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Article history: Vegetation changes during the late Quaternary in the dune fields of northern China are not well understood.
Received 3 February 2011 We investigated organic carbon stable isotopic composition of surface soils, related mainly to the ratio of C5

Available online 17 February 2012 and C,4 plants, across a range of arid to subhumid climates in this region. Isotopic composition is weakly re-

lated to both temperature and moisture (multiple R>=0.53), with the highest 5'>C (greatest C4 abundance)
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Stable carbon isotopes Horqin dune fields, but not in the much colder Otlpdag dune field, 6°°C is higher in organic carbon from
C4 plants paleosols than in eolian sands. This contrast, most evident for paleosols recording a major early to middle Ho-
Vegetation changes locene phase of dune stabilization, is interpreted as evidence for expansion of C4 plants due to increased ef-
Climatic change fective moisture, high temperature because of high insolation, and decreased disturbance related to eolian
Northern China erosion and deposition.

Late Quaternary © 2012 University of Washington. Published by Elsevier Inc. All rights reserved.
1. Introduction dust emission and strengthened desertification (Sun, 2000; Wu and

Ci, 2001; Wang, 2008). Separating the influences of climatic change
Dune fields are scattered discontinuously along the Gobi desert and human disturbance on vegetation change is still an open ques-
belt in central and eastern Asia, covering a total area of around tion, which can be addressed in part by studying vegetation response

400,000 km?, with annual precipitation ranging from 150 to to climatic change before the time of major human impacts.
500 mm and mean annual temperatures between 2 and 9°C. The Previous investigations in these dune field regions have advanced
dune fields form an important part of a major dust source region, our understanding of variations in environmental conditions and veg-
with local to global environmental impacts, and vegetation plays a etation composition, in particular during the late Pleistocene and Ho-
vital and direct role in modulating dust emission (Zhang et al., locene (Dong, 2002; Xiao et al., 2002, 2004; Huang et al., 2005; Sun et
2003; Wang et al., 2006; Zhang et al., 2008; Maher et al., 2010). Veg- al., 2006; Wang et al., 2009; Wen et al., 2010; Zhai et al., 2011). How-
etation in the dune fields and surrounding drylands is sensitive to cli- ever, there are still several fundamental issues to be resolved in order
matic changes which may be related to both the precipitation brought to obtain a reliable vegetation record. One is that the previous data
by the Asian monsoon circulation and local insolation (temperature) come from studies of a small number of widely scattered lakes or
(Lv et al., 2002; Wang, 2006; Xu et al., 2009; Rao et al., 2010; Lu wetlands; it is not clear whether these records adequately represent
et al., 2011). Therefore, a better understanding of vegetation changes vegetation change in the dune fields. The second problem is that in-
in the dune fields would be very helpful in understanding local and dependent age control was limited in previous studies; most records
regional environmental changes and even global impacts of the dust of environmental change extracted from lacustrine or eolian sedi-
from Asia, such as possible effects on primary productivity in oceans ments were supported by only a few separate radiocarbon or optically
and atmospheric CO, (Martin and Fitzwater, 1988; Maher et al., stimulated luminescence (OSL) ages (e.g., He et al., 2010; Yang et al.,
2010). Some researchers also suggest that over-grazing by domestic 2010). Because of the great temporal and spatial variability of eolian
livestock has damaged the vegetation cover resulting in frequent sand/silt sedimentation rates in dune field environments, deposition-
al hiatuses and erosional unconformities are present and sediment
ages cannot be accurately interpolated between sparse radiocarbon
. . o or OSL samples. A third problem is that pollen is not well preserved
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210093, China. 2003). Thus, it is essential to develop new sources of information on
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Stable carbon isotopic composition of soil organic matter (6'>C)
has been widely used to reconstruct changes over time in the relative
proportions of plants using C3 and C4 photosynthetic pathways, based
on differences in discrimination against >C that occurs when atmo-
spheric CO; is fixed by these two pathways (Cerling, 1984; O'Leary,
1988; Cerling et al., 1989; Quade et al., 1989, 1995; Ehleringer and
Cerling, 2002). The §'3C values of C; plants range globally from
—20 to —32%., averaging around —27.0%.; while C4 plants have
613C values between —10 and —17%., with a mean of —14.0%.
(Ode et al.,, 1980; Farquhar et al., 1989; Liu et al., 2005a,b). When
plant-derived organic carbon is added to soils and sediments, this
large contrast in 8'3C is preserved, despite minor additional fraction-
ation when plant material is decomposed in soils and sediments
(Melillo et al., 1989; Quade et al., 1989, 1995; Wedin et al., 1995;
Connin, 2001; Wiesenberg et al., 2004).

In eolian sediments, organic carbon isotope analyses can often be
interpreted using isotopic data from modern surface soils and associ-
ated natural vegetation as analogs. For example, this approach has
provided valuable new insight on late Quaternary vegetation change
in the U.S. Great Plains (Fredlund and Tieszen, 1997; Feggestad
et al., 2004; Johnson et al., 2007; Nordt et al., 2008). In the Chinese
Loess Plateau, there have been several studies of C3/C, changes
revealed by organic carbon isotopes (Gu et al., 2003; Zhang et al.,
2003; Vidic and Montafiez, 2004; An et al., 2005; Liu et al., 2005a,b;
Liu and Huang, 2008; Rao et al., 2010), showing that the proportion
of C4 plants increases with higher temperature and precipitation.
This result is consistent with research in other regions indicating
that precipitation as well as temperature influence the mixture of C3
and C4 plants in many ecosystems (e.g., Hattersley, 1983). These con-
clusions can be complemented by the results of inorganic carbon iso-
tope analyses using pedogenic carbonates in the southern Chinese
Loess Plateau (Wang et al., 1997; Wang and Follmer, 1998). However,
detailed reconstruction of late Quaternary vegetation change in the
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dune fields and deserts north of the Chinese Loess Plateau has not
been undertaken.

