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Calcareous root tubes or rhizoliths have a strong potential for paleoenvironmental studies, especially in
reconstructing paleoenvironmental conditions and paleovegetation. Previous studies suggested that the effectivity
of the moisture level affects the formation of calcareous root tubes in the deserts of the Alashan Plateau, Northwest
China. However, it remains unclear whether the temporal distribution of calcareous root tubes can be used to
reconstruct paleo-effective moisture in this area. In this study, based on conventional '“C dating results of 34
Holocene calcareous root tube samples collected from the Badain Jaran Desert, the Tengger Desert and the Ulan
Buh Desert in the Alashan Plateau of northwestern China, millennial-scale changes in paleo-effective moisture
during the Holocene in this area were reconstructed. The frequency of the '4C dating results demonstrates that
~62% of the Holocene samples were dated to 7-5 cal kyr BP, and ~38% of the Holocene samples were dated to
4-2 cal kyr BP, indicating an arid period during the early Holocene (before 8.0 cal kyr BP), a humid period during
the mid-Holocene (8.0-5.0 cal kyr BP) and a humid to arid period during the late Holocene (after 5.0 cal kyr BP).
The reconstruction results were consistent with other previous reconstruction results from lake sediments and
aeolian sand-lacustrine sequences, which indicated that temporal distribution of calcareous root tubes can reflect
millennial-scale changes in paleo-effective moisture in this area. However, a single sample could indicate local
environmental changes that may differ from the overall desert environmental changes. Hence, the relatively
humid environmental record obtained from the presence of calcareous root tubes is a local signal or a regional
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signal that should be noted.
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1. Introduction

Calcareous root tubes, which are also called rhizoliths or calcified
roots, are products of terricolous plants and are formed by encrustation
of plant roots by secondary carbonates (Klappa, 1980; Gocke et al.,
2011a). Calcareous root tubes have been frequently described and
almost invariably occur in calcareous soils and underlying soil parent
materials in regions with a pronounced seasonal moisture regime
(Jaillard et al., 1991; Alonso-Zarza, 2003; Gocke et al., 2014a), such as
southwest Slovenia (Kosir, 2004), western Mediterranean (Klappa,
1980), southwest Germany (Gocke et al., 2010, 2011a) and southern
France (Jaillard et al., 1991). They form faster than other forms of
secondary carbonate that are more distant from roots (Gocke et al.,
2011b). Moreover, they are also preserved in loess—paleosol sequences
(Barta, 2011), and their isotopic composition is used for paleo-
environmental reconstruction (Wright et al., 1995; Wang et al., 2004;
Wang and Greenberg, 2007; Gocke et al., 2011a; Huguet et al., 2012;
Gallant et al., 2014; Gocke et al., 2014b; Koeniger et al., 2014). In
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micromorphology, calcified root cells (calcifications of the root cells)
usually occur in calcareous root tubes and also have specific environ-
mental significance (Jaillard et al., 1991; Alonso-Zarza, 2003). Previous
studies focused on their classification (Klappa, 1980), isotopic composi-
tion (Gocke et al.,, 2011a), macro- and micromorphology (Jaillard et al.,
1991; Kosir, 2004; Barta, 2014) and chronological context (Gocke et al.,
2011a; Li et al,, 2015). These studies reveal a high potential for calcare-
ous root tubes to be used in paleoenvironmental studies, especially in
reconstructing paleoenvironmental conditions and paleovegetation
(Wang and Greenberg, 2007; Barta, 2014; Gocke et al., 2014b). There-
fore, investigating calcareous root tubes for paleoenvironmental condi-
tions aids in the evaluation of the reliability of using these materials to
assess past global changes.

In arid regions of northwestern China, calcareous root tubes are
distributed across the deserts of the Alashan Plateau (Li et al., 2015),
most of which were dated to Marine Isotope Stage (MIS) 3 and the
Holocene (Gao et al., 1993; Yang, 2000; Chen et al., 2004; Li et al.,
2015). Moreover, Li et al. (2015) suggested that the moisture level
affects the formation of calcareous root tubes, and the presence of
calcareous root tubes indicates the occurrence of periods with relatively
humid conditions in the deserts of the Alashan Plateau. However, it is
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still unclear whether the temporal distribution of calcareous root tubes
can be used effectively to reconstruct paleo-effective moisture in this
area.

For this study, we present the '“C dating results of 34 Holocene
calcareous root tube samples collected from the Badain Jaran Desert,
the Tengger Desert and the Ulan Buh Desert in the Alashan Plateau of
northwestern China (Fig. 1) and subsequently use the temporal distri-
bution of the samples to reconstruct Holocene effective moisture
variations.

2. Study area

The Alashan Plateau is located in an arid region of northwestern
China with an area of approximately 300,000 km? (Fig. 1). The Plateau
has an altitude of 1500-2000 m above sea level (a.s.l.). The area is out-
side the direct influence of the Asian summer monsoon and Westerlies,
and the present-day climate is extremely dry and continental. The
plateau comprises the Badain Jaran Desert, the Tengger Desert, the
Ulan Buh Desert and other deserts (Wang et al.,, 2011).

