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a b s t r a c t

The Longji ancient agricultural terraces in the Longji Mountain area (Guilin, southern China), which still
remain in use, are famous for their magnificent terraced landscape with a mix of ecosystem and human
inhabitation. Previous research has revealed the genesis and preliminary paleoenvironmental record of
the agricultural terraces, but little is known about variations in crop cultivation over time. In this study,
organic geochemical analyses and radiocarbon dating of an aggradational cultivated soil from a terrace
profile were used to explore crop type variation and relevant paleoenvironmental change during the
period of cultivation on the Longji Terraces. Hydroponic farming with rice (C3) planting has been the
dominant cultivation mode since the initial construction of the terraces. Warm-dry climate contributed
to the growth of drought-tolerant crop (C4) cultivation in the late 15th century. Temperature deterio-
ration during the Little Ice Age had a negative impact on dry and hydroponic farming activities from the
late 15th century to the late 19th century, while climate warming after the Little Ice Age promoted the
redevelopment of hydroponic farming.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

As common agricultural landscape features in mountainous
areas worldwide, agricultural terraces present an ingenious way of
transforming the original slope land into cultivable land. Ancient
agricultural terraces, which were constructed in the historical
period, may record abundant and insightful information about
human-environment interaction in the past. Although there are
differences in the environmental background, pattern, and type of
cultivation between ancient agricultural terraces in different re-
gions of the world, a range of common issues have been reported in
previous studies. These include: (1) structure of terraced land and
construction technology of the agricultural terraces (Ackermann
Chinese Academy of Sciences,

las.ac.cn (S. Li).
et al., 2008; Beckers et al., 2013; Borisov et al., 2015; Gadot et al.,
2016; Puy and Balbo, 2013); (2) exploring the genesis age or for-
mation history of the terraces by radiocarbon dating or optically
stimulated luminescence (OSL) dating (Beckers et al., 2013; Branch
et al., 2007; Gadot et al., 2016; Henck et al., 2010; Jiang et al., 2014;
Puy and Balbo, 2013); (3) natural environment and societal factors
during the period of terrace formation (Boixadera et al., 2016;
Gadot et al., 2016; Jiang et al., 2014; Puy and Balbo, 2013); and (4)
evolution of farming activity during the historical periods recorded
by the terraces (Ferro-V�azquez et al., 2014; Jiang et al., 2014;
Trombold and Israde-Alcantara, 2005).

The Longji Terraces, located in Longsheng County of Guilin City
in Guangxi Autonomous Region (Fig. 1), are one of the most famous
ancient agricultural terraces in southern China. The terraces were
built in historical periods by people of national minorities for
habitation and cultivation in the Longji Mountain area. After a long-
term development, the Longji Terraces area has formed a huge
terrace system which is still in use for agriculture. Therefore, the
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Fig. 1. Longji Terraces location map (after Jiang et al., 2014).
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Longji Terraces provide materials for studies on the past human-
environment interaction as well as the protection and manage-
ment of the terrace system. However, research on historical pale-
oenvironmental change and human activity in Chinese ancient
terraces is limited. Previous work by the present authors has
revealed the origin and historical background of the Longji Ter-
races, and also provided preliminary findings on variations in the
intensity of farming activity and environmental changes over the
past few hundred years based on radiocarbon dating, and physical
and geochemical analyses of selected soil profiles (Jiang et al.,
2014).