In this study, eolian sediments and buried soils formed in them
were sampled for stable isotope analysis of organic carbon in three
dune fields of northern China. Modern surface soil samples from
dune fields and deserts of the same region were sampled to study re-
lationships between climate and &'3C of organic matter. Variation of
the organic carbon isotopic composition in paleosols and eolian sedi-
ments is interpreted as the result of change in the relative abundance
of C3 and C,4 plants over time. These inferred vegetation changes are
related to climatically driven change in dune field stability, as inter-
preted independently from stratigraphic evidence. This is the first
use of stable carbon isotopes in organic matter from soils and sedi-
ments as an indicator of vegetation history in the dune fields and de-
serts of northern China.

2. Setting and sampling

Stratigraphic profiles containing eolian sediments and soils were
sampled in three dune fields. The Mu Us dune field (Fig. 1) has an
area of ~50,000 km? with a mean annual temperature (MAT) of 8.2°C,
and mean annual precipitation (MAP) of 349 mm, in which 60-70% of
the rain falls in June, July, and August. The higher plant flora of at least
1106 species includes members of 98 families and 420 genera. The
most abundant species are Artemisia ordosica, Psammochloa villosa (a
C,4 grass), Pycnostelma lateriflorum, Salix cheilophila, Salix microstachya
in the Mu Us dune field (Li et al., 2005), and the abundance of C,4 plants
increases significantly with precipitation (Yin and Li, 1997).

The Otindag dune field (Fig. 1) has an area of ~30,000 km? with a
MAT of 2.5°C and MAP of 266 mm (this is our new estimate; Liu and
Wang (2005) reported 2.2°C and 288 mm, respectively). The vegeta-
tion is grassland with shrubs and scattered trees, with over 60% of the
species of modern plants using the Cs photosynthesis pathway. Plants
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Figure 1. Sites of the surface and buried soil and sediment sampling in the Badain Jaran desert, Tengger desert, Otindag dune field, Mu Us dune field and Chinese Loess Plateau in
northern China. The solid circle and triangle indicate the surface and section sampling sites, respectively.
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Table 1

Carbon isotopic composition of surface samples from the Badain Jaran desert, the Tengger desert, the Otindag dune field, and the Horqin dune field. Both of the latitudes and lon-
gitudes of sampling sites are presented, with the laboratory numbers of the samples and the measurement errors (%).

Series no. Field record Lab no. GPS location 613C (VPDB) Error (+)
Badain Jaran desert

1 HYL interdune 10661 N41.99°, E101.18°, Alt.929 m —2491 0.013
2 HYL soil 10680 N41.99°, E101.18°, Alt.930 m —23.96 0.021
3 HYL soil 10689 N41.99°, E101.18°, Alt.931 m —23.11 0.011
4 BDJL S 10664 N39.47°, E102.37°, Alt.1431 m —21.76 0.033
5 BDJL interdune 10693 N39.47°, E102.37°, Alt.1432 m —22.86 0.019
6 XLBLG S 10683 N40.03°, E103.44°, Alt.1732 m —23.98 0.023
7 BB S 10691 N37.64°, E103.11°, Alt.1732 m —23.14 0.034
8 BB interdune 10714 N37.64°, E103.11°, Alt.1733 m —2349 0.005
Tegger desert

9 X757 Road-6 km S 10658 N39.68°, E105.79°, Alt.1315 m —22.31 0.007
10 X757 Road-134 km soil 10677 N39.88° E105.71°, Alt.1024 m —21.58 0.045
11 X757 Road 134 km S 10679 N39.88° E105.71°, Alt.1025 m —-219 0.005
12 MJW S 10659 N37.45°, E104.93°, Alt.1424 m —21.67 0.012
13 MJW interdune 10672-1 N37.45°, E104.93°, Alt.1425 m —21.73 0.009
14 MJW-20.3 m soil 10667 N37.45°, E104.93°, Alt.1426 m —20.38 0.022
15 DPL interdune 10660 N37.54°, E105.058°, Alt.1282 m —23.48 0.001
16 DPLS 10690 N37.54°, E105.058°, Alt.1283 m —23.46 0.038
17 HDM interdune 10670 N38.90°, E105.66°, Alt.1473 m —233 0.001
18 HDM S 10686 N38.90°, E105.66°, Alt.1474 m —22.54 0.002
19 YLH S 10672 N38.58°, E105.48°, Alt.1283 m —24.18 0.005
20 YLH interdune 10685 N38.58° E105.48°, Alt.1284 m —20.53 0.028
21 YLH S 10692 N38.58°, E105.48°, Alt.1285 m —22.09 0.009
Otindag dune field

22 303 Road linterdune 10684 N43.30°, E117.12°, Alt.1289 m —24.16 0.001
23 303 Road 1100 km S 10668 N43.30° E117.12°, Alt. 1290 m —23.79 0.003
24 303 Road 55 km interdune 10666 N43.69°, E116.64°, Alt.1216 m —23.41 0.002
25 303 Road 55 km S 10674 N43.69°, E116.64°, Alt.1217 m —24.05 0.003
26 303 Road 55 km lamellae 10676 N43.69°, E116.64°, Alt. 1218 m —22.70 0.011
27 JPES 10673R N43.23°, E117.66°, Alt.1018 m —23.14 0.004
28 JPE interdune 10665 N43.23° E117.66°, Alt.1019 m —24.02 0.021
29 HBRG S 10662 N42.40°, E115.77°, Alt. 1378 m —2342 0.020
30 HSDKN S 10663 N43.25° E116.13°, Alt.1302 m —2435 0.014
31 HSDKN soil 10671 N43.25° E116.13°, Alt.1303 m —24.34 0.034
32 HSDKN interdune 10687 N43.25° E116.13°, Alt.1304 m —24.04 0.005
33 SGDL S 10675 N42.69°, E115.95°, Alt.1328 m —25.22 0.004
34 LWS 10688 N41.40°, E114.97°, Alt.1386 m —22.78 0.003
Horgqin dune field