The Badain Jaran Desert lies in the western portion of the Alashan
Plateau (Fig. 1). With an area of approximately 52,100 km?, it is the
second-largest desert in China (Zhu et al., 2010). The mean winter and
summer temperatures in this area are —9 and 25 °C, respectively. The
desert is characterized by a strongly continental climate with a mean
annual precipitation of 90-115 mm in the south and 35-43 mm in the
north (Ma et al,, 2011). The annual precipitation is ~100 mm in the
hinterland of the Badain Jaran Desert (Z. Li et al., 2013; Ma et al,,
2014), whereas the mean annual evaporation rate from water surfaces
is ~1000 mm/year (Yang et al., 2010, 2011). To the north of the desert,
the mean annual evaporation is 2345 mm (Z. Li et al., 2013). Moreover,
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the conventional precipitation (below 5 mm), accounting for approxi-
mately 90% of all rain events in the desert, evaporates from the mega-
dune surface in 1-3 days (Ma et al., 2014).

The Tengger Desert (Fig. 1), with an area of approximately
42,700 km?, is the fourth-largest desert in China (Zhu et al., 1980). It is
located in the southeastern portion of the Alashan Plateau (Fig. 1). The
Tengger Desert is primarily covered with mobile sand dunes, and its
elevation ranges from 1000 to 1500 m a.s.l. The mean annual tempera-
ture is 8 °C, and the regional mean annual precipitation ranges from 125
to 160 mm, whereas the mean annual potential evaporation is approx-
imately 2600 mm.

The Ulan Buh Desert, with an area of 11,000 km? (Wang, 2003), lies
in the eastern portion of the Alashan Plateau (Fig. 1). The desert is
primarily covered with mobile sand dunes, its elevation ranges from
1028 to 1054 m, and it is on the boundary between arid and semi-arid
China (Yang et al., 2011). At present, the mean annual temperature in
the area is 7 °C and the mean annual precipitation is 103 mm, with
65% of the mean annual precipitation occurring during the summer;
the regional mean annual potential evaporation is 2957 mm. The area
has typical desert vegetation including Haloxylon ammodendron,
Caragana Korshinskii, Artemisia desterorum, Ammopiptanthus mongolicus
and Achnatherun splendes (Wu, 2007).

3. Material and methods
3.1. Morphological characters and samples collected

In this study, gray-white calcareous root tubes from 45 localities in
the deserts of the Alashan Plateau were collected (Fig. 2). All the locali-

ties contained sandy soils with a median grain size of 0.2-0.4 mm, and a
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Fig. 1. Location of the study area.
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Fig. 2. Locations of the calcareous root tubes sampled from the deserts of the Alashan Plateau.

sand layer of more than 1 m deep. Calcareous root tubes were distributed
at the localities from the surface layer to a depth of 18 cm (Fig. 3). In the
Badain Jaran Desert, the calcareous root tubes were located on the
surface of megadunes at different altitudes; most of the calcareous root
tubes were horizontal (Fig. 3a and b). In the Tengger Desert and the
Ulan Buh Desert, the calcareous root tubes were located on the surface
of the inter-dune bottomland and were oriented both horizontally and
vertically (Fig. 3¢, d and e). Lengths of the horizontal calcareous root
tubes vary from a few centimeters to tens of centimeters (Fig. 3a and
b); the longest recorded in this study was 57 cm long and was located
in the Badain Jaran Desert (Fig. 3b). Lengths of the vertical calcareous
root tubes were between 10 and 30 cm in this study (Fig. 3c, d and e),
most of which were down to less than 10 cm in the sand (Fig. 3c). The
longest vertical tube in the Tengger Desert, with a length of 28 cm, was
down to 18 cm below the surface in the sand layer (Fig. 3d and e).

Based on scanning electron microscope (SEM) images (Fig. 4)
the outermost and most indurated ring of calcareous root tubes is
composed of aeolian sands with incipient carbonate cements, probably
of calcite. Other minerals like quartz, feldspars, and micas, which are
attributed to primary aeolian sands, occur only close to the outer bound-
ary areas (Fig. 4a and b). Moreover, calcified fungal hyphae mycelia and
aggregates of crystals were shown by SEM images (Fig. 4c and d).

All samples were collected from the surface of the sand layers.
Fifteen samples were collected from the Badain Jaran Desert, seventeen
samples were collected from the Tengger Desert, and thirteen samples
were collected from the Ulan Buh Desert. Thus, a total of 45 samples
were collected (Fig. 2); among them, 31 samples were presented by
Liet al. (2015).

3.2. Laboratory methods

Samples were dated by conventional radiocarbon analyses. The
conventional C ages were measured at the Laboratory of Chronology,
Lanzhou University, China. Radiocarbon ages were converted to
calendar year ages using the Intcal 13 model of the Calib 7.0 program
(Reimer et al., 2013), accounting for temporal variations in the '4C activ-
ity of the atmosphere.

