil and a negative
correlation between δ13C and SOC at almost agricultural sites.

It is well known that C3 and C4 plants have much different isotopic values, with a
mean δ13C value of −27 and −12‰, respectively (Cerling 1984). Therefore, δ13C in
SOC provides us a way to trace land use history such as vegetation change between
C3 and C4 plants (Boutton et al. 1998; McPherson et al. 1993). The value of δ13C in
SOC ranges from −20 to −27.5‰ in the Yanqi Basin, indicating that the dominant
vegetation has been C3 type of plants. The δ13C value becomes less negative with
depth, implying two kinds of possiblemechanisms. Firstly, the depletion of 13C in the
surface soil that contains newer SOM indicates an expansion of C3 vegetation in the
recent years. Secondly, the enrichment of 13C in the deep soil that has relatively older
SOMmay be caused by isotopic discrimination with SOC decomposition(Fernandez
and Cadisch 2003; McPherson et al. 1993).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 9 Vertical distributions of SOC (solid line) and δ13C (dashed line) on the agricultural land

3.1.2 Soil Inorganic Carbon and Its δ13C

Soil inorganic carbon and its δ13C value show almost uniform distribution in soil
profiles in the desert land (Fig. 10), which ranges from 8 to 14 g C kg−1 and −2 to
0‰, respectively. While SIC shows similar values(~10 g C kg−1) in both D1 and D2
sites, δ13C value in SIC is more negative at the site D1 (close to −2‰) than at D2
(close to 0).

As shown in Fig. 11, SIC content is generally higher in the shrub land (>15 g C
kg−1), except at S9 that reveals the lowest values for both SOC (<4 g C kg−1) and
SIC (~10 g C kg−1). There is an increasing trend in SIC content with depth in more
than half of the profiles, especially at the sites S3, S4, and S5, which have relatively
higher SOC (>19 g C kg−1) in the surface soil (see Fig. 8). The δ13C value in SIC
varies between −1 and −5‰ in the shrub land, with weak vertical variation in most
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(a) (b) (c)

Fig. 10 Vertical distributions of SIC (solid line) and δ13C (dashed line) on the desert land

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 11 Vertical distributions of SIC (solid line) and δ13C (dashed line) on the shrub land

profiles. But there is a decline in δ13C value of SIC with depth at the S1 and S3 where
SIC shows an increasing trend with depth.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 12 Vertical distributions of SIC (solid line) and δ13C (dashed line) in the agricultural land

Figure 12 presents SIC content and its δ13C value in the agricultural land. Relative
to the desert and shrub lands, SIC content ismuch higher, showing >25 g kg−1 inmost
profiles. Generally, SIC is uniformly distributed over the 0–30 cm layer. There are
high SIC values (≥35 g kg−1) in the subsurface at some sites, i.e., sites A2, A3, A5,
and A7. Similar to SIC content, the δ13C value in SIC shows little vertical variation
above 30 cm. There is a big range in the δ13C value, from −5 to −1.5‰ over the
0–30 cm, and −6.5‰ to ~0 in the lower soil. Overall, there is a negative correlation
between δ13C and SIC in the agricultural land, i.e., the higher SIC content, the lower
δ13C value is.

3.1.3 Comparisons of Soil Carbon and the Isotopes Between Land Uses

Table 3 shows the SOC, SIC, and their stable isotopes for all individual layers.
Statistical analyses demonstrate that both SOC and SIC are significantly higher in
the shrub land and agricultural land than in the desert land. In spite of the lacking of
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Table 3 Average (standard variations) of soil carbon (g C kg−1) and stable isotopes (‰) for the
desert land (DL), shrub land (SL), and agricultural land (AL)

Depth (cm) Land use SOC SIC δ13CSOC δ13CSIC

0–5 DL 4.2 (1.5) a 12.3 (4.0) a −21.72 (0.3) a −0.87 (0.58) a

SL 11.9 (7.9) b 20.8 (6.2) b −24.78 (1.0) b −1.95 (0.6) a

AL 12.8 (2.0) b 27.2 (4.1) c −24.27 (0.7) b −3.36 (1.1) b

5–15 DL 3.1 (0.8) a 11.2 (5.1) a −21.60 (0.6) a −0.41 (0.7) a

SL 9.4 (5.2) b 22.4 (5.8) b −24.20 (0.9) b −2.17 (0.8) b

AL 12.1 (2.1) b 27.3 (3.9) b −24.04 (0.5) b −3.38 (1.1) c

15–30 DL 1.8 (0.2) a 11.3 (2.2) a −20.47 (1.1) a −0.37 (0.8) a

SL 6.2 (2.6) b 24.6 (6.3) b −23.82 (0.8) b −2.32 (0.9) b

AL 10.7 (2.6) c 27.4 (3.9) b −23.94 (1.5) b −3.32 (1.1) c

30–50 DL 1.2 (0.5) a 8.5 (0.1) a −21.56 (1.4) a −0.64 (1.2) a

SL 4.9 (2.4) ab 26.2 (6.7) b −23.22 (0.9) a −2.27 (1.0) ab

AL 6.2 (3.0) b 30.0 (4.7) b −22.70 (1.3) a −3.33 (1.5) b

50–100 DL 1.4 (1.1) a 8.5 (2.4) a −19.07 (0.2) a −0.67 (1.8) a

SL 4.2 (1.5) b 26.2 (8.9) b −22.92 (1.0) b −2.45 (1.4) a

AL 3.7 (1.7) ab 30.4 (7.2) b −22.59 (1.5) b −2.93 (1.5) a

Values followed by the same letter in each column (for the same layer) are not significantly different,
based on the LSD tests (P < 0.05)

significant differences, SOC content is larger (smaller) in the agricultural land than
in the shrub land above (below) 50 cm. In particular, SOC content is significantly
different over the 15–30 cm layer between the shrub land and agricultural land.

For all the depth, SIC content has the following order: desert land < shrub
land < agricultural land. While statistical analyses only show a significant differ-
ence for the 0–5 cm, SIC content is generally higher (>10%) in the agricultural land
relative to the shrub land. In addition, the variation in SIC (i.e., standard deviation) is
also smaller in the agricultural land than in the shrub land, implying that the uncer-
tainty (in terms of high SIC content) is small in the agricultural soils. The value of
δ13C in SOC is significantly higher in the desert land than in the shrub and agricultural
lands; similarly, δ13C in SIC follows an order: desert land > shrub land > agricul-
tural land. Statistical analyses show that δ13C in SIC is significantly different in the
5–30 cm between land uses.

Generally, the δ13C value in LIC is close to 0, but more negative in PIC (Krull
and Bray 2005; Liu et al. 1996). On average, the δ13C in SIC of Yanqi Basin is −0.6,
−2.2, and −3.4‰ for the desert land, shrub land, and agricultural land, respectively.
The relatively depleted 13C in SIC in the agricultural land indicates that there has
been more PIC formed related to cropping.

It is well known that SOC is generally low in arid and semi-arid lands. The data
collected in the Yanqi Basin show extremely low SOC density in the desert land
(1.9 ± 1.4 kg C m−2 over the top 1 m) (Table 4). An earlier study by Feng et al.
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(2002) showed close values, i.e., 2.3–2.4 kg Cm−2 for the Tarim and Junggar Basins.
SOC stocks (7.9–9.2 kg Cm−2) in the shrub and agricultural lands of Yanqi Basin are
slightly lower than those reported by Wang et al. (2003), i.e., 10.9–12.1 kg C m−2

for shrub and agricultural lands in northwest China. But, the mean SOC stock of
8.6 kg C m−2 in the Yanqi Basin’s shrub and agricultural lands is ~60% higher than
the mean value (5.4 kg C m−2) for the Xinjiang province reported by Li et al. (2007),
but close to the national mean value for SOC (8.0 kg Cm−2) that was estimated using
the China’s second soil surveys data (Wu et al. 2003).

The SIC stock (9.7 ± 3.4 kg C m−2 over the 0–100 cm) in the desert land of
the Yanqi Basin is slightly less than that in the Tarim Basin (10.8 kg C m−2), but
significantly higher than that in the Junggar Basin (3.2 kg C m−2) (Feng et al. 2002).
On the other hand, SIC stock is much higher (37–52 kg C m−2 over 0–100 cm) in
Yanqi Basin’s shrub and agricultural lands (Table 4), comparing with the average
SIC density (12.6 kg C m−2) for Xinjiang province reported by Li et al. (2007).

More than 80% of the total carbon stock is as the form of SIC in all the land
use types of the Yanqi basin (Table 4), which implies the importance of SIC in the
carbon storage in arid lands (Entry et al. 2004; Lal 2002; Wu et al. 2009). There is
a greater amount of SIC accumulated in the subsoil of shrub and agricultural lands
in the Yanqi basin, indicating the importance of deep soils for carbon storages in the
arid and semi-arid lands (Wang et al. 2010).

3.1.4 Impacts of Land Use Changes on Soil Carbon Dynamics

It was well known that water limitation due to lower precipitation is a main factor
limiting plant growth in arid and semi-arid lands, which is responsible for the low-
SOCcontent in native lands. Earlier studies byLi et al. (2006) andWang et al. (2011a)
revealed an increase of SOC following the conversion of desert land to agricultural
land in northwest China. Apparently, agricultural development with irrigation and
fertilization can promote plant growth, which subsequently leads to an increase in
root biomass and plant residue returned to the topsoil (Khan et al. 2009; Turner et al.
2011).

Land use change can have effects not only on SOC stock, but also on SIC stock
in arid and semi-arid regions (Mikhailova and Post 2006; Wu et al. 2009; Zhang
et al. 2010). Land use change (from shrub land to agricultural land) results in a
large increase in SOC stock (43%) in the topsoil (0–30 cm), but SIC stock (56%) in
the subsoil (30–100 cm) in the Yanqi Basin (Table 4). Similarly, Wu et al. (2009)
reported an increase of SIC on irrigated croplands in northwest China. The study
of Mikhailova and Post (2006) also showed that SIC stock (over the top 2 m) was
significantly higher under continuous cultivation (242 Mg C ha−1) than in native
grassland (107Mg C ha−1). However, Wu et al. (2008)’s study reported that land use
changes have different impacts on SIC at two sites in California, USA: Increased
in the soil of Imperial Valley but decreased in the soil of San Joaquin, which might
be caused by the differences in the irrigation waters (e.g., pH and salts contents and
compositions).
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4 Conclusions

(1) Vertical distribution is largely different between soil organic carbon and inor-
ganic carbon, i.e., sharp decrease over depth in the former but various degrees
of increasing trend in the latter.

(2) There are significant differences in soil organic and inorganic carbon contents
between land use types in the Yanqi Basin. Both organic and inorganic carbon
stocks are lowest in the desert land and highest in the agricultural land. The
increase of organic carbon is found in the topsoil, but the increase of inorganic
carbon is in the subsoils.