In order to further explore historical human-environment
interaction in the Longji Terraces area, in this study we imple-
ment analysis of n-alkanes and organic carbon stable isotopes
(d13Corg) in cultivated soil. The lipoid n-alkanes are some of the
most studied biomarkers because of their stability in geological
materials (Xie et al., 2003). When preserved in geological materials,
n-alkane distributions reflect the original organicmaterial and have
been shown to react to climate and environmental change sensi-
tively. Accordingly, n-alkanes have been used to identify the source
of organic matter, paleovegetation, and paleoenvironmental evo-
lution (Zheng et al., 2005). A range of studies have inferred paleo-
environmental factors from n-alkane evidence in various materials,
such as lacustrine sediment (Cao et al., 2016; Pu et al., 2011; van
Bree et al., 2014), marine sediment (Badejo et al., 2016; Badewien
et al., 2015; Ratnayake et al., 2006), loessepaleosol sequences
(Sch€afer et al., 2016; Zech et al., 2012; Zhang et al., 2006), and
archaeological strata (Gupta et al., 2013; Zou et al., 2007). Another
widely utilized organic geochemical proxy in paleoenvironmental
research is the carbon isotope d13Corg. Analysis of d13Corg in
loessepaleosol sequences (Dar et al., 2015; Liu et al., 2005; Rao
et al., 2013) has been used to estimate the relative abundance of
C3 and C4 plants in the past, for reconstruction of paleovegetation
and its paleoclimatic significance. In studies of lacustrine sediment
(Gałka and Apolinarska, 2014; O'Beirne et al., 2015; Selvaraj et al.,
2012), d13Corg combined with TOC/TN (total organic carbon/total
nitrogen) has been found to be an effective indicator of organic
matter source, and the evolution of lake environment and paleo-
climate. In archaeological strata, d13Corg has also been used to
identify relationships between paleoenvironmental change and
human activity (Huckleberry and Fadem, 2007; Parker et al., 2011).

In agricultural terraces, abundant organic matter has been left in
the soil during the crop cultivation, which provides ideal material
to reveal information about historical crop cultivation by the ana-
lyses of n-alkanes and d13Corg. However, application of n-alkanes
and d13Corg in research on ancient terraces has not been widely
reported. Here, we analyze n-alkanes and d13Corg from cultivated
soil in the Longji agricultural terraces, in combination with results
from previous radiocarbon dating and TOC analysis (Jiang et al.,
2014), to investigate variations in crop type associated with his-
toric paleoenvironmental change since the terraces were con-
structed. The sustainability of the grand scale and good
preservation of the Longji Terraces requires effective management
of the mix of ecosystem and human inhabitation. In this study,
exploring information on the past evolution of cultivation in the
terraces may reveal the changes of crop cultivation caused by pa-
leoclimatic variation as well as the predominant cultivation mode
during the development history of the Longji Terraces. This infor-
mation is expected to give some helpful indicators for how to keep
the sustainable and effective preservation of the terrace system and
how to adjust the crop cultivation with environmental difference,
which is meaningful for long-term management of the terrace
landscape.

2. Study area

The Longji Terraces are distributed over the Longji Mountain
area, west of Yuechengling Mountain. The Longji Mountain area
(300e1850 m asl) is characterized by an integrated geo-
morphologic landscape of high mountains, river terraces, and river
valleys which have developed under the impact of tectonic move-
ments in geological periods (Cheng et al., 2002). The main parent
rocks are metamorphics of the Banxi Group, Upper Proterozoic
Jixian System, which date back 800million years (Tong, 2006). Mid-
subtropical monsoon climate with the influence of altitude is
prevalent in the Longji Terraces area, with annual average tem-
perature of 14.4e16.9 �C and annual precipitation of
1600e1733 mm (Cheng et al., 2002).

Ping'an village (Fig. 2a), in the core of the Longji Terraces area,
was selected as the study site for fieldwork and sampling. The ter-
races around Ping'an village (Fig. 2b and c) are generally considered
as the initial settlement of the ancients, and provide a good repre-
sentation of the study area. Ping'an village terraces consist of more
than 15,000 blocks of large and small agricultural terraces, with a
maximum altitude of 880 m, a minimum of 380 m, and an area of
4 km2. The main food crop cultivated on the terraces is rice.