3.3. Calculations and statistics

The results of C dating of secondary carbonate could be affected by
various factors. For example, Gocke et al. (2011a) suggested that a
feature of recrystallization that occurred in calcareous root tubes could
not be significantly younger than the surrounding micritic carbonate
in the loess—paleosol sequence at Nussloch, SW Germany. This has
contributed to the lower reliability of 'C dates for calcareous root
tubes at the century scale (Gocke et al., 2011b). Even without the recrys-
tallization effect, it is still difficult to improve the reliability of the dating
results at the century scale because of the presence of other confound-
ing factors such as the incorporation of older and younger C. However,
the majority of carbonate materials in the calcareous root tubes were
not recrystallized after segregation, justifying their suitability for radio-
carbon dating in loess—paleosol sequence at Nussloch, SW Germany
(Gocke et al., 2011a). Moreover, Li et al. (2015) found that calcareous
root tubes in the deserts of the Alashan Plateau could be used as '*C
dating material and that the '“C dates for calcareous root tubes were
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Fig. 3. (a) Calcareous root tubes were horizontally located on the surface of megadunes in the Badain Jaran Desert with lengths of a few centimeters. (b) Horizontal calcareous root tubes
occurred in the Badain Jaran Desert with a length of 57 cm. (c¢) Vertical and horizontal calcareous root tubes occurred in the Ulan Buh Desert with a length of 10 cm. (d) and (e) The longest
vertical calcareous root tubes in the Tengger Desert had a length of 28 cm and were down to 18 cm depth in the sand layer.

reliable within the millennial scale for Holocene ages. This was consis-
tent with the results previously reported by Kuzyakov et al. (2006),
Pustovoytov et al. (2007) and Gocke et al. (2011b). Based on the
above findings, the numbers of C ages in each millennium were count-
ed in this study, as a possible recrystallization in calcareous root tubes
would not affect the reliability of '“C dating results at the millennial
scale for Holocene ages. Then, the frequency of 'C dates in each millen-
nium from the entire area, the Badain Jaran Desert, the Tengger Desert
and the Ulan Buh Desert, was calculated respectively.

3.4. Proxy interpretation

The effectivity of the moisture level and soil conditions probably
affect the formation of calcareous root tubes (Jones and Ng, 1988;
Wright, 1994). The formation of calcareous root tubes requires net
moisture deficits; however, net moisture surpluses or deficits both

impact calcareous root tube formation. Cerling (1984) considered that
secondary (pedogenic) carbonates form when the mean annual precip-
itation is lower than 750 mm. Moreover, Birkland (1999) suggested that
the highest accumulations of secondary carbonate occur under semiarid
conditions with mean annual precipitation less than approximately
500 mm. Therefore, environments that are too humid or too arid may
not be suitable for the formation of calcareous root tubes.

In desert areas of the Alashan Plateau, which are typically arid
regions with low precipitation (100 mm/yr) and high evaporation
(more than 1 000 mm/yr), net moisture deficits are greater than those
in semi-arid and semi-humid regions. Rain and heat over the same pe-
riod is a typical climatic characteristic in this area, with the highest
amount of evaporation and precipitation occurring simultaneously in
summer (Z. Li et al., 2013; Ma et al., 2014). Evaporation is consistently
higher than precipitation across all seasons, leading to a net moisture
deficit in the entire year (Z. Li et al., 2013; Ma et al., 2014). Moreover,
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Fig. 4. Scanning electron microscope (SEM) images. (a) SEM image of the outermost and most indurated ring of calcareous root tubes. It is composed of aeolian sands with incipient
carbonate cements, probably of calcite. (b) Detailed view of (a). (c) SEM image of calcified fungal hyphae mycelia on exterior surfaces. (d) SEM image of aggregates of crystals, probably

of calcite.

all the precipitation in a typical rain event (below 5 mm) could evapo-
rate from the mega-dune surface in 1-3 days (Ma et al., 2014). In that
case, it is difficult for the ground surface to stay moist when the amount
of precipitation is decreasing, leading to unfavorable soil conditions for
calcareous root tube formation in this area (Li et al,, 2015). Furthermore,
whether extreme precipitation followed by strongly enhanced evapora-
tion could impact calcareous root tube formation in this area is still
unclear. In the hinterland of the Badain Jaran Desert, a continuation of
the strong evaporation process usually occurs after extreme precipita-
tion (Ma et al., 2014), which in theory will lead to calcite precipitation.
However, previous researches (Gao et al.,, 1993; Yang, 2000; Chen
et al., 2004; Li et al., 2015) have reported more than 50 calcareous
root tube ages, and the dating results suggested that no modern calcar-
eous root tubes occurred in this area. These findings suggest that ex-
treme precipitation followed by strongly enhanced evaporation may
not support active formation of calcareous root tubes in this area.