35 BXTS 10678 N43.22°, E121.16°, Alt.287 m —20.14 0.003
37 D06-QG HORG6 N42.84°, E119.45°, Alt.620 m —20.55 0.041
38 DO04-HLE HOR4 N43.20°, E119.42°, Alt.475 m —21.60 0.043
39 D02-WFD HOR2 N 43.24°, E 118.61°, Alt.651 m —21.52 0.043
40 D19-CS HOR19 N 42.84°,122.49°, Alt.247 m —20.36 0.040
41 D18-SD HOR18 N 42.82°, E 123.03°, Alt.149 m —1947 0.038
42 D14-HLT HOR14 N 43.29°, E123.02°, Alt.169 m —19.09 0.038
43 D11 HOR11 N 43.90°, E121.07°, Alt.254 m —20.13 0.040
44 D10-BGB HOR10 N43.05°% E 120.38°, Alt.352 m —23.54 0.047
45 D20-KLQ HOR20 N42.73°, E121.69°, Alt.380 m —21.75 0.044

using the C4 photosynthetic pathway include 27 species in 7 families
and 22 genera, indicating that the C4 species mainly occurred in a few
families; however, the C4 are common plants and play an important
role in overall vegetation changes (Wang, 2004).

The Horgin dune field (Fig. 1) has an area of 50,600 km? with a
MAT of 6.9°C and MAP of 390 mm, in which 70-80% of the rain falls
in June, July, and August. Dominant species include Agriophyllum
squarrosum (a C4 grass), Salsola collina (a C4 herbaceous plant),
Setaria viridis (a C4 grass), Artemisia halodendron and Cleistogenes
squarrosa (a C4 grass) (Yin and Li, 1997), with scattered trees of
Pinus sylvestris var. mongolica, Populus simonii Carr. and Ulmus pumila
in the Dune field. More descriptions of the nature of these three dune
fields are in Mason et al. (2008).

To investigate the relationships between surface soil organic car-
bon isotopic signatures and the associated climate and vegetation,
45 new surface samples were collected from the Otintag and Horgin
dune fields and the more arid Tengger and Badain Jaran deserts
(Fig. 1, specific locations in Table 1). All samples were collected

https://doi.org/10.1016/j.yqres.2012.01.009 Published online by Cambridge University Press

from 2 to 4 cm below the natural surface of eolian deposits within
2-4 cm; anthropogenically disturbed surfaces were avoided when
collecting these surface samples. In addition, the surface samples
were from well-drained, porous sandy sediment and soils, presum-
ably resulting in limited activity of cyanobacteria and aquatic organ-
isms. Thus, those organisms make a negligible contribution to the
soil organic carbon isotopic values (Wang et al., 2003), as do crassula-
cean acid metabolism (CAM) plants (Wang, 2004).

The sections in the Mu Us, Otindag and Horgin dune fields that
were sampled for organic carbon isotopic analysis were well-
exposed, with distinct alternations of soils marked by relatively
thick dark A horizons, and eolian sand or sandy loess units. After ex-
cavating a 30-40 cm trough to avoid surface contamination, vertical
sections were sampled based on stratigraphic observations in the
field. As a result, 103 bulk sediment samples are collected and mea-
sured for stable carbon isotopic composition and other proxy indexes
such as magnetic susceptibility, grain size distribution and total or-
ganic matter content (Table 2 and Fig. 2).
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Table 2

The carbon isotopic composition of buried samples from the Mu Us and Otindag dune fields, and the magnetic susceptibility, grain size distribution and the total organic matter
content, in which the carbon isotopic data, the total organic matter content of all the samples from the Otindag dune fields, and the magnetic susceptibility and grain size of
sites of MJZ, 308 Road 132 km, HBRG, HSDK(N), SGDL s B, New 207 Road 116 km, JPHW, are firstly reported in this study; the ages and other proxy indicators have been reported
(Lu et al., 2005; Zhou et al., 2008; Mason et al., 2009).

Series no. Field record Lab no. 513C (%) ST error OSL age (ka) MS(SI) GS (um) TOC (%)
Mu Us dune field

1 DBY-30 10594 —19.87 0.008 7394048 58.67 132.2 2.36
2 DBY-60 10595 —21.09 0.021 N/A 28.50 170.6 1.47
3 DBY-90 10596 —21.89 0.006 12.7+1.1 17.83 2375 0.55
4 DBY-120 10597 —22.94 0.020 N/A 8.83 3343 0.18
5 DBY-150 10598 —23.67 0.005 13.65+1.50 2417 1429 0.42
6 DBY-180 10599 —22.50 0.008 N/A 16.00 193.6 0.26
7 DBY-220 10600 —23.28 0.004 37.71+£2.75 13.17 82.2 0.30
8 DBY-270 10601 —22.54 0.011 N/A 21.50 94.6 0.25
9 DBY-310 10602 —23.05 0.003 52.05+4.03 21.67 1283 0.26
10 DBY-380 10603 —23.80 0.010 N/A 16.00 133.7 0.34
11 SDG-40 10649 —23.34 0.015 7.564+0.58 40.67 120.9 1.24
12 SDG-80 10650 —23.84 0.021 8.104+0.57 70.83 91.1 1.59
13 SDG-160 10651 —24.01 0.006 8.3840.55 20.67 126.0 0.94
14 SDG-220 10652 —23.09 0.015 9.78 +0.63 20.00 154.3 0.19
15 SDG-280 10653 —23.68 0.020 11.04+0.84 32.67 80.9 0.40
16 SDG-320 10654 —21.93 0.010 41.84+£2.59 34.00 39.9 1.13
17 CJG-40 10636 —21.07 0.023 7.294+0.33 69.00 90.0 1.57
18 CJG-80 10637 —2235 0.001 7.814+0.50 49.33 109.0 1.57
19 CJG-130 10638 —23.76 0.006 8.5540.48 28.00 1253 0.51
20 CJG-220 10639 —23.85 0.016 9.98 4+0.61 13.50 1773 0.20
21 YYC-1 10628 —24.77 0.022 0.294+0.05 2.00 211.7 0.15
22 YYC-2 10629 —25.68 0.015 N/A 3.00 197.9 0.27
23 YYC-3 10630 —21.17 0.036 N/A 14.00 119.5 0.45
24 YYC-4 10631 —21.89 0.022 N/A 9.00 137.0 0.37
25 YYC-5 10632 —23.56 0.040 2.3940.14 4.00 205.1 0.26
26 YYC-6 10633 —24.16 0.023 N/A 3.00 163.1 0.18
27 ]B-30 10634 —22.59 0.014 N/A 35.00 344 0.98
28 JB-510 10635 —23.43 0.008 7.564+0.57 21.67 45.0 0.23
Otindag dune field