Fig. 2. (a) Ping'an village in the Longji Terraces area; (b, c) Agricultural terraces around Ping'an village; (d) Gravity irrigation through Longji agricultural terraces (a, b and d after
Jiang et al., 2014).
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Longji agricultural terraces are commonly constructed parallel
to hillslope contours, on slopes of 26e35� (Cheng et al., 2002), and
are composed of flat treads (cultivated areas), terrace walls (risers),
and field ridges on top of the walls (Fig. 2d). A gravity irrigation
system is implemented; irrigation water flows downwards from a
water source in a higher altitude area, through natural water-
courses and anthropogenic channels or pipes (Fig. 2d), to irrigate
the terraces. The local inhabitants maintain and heighten the field
ridges periodically.
Fig. 3. Field description of profile LJTT-3 from Ping'an village (after Jiang et al., 2014).
3. Materials and methods

One soil profile (LJTT-3), located close to inhabited area in Pin-
g'an village was chosen for detailed study considering that the
terrace containing profile LJTT-3 was probably one of the first to be
developed for its adjacency to the inhabited area. The altitude and
coordinates of the profile are 800 m asl and 25� 45.40610 N, 110�

6.990 E, respectively (see Fig. 3). Profile description was carried out
following the USDA system of soil classification, as introduced by Xi
(1994). LJTT-3 consists of the modern cultivated soil horizon (Ap),
buried cultivated soil horizons (Abp1 and Abp2), with Bw, B/C and C
horizons below, although bedrock was not reached. The long
sequence of cultivated horizon makes LJTT-3 appropriate for this
study. Aggradational features have been identified in the cultivated
horizon of LJTT-3, which are thought to be associated with the
gravity irrigation system and annual heightening of the field ridges
(Jiang et al., 2014).

A total of 74 samples were taken from profile LJTT-3, including
70 at intervals of 1 cm between 0 and 70 cm depth, and 4 extracted
with regard to the degree of weathering between 70 and 85 cm
depth. In addition, one paleosol sample (LJTT-4-C) was collected for
radiocarbon dating from the bottom of the cultivated horizon in an
adjacent, similar profile (LJTT-4).

Analysis of n-alkanes was performed with a 6890N gas chro-
matograph (Agilent Technologies) at the Key Laboratory of Mar-
ginal Sea Geology, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. A 2e3 g sample of dried and powdered soil
was ultrasonically extracted with dichloromethane three times.
The combined solvents were concentrated using a rotary evapo-
rator. The total lipid extract was separated by silica gel flash-
column chromatography using n-hexane in order to obtain the
saturated hydrocarbon fraction. Then the samples were treated by
the urea complexation method, using n-hexane as the extraction
agent for final analysis. The chromatograph is equippedwith an HP-
1 silica capillary column (30 m � 0.25 mm � 0.25 mm). The oven
temperature programwas as follows: 80 �C for 2 min; increasing to
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140 �C at a rate of 10 �C/min; then increasing to 300 �C at a rate of
6 �C/min; and maintaining at 300 �C for 15 min. The carrier gas was
nitrogen and the sample injection volume was 1 mL.

Organic carbon stable isotope (d13Corg) analysis was performed
with a DELTAplus Advantage stable isotopemass spectrometer at the
State Key Laboratory of Lake Science and Environment, Nanjing
Institute of Geography and Limnology, Chinese Academy of Sci-
ences. Sample pretreatment included: (1) heating in a water-bath
and using HCl solution to remove inorganic carbon; (2) using
deionized water to rinse the sample until it had a neutral pH; (3)
drying and grinding.

AMS 14C dating of five soil samples from different depths in the
cultivated horizon of profile LJTT-3, and of sample LJTT-4-C, was
performed at the Accelerator Mass Spectrometry Laboratory of
Peking University. Radiocarbon ages were calibrated by the OxCal
V4.1.7 program (Bronk Ramsey, 2009) and the IntCal09 calibration
curve (Reimer et al., 2009). Weighted averaging of ages at 2s pre-
cision was used to determine the calibrated ages.

4. Results and discussion

4.1. Radiocarbon dating results

Table 1 shows the radiocarbon dating ages and calibrated cal-
endar ages of samples from Ap, Abp1, and Abp2 horizons of profile
LJTT-3, and sample LJTT-4-C. In the cultivated horizon of LJTT-3,
sample ages increase with depth, which confirms that it is an ag-
gradational sequence, and means that the basal age of the horizon
should be a good indicator of when cultivation was initiated (Jiang
et al., 2014).