Meanwhile, calcareous root tubes could form during periods of
relatively high humidity in these study areas, thus indicating a relatively
humid environment (Li et al.,, 2015). During the relatively humid
periods (e.g. 7-5 cal kyr BP), strong summer monsoons led to a relatively
large increase in moisture availability (Yang et al., 2011), though
we speculated that net moisture deficits still occurred in the entire
year. Furthermore, paleoclimate reconstructed results by multi-proxy
(grain size, carbonate, TOC, C/N and 6'3C of organic matter from lake
sediments) have indicated that, on the millennial scale, the mean
annual precipitation could not increase to 500 mm in these areas during
the Holocene (Yang, 2000; Zhang et al., 2004; Li et al., 2009; Yang et al.,
2011). Therefore, large numbers of calcareous root tubes in this area
reflect a relatively humid environment; arid environments were not
suited for calcareous root tube formation, and the number of calcareous
root tubes should decrease. Thus, changes in the frequency of the '*C
dates in each millennium could indicate the effective moisture changes
in the overall desert.

We interpreted frequencies of the calcareous root tubes '*C dating
results on the millennial scale as a proxy of effective moisture. High
frequency indicates a humid environment, which is suitable for the
formation of calcareous root tubes, whereas low frequency indicates
an arid environment.

4. Results
4.1. C dating results

Li et al. (2015) presented 31 calcareous root tubes ages, and 20
calcareous root tube samples were dated to the Holocene (Table 1). In
this study, 14 calcareous root tube samples from the Ulan Buh Desert
and the Badain Jaran Desert were dated to the Holocene (Table 1).
Hence, 34 Holocene calcareous root tube ages (Table 1) were used to
calculate the frequency of the C dates in each millennium.

The frequency of the 'C dating results reveal that ~62% of the
Holocene samples were dated to 7-5 cal kyr BP and ~38% of the Holocene
samples were dated to 4-2 cal kyr BP (Fig. 5a). In the Badain Jaran Desert,
all Holocene samples were dated to 7-5 cal kyr BP (Fig. 5b); 65% and 42%
of the Holocene samples were dated to those periods from the Tengger
Desert and the Ulan Buh Desert, respectively (Fig. 5c and d). Moreover,
frequencies of 'C dating results are 35.3% in the Tengger Desert and
54% in the Ulan Buh Desert during 4-0 cal kyr BP. The results reveal
that frequencies of '“C ages in the mid-Holocene (7-5 cal kyr BP)
decreased from the western part to the eastern part in the deserts of
the Alashan Plateau.

4.2. Effective moisture reconstructions

According to the frequency of the 'C dating results (Fig. 5),
Holocene millennial-scale effective moisture changes in the deserts of
the Alashan Plateau can be divided into three stages:

Stage 1 (before 8.0 cal kyr BP): arid period. In this study, the capacity
of the sample size (45) meets the basic requirements of the statistics,
and the samples were widely collected from the deserts of the Alashan
Plateau (Fig. 2). However, no sample was dated from this stage, which
indicated that the overall desert effective moisture is not suited for
prolific calcareous root tubes formation. Therefore, the climate was
arid in this period from the proxy interpretation of the frequency of
the '“C dating results.