29 LW-0.65 m 10517 —23.08 0.007 4.46+0.22 24.80 1214 0.59
30 LW-2m 10540 —23.19 0.016 7.96 £0.42 30.15 166.0 0.65
31 308 Road 132 km-0.6 m 10539 —23.33 0.018 0.744-0.04 23.00 167.2 0.95
32 308 Road 132 km-1.6 m 10538 —23.52 0.007 0.9540.05 23.50 131.8 0.50
33 SGDLs-A-2 m 10542R —23.60 0.003 0.4340.03 12.90 258.0 0.82
34 SGDLs-A-2.65 m 10543 —24.61 0.026 0.66 +0.04 12.50 200.5 0.71
35 SGDLs-A-3.2 m 10544 —23.94 0.026 N/A 11.85 188.1 0.32
36 SGDLs-A-3.6 m 10545 —23.99 0.012 1.3040.07 9.60 237.0 0.73
37 SGDLs-A-4.0 m 10546 —24.62 0.014 N/A 20.15 180.5 0.44
38 SGDLs-B-2.2 m 10524 —23.18 0.024 2.76 +£0.15 6.60 222.5 0.53
39 SGDLs-B-3.1 m 10514 —23.25 0.015 448 +0.24 20.40 183.9 1.14
40 SGDLs-B-6.3 m 10525 —23.50 0.009 17.73 £0.92 10.50 174.8 0.44
41 SGDL-0.5m 10513R —24.59 0.028 0.1340.01 6.65 2189 0.81
42 SGDL-1.4 m 10526 —23.77 0.025 0.634+0.04 5.70 340.9 0.73
43 SGDL-3.0 m 10527 —24.63 0.006 0.68 4-0.04 9.90 250.2 0.88
44 SGDL-5.65 m 10528 —23.61 0.004 4.044-0.22 11.75 195.2 1.22
45 SGDL-5.85m 10529 —23.82 0.016 N/A 13.70 203.2 1.47
46 SGDL-6.40 m 10530 —24.48 0.033 N/A 2.05 328.5 0.31
47 SGDL-7.35m 10531 —2484 0.022 9.9040.55 1.40 271.6 0.44
48 JPHW-3 m 10535 —23.82 0.020 N/A 945 202.6 0.56
49 JPHW-8.5m 10536 —24.64 0.020 N/A 240 223.7 0.33
50 JPHW-9.5m 10537 —24.97 0.033 8.214+0.24 21.25 2153 0.73
51 New 207 Road 116 km-1.0 m 10520 —23.45 0.040 0.4940.03 9.10 245.7 0.69
52 New 207 Road 116 km-1.6 m 10521 —23.77 0.024 N/A 9.40 244.6 0.26
53 New 207 Road 116 km-6.0 m 10522 —22.81 0.074 0.6340.04 10.30 309.2 0.51
54 New 207 Road 116 km-8.0 m 10523 —23.57 0.033 0.6340.04 8.45 272.4 0.32
55 207 Road 87 km-14 m 10573 —23.21 0.041 5.2440.28 340 228.4 0.72
56 207 Road 87 km-15.3 m 10574 —24.13 0.021 6.644+0.37 6.10 217.6 0.81
57 207 Road 87 km-8.5 m 10575 —24.21 0.007 2.3440.12 5.75 2211 1.72
58 207 Road 87 km-9.5 m 10576 —24.15 0.030 4.9740.27 4.70 236.2 0.65
59 207 Road 87 km-20.3 m 10577 —25.01 0.024 8.884+0.47 2.25 280.8 0.50
60 HSHN-01 10640 —2492 0.004 0.144-0.01 8.55 2415 0.48
61 HSHN-02 10641 —23.98 0.019 2.704+0.11 26.90 201.4 1.95
62 HSHN-03 10642 —23.13 0.001 5.024+0.38 40.30 204.7 4.01
63 HSHN-04 10643 —23.39 0.016 7.734+0.36 10.30 295.6 1.60

64 303 Road 55 km-3.0 m 10551 —23.383 0.004 1.62 £0.09 735 335.1 0.73
65 303 Road 55 km-3.5 m 10552 —23.00 0.001 N/A 14.50 266.3 0.68
66 303 Road 55 km-4.5 m 10553 —2353 0.014 8.68+0.47 6.25 310.5 1.33
67 303 Road 55 km-6 m 10554 —2391 0.025 N/A 5.55 3383 0.24
68 303 Road 55 km-8 m 10555 —23.94 0.004 9.3740.50 5.55 364.4 0.51
69 JPE-1.0 m 10565 —22.97 0.008 2.034+0.13 7.90 261.2 0.35
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Table 2 (continued)