(3) On average, soil inorganic carbon stock in the Yanqi Basin counts more than
80% of the total soil stocks. The agricultural soils show significant depletion
of 13C in soil inorganic carbon, indicating a significant amount of secondary
carbonate formed in association with cropping.
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Distribution of Pedogenic Carbonate
and Relationship with Soil Organic
Carbon in Yanqi Basin

Xiujun Wang, Jiaping Wang and Junyi Wang

Abstract Studying of pedogenic carbonate (PIC) has been lacking despite its impor-
tance in carbon sequestration. Using isotopic approach, vertical distribution of PIC
over 0–100 cm is assessed for agricultural and native lands. In general, PIC stock
is significantly higher in the agricultural land than in the native lands. There is a
strong correlation (P < 0.001) between PIC stock and SOC stock, implying that an
increase of 1 kg C m−2 in SOC stock may lead to an increase of 1.9 kg C m−2 in PIC
formation. Conversion of native lands to agricultural land has led to an increase in
both organic carbon and PIC in soil profiles of Yanqi Basin.

1 Introduction

Soil carbonate or inorganic carbon (SIC), primarily calcium carbonate and mag-
nesium carbonate, is commonly seen in arid and semi-arid regions. The SIC pool
consists of two components: lithogenic carbonate (LIC) and pedogenic carbonate
(PIC). In general, LIC originates largely as detritus from the parent materials. But,
PIC, also termed as secondary carbonate, is formed mainly in two ways: (1) by dis-
solution and re-precipitation of LIC, and (2) through dissolution of carbon dioxide
(CO2) into HCO3

–, then precipitation with Ca2+ and/or Mg2+ that originate from
non-LIC minerals (e.g., weathering silicate, dust, and fertilizers). Thus, the forma-
tion of PIC from the non-LIC minerals can lead to carbon sequestration (Monger
and Gallegos 2000).

There is a large uncertainty in the estimation of global PIC stock, which may be
partly due to the difficulty of separating PIC and LIC (Eswaran et al. 2000). There
are a few approaches that may be applied to separate LIC and PIC. Because LIC and
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PIC have distinct isotopic values that are related to different sources of carbonate,
isotope technique has been used to quantify the proportions of LIC and PIC in soils
(Breecker et al. 2009; Landi et al. 2003; Rabenhorst et al. 1984). In general, the δ13C
value in LIC is close to zero, but more negative in PIC (Krull and Bray 2005; Liu
et al. 1996).

Although it is a common phenomenon that soil organic carbon (SOC) is extremely
low in arid and semi-arid lands, there is widespread evidence that SIC stock is 2–10
times as high as SOC stock in soil profiles (Scharpenseel et al. 2000; Wang et al.
2010). Recent studies have shown that in the Northern China, higher SIC stock is
often associated with higher SOC stock (Wang et al. 2014), and SIC accumulation is
mainly in the subsoils, which imply enhancement of PIC in soil profiles. However,
little is known about the dynamics of PIC in the arid and semi-arid lands.

While there are indications of PIC having potential for carbon sequestration and
climate mitigation (Eshel et al. 2007; Lal and Kimble 2000; Manning 2008), there
have been limited studies (Scharpenseel et al. 2000; Schlesinger 1982) of quantifying
carbon sequestration as PIC for the vast arid and semi-arid regions. On the one hand,
some studies showed that PIC accumulation was extremely low (<3 g C m−2 y−1)
in the arid and semi-arid regions of Canada, USA, and New Zealand (Landi et al.
2003; Scharpenseel et al. 2000). On the other hand, limited studies demonstrated
significant PIC accumulation (>10 g C m−2 y−1) in the arid and semi-arid lands of
Northern China (Pan and Guo 2000; Wang et al. 2014). Apparently, more studies
are needed to evaluate the PIC dynamics under various land uses across the arid and
semi-arid regions.

A study was carried out in the Yanqi Basin to estimate the vertical distribution of
PIC, and to investigate the relationship between PIC and SOC stocks. Soil samples
were collected from 21 profiles: three in desert land, nine in shrubland, and nine
in cropland. This work was a part of integrated studies that aim to improve the
understanding of terrestrial carbon cycle in the arid regions.

2 Materials and Methods

2.1 Soil Sampling and Analyses

Soil samples were collected from representative soil profiles in the Yanqi Basin
during August and November, 2010. There were three desert sites, and nine sites
each from shrubland and cropland. Soil samples were grounded to pass a 0.25-mm
screen for analyses of SOC and SIC contents and the stable isotopic compositions. In
this study, we also included SOC and SIC data of four extra profiles from cropland.

Contents of total carbon and SOC were measured using a CNHS–O analyzer.
Briefly, ~1 g soil was combusted at 1020 °Cwith a constant heliumflow carrying pure
oxygen to ensure completed oxidation of organic materials. Production of CO2 was
determined by a thermal conductivity detector. Soil total carbon (STC) and SOCwere
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determinedwithout andwith pretreatment ofHCl, respectively. SICwas calculated as
the difference between STC and SOC. Stable carbon isotope was measured using an
isotope ratio mass spectrometer (Delta Plus XP, Thermo Finnigan MAT, Germany).
Detailed procedures of sampling and analyses were reported byWang et al. (2015a).

2.2 Estimation of Pedogenic Carbonate

Following Landi et al. (2003) and Wang et al. (2014), PIC was calculated as:

PIC � δ13CSIC−δ13CPM
δ13CPIC−δ13CPM

SIC (1)

where δ13CSIC, δ13CPM, and δ13CPIC were the stable 13C in carbonate for the bulk
SIC, parent material, and pure PIC, respectively. The value of δ13CPM was set as
0.58‰, the largest δ13C value that was obtained from a sample in the desert land.
Because it was not possible to collect PIC samples, we calculated δ13CPIC using the
following method:

δ13CPIC � δ13CSOC + 14.9 (2)

where δ13CSOC is the stable 13C in SOC. The value of 14.9 represents the sum of the
isotopic fractionation for CO2 diffusion and carbonate precipitation (Cerling 1984;
Cerling et al. 1989, 1991).

There is evidence that atmospheric CO2 may be transferred into soil pores under
low rates of soil respiration (Breecker et al. 2009; Cerling 1984; Stevenson et al.
2005), which would alter the isotopic composition for soil CO2. To assess the effect
of atmospheric CO2 mixing, we calculated the stable 13C in soil CO2 as:

δ13CSC � (1 − λ)δ13CRC + λδ13CAir (3)

δ13CRC � δ13CSOC + 4.4 (4)

where the terms δ13CRC and δ13CAir are the stable 13C in the respired and atmospheric
CO2, respectively, and λ the contributions of atmospheric CO2 to soil CO2. We
applied this process to the upper 50 cm at those sites that contain less than 7 g kg−1

SOC in topsoil (0–30 cm). We set δ13CAir to −8‰, and λ value to 1, 0.9, 0.7, and
0.5 for the 0–5, 5–15, 15–30, and 30–50 cm, respectively.
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Fig. 1 Vertical distributions of PIC in the desert land

3 Results and Discussions

3.1 Basic Properties for the Sampling Sites

Soil pH ranges from 7.8 to 9.1 and shows no significant difference among land use
types (Table 1). Both exchangeable Ca and Mg contents are generally high (>11.7
and >0.22 g kg−1, respectively) in the surface soils, except in the desert lands that
contain <8 g kg−1 Ca and <0.08 g. Contents of exchangeable Ca and Mg, and SOC
and SIC follow the same order: agricultural land > shrubland > desert land. The
δ13CSOC value in the surface soil ranges narrowly, from −21.7 to −24.8‰, whereas
the δ13C value in root shows a range from −23.4 to −28.3‰ for C3 native plants,
and from −11.4 to −12.6‰ for maize.

3.2 Vertical Distribution of PIC

The percentage of PIC is low in the desert land, i.e., <20% at two of the three sites
(Fig. 1).Clearly, PICcontent is extremely low (<4gkg−1),with little vertical variation
in all profiles. Figure 2 shows that PIC percentage varies between ~20 and ~40%,
and PIC content from ~3 to ~13 g kg−1 in the shrubland. There are weak-to-strong
vertical variations in both the percentage and content of PIC, with various patterns.
The S1 and S9 sites are much different from the rest, with the strongest in the former
and the weakest in the latter. In particular, the S1 shows the lowest values (e.g.,
PIC < 20% or ~4 g kg−1) near the surface but the highest PIC content (~12 g kg−1) in
the subsurface. On the other hand, PIC is almost uniformly distributed in the profile at
the S9 site, showing very low values with a small range (approximately 3–5 g kg−1).

There are large differences in the magnitude and pattern of vertical distribution in
PIC in the agricultural land (Fig. 3). While ~50% of sites have high PIC percentage
(>40%) and content (>10 g kg−1), there are two sites showing very low values
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Table 1 Basic chemical properties in surface soils and isotope in roots from desert land (DL),
shrubland (SL), and agricultural land (AL) (after Wang et al. 2015b)

Vegetation Type pH Ca Mg SOC SIC δ13CRoot δ13CSOC

(gkg−1) (g kg−1) (g kg−1) (g kg−1) (‰) (‰)

Populus
tomentosa Carr

DL 8.30 3.92 0.04 3.7 10.3 n.d. −21.32

Artemisia DL 8.41 7.71 0.07 3.4 16.7 −23.36 −21.71

Sophora
alopecuroides
Linn

SL 8.30 14.2 0.78 5.7 25.4 −25.23 −24.76

Leguminosae SL 8.72 11.7 0.83 4.9 24.6 −25.67 −23.99

Achnatherum
splendens
(Trin.) Nevski

SL 8.42 12.5 0.98 16.8 22.5 −24.97 −25.28

Leguminosae SL 8.44 13.4 0.73 14.9 23.2 −23.67 −25.09

Halostachys
caspica (Bieb.)
C. A Mey

SL 8.26 13.7 0.66 14.3 17.3 −23.15 −24.51

Phragmites
australis

SL 7.94 16.6 0.33 9.3 27.8 −25.05 −24.40

Achnatherum
splendens
(Trin.) Nevski

SL 9.07 15.3 0.29 5.7 30.1 −25.60 −24.09

Halostachys
caspica(Bieb.)
C. A Mey

SL 8.23 13.3 0.59 7.5 22.3 −28.29 −23.52

Tamarix
ramosissima
Ledeb.

SL 8.31 9.87 0.22 3.4 10.0 −26.82 −22.72

Capsicum
annuum Linn

AL 8.21 13.2 0.23 9.5 25.4 −26.84 −24.06

Zea mays AL 8.43 13.5 2.40 14.0 31.3 −12.57 −25.17

Gossypium spp. AL 8.18 12.7 1.46 14.9 27.7 −24.70 −24.41

Beta vulgaris AL 8.23 13.6 0.71 10.7 27.3 n.d. −24.03

Capsicum
annuum Linn

AL 7.91 14.5 1.08 9.5 32.6 −24.04 −23.65

Zea mays AL 8.22 15.8 0.29 11.6 30.5 −11.90 −23.47

Helianthus
annuus

AL 8.44 15.2 0.81 11.7 26.1 −26.88 −24.42

Zea mays AL 7.84 13.2 0.62 11.6 19.7 −11.41 −24.23

Brassica
campestris L.