Stage 2 (8.0-5.0 cal kyr BP): humid period. A high frequency of 4C
dating results occurred during this time period, indicating a humid
environment in the deserts of Alashan Plateau. Moreover, the highest
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Table 1
14C ages of Holocene samples collected from the deserts of the Alashan Plateau.
Lab. no. Latitude/N longitude/E 14Cyr BP cal yr BP (20) Location References
LUG12-183 38°09'13.5” 103° 31’ 5.0” 5731 + 66 6513 (6351-6675) The Tengger Desert Liet al. (2015)
LUG11-129 38°47'2.1" 105°01'15.3" 5220 + 58 6039 (5895-6183) The Tengger Desert Li et al. (2015)
LUG11-174 38°48'21.2" 105°22'59.9” 6382 + 59 7301 (7177-7425) The Tengger Desert Liet al. (2015)
LUG11-175 38°48'9.5" 105°20'30.6" 5198 + 57 5969 (5760-6178) The Tengger Desert Liet al. (2015)
LUG11-176 38°46'42.1" 105°14/28.9" 2262 4+ 72 2259 (2061-2457) The Tengger Desert Li et al. (2015)
LUG11-178 38°46'33.7" 105°05'35.6" 5118 £+ 59 5859 (5727-5990) The Tengger Desert Liet al. (2015)
LUG11-179 38°48'58.9” 104°56'43.3" 4839 + 58 5523 (5333-5712) The Tengger Desert Liet al. (2015)
LUG11-180 38°45/22.2" 105°05'13.1” 3339 4+ 49 3573 (3455-3691) The Tengger Desert Liet al. (2015)
LUG11-181 38°44'30.4" 105°16'7.4" 2970 4 51 3150 (2971-3328) The Tengger Desert Li et al. (2015)
LUG11-187 39°10'37.1" 103°42'59.1" 4630 + 55 5324 (5068-5579) The Tengger Desert Liet al. (2015)
LUG11-188 38°55/31.8" 104°10'34.7" 4891 £ 55 5612 (5482-5742) The Tengger Desert Li et al. (2015)
LUG11-189 38°49'16.1" 104°15'58.3" 4259 4 54 4795 (4623-4966) The Tengger Desert Li et al. (2015)
LUG11-190 38°48'53.5" 104°16'24.5" 5412 + 61 6154 (6004-6305) The Tengger Desert Liet al. (2015)
LUG11-191 38°47'14.5" 104°17'8.9" 3779 + 59 4192 (3980-4404) The Tengger Desert Liet al. (2015)
LUG11-192 38°24'1.7" 104°34'50.3" 4765 4+ 54 5462 (5326-5597) The Tengger Desert Liet al. (2015)
LUG11-193 38°12/48.4" 104°34'50.3"” 5989 + 66 6829 (6670-6988) The Tengger Desert Liet al. (2015)
LUG11-194 37°54'59.9” 104°52'13.0" 4090 + 60 4630 (4438-4821) The Tengger Desert Liet al. (2015)
LUG11-186 39°56'56.6" 102°37'23.4" 6843 4 65 7701 (7578-7824) The Badain Jaran Desert Li et al. (2015)
LUG11-195 39°56'13.9” 102°3620.1" 5564 + 66 6353 (6218-6488) The Badain Jaran Desert Li et al. (2015)
BA110772 39°46'7.9” 102°28'34.8" 4585 + 35 5256 (5062-5449) The Badain Jaran Desert Liet al. (2015)
LUG13-56 39°57'00" 102°37'40.2" 6584 + 64 7452 (7335-7568) The Badain Jaran Desert This study
LUG13-57 39°30'31.1" 105°38'40.4" 5731 £ 60 6534 (6404-6604) The Ulan Buh Desert This study
LUG13-58 39°31'21.7" 105°42'34.2" 6791 £ 71 7650 (7513-7786) The Ulan Buh Desert This study
LUG13-59 39°34/40.4" 105°50'30.6" 4254 4+ 55 4791 (4617-4964) The Ulan Buh Desert This study
LUG13-60 39°34/28.7" 105°52/23.3" 3328 4+ 52 3570 (3448-3692) The Ulan Buh Desert This study
LUG13-61 39°37/40.3" 106°08'54.8" 3272 4+ 52 3498 (3385-3611) The Ulan Buh Desert This study
LUG13-62 39°41'36.5" 106°33'7.1" 3755 £ 55 4137 (3929-4345) The Ulan Buh Desert This study
LUG13-63 39°50'18.5" 106°39'14.1” 3566 + 53 3879 (3698-4060) The Ulan Buh Desert This study
LUG13-64 39°52'51.6" 106°32'6.3" 4062 4 56 4617 (4420-4813) The Ulan Buh Desert This study
LUG13-65 40°16'45.3" 106°45'44.6" 6125 £ 61 6986 (6801-7171) The Ulan Buh Desert This study
LUG13-66 40°17'29.7" 106°35'25.7" 4094 + 56 4631(4440-4821) The Ulan Buh Desert This study
LUG13-67 40°10'41.2" 106°40'58.4" 5649 + 60 6451 (6301-6601) The Ulan Buh Desert This study
LUG13-69 39°59'59.8" 106°37'34.5" 6198 + 64 7102 (6946-7257) The Ulan Buh Desert This study
LUG13-70 39°39'1.8" 105°53'17.9” 5573 + 61 6382 (6280-6483) The Ulan Buh Desert This study

frequency of '“C dating results occurred at 7 cal kyr BP in the Badain
Jaran Desert, and the frequency of '*C dating results decreased between
6 and 5 cal kyr BP. This suggests that the effective moisture decreased
from 7 to 5 cal kyr BP. In the Tengger Desert, the highest frequency of
14C dating results occurred at 5 cal kyr BP, which indicates that the
effective moisture increased during this period. In the Ulan Buh Desert,
the highest frequency of '*C dating results occurred at 6 cal kyr BP,
indicating effective moisture increasing from 7 to 6 cal kyr BP.

Stage 3 (after 5.0 cal kyr BP): humid to arid period. No sample from
the Badain Jaran Desert was dated from this stage. Furthermore, the fre-
quency of “C dating results decreased during this period, indicating
that the effective moisture decreased in the Tengger Desert. The
frequency of "C dating results was highest at 4 cal kyr BP in the Ulan
Buh Desert and then decreased after that period, indicating that the
effective moisture decreased after 4 cal kyr BP in the Ulan Buh Desert.