Paleosol sample LJTT-3-5-C revealed a 14C age of 545 ± 30 yr BP
and a calibrated age of 1361e1406 yr AD, which are very similar to
the ages of paleosol sample LJTT-4-C (575 ± 25 yr BP, 1335e1384 yr
AD); these ages correspond to the late period of the Yuan Dynasty
in Chinese history. The two paleosol samples were taken from the
base of the cultivated horizon in profiles LJTT-3 and LJTT-4, which
are two adjacent and parallel profiles, with similar cultivated ho-
rizon thicknesses. Therefore, the ages suggest that initial formation
of the cultivated horizon on the terraces dates back to the late Yuan
Dynasty, which is a good indicator for the origin of Longji Terraces
(Jiang et al., 2014).

4.2. n-alkanes

The carbon numbers of n-alkanes were determined according to
retention time in the GC (gas chromatography) chromatogram. The
relative abundance of n-alkanes (RAi), calculated based on area
beneath n-alkane peaks in the GC chromatogram, is defined as
follows,

RAi ¼ Pi
.X

Pi (1)

where Pi is the peak area of n-alkanewith a carbon number of i, andP
Pi is the total area of all n-alkanes.
Table 1
Radiocarbon dating results of soil samples from Longji Terraces (after Jiang et al., 2014).

Profile Sample no. Lab no. Depth (cm) Ma

LJTT-3 LJTT-3-1-C BA101723 9e10 Or
LJTT-3-2-C BA101724 18e19 Or
LJTT-3-3-C BA120408 28e29 Or
LJTT-3-4-C BA120409 32e33 Or
LJTT-3-5-C BA101721 44e45 Or

LJTT-4 LJTT-4-C BA101722 45e46 Or
The carbon numbers of n-alkanes extracted from the culti-
vated soil samples of profile LJTT-3 range from 14 to 35, and
show unimodal or bimodal distribution (Fig. 4). In samples with
a unimodal distribution pattern, n-C29, n-C31, and n-C33 are the
predominant n-alkanes, with the maximum at n-C31 in the long-
chain component. In samples with a bimodal distribution
pattern, n-C15, n-C16, n-C17, and n-C18 are predominant in the
short-chain component, with maximum n-C16, and n-C29, n-C31,
and n-C33 are predominant in the long-chain component, with
the maximum at n-C31. Long-chain n-alkanes present higher
relative abundance than short-chain n-alkanes in most bimodal
distribution samples. All samples show evident odd-over-even
preference in long-chain n-alkanes, while no obvious odd/even
predominance in short-chain n-alkanes. It has been suggested
that n-alkanes with different chain lengths indicate different
sources of organic matter. Those derived from lower organisms
such as photosynthetic bacteria and algae are mainly short-chain
n-alkanes (<n-C21), dominated by n-C17, n-C18, or n-C19, with no
obvious odd-over-even preference (Cranwell et al., 1987; Gelpi
et al., 1970). Submerged and floating plants and mosses mainly
produce middle-chain n-alkanes dominated by n-C21, n-C23, or n-
C25 (Corrigan et al., 1973; Ficken et al., 2000), while n-alkanes
derived from terrestrial higher plants are mainly long-chain n-
alkanes with significant odd-over-even preference, and domi-
nated by n-C27, n-C29, or n-C31 (Eglinton and Hamilton, 1967).
Therefore, we conclude that n-alkanes extracted from the culti-
vated soil of profile LJTT-3 were mainly derived from terrestrial
higher plants, supplemented by some derived from lower
organisms.