Series no. Field record Lab no. 513C (%) ST error OSL age (ka) MS(SI) GS (pm) TOC (%)
70 JPE-23 m 10566 —2333 0.020 2.73+£0.15 7.70 360.3 0.84
71 JPE-34m 10567 —23.61 0.027 3.324+0.20 4.90 3434 1.11
72 JPE-4.5m 10568 —22.78 0.014 1.58+£0.10 10.40 2349 0.94
73 JPE-4.9 m 10569 —23.32 0.019 1.2240.08 3.95 354.2 1.03
74 M]Jz-01 10644 —24.62 0.015 0.71+0.03 4.10 2294 2.14
75 MJzZ-02 10645 —25.06 0.018 1.53+£0.12 1235 1722 3.29
76 M]Jz-03 10646 —24.90 0.022 4.064+-0.09 3.95 134.5 294
77 M]JzZ-04 10647 —24.32 0.036 8.72+0.16 2.10 253.7 1.56
78 MJZ-05 10648 —24.62 0.028 8.744+0.35 3.60 150.1 1.55
79 207 Road 38 km-3 m 10623 —24.39 0.013 N/A 11.40 318.0 0.38
80 207 Road 38 km-8.7 m 10627 —22.42 0.025 N/A 12.85 223.2 0.24
81 HSDK(N)-1.25m 10547 —23.13 0.021 The HSHN site 42.80 142.5 1.21
82 HSDK(N)-6.3 m 10548R —24.45 0.003 The HSHN site 4.70 296.2 0.90
83 HBRG-0.4 m 10541 —23.65 0.012 N/A 44.25 36.8 148
84 HBRG-2.3m 10516 —2291 0.007 N/A 39.35 57.0 0.21
Horgin dune field

86 SJZ-0.7 m 10604 —20.94 0.006 N/A 20.90 163.5 1.09
87 SJZ-14m 10605 —20.90 0.025 N/A 19.70 113.6 0.87
88 SJZ-1.9m 10606 —20.50 0.005 0.76 £ 0.05 19.65 125.7 0.88
89 SJZ-3.0 m 10607 —20.31 0.007 19.55+1.50 24.55 104.2 1.67
90 SJZ-4.6 m 10608 —2231 0.017 N/A 24.05 82.2 0.84
91 SJZ-6.6 m 10609 —21.97 0.017 N/A 36.80 51.4 0.47
92 SLL-1.2 m 10558 —22.19 0.038 N/A 3.25 294.2 0.76
93 SLL-3.8 m 10559 —23.42 0.011 N/A 4.05 261.8 0.79
94 SLL-5.6 m 10560 —21.98 0.034 N/A 3.80 289.4 1.05
95 SLL-6.8 m 10561 —21.91 0.050 N/A 3.85 252.2 0.79
96 SLL-7.4 m 10562 —21.95 0.019 N/A 345 2335 0.81
97 SLL-123 m 10563 —22.21 0.023 N/A 235 246.3 0.79
98 SLL-15.8 m 10564 —25.00 0.012 10.80 +0.92 1.20 273.0 0.80
99 BXT-1.0 m 10614 —21.84 0.026 N/A 5.45 272.0 0.31
100 BXT-2.0 m 10615 —22.69 0.008 N/A 4.40 297.3 0.24
101 BXT-2.9 m 10616 —22.06 0.008 N/A 7.10 265.3 0.24
102 BXT-5.4 m 10617 —19.54 0.014 3.15+0.24 28.25 176.4 1.11
103 BXT-6.8 m 10618 —22.49 0.036 10.31+0.82 1.30 3258 0.22

Age control for these stratigraphic sections is based on optically
stimulated luminescence (OSL) ages, all previously published (Lu
et al., 2005; Zhou et al., 2008, 2009; Mason et al., 2009). The OSL
ages of eolian sediments primarily record the time of deposition, al-
though ages from buried soils may be somewhat younger than the
time of deposition because of light exposure through bioturbation

(Mason et al.,, 2009; Lu et al., 2011).

3. Laboratory methods and data analysis

For stable carbon isotope analysis of organic matter in these sedi-
ments and soils, visible roots of modern plants were removed by
hand, the analyzed samples were dried at 50°C for 24 h, ~3 g of
ground soil (<75 pum) was treated with 2 mol L™ " HCl for 24 h at
room temperature to remove carbonates. Then, the sample was
washed to pH>7 with distilled water and dried at 50°C. Subsamples
of about 0.1 g were used for carbon isotopic analysis. The samples
were combusted for 4 h at 850°C in an evacuated sealed quartz tube
in the presence of silver foil and cupric oxide. The purified carbon
oxide was then analyzed for carbon isotopes using a MAT-251 gas
mass spectrometer with dual inlet system. Isotopic ratios in samples
are expressed as per mil deviations relative to a VPDB standard,

with a precision better than 0.4%..

The magnetic susceptibility (MS), grain size distribution (GS) and
total organic matter content (TOC) have been previously reported (Lu
etal,, 2005; Zhou et al., 2008) except for data from the following sites:
MJZ, 308 Road 132 km, HBRG, HSDK(N), SGDL s B, New 207 Road
116 km, JPHW (Table 2). Methods for the new measurements were
identical to those described previously (Lu et al., 2005; Zhou et al.,
2008). Typical examples of the stratigraphy of the sections studied,
and the sampling strategy used for MS, GS and TOC measurements

are presented in Figure 3.
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To analyze the relationship between surface sample '3 C and cli-
mate, MAT and MAP values were obtained for the weather station
nearest each sampling site from the Data Center, China Meteorologi-
cal Bureau. We then tested linear models in which §'3C is a function
of MAP and/or MAT. We used t-tests to assess whether mean §'3C
values from surface samples differed between Dune fields, and also
whether mean 6'3C values for paleosol samples differed from means
for unweathered eolian sand within individual dune fields. All statis-
tical analyses were carried out in R (Ihaka and Gentleman, 1996).

The relative abundance of C4 plants as a percentage of total vege-
tation biomass can be estimated using equations such as the one pro-
posed by Vidic and Montafiez (2004) for the Loess Plateau: %
C4=100+(27 +58'3C) /14; where the average carbon isotope value
of C3 plants is —27%. and that of C4 plants is — 14%.. Although equa-
tions of this type are widely used (e.g., Nordt et al., 2008), the uncer-
tainty of the resulting % C, values is large and difficult to estimate.
Both the mean and variance of §'3C values for plants using both pho-
tosynthetic pathways vary spatially and temporally in response to cli-
mate and other factors (Pyankov et al., 2000; Wittmer et al., 2008;
Auerswald et al., 2009; Diefendorf et al., 2010). These equations also
do not account for changing 6'>C when plant material is decomposed
in soils and sediments, an effect that will vary with depth below the
soil surface and other factors (Melillo et al., 1989; Wedin et al.,
1995; Wiesenberg et al., 2004; Liu and Huang, 2008).