AL 8.35 14.7 1.46 12.6 24.9 −26.09 −23.23
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Fig. 2 Vertical distributions of PIC in the shrubland

(<5 g kg−1) either in the topsoil or in the subsoil. The majority of the sites reveal
significant enhancement of PIC in the subsoils. In particular, PIC content reaches
15 g kg−1 in the subsurface at four sites (A2, A3, A7, and A9), which is significantly
higher than those in the shrubland.

3.3 Relationship Between Carbonate and SOC Stocks

It appears that there are large differences in the magnitude and vertical variation
of PIC within and between land use types. To better understand the dynamics of
carbonate, various correlation analyses were carried out. Using all data from all the
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Fig. 3 Vertical distribution of PIC in the agricultural land

layers yields a weak relationship (r2 = 0.06, P > 0.05) between SIC content and
SOC content (Fig. 4), but a significantly negative correlation (r2 = 0.55, P < 0.01)
between SIC content and its isotope (δ13CSIC) (Fig. 5). Apparently, high SIC levels
(>20 g kg−1) are corresponding with more negative δ13CSIC (−3 to −7‰), which
indicates that a significant proportion of SIC is as PIC in the soils with high SIC
contents.

To further evaluate the relationship between carbonate and SOC, each profile’s
SOC, SIC, and PIC stocks are calculated over the 0–100 cm. As shown in Fig. 6,
there is a significantly positive correlation (r2 = 0.65, P < 0.01) between SIC and
SOC stocks although there is no significant relationship between the SOC and SIC
stocks in soils collected from the cropland. The estimated PIC stock has a range of
0–34 kg C m−2 over the 0–100 cm, which is highly (r2 = 0.56, P < 0.01) correlated
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Fig. 4 Relationship between
SIC content and SOC
content using all data

Fig. 5 Relationship between
SIC content and its isotopic
value using all data (redrawn
from Wang et al. 2015b)

with SOC stock (Fig. 7). It appears that an increase of 1 kg C m−2 in SOC stock may
lead to an increase of 1.9 kg C m−2 in PIC formation in Yanqi Basin.

An earlier study reported a negative relationship between SIC and SOC in the
semi-arid regions of northwest China (Pan and Guo 2000). However, later studies
reported a positive correlation between the SOC and SIC stocks in China’s arid
regions, which include near the eastern boundary of Tengger Desert, Inner Mongolia
(Zhang et al. 2010), at the edge of Badan Jaran Desert, Gansu (Su et al. 2010), and in
theNorthChina Plain (Shi et al. 2017). These inconsistent findingsmay imply that the
relationship between SOC and SIC is complex because of various processes involved
with the accumulation and transformation, and decoupling of these processes over
the space and time (Zheng et al. 2011).
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Fig. 6 Relationship between
SIC and SOC stocks (over
the 0–100 cm) in desert land
(stars), semi-desert land
(diamonds), shrubland
(triangles), and cropland
(circles) (redrawn from
Wang et al. 2015b)

Fig. 7 Relationship between
PIC and SOC stocks (over
the 0–100 cm) (redrawn from
Wang et al. 2015b). Symbols
are the same as in Fig. 6

3.4 Soil Carbon Accumulation Rates in the Yanqi Basin

Table 2 illustrates an increase in almost all soil carbon stocks in the agricultural land
relative to the shrubland. On average, SOC stock in the top 0–30 cm increases from
3.2 kg Cm−2 in the shrubland to 4.6 kg Cm−2 in the cropland. On the other hand, the
increase of SIC stock is much larger in the subsoil (3.9 kg C m−2) than in the topsoil
(1.2 kg C m−2) between the cropland and shrubland. Similarly, the increase of PIC
is mainly found in the subsoil. Statistical analyses indicated a significant increase
of SOC in the topsoil (P < 0.01), but SIC and PIC in the subsoil (P < 0.05) in the
cropland. On average, the SOC, SIC, and PIC stocks over the 0–100 cm increased
by 1.4, 5.1, and 5.2 kg C m−2, respectively, as a result of land use change.
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Table 2 Means (standard deviations) of SOC, SIC, PIC, and LIC stocks (kg Cm−2) for agricultural
land (n = 9) and shrubland (n = 9) and accumulation rate (g C m−2 yr−1) in agricultural land (after
Wang et al. 2015b)

Stock Cropland Shrubland Accumulation ratea

0–30 30–100 0–30 30–100 0–30 30–100

SOC 4.6 (0.6) 4.6 (1.8) 3.2 (1.3) 4.6 (1.7) 23.3 0.0

SIC 11.0 (1.5) 30.9 (4.3) 9.8 (2.8) 27.0 (6.9) 20.0 65.0

PIC 4.4 (1.3) 14.2 (6.7) 3.8 (1.6) 9.6 (5.2) 10.0 76.7

LIC 6.6 (2.2) 16.7 (5.9) 6.0 (2.3) 17.2 (7.0) 10.0 −11.7

Total C 15.6 35.5 13.0 31.6 43.3 65.0

aAccumulation rate is calculated as the difference divided by 60 years

There have been a number of studies on the magnitudes and spatial distributions
of SIC at regional scales in the Northern China (Li et al. 2007; Wu et al. 2009).
Yet, detailed analyses on SIC accumulation are limited. A study shows a decrease
(at a rate of 26.8 g C m−2 year−1) in SIC stock over the top 10 cm in China’s
grassland, particularly in the places with stronger soil acidification (Yang et al. 2012).
However, data from theNorthern China’s cropland demonstrate a significant increase
(101–202 g Cm−2 year−1) in the SIC stock over the 0–100 cm, with a larger increase
found under the long-term application of organic materials (Wang et al. 2014).

Given that the cropland in the Yanqi Basin was converted from shrubland 60 years
ago, one may estimate the accumulation rates of soil carbon stocks for the cropland
by assuming that the differences between the cropland and shrubland are a result of
land use changes over the past 60 years. This approach yields an accumulation rate
of 20 g C m−2 year−1 for SIC over the 0–30 cm for the cropland in the Yanqi Basin
(Table 2), which is slightly lower than that for SOC (23 g C m−2 year−1). However,
the accumulation rate of SIC is 85 g C m−2 year−1 over the 0–100 cm, with larger
accumulation of SIC in the subsoil.

The estimated PIC accumulation rate reaches 87 gCm−2 year−1 in the cropland of
Yanqi Basin, which is significantly higher than previously reported rates, including
those (<3 g C m−2 y−1) for Canada, USA, and New Zealand (Landi et al. 2003;
Scharpenseel et al. 2000), and the earlier reported rates (10–40 g C m−2 y−1) for
the Aridisols in the northwest China (Pan and Guo 2000), but comparable with
the recent reported rate for the cropland of Northern China (Wang et al. 2014).
The large discrepancy is probably attributed to the differences in various factors
between these regions, e.g., Ca2+ and Mg2+ availability (Monger and Gallegos 2000;
Scharpenseel et al. 2000). Soils in theMojave Desert and semi-arid region of Canada
may be limited by calcium (Hirmas and Graham 2011; Landi et al. 2003; Monger
and Gallegos 2000), whereas the croplands in the Northern China may have various
sources of Ca and/or Mg, including fertilizers, dust, irrigation water, and weathering
of calcium/magnesium silicate minerals (Wang et al. 2014). The extractable Ca in the
Yanqi Basin is significantly higher in the cropland and shrubland than in the desert
land (Table 1), indicating that groundwater may play a role in supplying Ca.
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3.5 Uncertainty in Estimation of PIC by Isotopic Approach

Pedogenic carbonate often forms in equilibrium with soil CO2 that primarily gen-
erates from SOC decomposition and root respiration. Thus, soil CO2 would have
isotopic signatures of SOC, C3 plant and C4 plant, and isotope technique may be
used to determine the contributions of different sources of CO2 and proportion of
PIC in total SIC (Eshel et al. 2007; Landi et al. 2003; Mermut et al. 2000). However,
there may be uncertainty in the estimated PIC by the isotopic technique due to the
lack of relative parameters; thus, various assumptions made during the calculation.
In particular, there are limited observations in terms of magnitude and variability of
CO2 production in soil profile.

While some studies indicate that CO2 production due to root respiration may
exceed that by SOC decomposition in arid and semi-arid ecosystems (Breecker et al.
2012; Li et al. 2011), one may also expect that SOC decomposition is the main
contributor for CO2 production during non-growing season or under little vegetation.
In addition, there may be large differences in the vertical variation between SOC
decomposition and root respiration, and the former can be dominant below the root
zone.

There may be uncertainty in the estimated PIC due to the choices for δ13CPM

and assumption for the contribution of SOC to the respired CO2. Sensitivity studies
indicate that applying a smaller value for δ13CPM results in a considerable decrease
(>10%) in the percentage of PIC, whereas changing the contribution of SOC to CO2

production has little effect on PIC estimation (Wang et al. 2015b). On the other hand,
previous studies show that atmospheric CO2 may be transferred into soil pores under
low rate of soil respiration (Breecker et al. 2009; Cerling 1984; Stevenson et al. 2005),
whichwould alter the isotopic composition for soil CO2. Primarily analysis indicated
that leaving this process out in the equation might lead to underestimation of PIC
percentage by 20% in the shrubland, and thus over-estimation of the difference in PIC
stock between the cropland and shrubland (Wang et al. 2015b).Apparently, to address
the intriguing issue of CO2 uptake in arid lands, further studies are needed to quantify
the magnitudes of major carbon pools (e.g., SOC, SIC, and PIC), transformations
and fluxes among these pools, and the dynamics of soil CO2 in various ecosystems
over multi-spatial and temporal scales.
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Spatial Distribution of Organic Carbon
in Surface Sediment of Bosten Lake

Zhitong Yu, Xiujun Wang and Hang Fan

Abstract Lake sediment is a vital carbon reservoir, which is affected by biogeo-
chemical and hydrological processes in the watershed. To study the dynamics of
organic carbon in surface sediment of the Bosten Lake, we analyzed total organic
carbon (TOC) and its stable carbon isotopic composition (δ13Corg), total nitrogen
(TN), and grain size in the surface (0–2 cm) sediment. Our data showed that there
was a large spatial variability in both TOC (2.1–4.2%) and δ13Corg (−26.65 to
−24.13‰) in surface sediment of theBostenLake. By using a three endmembermix-
ing model, we estimated that 54–90% of TOC was from autochthonous source. We
found higher TOC concentration (>3.7%) near the mouth of the Kaidu River, in the
central-north section and in the east section, whichwas attributable to autochthonous,
autochthonous plus allochthonous, and allochthonous sources, respectively. The low-
est TOC was seen in the mid-west section, which might mainly be due to the high
kinetic energy levels. Our analyses suggested that the magnitude and spatial distri-
bution of TOC in the surface sediment of Bosten Lake were influenced by complex
processes and regulated by multiple factors.