The ratio of relative abundance of high-carbon-number n-al-
kanes (�C21) to low-carbon-number n-alkanes (�C20) (RAH/RAL)
was calculated as follows,

RAH=RAL ¼
Xm
i¼21

RAi

, Xn
j¼14

RAj (2)

where RAi and RAj are the relative abundance of n-alkane with a
carbon number of i and a carbon number of j respectively, and
m ¼ 35, n ¼ 20. The calculated results for profile LJTT-3 show
that RAH/RAL values range from 1.28 to 13.84, with a mean value
of 4.09 (Fig. 5e), reflecting the higher relative abundance of
high-carbon-number n-alkanes, indicative of terrestrial higher
plants.

Woody terrestrial higher plants mainly produce n-alkanes
dominated by n-C27 or n-C29, while herbaceous plants mainly
produce n-alkanes dominated by n-C31 or n-C33 (Cranwell, 1973).
Long-chain n-alkanes in the cultivated soil of profile LJTT-3 gener-
ally show relative abundance of n-C31>n-C33>n-C29>n-C27, sug-
gesting a greater contribution of herbaceous plants than woody
plants, which supports a crop residue origin of organic matter in
the cultivated horizon. The ratio of n-alkanes from herbaceous
plants to woody plants, (C31þC33)/(C27þC29) was calculated as
follows,
terial 14C age (yr BP) Calibrated age (2s) (yr AD)

ganic matter Modern carbon±25
ganic matter 25 ± 25 1846e1883
ganic matter 430 ± 25 1428e1491
ganic matter 440 ± 25 1422e1481
ganic matter 545 ± 30 1361e1406
ganic matter 575 ± 25 1335e1384



Fig. 4. Distribution of n-alkane in the cultivated horizon of profile LJTT-3.

Fig. 5. Multiple proxy results. (a)e(g) Organic geochemical proxies for the cultivated horizon of profile LJTT-3. Calibrated ages and total organic carbon (TOC) variation are derived
from Jiang et al. (2014); (h) South China temperature anomaly, 1000e2000 AD (after Wang, 2007); (i) standardized annual dry-wet index, 1000e2000 AD, for Jiang-Nan area, China,
using 30-year fast Fourier transformation (FFT) filter smoothing (after Zheng et al., 2006); (j) winter temperature index from the 1470se1970s for Guangdong and Guangxi, China,
based on 50-year moving average (after Zhang, 1980); (k) South China annual temperature anomaly, based on 10-year averages, 1500e2000 AD (after Wang et al., 1998).
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ðC31 þ C33Þ=ðC27 þ C29Þ ¼ ðRA31 þ RA33Þ=ðRA27 þ RA29Þ (3)

where RA31, RA33, RA27 and RA29 correspond to the relative
abundance of n-C31, n-C33, n-C27, and n-C29, respectively.
Calculated values of (C31þC33)/(C27þC29) in profile LJTT-3 range
from 1.56 to 3.20, with a mean value of 2.13 (Fig. 5f), indi-
cating the higher relative abundance of n-C31 and n-C33, which
again reflects the predominance of n-alkanes from herbaceous
plants.

Considering the relatively high concentrations of n-C25 to n-C33
in the cultivated horizon of profile LJTT-3, the average chain length
(ACL) of odd-carbon-number n-alkanes ranging from n-C25 to n-C33
was calculated as follows,

ACL25�33 ¼ ð25� RA25 þ 27� RA27 þ 29� RA29 þ 31� RA31

þ 33� RA33Þ=ðRA25 þ RA27 þ RA29 þ RA31 þ RA33Þ
(4)

where RA25, RA27, RA29, RA31, and RA33 correspond to the relative
abundance of n-C25, n-C27, n-C29, n-C31, and n-C33, respectively.
Calculated ACL25e33 values in profile LJTT-3 range from 27.23 to
31.01, with a mean value of 30.18 (Fig. 5g). Correlation analysis of
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samples in the Abp1 and Abp2 horizons shows a significant positive
correlation between ACL25e33 and (C31þC33)/(C27þC29)
(Y ¼ 0.5Xþ29.42, Y is ACL25e33, X is (C31þC33)/(C27þC29), R2 ¼ 0.94,
P < 0.001). This suggests that when crop planting increased, n-al-
kanes from herbaceous plants became more abundant in the
cultivated soil, with higher (C31þC33)/(C27þC29), correspondingly,
ACL25e33 increased. Moreover, when crop planting reduced, n-al-
kanes from herbaceous plants became less abundant in the culti-
vated soil, with lower (C31þC33)/(C27þC29), and ACL25e33 also
decreased.