5. Discussion
5.1. Comparison with previous studies

To clarify whether the frequency of '“C dating results could indicate
changes in effective moisture in the deserts of the Alashan Plateau and
whether effective moisture records obtained from the frequency of 4C
dating results were consistent with other previous reconstruction
results, we compared our results to other previous reconstruction
results from the deserts of the Alashan Plateau (Fig. 6).

In the Badain Jaran Desert, Yang et al. (2011) compiled previously
published paleoclimate records including assessments of nine lakes in
the Badain Jaran Desert and established the framework of the Holocene
climate history in the region. Reconstructed paleoclimate results by
inter-dune lake shorelines within the Badain Jaran Desert suggested
that the area was generally dry before 10 cal kyr BP, becoming wetter
from 10 (particularly after 8 cal kyr BP) to 4 cal kyr BP and dry again

afterward (Yang et al.,, 2011). The age of the highest lake stands from
the four lakes studied bracket the interval between 4000 and
7500 cal yr BP, and they concluded that the climate reached maximum
wetness during the middle Holocene (Yang et al., 2010). Therefore, the
frequency of 1*C dating results in the Badain Jaran Desert is indicative of
effective moisture changes, and the effective moisture record in this
study is consistent with that of Yang et al. (2010, 2011) (Fig. 6).

In the Tengger Desert, based on multi-proxy (grain size, carbonate,
TOC, C/N and 8'3C of organic matter from lake sediments) and lake-
level variations, Long et al. (2010) suggested that the climate was dry
in the early Holocene (9.5-7.0 cal kyr BP), humid in the mid-Holocene
(7.0-4.8 cal kyr BP) and increasingly drier in the late Holocene (since
4.8 cal kyr BP) (Fig. 6). Moreover, in Zhuye Lake, located in the Tengger
Desert, high lake levels existed in the mid-Holocene, indicating that the
wettest stage of the Holocene occurred in this period (Zhang et al.,
2004; Wang et al.,2011; Long et al., 2012). Hence, the highest frequency
of 'C dating results in the Tengger Desert indicates the highest effective
moisture (Fig. 6).

In the Ulan Buh Desert, reconstructed paleoclimate results from a
series of aeolian sand-lacustrine sequences indicated that aeolian
activity prevailed before ~8.3 ka (Zhao et al., 2012), signifying that
an aeolian desert environment prevailed during the early Holocene
at low elevations. Then, a unified Ulan Buh paleolake containing the
modern Jilantai Salt Lake covered the northern desert during 7.8-7.1 ka.
The paleolake receded and broke apart after 6.5 ka (Zhao et al., 2012).
Moreover, based on multi-proxy (e.g., grain size and pollen), Chen et al.
(2014) suggested that the wetlands, ponds and shallow lakes formed
in the northern Ulan Buh Desert only during 8-7 ka; a desert aeolian
environment occupied the entire modern Ulan Buh Desert area until
the middle Holocene (7-6 ka) (Chen et al., 2014). Previous studies
(Zhao et al., 2012; Chen et al,, 2014) have suggested that the landscape
evolution of the Ulan Buh Desert indicates an arid environment before
~8.3 ka, a humid environment during 7.8-7.1 ka and an arid environment
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Fig. 5. Statistics for calcareous root tubes '“C dating results on the millennial scale; the black line is the frequency of '“C dating results. (a) Deserts of the Alashan Plateau, (b) the Badain

Jaran Desert, (c) the Tengger Desert, and (d) the Ulan Buh Desert.

7 ka (Fig. 6). In this study, no calcareous root tube samples collected from
the Ulan Buh Desert were dated before 8 cal ka BP or during 5 cal ka BP.
The frequency of '“C dating results in the Ulan Buh Desert increased dur-
ing 7-6 cal ka BP and decreased during 4-3 cal ka BP. Changes in the fre-
quency of 'C dating results indicate that an arid environment occurred
before 8 cal kyr BP and at 5 cal kyr BP, a humid environment occurred
at 7-6 cal kyr BP and 4-3 cal kyr BP, and an arid environment occurred
after 3 cal kyr BP. This indicated that changes in effective moisture after
7 cal kyr BP were not consistent with those reported by Chen et al.
(2014). The main reason for the apparent discrepancies could be that
Chen et al. (2014) focused on the landscape evolution of the Ulan Buh De-
sert during the last 90 ka, and the studied timescales did not focus on the
millennial scale; there were no dating results after 7 cal kyr BP. Moreover,
landscape evolution indirectly indicates changes in the effective mois-
ture. Therefore, although changes in effective moisture during the Holo-
cene as derived by Chen et al. (2014) and this study are not consistent,
the frequency of 1“C dating results in the Ulan Buh Desert could indicate
effective moisture changes.

Thus, based on the comparison of our results to other previous
reconstruction results in the deserts of the Alashan Plateau (Fig. 6),
effective moisture records obtained from the frequency of '“C dating
results were consistent with other previous reconstruction results, and
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frequency of the C dating results could indicate changes in effective
moisture in the deserts of the Alashan Plateau.