1 Introduction

Lakes, rivers and other inland water bodies, as unique components on the Earth,
are strongly influenced by the watershed’s biogoechemical processes. Despite of
the relatively small coverage (Downing et al. 2006), lakes play a crucial role in the
biogeochemical cycle of the terrestrial ecosystems because of the high sedimentation
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rates and a large amount of carbon burial in the lakes’s sediments (Battin et al. 2009;
Dean and Gorham 1998; Tranvik et al. 2009).

Total organic carbon (TOC) exhibits large spatial differences in lake sediment
across the world, including the North America (Dean and Gorham 1998), West
Europe (Bechtel and Schubert 2009; Woszczyk et al. 2011), East Asia (Khim et al.
2005; Wang et al. 2012) and other regions (Dunn et al. 2008). Many factors may
affect the TOC concentration in surface sediment, including productivity and sed-
imentation in the water column, inputs of terrestrial materials from the watershed,
microbial activity and physicochemical properties of sediment (Burone et al. 2003;
Gireeshkumar et al. 2013). Apparently, spatial variability of TOC is directly related
to the contributions of various sources (i.e., autochthonous and allochthonous) that
may vary largely between regions, partly owing to the diverse productivity and mor-
phology (Anderson et al. 2009; Barnes and Barnes 1978).

There are a few approaches that have been employed to quantify organic carbon
sources in sediments, including the isotope method (δ14C and δ13C), element ratio
method (C:N), and biomarkers (N-alkanes and fatty acids) (Bechtel and Schubert
2009; Fang et al. 2014; Hanson et al. 2014). One common approach is to apply a two
(three)-end-member mixing model with the end-members for C:N ratio and δ13Corg

(stable carbon isotope in organic material). Such approach has been successfully
used in studies of tracing biogeochemical process in various ecosystems (Liu and
Kao 2007; Rumolo et al. 2011; Yu et al. 2010). Previous studies, based on such
approach, have indicated that main sources of TOC are allochthonous in shallow and
small lakes, but autochthonous in deep and large lakes (Barnes and Barnes 1978;
Shanahan et al. 2013; Sifeddine et al. 2011).

Bosten Lake is the largest lake in Xinjiang, Northwest China, thus is a good place
to study the lake carbon cycle. There have been limited studies conducted in Bosten
Lake, which have focused evaluations on water quality (Wu et al. 2013), changes
in lake level (Guo et al. 2014), carbon and oxygen isotopic composition of surface
sediment carbonate (Zhang et al. 2009). In addition, a recent study has provided
insights on the spatial and seasonal variations of particulate organic carbon (POC)
for the water column of Bosten Lake (Wang et al. 2014), implying allochthonous
contributions to sedimentary TOC. However, little is known about the magnitude
and distribution of TOC, or the different contributions to TOC in the Bosten Lake.
In addition to our previous analysis (Yu et al. 2015a), we conducted a further, com-
prehensive evaluation and discussion on the dynamics of TOC in surface sediment
(0–2 cm) of Bosten Lake.

2 Sampling and Analyses

In August 2012, we used a Kajak gravity corer to collect surface (0–2 cm) sediments
in the Bosten Lake’s main section. There were 13 sampling locations that covered
major parts of the lake, with the water depths ranging from 3 to 14 m (Fig. 1). Each
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Fig. 1 Sampling locations and the water depth in the Bosten Lake. Bathymetric data was obtained
fromWu et al. (2013) and the contours were plotted using software ArcGIS 10.1 and Corel DRAW
X7

sediment core was sliced into 1-cm, then placed in polyethylene bags, and stored in
a cooler until analyses.

Each sample (~0.5 g) was pretreated, with 10–20 ml of 30% H2O2 to remove
organic matter in a water bath (60–80 °C), and then using 10–15 ml of 10% HCl to
remove carbonates. The processed samples were mixed with 2000 ml of deionized
water, and centrifuged after 24 h of standing. The solidswere dispersedwith 10–15ml
of 0.05 M (NaPO3)6, and then analyzed by a Malvern Mastersizer 2000 laser grain
size analyzer. Related system software can automatically output the median diameter
d(0.5), the diameter at the 50thpercentile of the distribution (μm), and thepercentages
of clay (<2 μm), silt (2–64 μm) and sand (>64 μm) fractions, respectively.

Sediment TC and TNwere measured by using an Elemental Analyzer 3000 (Euro
Vector, Italy). Each sample was freeze-dried and ground into a fine powder, placed
in tin capsules, then weighed and packed carefully. For the analysis of TOC, each
sample (0.3–0.5 g)was pretreatedwith 5–10ml 2MHCl for 24 h at room temperature
to remove carbonate, dried overnight under 60 °C, and analyzed using the elemental
analyzer.

For the analyses of δ13Corg, we first removed carbonate with 5–10 ml 2 M HCl
for 24 h at room temperature for all the freeze-dried sediment sample. After that,
each pretreated sample was rinsed to a pH of ~7 with deionized water and dried
at 40–60 °C. The samples were then combusted in the Thermo Elemental Analyzer
integratedwith an IsotopeRatioMass Spectrometer (Delta PlusXP,ThermoFinnigan
MAT, Germany). Isotopic data were reported in delta notation relative to the Vienna
Pee Dee Belemnite (VPDB), with analytical precision of 0.1‰ for δ13Corg.
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Fig. 2 Spatial variations of a clay, b silt, c sand and d the median diameter (d(0.5), μm) in the
surface sediments of Bosten Lake. The distribution maps (Figs. 2–6) were produced using Surfer
9.0 (Golden Software Inc.) and the interpolated data in the maps were made by using the Krige
Method of Gridding

3 Grain Size Characteristics

As shown in Fig. 2, there were large differences in the spatial distributions of the
grain size in the surface sediment. Apparently, clay content (5.9–16.3%) was low
in the whole lake, with the lowest to the north and relatively higher contents in the
southern area. Much high value of silt content (>80%) was found in the sediments,
with the highest near the mouths of the Kaidu River and Huangshui River, but the
lowest silt content in the mid-west (between the rivers’ mouths). On the other hand,
the proportion of sand particles was relatively low with the highest content between
the two rivers’ mouths (Fig. 2c). As expected, similar to that of sand, the d(0.5)
showed a spatial distribution with the highest values in the mid-west part, indicating
much strong hydrodynamic effect in this section.

4 Spatial Distributions of TOC, TN, C:N and δ13Corg

There was a large range in the surface TOC, in which higher values (4.1–4.4%)
were found in three parts, i.e., the northern lake section, the eastern lake section
and the southwestern lake section (near the Kaidu River’s mouth), and lower TOC
values (2.1–2.9%) were in the mid-west lake section (Fig. 3a). Similarly, TN ranged
from 0.28 to 0.62%, showing the highest in the northwest and east areas, and the
lowest value in themid-west lake area (Fig. 3b). Overall, TN exhibited similar spatial
distribution to TOC, except in the northwest lake section where showed lower TOC
value, but higher TN concentration.
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Fig. 3 Spatial distributions of a total organic carbon (TOC), b total nitrogen (TN), c C:N ratio
(TOC:TN) and d carbon stable isotope (δ13Corg) of TOC in the surface sediments

As shown in Fig. 3c, C:N ratio (ranging from 4.8 to 8.5) revealed a large spatial
variation in the surface sediment). Relative to other lake parts, the central part had
generally higher C:N ratio, with the highest ratio found in the mid-west section, but
the lowest near the mouth of Huangshui River. Value of δ13Corg varied from −26.65
to −24.13‰ in the surface sediments, which was the least negative in the northwest
lake part (close to the Huangshui River’s mouth), but the most negative in the area
between 86.9–87°E and 41.9–42°N. Overall, δ13Corg value was much more negative
in the central and eastern lake sections than in the western area in Bosten Lake.

5 Contributions of Different Sources

In this study, we used a three-end-member mixing model to quantify the contribution
( f ) of different sources (i.e., lake plankton, soil and high plant, denoted by 1, 2 and
3, respectively):

δ � f1δ1 + f2δ2+ f3δ3 (1)

r� f1r1 + f2r2+ f3r3 (2)

1� f1 + f2+ f3 (3)

where δ and r were δ13Corg value and C:N ratio, respectively.
Firstly, we assumed that the main native plants were responsible for high plant’s

contribution, because there were limited crops growing around the lake and crops’
growing season was short (most was less than five months). According to the recent
survey in Yanqi Basin (Zhang 2013), the mean C:N ratio was 10.0 and 22.1, and
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δ13Corg value was −23.6 and −26.4‰ for the surface soil and native plant around
the lake, respectively. Thus, we used these values as our end members in the mixing
model.

In addition, there were measurements of POC and its δ13Corg, and PON (par-
ticulate organic nitrogen) in the lake water column (Wang et al. 2014). The mean
concentrations of POC and PON showed an increase, from 0.61 mg C L−1 and
0.072 mg N L−1 in spring to 0.70 mg C L−1 and 0.088 mg N L−1 in summer, and
δ13Corg value changed from −22.9‰ in spring to −23.5‰ in summer. We assumed
that lake plankton productivity was responsible for the changes in these parameters
between spring and summer and estimated that the C:N and δ13Corg of lake plankton
was 5.3 and −27.7‰, which were used as the end-members in the calculation.

Figure 4 showed the contributions of autochthonous and allochthonous sources to
TOC in the surface sediment. Lake plankton’s contribution ranged from 54 to 90%,
with the smallest contribution found in the southern and eastern deep sections, but the
largest contribution in the western shallow section. Soil’s contribution varied from
10 to 40%, and the largest contribution was observed in the southeastern lake area
and near central-south lake area, but the smallest in the southwestern area. Clearly,
native plant had extremely low contribution to TOC, with only a few sites having
contributions greater 10–12% in Fig. 4c. The average contributions of lake plankton,
soil and native plant to TOC were 66, 30 and 4%, respectively.

Figure 5 revealed significant differences in the spatial pattern between the
autochthonous TOC and allochthonous TOC. The autochthonous TOC showed both
the highest (~3.5%) and lowest value (~1.5%) in the western section, with the high-
est found near the river inlet (Fig. 5a). On the other hand, autochthonous sources
presented a clear decrease trend from north to south in the area east of 87°E. Overall,
the allochthonous TOC showed an apparent elevation from 0.5% in the west to 1.9%
in the east (Fig. 5b).

6 Variation of TOC and Relationship with Water Column
POC

Our analyses demonstrated that the highest autochthonous TOC was found near the
Kaidu River’s mouth, but the highest allochthonous TOC in the eastern part of the
lake (Fig. 5), which might be associated with the spatial distributions of nutrients in
Bosten Lake. The transportation of various materials through the Kaidu River would
have a significant downward trend from the west river mouth to the east lake section,
which could largely influence the nutrient conditions in Bosten Lake. In general, lake
productivity was high near the sources of nutrients, such as estuaries owing to the
extra input of riverine nutrient (Deng et al. 2006; Lin et al. 2002).