4.3. Organic carbon stable isotopes

Terrestrial plants can be divided into C3, C4, and CAM (crassu-
lacean acid metabolism) plants according to different mechanisms
of photosynthesis (Bowen, 1991). C3 plants include woody, and
most herbaceous and shrub plants, C4 plants include some herba-
ceous and shrub plants (Deines, 1980; Farquhar et al., 1989). CAM
plants mainly include desert succulents, and epiphytes in tropical
rain forests (Osmond, 1978). d13Corg values of C3 plants range
from �20‰ to �34‰, with a mean value of �27‰, and d13Corg

values of C4 plants range from �9‰ to �19‰, with a mean value
of �13‰ (Deines, 1980; Farquhar et al., 1989).

Organic matter in the cultivated horizon of profile LJTT-3 was
mainly derived from crop residues. Rice cultivation prevails in the
Longji Terraces, and rice is a C3 plant with d13Corg value
around �28.5‰ (Ci et al., 2007). In this study, mean d13Corg values
of modern plants (�27‰ and �13‰) were used as endpoints to
estimate the relative plant abundance (RPA) of C3 and C4 plants.
Specifically, d13Corg values greater than �13‰ indicate pure C4
vegetation (0% relative abundance of C3 plants); d13Corg values less
than �27‰ indicate pure C3 vegetation (0% relative abundance of
C4 plants); d13Corg values between �13‰ and �27‰ reflect mixed
vegetation of C3 and C4 plants.

Results show that d13Corg values for the cultivated horizon in
profile LJTT-3 range from �22.81‰ to �21.12‰, with a mean value
of �21.64‰ (Fig. 5b), which shows co-contribution of C3 and C4
plants to the composition of the organic carbon isotope, indicative
of C3/C4 mixed vegetation. The RPA of C3 plants ranged from 58% to
70.07%, with a mean value of 61.75% (Fig. 5c), and of C4 plants
ranged from 29.93% to 42%, with a mean value of 38.25% (Fig. 5d).
This suggests that the mode of cultivation during the development
of Longji Terraces probably comprised a rotation of C3 and C4 crops,
dominated by C3 crops. C3 crops such as rice are thermophilic and
hygrophilous, while C4 crops are more drought-tolerant (Liu et al.,
2005; Rao et al., 2010; Ni et al., 2011). Therefore, variations in
d13Corg, and RPA of C3 and C4 crops, in the cultivated horizon of
profile LJTT-3 may be used to indicate changes in crop cultivation
associated with climatic fluctuations since initiation of the Longji
Terraces.

4.4. Crop cultivation and environmental records of profile LJTT-3

From our previous work (Jiang et al., 2014), four soil develop-
ment stages were distinguished in the cultivated horizon of profile
LJTT-3: Stage A (46e31 cm), Stage B (31e19 cm), Stage C
(19e10 cm), and Stage D (10e0 cm). In this study, we explored the
evolution of crop cultivation and environment based on the organic
geochemical evidence for each of the four stages.

4.4.1. Stage A (46e31 cm depth): late 14th century to late 15th
century

In this stage, lower TOC, (C31þC33)/(C27þC29), and ACL25e33
(Fig. 5a, f and g) indicate reduced crop cultivation. RAH/RAL is also
lower (Fig. 5e), reflecting larger amounts of low-carbon-number n-
alkanes, which might be derived from microorganisms, or caused
bymicrobial degradation of n-alkanes from higher plants (Cui et al.,
2008). Accordingly, relatively strong microorganism activity can be
inferred during this stage. The anaerobic environment under hy-
droponic crop farming may constrain the decomposition of organic
matter by microorganisms to some extent (Xi, 1994). Therefore,
higher intensity of microbial activity might suggest weaker hy-
droponic farming activity in this stage.

