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Abstract. The paleoclimate of the late Pliocene Longmen Yunnan, as well as the intensification of the eastern Asian
flora from Yongping County located at the southeasternwinter monsoon, both occurring concurrently in the post-
boundary of the Qinghai-Tibet Plateau was reconstructedPliocene period.

using two leaf-physiognomy-based methods, i.e., leaf mar-
gin analysis (LMA) and Climate Leaf Analysis Multivariate
Program (CLAMP), to understand the paleoclimate condi-
tion and geographical pattern of monsoonal climate in southl ~ Introduction

western China during the late Pliocene. The mean annual

temperatures (MATs) estimated by LMA and CLAMP are The modern Asian monsoon system is divided into the East
17.4+3.3°C and 174+ 1.3°C, respectively, compared with Asian monsoon and the South Asian (Indian) monsoon (Mol-
15.9°C at present. Meanwhile, the growing season precipi-nar et al., 2010). Although they differ in precipitation terms,
tation (GSP) estimated by CLAMP is 1785: 217.7 mm in both are characterized by wet summers and dry winters
the Longmen flora, compared with 986.9 mm nowadays. The(B. Wang, 2006). Approximately 60 % of the world's popula-
calculated monsoon intensity index (MSI) of the Longmen tion lives in the regions directly affected by the monsoon sys-
flora is significantly lower than that of today. These resultstém, and therefore its fluctuation can greatly impact human
appear consistent with previous studies on the late Pliocen@ctivities worldwide as well as the local economy (B. Wang,
floras in western Yunnan based on the coexistence approaci?06). The Asian monsoon has attracted great attention on
(CA), and further suggest that there was a slightly warmerits evolution, variability and forcing mechanisms (Sun and
and much wetter climate during the late Pliocene than theVang, 2005; Wang et al., 2008; Han et al., 2012). While most
present climate in western Yunnan. We conclude that the sigwork has focused on short-term fluctuations in monsoon be-
nificant change of the monsoonal climate might have beerflavior, study of the variations in the Asian monsoon in deep

resulted from the continuous uplift of mountains in westerntime is crucial to contextualize and understand the driving
mechanisms underpinning monsoon changes.
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Western Yunnan, located at the southeastern boundary déte Pliocene floras of western Yunnan, and (3) to discuss the
the Qinghai-Tibet Plateau, uniquely experiences both thesvolution of the Asian monsoonal climate of Yunnan.
East Asian monsoon and the Indian monsoon (Y. Wang,
2006). The uplift and east—west extension of the Qinghai- ,
Tibet Plateau has created a series of north—south oriente@ Materials and methods
mountains such as Mt. Gaoligong and Mt. Nu in western
Yunnan (Ge and Li, 1999). These high mountains form ge-

ographical barriers for the convergence of these two monrhe fossil site is located in Longmen Village, Yong-

soons (Hao et al., 2008) and result in a special regionabing County, western Yunnan Province {2848’ N
monsoonal climate (Kou et al., 2006). Consequently, westggo31/11” E: Fig. 1). Being at the southeastern boundary

ern Yunnan is an ideal region for exploring the evolution of ¢ ¢, Qinghai-Tibet Plateau, western Yunnan has numer-

the Asian monsoon climate in deep time. Fossil floral assemy, o Neogene coal-bearing basins created by the uplift of the

blages have been widely used as a proxy for paleoclimaigyinghaj-Tibet Plateau (Ge and Li, 1999), and several fossil
reconstructions due to their direct interaction with the past;,,5s have been reported from these basins (Tao and Kong
surrounding environment (Wolfe, 1979, 1993; Mosbrugger1973; Xie, 2007; Su, 2010). The sediment of Longmen in
and Utescher, 1997; Greenwood, 2005; Jordan, 2011). Thugpis study belongs to the Sanying Formation (Ge and Li,
the abundance of Neogene floras in western Yunnan (V_V”t'”91999), which is assigned to the late Pliocene based on several
Group of Cenozoic Plants of China (WGCPC), 1978; BU- |ines ‘of evidence, such as local geological structure (Com-
reau of Geology and Mineral Resources of Yunnan Provinc&jjing Group of the Regional Stratigraphic Table of Yunnan
(BGMRYP), 1990; Ge and Li, 1999) provides important ma- (cGRsTY), 1978; BGMRYP, 1990), stratigraphic correla-
terials for understanding the evolution of monsoonal climate.jqns (Ge and Li, 1999), and fossil record (Tao and Kong

The Pliocene is a key period for the global climate change; 973 \WwGCPC. 1978 Z,ong et al. 1996: Su et al. 2011)'_
with a transition from the warmer Miocene to the cooler | jue other paleofloras uncovered from the Sanying Forma-
Pleistocene (McKay et al., 2012). However, our understands;qp, (Tao and Kong, 1973; Tao, 1986: Zhang, 1997), the ever-
ing of the Pliocene climate in the Qinghai-Tibetan Plateau isgreen sclerophyllous oak)iercussect. Heterobalanusap-

poor. Although paleoclimates derived from several Pliocenep(_:,ars the most abundant in the Longmen flora (Su, 2010).

floras in western Yunnan have been reconstructed and have The Sanying Formation in Longmen Village is com-
prowd(;ed}mpt?]rtagltl|nforma;|<on ?” lthezggjra\?ter Otf tTe 2;')01”2'_posed of two units (Bureau of Geology of Yunnan Province
soon during the Pliocene (Xu et al., » Yao etal, '(BGYP), 1979). Fossil leaves in this study were collected

Table S1 in the Supplement), most of these paleoclimaliGrom the top part of the upper unit. Local stratigraphy has
studies of the Pliocene floras are based on the coexistengsaan discussed in Su et al. (2011).