5.2. The question of applicability

In the deserts of the Alashan Plateau, the effectivity of the moisture
level and soil conditions affect the formation of calcareous root tubes,
and the presence of calcareous root tubes indicates relatively humid
environments (Li et al., 2015). In this study, the frequency of 1“C dating
results could indicate millennial-scale changes in effective moisture in
the deserts of the Alashan Plateau. However, a single sample could indi-
cate a local humid environment that may differ from the overall desert
environment. In this area, more than one hundred lakes are located in
the Badain Jaran Desert (Li et al., 2013b; Ma et al., 2014; Wu et al.,
2014; Zhang et al., 2014), and there are also many inter-dune lakes
located in the Tengger Desert and the Ulan Buh Desert (Zhu et al.,
1980; Lai et al., 2012). In the swale around the inter-dune lakes, the
soil moisture content is higher than that in megadunes and inter-dune
bottomland. In this case, calcareous root tubes could form in some
areas with high soil moisture content during arid periods; thus, a
small quantity of samples dated to less than 3 cal kyr BP in this study
(Fig.5) could be interpreted. Hence, the relatively humid environmental
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Fig. 6. Comparison of our study with other Holocene proxy records in the deserts of the Alashan Plateau. The red lines are frequencies of '4C dating results in the deserts, and the shadows
indicate arid or humid periods in the deserts. In the Badain Jaran Desert, shadows are based on reconstructed paleoclimate results by inter-dune lake shorelines within the Badain Jaran
Desert (Yang et al., 2010, 2011). In the Tengger Desert, shadows are based on reconstructed paleoclimate results by multi-proxy (grain size, carbonate, TOC, C/N and 6'3C of organic matter
from lake sediments) and lake-level variations (Long et al., 2010), and the black line is the carbonate (%) from lake sediments, which are taken from Long et al. (2010); In the Ulan Buh
Desert, shadows are based on reconstructed paleoclimate results by a series of aeolian sand-lacustrine sequences (Zhao et al., 2012) and multi-proxy (e.g., grain size and pollen)
(Chen et al., 2014). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

record obtained from the presence of calcareous root tubes is a local
signal or a regional signal that should be noted.

Moreover, previous studies revealed that calcareous root tubes
occurred in the layers of paleo-dunes and some lake-margin deposits,
indicating different environmental significance (Yang et al., 2003;
Liutkus et al., 2005). Yang (2000) dated calcareous root tubes from the
paleo-dunes in the southeastern part of the Badain Jaran Desert, and
the presence of calcareous root tubes in the layers of paleo-dunes indi-
cated a relatively moister climate during the last 31,000 years (Yang
et al., 2003). However, the presence of calcareous root tubes in some
lake-margin deposit layers in Africa indicated an arid environment
(Liutkus et al., 2005). Liutkus et al. (2005) reported that during drier
periods, the paleolake receded, and water in emergent wetlands was
subject to evaporation and exchange with atmospheric CO,, resulting
in calcareous root tubes (rhizolith) formation. In general, changes in
soil moisture also affect the formation of calcareous root tubes and
could result in calcareous root tubes having distinct environmental
significance in the layers of paleo-dunes and some lake-margin
deposits.

In arid regions, changes in effective moisture could be reconstructed
by lake sediments (Zhang et al., 2000; Chen et al., 2008; Hartmann and
Wiinnemann, 2009; Li et al., 2009; Long et al., 2010; Li et al., 2013a;
Wang et al., 2013) and aeolian deposition (An et al., 2000; Yang et al.,
2003; Cai et al.,, 2012). The reliability of reconstruction results depends
on the location of the section, deposition rate, chronology and interpre-
tations of the proxy records (Chen et al., 2004; Mayewski et al., 2004;
Feng et al., 2006; Zhang et al., 2006; Li et al., 2011, 2012; Wang et al.,
2013). However, suitable profiles are scarce in deserts, and other factors
also impact the reliability of reconstruction results (Zhang et al., 2006).
Therefore, reconstruction of effective moisture changes in deserts is
more difficult than in other regions. Calcareous root tubes are widely
distributed across the deserts of the Alashan Plateau (Li et al., 2015);
the presence of calcareous root tubes in the layers of paleo-dunes

indicated a relatively moister climate (Yang et al., 2003; Li et al.,
2015), and this study indicates that frequencies of the calcareous root
tubes '“C dating results on the millennial scale could indicate changes
in effective moisture. Hence, more study sites and sections, especially
in the hinterland of the desert, should be selected to reconstruct
paleo-effective moisture changes when calcareous root tubes occurred
in the layers of paleo-dunes.

However, calcareous root tubes could not indicate environments
in these areas that are too humid or too arid on the millennial scale,
which may lead to the areal restriction of reconstruction results com-
pared to lake sediments and aeolian deposition. Moreover, calcareous
root tubes could not indicate climate conditions during the transitional
periods between extreme conditions at the centennial or decadal scale,
as the accuracy of '“C dating is only reliable at the millennial scale
during the Holocene (Li et al., 2015). In that case, the transitional
periods between two extreme climatic conditions over the shorter
time scale could not be revealed by '“C dating results of calcareous
root tubes. Combining calcareous root tubes with multi-proxy from
lake sediments or aeolian deposition may improve above-mentioned
deficiencies.