Enhancement of farming activity may be inferred in the late
period of Stage A, based on increased TOC content, (C31þC33)/
(C27þC29), and ACL25e33 (Fig. 5a, f and g). In addition, d13Corg be-
comes more positive, with a decline in RPA of C3 crops and an in-
crease in RPA of C4 crops (Fig. 5bed). This may reflect increased
cultivation of drought-tolerant crops under dry and warm climate.
RAH/RAL declines in the late period of Stage A (Fig. 5e), suggesting
increased low-carbon-number n-alkanes, which might be caused
by strong microbial activity under the warm-dry climate. The
climate change at the end of Stage A seems to be related to the
warming and drying climate in South China in the early to late 15th
century (Fig. 5h and i).

4.4.2. Stage B (31e19 cm depth): late 15th century to late 19th
century

Stage B displays higher TOC, (C31þC33)/(C27þC29), and ACL25e33
than Stage A (Fig. 5a, f and g), reflecting greater input of organic
matter and high-carbon-number n-alkanes from higher plants,
especially herbaceous plants. This suggests a general enhancement
of farming activity in Stage B compared with Stage A.

TOC content decreases from bottom to top within Stage B
(Fig. 5a), suggestive of a weakening in farming activity over the
period, which is also supported by the decline of (C31þC33)/
(C27þC29) and ACL25e33 in the late phase of Stage B (Fig. 5f and g).
d13Corg becomes more negative in the late period of Stage B, with an
increase in RPA of C3 crops and a decrease in RPA of C4 crops
(Fig. 5bed), which might reflect relatively cool and wet climate,
leading to the weakening of dry farming activity. RAH/RAL abruptly
declines in the late period of Stage B (Fig. 5e), which denotes a
decrease in the relative abundance of high-carbon-number n-al-
kanes and an increase in low-carbon-number n-alkanes, suggesting
a weakening of hydroponic farming activity. However, RAH/RAL
values at the end of Stage B are much higher than in Stage A,
indicating that hydroponic farming activity in the late period of
Stage B was probably still stronger than that in Stage A. Therefore, it
is inferred that the weakening of hydroponic farming activity at the
end of Stage B was not caused by a drier climate, but was probably
the result of a deterioration in temperature.

Previous research has suggested that climate cooling in South
China after the 1480s indicated the start of the Little Ice Age (Ge
et al., 2011). Other studies have revealed a fluctuating tempera-
ture decline in South China during the period corresponding to
Stage B, with a particularly sharp drop after 1700 AD, and a rela-
tively humid phase from 1700 AD to the 1860s (Fig. 5hek). The
paleoenvironmental record of a sediment core from Sihu Lake in
Guilin, China, also revealed cold-wet climate from the early 18th
century to the late 19th century (Li et al., 2009). Therefore, the
weakening of farming activity within Stage B is likely to reflect the
influence of the Little Ice Age temperature decline on the crop
cultivation. The decrease in farming activity was especially signif-
icant in the late period of Stage B, suggesting this corresponded to
the coldest phase of the Little Ice Age.

4.4.3. Stage C (19e10 cm depth): late 19th century to the modern
period

Over this stage, TOC gradually increases (Fig. 5a), and (C31þC33)/
(C27þC29) and ACL25e33 show a more fluctuating increase (Fig. 5f
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and g). This reflects greater input of organic matter with high-
carbon-number n-alkanes from herbaceous plants, suggesting a
gradual growth in crop cultivation. Also within Stage C, d13Corg
gradually becomes more negative, RPA of C3 crops increases, and
RPA of C4 crops decreases (Fig. 5bed), which suggests enhancement
of hydroponic farming activity as temperature levels improved. At
the end of Stage C, RPA of C3 crops increases, RPA of C4 crops de-
creases (Fig. 5c and d), and RAH/RAL increases markedly (Fig. 5e),
indicating a major increase in hydroponic farming activity.