To better understand the dynamics of TOC burial in Bosten Lake, we evaluated
the spatial distribution of water column POC in summer and fall (Fig. 6). There
were large differences in the magnitude and spatial pattern of POC between the
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Fig. 4 Spatial variabilities of relative contributions (percentages) to the TOC in surface sediment
of Bosten Lake. a TOC from the lake plankton (TOClp), b TOC from the surface soil (TOCss), and
c TOC from the native plant (TOCnp)

two seasons. Overall, there was a similarity in the spatial pattern between summer
POC and autochthonous TOC (see Fig. 5a) in spite of differences. Both variables
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Fig. 5 Spatial patterns of a autochthonous sources TOC (TOCauto) and b allochthonous sources
TOC (TOCallo) in surface sediment

showed highest values near the river mouth. The two locations of the lowest POC
(<0.6 mg L−1) in summer were very close to those of the lowest autochthonous TOC.

Given that POC concentrationwasmuch greater in fall (1.35–1.94mgL−1) than in
summer (0.4–1.03mg L−1), onemight assume that a considerable proportion of POC
in fall was from allochthonous sources. Interestingly, there were large differences
in the spatial pattern between fall POC and allochthonous TOC (see Fig. 5b). For
example, fall POC revealed highest value in the central part and lowest value in the
far east of the lake whereas allochthonous TOC showed highest values in the eastern
section; and there was a north-to-south elevation in the former but a west-to-east
elevation in the latter. Assuming that the level of autochthonous POC was the same
in summer and in fall, one might take the difference of POC (�POC) between fall
and summer as allochthonous. However, the spatial variation of�POCwas different
from that of allochthonous TOC, but similar to that of fall POC.While elevated POC
in fall might be a result of allochthonous contribution, the spatial distribution of TOC
burial could be affected by various processes (see discussion in next section).
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Fig. 6 Spatial distribution of POC concentration in the water column of Bosten Lake in a summer,
b fall and c the difference. Data were from Wang et al. (2014)
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Table 1 Correlation coefficient (r) between variables in surface sediment

Variables WD DBD d(0.5) Clay Silt Sand TOC δ13Corg

TOC 0.50 −0.58* −0.71** 0.18 0.77** −0.76** −0.15

δ13Corg −0.66* −0.46 −0.13 0.03 0.21 −0.20 −0.15

C:N 0.50 0.50 0.01 0.25 −0.19 0.11 0.14 −0.82**

WD � water depth (m), DBD � dry bulk density (g cm−3), d(0.5) � median diameter (μm) and
clay, silt and sand fractions (%) in surface sediment. Significance of Pearson Correlation is marked
with *(p <0.05) and **(p <0.01) superscripts

7 Dynamics of TOC and Underlying Mechanisms

Previous studies have indicated that the magnitudes and spatial distribution of TOC
in lake sediment may reflect multiple and complex processes (Dunn et al. 2008;
Sifeddine et al. 2011; Woszczyk et al. 2011). While the magnitude of TOC burial
was often determined by the level of POC in water column, the distribution of TOC
might be influenced by many factors/processes. As illustrated in Figs. 2 and 3, the
lowest TOC was found in the mid-west section where coarse particle components
were dominant. In addition, TOC expressed a negative relationship with both sand
content and d(0.5) value in surface sediment (Table 1). In general, high proportion of
coarser particles reflected an environment with stronger water energy and more finer
particles indicated stable sedimentary conditions (Jin et al. 2006; Molinaroli et al.
2009). Thus, it appeared that lower TOC concentration in the mid-west lake part was
induced by both the lower level of POC and higher hydrodynamic circumstances.

Based on the significant negative relationship between the δ13Corg value and water
depth (Table 1), we could imply that there was more allochthonous TOC (with less
negative δ13C) in the shallow sections of the Bosten Lake. Apart from the lake
own characteristics (e.g., the current and water depth), other factors may also have
influences on the distributions of TOC in surface sediment of the Bosten Lake. For
example, there were significant land use changes (i.e., agricultural development with
fertilization), which would increase the riverine input of exogenous materials (par-
ticularly nutrients), leading to variations in lake water productivity and subsequently
changing the TOC storage in surface sediment (Lami et al. 2010; Rumolo et al. 2011).

8 Implications and Future Directions

There are obvious differences in TOC values of surface sediment across lake regions
in China. For example, lower concentration (0.2–2%) was observed in lakes in the
Tibetan Plateau (Lami et al. 2010; Wang et al. 2012) and in the Yangtze floodplain
(Dong et al. 2012; Wu et al. 2007), but much higher concentration (5–13%) was
found in the Yunnan-Guizhou Plateau (Wu et al. 2012; Zhu et al. 2013). The TOC
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content is modestly high in Bosten Lake (1.8–4.4%), comparing with the lakes across
China.

Climate change and human activities in the Yanqi Basion have resulted in remark-
able changes in many aspects, including changes in the runoff of the Kaidu River and
the lake level of Bosten Lake over the past decades (Guo et al. 2014), which would
have impacted the spatial and temporal variations of TOC burial in the sediment of
Bosten Lake. A recent study demonstrates that there has been pronounced interan-
nual variability in carbon burial not only for TOCbut also carbonate, particularly post
2000 (Yu et al. 2015b). Further studies are needed to evaluate the spatial-temporal
variations of the water column biological production and carbon burial in sediments
to better understand the dynamics of organic and inorganic carbon in different lake
regions and the impacts of human disturbance and climate change.

9 Conclusion

Based on the surface (0–2 cm) sediment samples, we found a large spatial variability
in TOC content (2.1–4.2%) and δ13Corg value (−26.65 to −24.13‰) in the Bosten
Lake. Using a three end member mixing model, we estimated that 54–90% of TOC
was from autochthonous sources. Higher TOC concentration (>3.7%) was found
near the area of the Kaidu River mouth, in the central-north section and in the east
section which was attributable to autochthonous, autochthonous plus allochthonous,
and allochthonous sources, respectively. The lowest TOC content was found in the
mid-west section, which might mainly be a result of high kinetic energy levels. Our
study indicated that multiple and complex processes affected the TOC dynamics in
surface sediment of the Bosten Lake.
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Temporal Variability of Carbon Burial
and the Underlying Mechanisms
in Bosten Lake Since 1950

Zhitong Yu and Xiujun Wang

Abstract The arid and semi-arid regions of northwest China have experienced
significant climate changes and human activities since 1950,with implications for the
carbon cycle. We collected two short sediment cores to investigate the anthropogenic
and climate impacts on the carbon burial in Bosten Lake. Basic physical and chemical
properties were measured, including total organic carbon (TOC) and total inorganic
carbon (TIC), isotopic compositions of TOC (δ13Corg) and carbonate (δ13Ccarb and
δ18Ocarb), grain size, and 137Cs and 210Pb. Our data showed carbon burials revealed
a profound temporal variability with an overall increasing trend, and the TIC burial
rate was proximately twice of the TOC since 1950. The remarked increasing trend in
TOC burial rate since 1950 (TIC burial during 1950–2002) was a result of warming
and/or increased human activities; the sharp decline in TIC during the recent decade
(2002–2012) was associated with lower biological activity, reduced evaporation and
a rapid decline in lake level. The role of carbon storage in lake sediments, especially
in arid area, should deserve to be paid more attention to the terrestrial carbon cycle.

1 Introduction

Lakes often receive a large amount of terrestrial materials from the watersheds,
including organic carbon and nutrients. Organic carbon inputs can lead to more
carbon burial in the sediments, whereas nutrient inputs can enhance biological
activity in the water column and promote carbon burial through sedimentation (Cole
et al. 2007). Earlier analyses showed that on the global scale, carbon burial in lake
sediments ranged from 0.03 to 0.07 Pg C year−1 (Dean and Gorham 1998; Einsele
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et al. 2001). The amount of carbon burial in lakes is ~3% of the carbon sink by the
global ocean, although the total coverage by lakes is only 0.8% of the total ocean
area (Battin et al. 2009). Thus, lakes play an important role in the global carbon
cycle and climate mitigation.

Sediment carbon consists of total organic carbon (TOC) and inorganic carbon
(TIC). Many studies have been conducted to evaluate the rates of TOC in lake sed-
iments over the twentieth century. Some studies showed large spatial variability in
TOC burial (Anderson et al. 2013; Dong et al. 2012; Gui et al. 2013), and other
analyses revealed an increasing trend in TOC burial rate during the past century
(Anderson et al. 2014; Herczeg et al. 2001; O’Beirne et al. 2015). In particular, TOC
burial rate was higher than 50 g C m−2 year−1 in the lakes of Europe in the last
half-century. However, little has been done to assess the dynamics of TIC burial in
lake sediments.

Early studies have demonstrated that variation of carbon burial in lakes is related
to many factors, including lake area (Kastowski et al. 2011), sedimentary condition
(Blais and Kalff 1995), watershed area (Downing et al. 2008), nutritional status
(Anderson et al. 2014; Heathcote and Downing 2012), geographical location and
human activity (Alin and Johnson 2007). Some analyses showed that temperature
played a major role in controlling TOC burial in the Asia (Xu et al. 2013), whereas
other analyses on lakes in the Europe and North America suggested that human
activity was responsible for the increasing trend of TOC burial in lake sediments
(Anderson et al. 2013, 2014). Further studies are needed to better understand the
spatial and temporal variations of TOC burial under different impacts of climatic
and anthropogenic factors. Moreover, there has been lacking data of quantifying
both TOC and TIC burial rates.

The arid region of northwest China, particularly Xinjiang, has been undergone
remarkable climate changes and human activities since 1950. For example, both
temperature and precipitation presented a significant increasing trend over the second
half of century in Xinjiang (Li et al. 2013), which has impacts on the hydrological
and geochemical processes over various scales. In particular, increased precipitation
and warming-induced glacier melting would lead to an increase in watershed’s run-
off (Wang et al. 2003), with implications for lakes in many aspects. On the other
hand, there has been an increased water usage due to industrial and anthropogenic
activities in Yanqi Basin and surrounding areas, which led to a significant drop in
the lake level of the Bosten Lake (Guo et al. 2015). These changes can have large
impacts on the carbon burial in Bosten Lake.

To investigate the impacts of climate change and human activities on the carbon
burial in the Bosten Lake, we use the data from two short sediment cores (23.5 cm
in length at B3 and 21.5 cm at B5) which were published in Chemical Geology (Yu
et al. 2015a), with a focus on the period of 1950–2012. The site B5 is located at the
deepest location, which is close to the BT04C site and BST16 site that were sampled
in 2004 (Chen et al. 2006) and 2010 (Zheng 2012), respectively (Fig. 1). We also
collect hydrological and climate variables for the Yanqi Basin and Bosten Lake. The
objective of this study is to improve our understanding of the temporal variability of
both TOC and TIC in response to the interactive effects of climate change and human
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Fig. 1 Map of isobaths and sampling sites in the Bosten Lake. B3 and B5 from Yu et al. (2015a),
BT04C from Chen et al. (2006) and BST 13 and BST16 from Zheng (2012). Bathymetric contours
were plotted by ArcGIS 10.0 and CorelDRAW X7

activities post 1950, by examining the chronology and multi-proxies (i.e. grain size,
organic carbon, inorganic carbon and stable carbon isotopes) of lacustrine sediment
in Bosten Lake.