4. Results

Of the four dune fields and deserts where new surface soil samples
were collected, the mean value of '3C was highest for the relatively
warm and subhumid Horqin dune field (mean < standard deviation
of —20.8 4+ 1.3%.). The lowest mean surface soil 5'3C was —23.8+
0.7%. in the cold semiarid Otindag dune field, while surface sample
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Figure 2. Carbon isotopic composition variations in the typical sand dune sections in the Mu Us dune field (DBY, CJG, SDG), the Otindag dune field (SGDL, HSHN, 303 Road-A) and
the Horqin dune fields (SJZ, SLL, BXT), showing general co-variations of the carbon isotopic compositions and other proxy indices of pedogenesis and climate. The data of all the 20

sections are shown in Table 2.
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Figure 3. 5'3C values, plotted against OSL at the same depth of in eolian stratigraphic sections of the Mu Us and Otindag dune fields. Total summer insolation (Berger et al., 2010) is

shown for comparison.

means from the Badain Jaran and Tengger deserts are intermediate
(—23.440.9% and —22.2 + 1.1%., respectively. The raw §'3C values
approximate normal distributions (as a whole and by dune field)
based on Q-Q plots, so they were not transformed before statistical
analysis. Based on two-tailed t-tests, mean values for all four dune
fields and deserts were significantly different (p<0.05) from each
other, except for the Otindag dune field and Badain Jaran desert.
Using the Vidic and Montafiez (2004) equation, the mean 6'3C values
yield relative C, estimates from 23% (Otindag) to 44% (Horqin).

For all surface samples collected in this study (n=45), 5!>C is very
weakly related to MAT alone (R?=0.139, p<0.05), and there is no
significant relationship with MAP alone. However, using the best-fit
model for 6'3C as a function of both MAT and MAP, the multiple R?
is 0.527 (adjusted R?>=0.504; see Table 3 for summary):

51°C = —28.9 + 0.541MAT -+ 0.012MAP.

This model is consistent with the variation of mean surface sample
513C among the various dune fields and deserts, showing that 8'3C in-
creases with both MAT and MAP. We also tried pooling our new data
with §'3C values from surface samples in the Loess Plateau reported
by Liu et al. (2005a), but for the combined data set there are no signif-
icant relationships with MAT and/or MAP.

In stratigraphic sections of the Mu Us, Otindag, and Horqin dune
fields, paleosols identified in the field consistently have higher

https://doi.org/10.1016/j.yqres.2012.01.009 Published online by Cambridge University Press

organic carbon content and magnetic susceptibility, and lower coarse
particle content, than eolian sands or loess that lack pedogenic alter-
ation (examples in Fig. 2). In the Mu Us and Horgin dune fields, 6'3C
values of organic carbon increase in paleosols as well. In both of these
dune fields, t-tests indicate that the mean 6'>C in paleosols is signifi-
cantly different (p<0.05) from the mean value for unweathered eo-
lian sand (—21.24-1.2%. for paleosols vs. —22.8 4+ 1.1%. for sand
in Mu Us; —20.3 4 0.7%. for paleosols vs. —22.0 £ 0.7%. for sand in
Horqin). These differences correspond to about 11-12% increase in
C,4 plants at time of paleosol formation. In contrast, the mean §'3C is
identical for paleosols and unweathered sand in the Otindag dune
field (—23.9+0.6% and —23.9 4 0.8%., respectively), as illustrated
by sections shown in Figure 2b.

Table 3
Summary of linear model relating organic carbon §'3C of surface samples to mean an-
nual temperature and precipitation.

Coefficients Estimate Std. error t value p

(Intercept) —289 0.95 —30.372 <0.001
MAT 0.54 0.08 6.428 <0.001
MAP 0.01 0.002 5.803 <0.001

Residual standard error: 1.075 on 41 degrees of freedom.
Multiple R?: 0.527, Adjusted R?: 0.504.
F-statistic: 22.88 on 2 and 41 DF, p-value: <0.001.
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Figure 4. Same as Figure 3, but for the past 10,000 yr only.

In the Mu Us and Otindag dune fields, many of the samples used
for isotopic analysis were collected from approximately the same
depth as OSL dating samples, and for those samples, 6'C is plotted
against OSL age in Figures 3 and 4. In the Mu Us dune field, the 5'>C
values corresponding to ages of 7-8 ka, all from paleosols, are higher
than most other samples across the period from 60 to O ka. In the
Otindag dune field, most samples with especially low &'3C
(<—24.5%.) correspond to OSL ages of 10-8 ka and 2-0 ka.

5. Carbon isotopic composition of surface samples, climate, and
vegetation

The relationship between the carbon isotopic composition of sur-
face sample organic matter, temperature, and precipitation is weak;
however, it is consistent with the expected increase of C, vegetation
in response to increasing temperature and precipitation in this set-
ting, as reviewed above. In the Otindag dune field, low temperature
limits the abundance of C4 plants, and the &'3C of surface samples re-
flects predominance of organic carbon derived from Cs plants. In the
warmer Horgin dune field, C4 plants (mainly grasses) are much
more abundant, also reflected in surface sample 6'3C. In the arid
Tengger and Badain Jaran deserts, field observations indicate that
grasses are a less important component of the vegetation, probably
reducing the overall abundance of C4 plants despite the warm tem-
peratures. More data on plant community composition and photosyn-
thetic pathways of common species near our Tengger and Badain
Jaran desert sampling sites would be needed to test that
interpretation.

The large proportion (~50%) of total variance in surface sample
613C that cannot be explained by MAT and MAP only may be partly
related to vegetation disturbance and succession resulting from pat-
chy eolian activity and succession following restabilization of active
sand, common in all the areas that were sampled. Recent biological
investigations along the southeastern margin of the Tengger desert
and the Horqgin dune field found an increase in C4 species abundance
associated with increasing dune stability within areas of fairly uni-
form climate (Zhang et al., 2004; Zhao et al., 2009).