According to other studies, temperature in South China began to
rise significantly in late 19th century, after termination of the little
Ice Age (Fig. 5h, j and k), and humidity was relatively high (Fig. 5i).
As themean calibrated age for the initiation of Stage Cwas 1865 AD,
the enhancement of hydroponic farming activity after this was
probably a response to the warmer and wetter climate. South China
temperature peaked in the 1940s (Fig. 5h, j and k), during the
warmest sub-period of the Modern Warm Period (Hansen et al.,
2010; Wang and Tang, 2011), and rainfall was also relatively high
(Wang et al., 2002). Therefore, the significant increase in hydro-
ponic farming activity at the end of Stage C might be related to the
warm and humid climate of the 1940s.

4.4.4. Stage D (10e0 cm depth): modern farming period
In this stage, much higher TOC content (Fig. 5a), and increas-

ingly negative d13Corg, with RPA of C3 crops increasing and of C4
crops decreasing (Fig. 5bed), reflect strong hydroponic farming
activity during the modern warming period. A clear increase in
RAH/RAL and decrease in ACL25e33 (Fig. 5e and g) is likely to be
related to the high relative abundance of n-C25 in this soil layer
(Fig. 4), which might indicate the contribution of n-alkanes from
mosses. However, interpretation of the modern cultivated soil ho-
rizon is difficult, due to the complex influence of anthropogenic
factors, such as modern fertilizer application, crop quality
improvement, and creation of the terrace landscape.

5. Conclusions

The Longji ancient agricultural terraces in southern China,
famous as a spectacular landscape, are still in use for large scale
crop cultivation today. In previously published work, we have re-
ported on the origin of the Longji Terraces, along with presentation
of preliminary information on past human-environment in-
teractions (Jiang et al., 2014). Here, building on our previous results,
we further explored the evolution of crop cultivation and paleo-
environmental changes, from initiation of the terraces
(1361e1406 yr AD) to the present, based on analyses of organic
geochemical proxies.

Organic geochemical data from a selected terrace soil profile
suggested that organic matter in the cultivated horizonwas mainly
derived from terrestrial herbaceous plants, including both C3 and C4
crops, but was dominated by C3 crops. Four soil development stages
were identified, and variations in the nature and intensity of crop
cultivation with paleoclimatic change were examined for each
stage. In the late 15th century, farming activity was enhanced with
the growth drought-tolerant crop cultivation (C4 crop) in a rela-
tively warm and dry climate. The Little Ice Age affected the Longji
Terraces area from the late 15th century to the late 19th century,
with significant climate cooling. This seems to have been associated
with weakening of both dry and hydroponic farming activities,
particularly in the later part of this stage. After the termination of
Little Ice Age in the late 19th century, climatewarming commenced
and hydroponic farming activity began to intensify. The enhance-
ment of hydroponic farming activity in the modern farming period
might be related to climate warming, although modern farming
methods, and development of the ancient terrace landscape, were
also contributing factors.
The extensive terrace system in the Longji area has been sup-

porting intensive and productive cultivation for more than 600
years, and represents an integration of past technology andmodern
development. The historical relationship between crop cultivation
and paleoenvironment discussed in this studymay provide insights
for current or future management of the terrace system in the
Longji Terraces. Elaborate maintenance of the flat treads and field
ridges during the process of hydroponic farming on the terrace,
which can effectively prevent water loss and soil erosion, may
contribute to the well conservation of the terrace system from its
initial construction to now in the Longji Terraces area. The types of
crop cultivation could be adjusted according to climate change or
environmental difference at different altitudes so as to ensure that
the cultivation adapts to environment, which is beneficial for the
sustainable development of agriculture in the Longji Terraces area.
In addition, in future work, construction of more extensive chro-
nology and paleoenvironmental record will provide more detail on
the agricultural development of the terraces, which may further
contribute to their long-term management and that of the wider
landscape.
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