2 Chronology and Sedimentation

Following the standard procedures, sediment samples were analysed for 210Pb, 226Ra
and 137Cs by usingOrtecHPGeGWLserieswell-type coaxial low background intrin-
sic germanium detectors. 210Pb was measured by its gamma emissions at 46.5 keV,
and 226Ra by 295 and 352 keV γ-rays emitted by its daughter isotope 214Pb following
3 weeks storage in sealed containers in order to allow radioactive equilibration. 137Cs
was determined via its emissions at 662 keV (Appleby 2001).

Figure 2 shows the profiles of original 137Cs activities at the newer sites (B3 and
B5), BT04C from Chen et al. (2006), and the BST13 and BST16 sites from Zheng
(2012). The 137Cs curve showed several peaks at both B3 and B5 sites, which was
also seen at other sites in Bosten Lake. As it was known that two peaks in the 137Cs
curve were widely recognized, which resulted from the global fallout peaks in 1963
and the Chernobyl accident in 1986 (Appleby 2001). Earlier studies pointed out that
the artificial radionuclide in the Bosten Lake was not only influenced by the global
weapon testing, but also by the regional weapon testing near the study site (Chen
et al. 2006). From this point of view, we dated the deepest obvious peak of 137Cs as
the year 1963, which was at 18.5 and 17 cm for the B3 site and B5 site, respectively.
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Fig. 2 Changing sequence of 137Cs over depth in different cores in the Bosten Lake

Fig. 3 Vertical distributions of excess 210Pb in the Bosten Lake

It was worth noting that we considered the next obvious peak of 137Cs (with the
highest activity at around 14 cm at the B5 site) corresponded the year 1976, because
there were the most intensive nuclear tests in China carried out in 1976, according
to the local weapon testing records (Chen et al. 2006).

As shown in Fig. 3, excess 210Pb revealed an exponential decrease with depth,
which was similar to the profiles observed in the previous studies (Chen et al. 2006;
Zheng 2012) carried out in the Bosten Lake.

We calculated the dating using the composite model (Appleby 2001). Firstly, we
used the peak of 137Cs near the base of the core to determine the depth corresponding
to the year 1963, and then, we determined the year YZ of each sediment layer between
the surface and the 1963-depth according to the following equations:
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Yz � Y0 +
1

λ
ln

(
1+

λ(A0 − Az)

P

)
(1)

P � −λ (A0 − Aw)

1 − eλ(T0−1963)
(2)

where Y 0 was the sampling year 2012, and λ the decay constant of 210Pb (i.e.
0.03114 year−1). The terms Aw, A0 and Az were the inventory of excess 210Pb for
the section below the 1963-depth, the entire core and the section below depth z,
respectively.

The dates for the layers below the 1963-depth were calculated based on:

Yz � 1963 − 1

λ
ln

(
Aw

Az

)
(3)

The sedimentation rate (SR, g cm−2 year−1) was determined as:

SR � d�z

�T
(4)

where d was the dry bulk density (g cm−3).
Using the composite model, we dated the B3 and B5 cores with a time span

of ~100 and ~110 years, respectively. To evaluate the dating results, we examined
the relationship between the temporal variability of δ18Ocarb from the B5 site and
the time series of lake evaporation, since higher rate of evaporation would cause 18O
enriched in the lake water and thus in sediment (Zhang et al. 2009).We found that the
value of δ18Ocarb showed a good relationship with evaporation (r = 0.69, P < 0.001),
indicating that our chronology was reasonable.

There was a generally increasing trend in the sedimentation rate at both sites
over the past century, with a pronounced increase post 1950 (Fig. 4). The mean
sedimentation ratewas 0.14 and 0.10 gm−2 year−1 at the site B5 andB3, respectively.
In addition to the general increasing trend at the B5 site, there were a few peaks in
sedimentation, i.e. 0.13, 0.19 and 0.24 g m−2 year−1 around 1970, 1985 and 2000.

3 Vertical Variations of the Sedimentary Properties

Dry bulk density (DBD) showed an increasing trend with depth, with very low values
(0.1–0.2 g cm−3) in the surface and much higher values (0.4–0.9 g cm−3) near the
bottom (Fig. 5). In general, DBD was higher at the B5 site than at the B3 site; there
was little change in the upper section at the B3 site, but a sharp increase with depth in
the upper 7 cm at the B5 site. The median diameter (d0.5) showed obvious differences
(Tables 1 and 2), with much higher values at the B3 site, indicating that the kinetic
energy was stronger at the B3 site, perhaps due to the inflow and outflow near the
river mouths. Generally, there was a lack of clear vertical variation of d0.5 value at



122 Z. Yu and X. Wang

Fig. 4 Correspondence between depth and year and dry mass accumulation rate at the B3 and B5
sites

both B3 and B5 sites, particularly above 20 cm, which indicated that there might
have been little changes in the hydrodynamic processes over the past decades.

There was a decreasing trend with depth in TOC at both sites, and the decrease
was exponential at the B5 site, but almost linear at the B3 site (Fig. 5). On average,
TOC content was significantly lower at the B5 site (2.0 ± 0.6%) than that at the B3
site (2.9 ± 0.4%) (Tables 1 and 2). Particularly, the difference was remarkable in the
subsurface, i.e. <1.8% at the B5 site, but 2.3–3.1% at the B3 site. δ13Corg revealed an
opposite vertical distribution at the two sites that had much different δ13Corg values
in the upper 6 cm (i.e. −27.9‰ at the B3 and −26.5‰ at the B5 site), but similar
values (i.e. −27.4‰) below 19 cm.

As shown in Fig. 5, the magnitude and vertical distribution of TIC were somehow
different between the two sites. Clearly, TIC content was relatively higher in the
upper section at the B3 site (5.5 ± 0.3%), but in the lower section at the B5 site
(5.9 ± 0.1%) (Tables 1 and 2). Overall, there was an increasing trend with depth at
the B5 site, but little vertical variation at the B3 site. δ13Ccarb revealed a generally
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Table 1 Properties of the mean, standard deviation (SD) and coefficient of variation (CV) in B3
core (after Yu et al. 2015a)

Sections
(cm)

DBD
(g cm−3)

d (0.5)
(μm)

TOC
(%)

δ13Corg
(‰)

TIC (%) δ13Ccarb
(‰)

δ18Ocarb
(‰)

0.0–6.5 Mean 0.24 13.5 3.21 −27.88 5.46 1.35 −3.23

SD 0.03 0.66 0.30 0.52 0.30 0.02 0.09

CV 0.12 0.05 0.09 −0.02 0.06 0.02 −0.03

6.5–19.0 Mean 0.32 13.4 2.81 −27.2 5.42 1.32 −3.30

SD 0.06 1.27 0.39 0.09 0.20 0.07 0.16

CV 0.18 0.09 0.14 0 0.04 0.06 −0.05

19.5–23.5 Mean 0.41 16.6 2.55 −27.36 5.39 1.64 −3.44

SD 0.05 2.78 0.18 0.05 0.06 0.33 0.28

CV 0.11 0.17 0.07 0 0.01 0.20 −0.08

0.0–23.5 Mean 0.31 13.9 2.89 −27.43 5.42 1.38 −3.30

SD 0.07 1.85 0.40 0.41 0.22 0.18 0.18

CV 0.24 0.13 0.14 −0.01 0.04 0.13 −0.05

Table 2 Properties of the mean, standard deviation (SD) and coefficient of variation (CV) in B5
core (after Yu et al. 2015a)

Sections
(cm)

DBD
(g cm−3)

d (0.5)
(μm)

TOC
(%)

δ13Corg
(‰)

TIC (%) δ13Ccarb
(‰)

δ18Ocarb
(‰)

0.0–6.0 Mean 0.31 7.59 2.75 −26.46 4.80 0.27 −4.50

SD 0.12 0.58 0.59 0.32 0.25 0.10 0.21

CV 0.39 0.08 0.22 −0.01 0.05 0.38 −0.05

6.0–18.5 Mean 0.57 7.67 1.74 −26.98 5.59 0.70 −4.25

SD 0.11 0.51 0.09 0.20 0.20 0.05 0.13

CV 0.20 0.07 0.05 −0.01 0.04 0.08 −0.03

18.5–21.5 Mean 0.52 9.47 1.71 −27.42 5.87 0.63 −4.80

SD 0.14 1.18 0.03 0.07 0.12 0.16 0.33

CV 0.27 0.12 0.02 0 0.02 0.26 −0.07

0.0–21.5 Mean 0.49 7.90 2.02 −26.9 5.41 0.57 −4.40

SD 0.17 0.90 0.56 0.38 0.44 0.21 0.27

CV 0.34 0.11 0.28 −0.01 0.08 0.37 −0.06

similar trend to TIC at both sites, showing little change at the B3 site but pronounced
depletion of 13C in the upper section at the B5 site. A large fluctuation was found in
δ18Ocarb with a modest depletion below 12 cm at the B3 site. For the site B5, there
were two regime shifts in δ18Ocarb, i.e. significant enrichment of 18O at around 14 cm
and sharp depletion in the upper 6 cm. Interestingly, the average TIC content was the
same for the two sites, whereas both δ13Ccarb and δ18Ocarb values were significantly
different between the B3 site and the B5 site (Tables 1 and 2).
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4 Temporal Variations of Carbon Burial Rates

Carbon burial rate (CBR, g C cm−2 year−1) was determined as follows:

CxBR = SR × Cx × 100 (5)

where Cx represented each carbon stock (TC, TOC or TIC).
The burial rate of TOC showed an almost line increase prior to 1990 at both sites,

and there was a large similarity in the magnitude and temporal variability between
the B3 and B5 sites (Fig. 6). For example, TOC burial rate varied from <10 g C
m−2 year−1 in the 1950s to ~40 g C cm−2 year−1 post 2000 at both sites. However,
there were large differences in the magnitude and temporal variability of TIC burial
between the B3 and B5 sites. Overall, burial rate of TIC was much greater at the B5
site than at the B3 site, particularly over the period of 1960–2000, i.e. 25–90 g Cm−2

year−1 versus 40–126 g C m−2 year−1. There was a strong interannual variability in
TIC burial at both sites, but the two peaks appeared in different years, i.e. around
1994 and 2008 at the B3 site, but 1985 and ~2000 at the B5 site. In addition, the two
sites revealed opposite changing trends post 2000, i.e. an overall increasing trend at
the B3 site but a sharp decreasing trend at the B5 site (from >100 g C m−2 year−1

down to ~50 g C m−2 year−1). Because of the dominant of TIC burial, TC burial rate
showed a similar interannual variability to TIC at both sites.