5.3. Mechanisms possibly forcing changes in effective moisture

The study area is located in the marginal region of the Asian summer
monsoon (Qian et al., 2007). In the Asian monsoon margin of north-
western China, millennial-scale effective moisture changes during the
Holocene differed from those observed in the primary monsoon area,
which experienced the most humid climate during the early Holocene
(Chen et al., 2008; Li et al., 2009; Long et al., 2010; Wang et al., 2013).
In this study, Holocene effective moisture changes on millennial time-
scales implied that the climate was arid in the early Holocene, most
humid in the mid-Holocene and arid in the late Holocene. This Holocene
moisture pattern is different from that in a typical Asian monsoon
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area, but it is consistent with that in the Asian monsoon margin of
northwestern China. The discrepancy is more likely due to the asyn-
chronous changes in rate of evaporation and monsoon precipitation.
Therefore, this difference could be caused by two factors.

The northern boundary of the Asian summer monsoon can move ac-
cording to long-term climate change (Li et al,, 2013a; Wang et al., 2013),
and the boundary of the summer monsoon during the Holocene lay in
the area between the margin of the north Qinghai-Tibet Plateau and
the Tianshan Mountains in Xinjiang (Herzschuh, 2006; Chen et al.,
2008). Thus, strong summer monsoons led to a relatively large increase
in moisture availability in the entire desert belt of northern China (Yang
et al., 2011). Moreover, low evaporation in Central and East Asia
could have caused the effective moisture to increase during the
mid-Holocene. Simulation results indicated that in monsoonal and arid
Central Asia, low levels of lake evaporation resulted from low winter
solar radiation and high summer cloud cover (Li and Morrill, 2010).
Hence, higher monsoon precipitation and lower evaporation may have
caused the most humid environment to occur in the mid-Holocene.

On the other hand, the greatly enhanced rate of evaporation
(E) relative to the higher monsoon precipitation (P) in arid lands during
the early Holocene would have reduced the effective humidity (Long
et al.,, 2010). The Asian summer monsoon, affected by the combined
effects of changes in low-latitude solar radiation and the position of
the ITCZ, strengthened in the Late Glacial period and maintained its
intensity until the early to mid-Holocene (Fleitmann et al., 2003;
Dykoski et al,, 2005; Zhang et al,, 2011; Ran and Feng, 2013). However,
the highest temperatures occurred in the early Holocene, as revealed by
Long et al. (2010) and Thompson et al. (1997), which could have led to
increased evaporation. The simulation results suggest that, in the desert
margin of northern China (a part of the Asian monsoon margin), the
increased evaporation in response to especially high temperatures
during the early Holocene might have lowered the effective moisture
enough to allow widespread dune mobility (Mason et al., 2009).
Hence, increased evaporation during the early Holocene may have
caused an arid environment.

6. Conclusions

The presence of calcareous root tubes indicates the occurrence of
relatively humid periods in the deserts of the Alashan Plateau. We
interpreted the frequency of calcareous root tubes '*C dating results
on the millennial scale as a proxy for effective moisture, and then we
reconstructed millennial-scale changes in paleo-effective moisture
during the Holocene in this area. The frequencies of 34 Holocene calcar-
eous root tubes '“C dates reveal that ~62% of the Holocene samples
were dated to 7-5 cal kyr BP and ~38% of the Holocene samples were
dated to 4-2 cal kyr BP. Holocene millennial-scale effective moisture
changes in the deserts of the Alashan Plateau can be described as
follows: an arid period during the early Holocene (before 8.0 cal kyr
BP), a humid period during the mid-Holocene (8.0-5.0 cal kyr BP) and
a humid to arid period during the late Holocene (after 5.0 cal kyr BP).
The reconstruction results were consistent with other previous recon-
struction results, which indicated that the temporal distribution of
calcareous root tubes can reflect millennial-scale changes in paleo-
effective moisture in this area.

However, a single sample could indicate local environmental changes
that may differ from the environmental changes of the overall desert.
Hence, the relatively humid environmental record obtained from the
presence of calcareous root tubes is a local signal or a regional signal
that should be noted. Moreover, calcareous root tubes could not indicate
environments that are too humid or too arid, which may have led to the
areal restriction of reconstruction results compared to lake sediments
and aeolian deposition; combining calcareous root tubes with multi-
proxy from lake sediments or aeolian deposition may improve this
deficiency.

The Holocene moisture pattern in this area is different from that in a
typical Asian monsoon area, but it is consistent with that of the Asian
monsoon margin of northwestern China. The discrepancy is likely due
to the asynchronous changes in the rate of evaporation and monsoon
precipitation.
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