The inferred relationship between climate, C4 plant abundance,
and §'3C is specific to the deserts and semiarid dune fields that we
studied. As noted above, it does not appear to apply to the samples
of Liu et al. (2005a) from across the Loess Plateau. The Loess Plateau
has a long history of intensive human land use, so surface samples
may be influenced by past input of carbon from Cs trees and crops
such as wheat, even if the sampling sites are now under natural veg-
etation. Data from another study suggest a more general effect, how-
ever, in which the positive relationship between MAP and 6'3C in
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surface soils is reversed above a certain level of precipitation. Feng
et al. (2008) report organic carbon isotopic analyses along a transect
from Mongolia southward across the Loess Plateau, spanning a much
larger range of climate and vegetation. For their transect as a whole,
they found negative correlations between surface-soil organic 8'>C
values and both MAP (R?=0.453; n=196; p<0.05) and growing-
season (April-September) precipitation (R?=0.497; n=196;
p<0.05). These relationships are strongly influenced by the low §'3C
values obtained at the northern and southern ends of their transect,
however, where forest (virtually all C3 plants) is present today or
was present in the past. In fact, a detailed look at the data of Feng
et al. (2008) shows that the highest 6'3C, indicating greatest C, abun-
dance, occurs in semi-arid to subhumid areas with desert-steppe or
steppe vegetation, not in the most arid portion of the transect. This
pattern is similar to that observed in our surface samples, with higher
513C in the subhumid Horgin dune field than in the arid Badain Jaran
and Tengger desert.

6. Late Quaternary variations of carbon isotopic composition in
the Mu Us, Otindag, and Horqin dune fields

We interpret variation of carbon isotopic data from stratigraphic
profiles in the context of previous research on the late Quaternary re-
cord of environmental change in these three dune fields. Paleosols are
interpreted as representing dune stabilization at times when the cli-
mate was relatively humid; eolian sand units are interpreted as
representing dry climatic conditions, and when temperatures were
probably lower (Dong, 2002; Lu et al, 2005; Zhou et al, 2008;
Mason et al., 2009; He et al., 2010). Based on OSL dating of strati-
graphic sections containing eolian sediments and paleosols at many
sites, widespread dune activity occurred across all three dune fields
at 11.5 to 8 ka (possibly beginning earlier), followed by widespread
stabilization and soil formation in the middle Holocene. The major
soils in sections shown in Figure 2 formed at that time; note that
soils shown at the top of the DBY, and CJG, and SDG sections
(Fig. 2a) are correlated with a widespread soil buried by late Holo-
cene sands in nearby sections. The OSL ages from those soils, between
7 and 8 ka, may represent the last increment of sand deposition as
stabilization began, and soil formation probably continued into the
late Holocene (see Mason et al., 2009 and Lu et al,, 2011 for more
thorough discussion). Extensive dune reactivation occurred in the
late Holocene, especially since 1ka (Lu et al., 2005; Zhou et al,,
2008; Mason et al., 2009; Lu et al., 2011).

The abundant organic carbon used for isotopic analysis in the
paleosols clearly accumulated after sand deposition and represents
organic matter input from vegetation growing on those soils. As
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noted above, interpretation of OSL ages from the paleosols is complex,
but their organic carbon should represent vegetation during the gen-
eral period of soil formation and dune field stability as inferred from
multiple sites and OSL ages. We assume that organic carbon in
unweathered eolian sands was also mainly added after deposition,
because organic matter and other fines are probably quickly removed
from saltating sand grains by abrasion and winnowing. Some vegeta-
tion was probably always present on parts of the dunes even at times
of extensive activity, because Holocene dune activity in all three fields
often involved parabolic dunes or sand sheets associated with partial
vegetation cover (Lu et al., 2011). We use the OSL ages (recording de-
position) as a rough indicator of the organic carbon age in the rapidly
accumulated eolian sands because the lag between the two is proba-
bly short, an assumption that may be testable by radiocarbon dating
in future work.

Climatic change is the most obvious explanation for the small but
significant difference in carbon isotopic composition between paleo-
sols and unweathered eolian sand in the Mu Us and Horqin dune
fields. In this explanation, the higher values of §!3C in the paleosols
records increased abundance of C4 plants when the climate favored
dune stabilization and soil formation. Greater effective moisture
clearly played a role in stabilizing the dunes, and both surface sample
813C and modern C, plant abundance in the Mu Us dune field (Yin
and Li, 1997) increase with precipitation. The relationship between
surface sample 6'3C and MAT, and the general response of C4 plants
to increasing temperature, raise the possibility that high temperature
also favored C4 expansion during the early to middle Holocene period
of dune stabilization and soil formation.

The lack of a difference in 8'3C between paleosols and eolian sand
in the Otindag dune field may be explained by a temperature limita-
tion on vegetation response to climate change in that cold setting.
That is, both precipitation and temperature might have increased sig-
nificantly in the Otindag region at times of soil formation, but no re-
sponse is recorded by stable carbon isotopes because the
temperature was still cold enough to limit C, expansion. On the
other hand, greater range and lower minimum values of 8'3C at
10-8 and 1-0ka in the Otindag dune field (Figs. 3, 4) may record
some response by vegetation to drier and possibly colder conditions
during those times of dune activity.

23
MM ?
-24

In addition to direct effects of climate, C4 plants might have been
favored during times of dune stability by the lack of disturbance relat-
ed to blowing sand and wind erosion, as suggested by modern obser-
vations discussed above. In the U.S. Great Plains, a shift toward lower
abundance of C,4 grasses during periods of greater eolian activity in
the early Holocene was similarly interpreted as an effect of increased
disturbance (Feggestad et al., 2004).