5 Underlying Mechanisms Responsible for the Temporal
Variability of Carbon Burial

Since 1950, there has been a rapid increase in the deposition rate of carbon in many
lakes at home and abroad, which means more carbon is fixed in lake sediments.
This increasing trend in lake carbon burial is also recorded in our Bosten Lake. To
determine which factors might be responsible for the temporal variation of carbon
burial, we conducted correlation analyses using various variables in the sediments
of B5 site (at the deepest location and away from the river mouths thus with little
turbulence and resuspension) and other variables (such as lake level, air temperature,
precipitation and evaporation). This study pointed out that climate change (i.e. tem-
perature and evaporation) and human disturbance (i.e. land-use change and nutrient
inputs) were the main driving forces over the past decades in the Bosten Lake.

5.1 Climatic Factor

There has a close and complex relationship between lake carbon burials and climate
change. Generally speaking, the increase of rainfall will enhance the carbon storage
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Fig. 6 Temporal variations of carbon burial rates at a B3 and b B5 sites

of soil and vegetation in the lake basin, and much more particulate organic carbon
and dissolved organic carbon will be transported into the lake by the river run-off.
In addition, increased rainfall will accelerate the weathering of carbonate in the
basin, resulting in the increase of dissolved inorganic carbon in rivers and exogenous
carbonate components in lakes. These findings have been confirmed in many lakes
in China, such as Qinghai Lake (Xu et al. 2013), Daihai Lake (Xiao et al. 2004)
and Dali Lake (Xiao et al. 2006), reflecting that increased rainfall can promote the
lake’s carbon sequestration. However, there was not significant relationship between
carbon burial and rainfall in Bosten Lake. For one thing, the Bosten Lake is in arid
region and the rainfall here is very little; therefore, the direct lake precipitation has
less influence on the lake. For another, a variety of water conservancy and control
facilities constructed byhumans in theKaiduRiver interferewith the effects of natural
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Table 3 Correlation coefficient (r) between the main variables in the B5 core (after Yu et al. 2015a)

TOC BR′ TIC BR 13Corg
13Ccarb

′ 18Ocarb Lake
level

Evaporation Precipitation

TIC BR 0.90c

13Corg 0.53b 0.17

13Ccarb
′ 0.92b 0.75c 0.70c

18Ocarb 0.06 0.41a −0.50b −0.01

Lake level −0.04 0.13 −0.46a −0.23 0.16

Evaporation 0 0.10 0 0.11 0.69c −0.55b

Precipitation 0.27 0.24 −0.09 0.18 0.09 0.03 0

Air
temperature

0.77c 0.61c 0.66c 0.82c −0.09 −0.23 −0.04 0.05

TOC BR′ = initial burial rate of TOC, 13Ccarb
′ = the normalized 13Ccarb. Significance of Pearson correlation is

marked with a(p < 0.05), b(p < 0.01) and c(p < 0.001) asterisks

rainfall on lakes. Furthermore, the relatively small time scale and low resolution may
also be responsible for this discrepancy.

In general, an increase in temperature could lead to longer growing seasons espe-
cially in the boreal and temperate zones (Dong et al. 2012; Houghton 2007), which
would promote biological productivity in the water column and enhance sedimen-
tation of organic materials. However, there was also evidence that warming could
stimulate mineralization of OC in sediments (Gudasz et al. 2010). Recent studies in
China have shown that increased temperature promotes the primary productivity and
enhances the carbon burial in lakes (Dong et al. 2012; Gui et al. 2013).

As illustrated in Fig. 5, TOC showed an obvious decrease over depth, with signifi-
cantly lower values below8 cm,whichmight primarily result from the decomposition
of older sediments. To better understand the temporal variability of TOC burial, we
have eliminated the effect of decomposition and then used the predicted initial TOC
stock to calculate the initial TOC burial rate (Yu et al. 2015a). We found that there
was a good correlation between the initial TOC burial rate and the annual mean
air temperature (Table 3), indicating that the increased burial rate of TOC might be
attributable to warming in the Bosten Lake. In addition, we found that TIC burial
rate also had a good correlation with the annual mean air temperature (r = 0.61,
p < 0.001). Higher temperature would lead to lower solubility of carbonate in lake
water column, thus higher rate of carbonate precipitation (Leng and Marshall 2004).

In lakes, the carbonate production is mainly determined by the water chemistry
(Kelts and Hsu 1978). Our analyses indicated that there was significant correlation
between TIC burial rate and the initial burial rate of TOC in the Bosten Lake. Higher
TIC burial rate might be associated with higher rate of photosynthetic utilization of
CO2 in thewater column, indicating the nature of autochthonous carbonate (Paprocka
2007; Yu et al. 2015b). Chemical properties of lake water can change during the pro-
cess of photosynthesis, resulting in carbonate supersaturation, and post-depositional
diagenetic carbonates (Kelts and Hsu 1978; Li et al. 2012). Generally, an increase
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of lake productivity might lead to an enrichment of 13C in carbonate (Leng et al.
2006; Zhu et al. 2013). However, δ13Ccarb in the Bosten Lake did not increase during
1950–2002 when TOC burial rate presented an increasing trend. On the one hand,
some studies indicated that the effect of primary productivity on carbonate precipita-
tion was not significant due to the infiltration of some terrestrial organic matter or the
relatively low primary productivity in arid lakes (Xu et al. 2006). On the other hand,
it was possible that the Suess effect could lead to more negative δ13Ccarb imprint in
later years. Apparently, it is better to use normalized δ13Ccarb values (i.e. the Suess
effect eliminated) to investigate the temporal variability. The normalized δ13Ccarb

value for a certain year was calculated by adding 0.026‰ year−1, according to the
changed δ13C values in the atmospheric CO2 (Keeling et al. 2001). The normalized
δ13Ccarb was highly correlatedwith the initial burial rate of TOC (r = 0.92,P < 0.001),
indicating that carbonate formation was associated with the lake productivity in the
Bosten Lake.

5.2 Anthropogenic Factor

In the past century, with the increase of the population in the river basin, human
activities have become more and more important to the lakes and watershed ecosys-
tems. Land-use changes, such as transforming primitive forest, grassland and desert
ecosystems into farmland system, have greatly affected the vegetation type, land-use
efficiency and crop area of the watershed by cutting, ploughing and discarding. On
the one hand, the carbon stored in forest, grassland or soil is discharged directly
into the atmosphere in CO2 form. On the other hand, more terrestrial carbonaceous
substances enter into the lake with river run-off.

Our analyses showed a decrease of air temperature during some periods (e.g.
1965–1968, 1973–1976, 1982–1984 and 1990–1992), but little decrease in TOC
burial rate (Fig. 7). There was no relationship between the initial burial rate of TOC
and air temperature (r =0.25, p=0.18), implying that other factors or processesmight
have affected the TOC burial in the Bosten Lake. The burial rate of TOC is influenced
by water column productivity and external inputs. Autochthonous and allochthonous
TOC have different isotopic signal. According to the analysis by Yu et al. (2015c),
13Corg was more negative in autochthonous TOC than in allochthonous TOC in
Bosten Lake. There might be an increase of allochthonous contribution, because
13Corg presented an enrichment over time, from −27.4‰ prior to 1950 to −26.5‰
during 2002–2012. Indeed, studies showed large impacts of human activities on
primary productivity of Bosten Lake over the twentieth century (Wünnemann et al.
2006; Zheng 2012).
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Fig. 7 Time series of the burial rates of initial TOC and TIC, 13Ccarb (solid triangles), normalized
13Ccarb (hollow triangles), 18Ocarb and meteorological (temperature, precipitation and evaporation)
and hydrological data (lake level) (after Yu et al. 2015a)
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Anthropogenic changes in land use and land cover (conversion of native lands to
intensive agriculture lands) in the watershed could lead to enhanced carbon burial
in lakes due to terrestrial inputs of organic and inorganic carbon via run-off and
enhanced biological productivity as a results nutrient inputs (Anderson et al. 2013,
2014). The Yanqi Basin experienced a remarkable reclamation around 1970, fol-
lowed by large population growth since 1980s (Zheng 2012), which could cause
changes in the hydrological and/or geochemical processes in the watershed with
consequences for the carbon cycle. In particular, agricultural practice (with irriga-
tion and fertilization) could supply extra nutrients via run-off, thus enhance water
column biological production and TOC burial in sediment of the Bosten Lake. Fur-
thermore, the inlet rivers also brought inorganic detritus, minerals and salts into the
lake, which were beneficial to the saturation of carbonate. Interestingly, TIC burial
showed a sharp decrease during the period of 2002–2012 when temperature was
generally high (Fig. 7). The decline of TIC burial post 2002 might result from less
evaporation and the reduced biological activity (Zhang et al. 2009). In addition, lake
level decline would cause a decrease in the total amount of carbonate in the water
body then reduced the TIC burial rate in the sediment.

6 Conclusion

In this study, we evaluatedmulti-variables of two short sediment cores collected from
the Bosten Lake and analysed the relationships between the burial rates of TOC and
TIC andmain climatic and hydrological variables. Our analyses indicated that carbon
burials revealed a profound temporal variability with an overall increasing trend, and
theTICburial ratewas proximately twice of theTOCsince 1950.The increasing trend
of TOCmight be attributable towarming and increased human activities in the region.
Warming also led to a significant increase in TIC burial during 1950–2002. Reduced
biological activity, less evaporation and a rapid decline in lake level may have led
to a sharp decrease in the TIC burial in the last 10 years (2002–2012). This study
pointed out that carbonate burial in arid area might be an effective means for carbon
sequestration, but TIC burial was much more sensitive than TOC in responding to
climate change and human disturbance.
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Carbon Sequestration in Arid Lands: A
Mini Review

Xiujun Wang, Jiaping Wang, Huijin Shi and Yang Guo

1 Introduction

The global carbon cycle is regulated by organic and inorganic biogeochemical reac-
tions in the atmosphere, biosphere, lithosphere, and pedosphere (Nordt et al. 2000).
The fundamental understanding of the carbon cycle has to deal with the transfor-
mations of various carbon forms, fluxes between different pools, variability in these
pools and/or fluxes, and underlying mechanisms. However, the studies of terrestrial
carbon cycle have focused on the atmosphere–land CO2 exchanges (with or without
vegetations) and stocks of above- and below-ground organic carbon pools.

The soil organic carbon (SOC) pool is an important element in the terrestrial car-
bon cycle, acting as both carbon sinks and sources. It is well known that atmospheric
CO2 can be fixed and converted to organic carbon via photosynthesis, and a part of
biologically fixed organic carbon is transferred into soil, leading to the accumulation
of SOC. The decomposition of SOC produces CO2 that can be released into the atmo-
sphere partly or entirely depending on the environmental conditions. The strength of
the carbon sinks and sources linked to SOC depends on many factors, particularly
climatic and soil conditions, and agricultural practice (Ganuza and Almendros 2003;
Guo et al. 2006; Ise and Moorcroft 2006; Jarecki and Lal 2005; Jimenez and Lal
2006; Kätterer et al. 1998; Reichstein et al. 2002). Climatic conditions, especially
temperature and precipitation, may be responsible for the spatial variations in the
magnitudes of soil carbon sequestration (Feng et al. 2006; Freibauer et al. 2004;
Guo et al. 2006; Hontoria et al. 2005; Paustian et al. 1998). Favorite temperature
and soil moisture can cause high rates of SOC decomposition thus low rates of SOC
accumulation. On the other hand, dry conditions and high salt content may inhibit
microbial activity.
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Fig. 1 The main pathways
of carbon cycle in the
coupled atmosphere-land
system in the arid and
semi-arid regions. Diagram
is modified according to
Nordt et al. (2000)

As an important carbon reservoir, SOC management has been put forward as one
of the mitigating options for the global climate change (Lal 2002; Pan and Zhao
2005; Pan et al. 2008, 2009; Post et al. 2004). However, the pathway of carbon cycle
also involves the dissolution of CO2 and subsequent precipitation of soil carbonate or
soil inorganic carbon (SIC), which often occurs in alkaline soils of arid and semi-arid
regions (Fig. 1), but has not received much attention (Zamanian et al. 2016).

2 Precipitation of Soil Carbonate

The SIC pool consists of two major components: the lithogenic carbonate (LIC) and
pedogenic carbonate (PIC). The former originates as detritus from parent materials,
mainly limestone, whereas the latter (also termed as secondary carbonate) is formed
by the dissolution and re-precipitation of LIC or through dissolution of CO2 then
precipitation with Ca2+ and/or Mg2+ from various minerals (e.g., silicate minerals,
dust and chemical fertilizers). The large discrepancy in the estimated global SIC pool
is probably due to the inability to differentiate fine primary carbonate in soils and
carbonates of secondary origin (Eswaran et al. 2000).

The PIC formation via CO2 dissolution in soils could lead to carbon sequestration
(Monger and Gallegos 2000), which involves the following reactions:

CO2 + H2O ↔ H+ + HCO−
3 (1)

Ca2+ + 2HCO−
3 ↔ CaCO3 + H2O + CO2 (2)

In general, soils of humid and semi-humid regions are acidic, which drives the
reaction (1) to the left, leading to CO2 release into the atmosphere thus little SIC
accumulated in soil profiles. However, soils in arid and semi-arid lands have high
pH (often >8) and there are high levels of Ca2+ and/or Mg2+ in the groundwaters and
river waters, which favor the precipitation of CaCO3 in soil profiles.
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An increase of CO2 concentration and/or water in soil pores could also drive the
reaction (1) to the right, i.e., the formation of HCO−

3 . A modeling study suggests that
under elevated CO2 concentration, there will be translocation of inorganic carbon
from the upper layers to deep soils (Hirmas et al. 2010). Therefore, extra Ca2+ in soil
profilewould lead toCaCO3 precipitation. Indeed, a recent study demonstrates that an
increase of CO2 concentration in saline soils can enhance CaCO3 precipitation (Zhao
et al. 2016b). Theremay be a few steps involved in the process of CaCO3 precipitation
in arid lands: (1) production of CO2 due to SOM decomposition and root respiration
in the upper horizons, which leads to formation of HCO−

3 , (2) transportation of
HCO−

3 by water into the subsoil horizons, and (3) precipitation of CaCO3 in the
subsoil horizons (Lal and Kimble 2000).

The belowground biomass and carbon accumulation often exceed aboveground
significantly in arid and semi-arid ecosystems (Fornara andTilman 2008; Lufafa et al.
2009). Thus, one would expect that significant proportion of the absorbed carbon
might be distributed below ground and stored in various carbon pools, including
SOC and SIC pools. Indeed, an early report shows that the Saskatchewan soils in
Canada have sequestrated 1.4 times more carbon in the form of PIC than as SOC
(Landi et al. 2003).

3 Relationship Between SIC and SOC Stocks

There have been much less studies on the magnitudes and variability of SIC relative
to SOC, and limited studies show inconsistent findings on the relationship between
SIC and SOC. On the one hand, a few studies report a negative correlation between
SIC and SOC stocks in the northern China (Li et al. 2010; Pan et al. 2000; Zhao et al.
2016a). On the other hand, some recent studies show that there is a significantly
positive correlation between SIC and SOC stocks over the 0–100 cm layer in the
croplands of arid and semi-arid regions, including the Yanqi Basin (Wang et al.
2015b), the upper Yellow River Delta (Guo et al. 2016) and the North China Plain
(Shi et al. 2017). A positive correlation between SIC and SOC also exists in the soil
profiles of various ecosystems in the Northern China (Gao et al. 2017; Zhang et al.
2010a).

The disagreement in the relationship between SIC and SOC might be associated
with the differences in climate conditions, soil properties and management practices,
which affect the processes of precipitation and dissolution of carbonate. Taking our
recent analyses (Shi et al. 2017) as an example, there is a weak relationship between
SIC andSOC in the topsoil (R=0.38,P =0.69), but a significantly positive correlation
between SIC and SOC over the 0–100 cm (R = 0.74, P < 0.001) in the North China
Plain; In addition, there are some differences in the relationship between SIC and
SOC even under the same soil type and cropping system.

As shown in Fig. 2, the slope in the linear relationship between SIC and SOC is
greater in the upper Yellow River Delta than in the North China Plain. Interestingly,
the combined dataset show a strong positive correlation between SIC and SOC stocks
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Fig. 2 The map of sampling sites (a, b), and spatial distributions of soil inorganic carbon (SIC)
and organic carbon (SOC) stocks and their relationships for the 0–30 cm (c, e) and 0–100 cm (d, f).
Blue circles and dotted line in e and f are for the upper Yellow River delta, red circles and dotted
line for Hebei Plain, and black solid line for the combined data. Plots are redrawn from Shi et al.
(2017). ***Significant at P < 0.001

over both the 0–30 cm layer (R = 0.52, P < 0.001) and 0–100 cm layer (R = 0.67,
P < 0.001). However, some studies indicate that the relationship between SIC and
SOC is negative in the surface soil of northern China, e.g. the cropland of Hebei
Plain (Li et al. 2010), the cropland and other land uses of Chinese Loess Plateau
(Zhao et al. 2016a). The findings from these limited studies indicate the relationship
between SIC and SOC is complicated, which might reflect the decoupling of various
processes involved with the formation of carbonate over time and space (Zheng et al.
2011).
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While both negative and positive correlations may exist, water limitation and
saline/alkaline conditions in the arid and semi-arid regions would be beneficial to
the carbonate formation. Thus, a positive relationship would be more common in the
cropland of northern China, in particular, when SOC and SIC stocks in deep soils
are included, which implies that increasing SOC may lead to an increase of SIC in
arid and semi-arid lands. Indeed, some studies on the cropland of northern China
revealed that increasing SOC through long-term application of organic materials can
significantly enhance carbonate accumulation (Bughio et al. 2016; Wang et al. 2014;
Wang et al. 2015b).

4 Impacts of Land Use Changes

Land use and management practice have large influences on the biogeochemical
processes in the soil-plant systems in many aspects. Good land management can
improve soil physical and chemical conditions, and promotemicrobial and biological
activities, which has implications for the carbon and nutrient cycling. There aremany
studies addressing the impacts of land use changes on soil carbon dynamics, which
yield inconsistent findings. On the one hand, there is evidence that tillage during
farming can cause a decline in SOC in some areas, particularly in the temperate and
tropical regions (Conant et al. 2001; Murty et al. 2002; Ogle et al. 2005). However,
some studies have showed that there is an increase in SOC of the topsoil in the
cropland (relative to native lands) of arid and semi-arid regions in the northwest
China (Fan et al. 2008; Zhang et al. 2010b). The former (i.e., the decrease in SOC) is
largely due to enhanced decomposition as a results of tillage whereas the latter (i.e.,
the increase of SOC) is owing to higher above- and below-ground biomass that is
resulted from fertilization and irrigation (Wang et al. 2015b).

Limited studies have also showed that cropping can lead to a greater increase in
SIC than other types of land use in arid and semi-arid regions, e.g., in the middle of
Hexi Corridor, China (Su et al. 2010) and in the Russian Chernozem (Mikhailova
and Post 2006). In addition, a number of studies have demonstrated that both SOC
and SIC stocks are much higher in the cropland than in other types of land uses (e.g.,
grassland, desert, shrub land) in the northern China (Liu et al. 2014; Su et al. 2010;
Tan et al. 2014; Wang et al. 2015a). The study conducted in the Yanqi Basin (Wang
et al. 2015b) showed that the conversion of shrub land to cropland led to a significant
increase of SOC in the topsoil and an increase of SIC in the subsoil. The increase of
surface SOC in arid cropland is a result of intensive cropping (through fertilization
and irrigation) that promotes plant growth and enhances organic carbon inputs into
the topsoil (Khan et al. 2009; Minasny et al. 2012; Turner et al. 2011). The increase
of SIC may be linked to increased CO2 production in soil profile (Lopez-Sangil et al.
2013), as a result of an increase in both SOC decomposition (due to increased SOC)
and root respiration (due to enhanced plant growth) (Wang et al. 2015b).
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5 Implications and Future Directions

Arid and semi-arid regions cover more than 35% of Earth’s land surface. There has
been evidence of significant carbon sequestration in various ecosystems, including
in deserts, agricultural lands, groundwaters and inland water bodies in arid and semi-
arid regions. For example, the study of Xie et al. (2009) revealed significant CO2

absorption in the alkaline soils of northwest China, which were influenced by soil
temperature, water content, salinity and alkalinity. Another study (Wohlfahrt et al.
2008) also showed large annual net ecosystem CO2 uptake by the Mojave Desert,
USA. Limited analyses suggest that a large amount of absorbed CO2 may be stored
in the groundwater below the deserts (Li et al. 2015; Monger et al. 2015). The inte-
grated studies carried out in the Yanqi Basin and Bosten Lake demonstrate that there
has been significant accumulation of carbonate in soils and sediments, highlighting
the dynamic nature of carbonate and the potential of arid lands for carbon storage.
However, there are limited studies on the processes of carbonate formation, partic-
ularly the formation of pedogenic carbonate (Zamanian et al. 2016), and there is a
need to improve our understanding how environmental changes affect the formation
and transformation of carbonate (Gallagher and Sheldon 2016).

The arid and semi-arid regions have experienced significant climate changes and
human activity over the past decades. For instance, there is a significant increase in
precipitation in northwest China since 1950s (Wang and Zhou 2005), with implica-
tions for the terrestrial ecosystem and carbon cycle (Liu et al. 2009). There has been
evidence that irrigation can enhance the accumulation of carbonate in arid and semi-
arid lands (Bughio et al. 2016;Wang et al. 2016). Intensive cropping has resulted in a
significant increase in SIC levels in the soils of northwest China (Wang et al. 2015a;
Wu et al. 2009). With the increasing population and food demand, more native lands
may be converted to agricultural lands in arid and semi-arid regions, which could lead
to more carbon storage with sound agricultural practices. Apparently, more studies
are needed at various scales to better understand the impacts of human activity and
climate changes on carbon sequestration in the vast arid and semi-arid regions.
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