Given the relatively small difference in 6'3C (1-3%) between
paleosols and eolian sands in the Mu Us and Horqin regions, we
also must consider the effect of C isotope fractionation during decom-
position, as discussed in the Introduction. This effect is typically
expected to produce trends of increasing &'>C with depth in a soil pro-
file because organic matter deeper in the profile is more humified
(Natelhoffer and Fry, 1988; Wynn et al., 2005, 2006; Bostrom et al.,
2007); however, the opposite trend is observed in thick paleosol pro-
files in the Mu Us dune field (Fig. 2a, profiles DBY and CJG). Further-
more, there is no depth trend of 6'3C at all in paleosols of the Otindag
dune field. Both of these observations suggest that decomposition ef-
fects do not make a substantial contribution to the shifts of 5'3C in the
Mu Us and Horqin dune field sections, and support the interpretation
of these shifts as primarily related to vegetation change.

The last glacial maximum (LGM) would be a good test of vegeta-
tion response to climate, but it is poorly represented by our data
from the dune fields. Previously reported stable carbon isotope values
in organic matter from a loess—paleosol sequence along the margin of
the Mu Us dune fields at Huanxian (Liu et al., 2005b) provide infor-
mation on that time period, however. Our new closely spaced OSL
dating has been carried out at this section (Lu et al., 2006; Stevens
et al, 2006), providing numerical age control for the 6'3C values
(Fig. 5). This time series shows that the abundance of C,4 plants was
low under the cold dry conditions in the LGM when the monsoon cir-
culation was weak and higher during the warmer and more humid
early Holocene (8-9 ka) when the monsoon was stronger.

7. Relationship of vegetation change to change in CO,, monsoon
strength, and insolation

Over the late Quaternary, changes in relative abundance of C3 and
C,4 plants may occur in response to climate or CO, changes, or both.
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Figure 5. Variations of 63C values in the Huanxian loess—paleosol sequence near the margin of the Mu Us dune fields during the past 20 ka, with age control provided by closely

spaced OSL dating (Liu et al., 2005a, 2005b; Lu et al., 2006; Stevens et al., 2006).
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The temperature and precipitation are two major limits on the vege-
tation changes discussed above. During the Holocene, changes in CO,
have been minor (Stauffer et al., 1998), and neither our new data nor
the data from the Huanxian loess profile (Fig. 5) provide evidence for
expansion of C4 plants when CO, levels were lower in the late Pleisto-
cene; therefore CO, forcing is not further discussed here.

Above, we proposed that isotopic data in at least two dune fields
indicates greater C4 plant abundance when the dune fields were sta-
ble than when they were active, suggesting a vegetation response pri-
marily to changes in effective moisture. The timing of moisture
variation reconstructed from eolian records in the dune fields and de-
sert margin region of northern China is not in phase with reconstruc-
tions of summer monsoon strength in southern China. That is, while
monsoon precipitation is believed to have peaked near the beginning
of the Holocene in the south, the desert margin was dry then and be-
came wet only after about 8 ka (Lu et al., 2005; Zhou et al., 2008;
Mason et al., 2009). At the same time, the surface samples indicate
a response of 6'3C to temperature, probably due to the greater com-
petitive advantage of C4 plants at higher temperatures. Many re-
searchers have emphasized temperature as the predominant
influence on C4 plant distributions (Zhang et al., 2003). Summer inso-
lation is often seen as the driver of change in the monsoon system,
but also should have more direct effects on summer temperature.
Therefore, we compared our isotopic data with the newly obtained
total summer insolation (Berger et al., 2010) to evaluate whether
those data provide any evidence of response to insolation-driven
temperature change as well as moisture (Figs. 3, 4).

In the Mu Us dune field, several high 6'3C values suggest relatively
high C4 plant abundance in the early to mid-Holocene when insola-
tion was high (Figs. 3, 4). Some of these measurements are from
soils, and there is substantial uncertainty in estimating the time
represented by organic carbon in the soils. Still, it is clear that dune
field stabilization around 8 ka occurred while insolation was still
high, and expansion of C4 plants during formation of middle Holocene
paleosols could have been driven by a combination of increased mois-
ture and generally high temperature. The isotopic record from the
Huanxian loess section just south of the Mu Us dune field also
shows especially high 6!3C, indicating high C, abundance, in the
early Holocene (Fig. 5). Comparison of isotopic data from the Otindag
dune field with insolation does not provide evidence for an
insolation-driven temperature effect, however. The lowest &'>C
values occur at times of highest and lowest insolation during the Ho-
locene (10-8 ka and 1-0 ka, respectively).

Further progress in identifying climatic controls on late Quaterna-
ry variation of C4 and C3 plant abundance could be made by radiocar-
bon dating of organic matter used for isotopic analysis, rather than
relying entirely on the OSL chronology. Detailed studies of dated or-
ganic matter within the thick early-middle paleosols of the dunes in
Mu Us dune field could be especially useful.

8. Conclusions

Carbon isotope analyses of organic matter in surface samples
shows substantial variation in the relative abundance of C4 and C3
plants across the dune fields and deserts of northern China, about
half of which can be explained as a response to mean annual temper-
ature and precipitation. In stratigraphic sections of the Mu Us and
Horqin dune fields, we found that increased 5'>C, which we attribute
to C4 plant expansion, was associated with periods of dune stabiliza-
tion and soil formation. A lower proportion of C4 plants are often in-
dicated by 6'>C values from eolian sand units, deposited during
times of dune activity. Frequent disturbance during times of eolian
activity may also have led to a lower proportion of C4 plants. Stability
and activity of these dune fields are primarily related to effective
moisture, so changing moisture is clearly one factor that can explain
changing C4 plant abundance in the late Quaternary. However, the
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paleosols of the Mu Us and Horqin dune fields that have relatively
high 6'3C also often started to develop in the early Holocene when in-
solation was high, and resulting high temperatures would have fa-
vored C, expansion at that time as well. Isotopic data from the
Otindag dune field do not indicate increased C4 plant abundance at
times of dune stabilization. The Otindag region is much colder than
the other dune fields, so C4 expansion there was probably limited
by low temperature throughout the late Quaternary. This interpreta-
tion also implies a strong effect of temperature as well as moisture on
C4 plant distribution in the dune fields and deserts of northern China.
While conclusions of this study are tentative, they do indicate a high
potential for better understanding of climate and vegetation change
in this region through investigation of stable carbon isotopes in or-
ganic matter.
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