approach (CA) by using one type of fossil material, namely

palynological material (Kou et al., 2006). The principle of 2.2 Materials

CA is based on the coexistence interval for each climate pa-

rameter of the nearest living relatives of every taxon in theSeveral fossil species such bgseasp. and the evergreen

flora (Mosbrugger and Utescher, 1997). Although CA clearly sclerophyllous oak from Longmen Village were first reported

produces coherent climate trends that match other proxieby the BGYP (1979). Subsequently, Zhou (1992) studied

such as those based on isotopes (Mosbrugger et al., 2005he morphology of fossil leaves in the evergreen sclerophyl-

the climatic range encompassed by the coexistence intervdbus oaks uncovered from Longmen Village. During our

can be large in some circumstances, and when this occurgield work from 2008 to 2010, more than 2000 pieces of

the resolution of the technique appears low. An alternativespecimens have been collected (Su, 2010). Among them,

approach is based on the leaf physiognomic spectrum disene taxon has been anatomically studied, Deynaria cal-

played by leaves of woody dicots (Wolfe, 1993; Greenwood,lispora (Polypodiaceae; Su et al., 2011).

2005). Methods of this kind only need to classify fossil leaves Among the collected specimens from the Longmen flora,

in a flora into morphotypes without taxonomic identification fossil leaves of woody dicotyledonous species were classified

(Wolfe, 1993). The Tuantian flora, being on the western sideinto 22 morphotypes based on leaf morphological characters

of Mt. Gaoligong and Mt. Nu, is the only Pliocene fossil flora such as leaf shape, margin form, and the venation (Figs. S1-

in western Yunnan with paleoclimate reconstructions based3 in the Supplement). All specimens are deposited in the

on leaf physiognomy (Xie et al., 2012; Fig. 1). Paleobotany Laboratory, Xishuangbanna Tropical Botanical
Here, we examine the late Pliocene Longmen flora on theGarden, Chinese Academy of Sciences.

eastern side of Mt. Gaoligong and Mt. Nu in western Yunnan.

The aims of this paper are (1) to reconstruct quantitatively the

paleoclimate by using leaf-physiognomy-based methods and

recently developed calibration datasets, (2) to compare our

results with previous results calculated by taxa based CA in

2.1 Geological setting
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shows regional variations worldwide (Gregory-Wodzicki,
2000; Spicer et al., 2004; Adams et al., 2008; Su et al., 2010;
Royer et al., 2012). Here we use the equation based on the
Chinese dataset (Su et al., 2010) and the standard error of
estimated MAT (SE) follows Miller et al. (2006).

MAT (°C) = 1.038+27.6 x P
(Su etal, 2010

SE=b x\/[1+¢<n—1>p<1—p>1 x 2= P)
n

(Miller et al., 2006

b is the slope in the equation, here 27/6s the overdisper-
sion factor with the value of 0.052 from Miller et al. (2006);

Fig. 1. Maps showing fossil localities of this study and floras with i 6 nroportion of woody dicots with untoothed leaves;
quantitative paleoclimate reconstructions. Information on fossil lo- . . .
andn is the total number of woody dicots in a flora.

calities and reconstructed climates are detailed in Table S1 in the
Supplement(a) (1) Longmen, Yongping (this study); (2) Longling

(Xu et al., 2004; Kou et al., 2006); (3) Liantie, Eryuan (Kou et
al., 2006); (4) Yangyi, Baoshan (Kou et al., 2006); (5) Tuantian,
Tengchong (Xie et al., 2012); (6) Yuanmou (Yao et al., 2012); (7)

2.3.2 Climate Leaf Analysis Multivariate Program

CLAMP is a multivariate method based on canonical cor-
Longchuan (Zhao et al., 2004): (8)ihe, Chuxiong (Xu et al., respondence anglysis (CCA). In CLAMP, 3; leaf character
2008): (9) Xiaolongtan, Kaiyuan (Xia et al., 2009; Jacques et al_,states and 11 climate parameters are d_erlved for samples
2011a): (10) Xianfeng, Xundian (Xing et al., 2012): (11) Bang- {"om modern forests to form the calibration dataset; more
mai, Lincang (Jacques et al., 2011a, b); (12) Jingdong (Zhang et althan two hundred samples are available online niottp(//
2012); (13) Zhenyuan (Zhang et al., 2012); (14) Jinghong (Zhangclamp.ibcas.ac.gnlin this study, we use the PhysgAsial cal-
etal., 2012); and (15) Mengla (Zhang et al., 201B)andc): fossil ibration dataset (Jacques et al., 2011b), which supplements
locality of this study. the core CLAMP Physg3br dataset with 45 modern Chinese
sites. This calibration gives better precipitation estimates for
China compared to older calibrations (Jacques et al., 2011b).
2.3 Methods We scored each leaf character of every morphotype from the
Longmen flora by following the definitions on leaf charac-
Two leaf-physiognomy-based methods were applied, namelyers on the CLAMP websitehtp:/clamp.ibcas.ac.¢ra-
leaf margin analysis (LMA) and Climate Leaf Analysis Mul- pje 1). CCA was performed by using the software CANOCO

tivariate Program (CLAMP). LMA is a simple way of es- 45 (Plant Research International, Wageningen, the Nether-
timating a single climate variable, namely the mean annualgns).

temperature (MAT) (Wing and Greenwood, 1993), whereas

CLAMP is used routinely to calculate 11 temperature and2.3.3 The monsoon intensity index (MSI)

precipitation related parameters (Wolfe, 1993). Even though

the mechanism of leaf physiognomy in response to C|imateSeveraI indices have been defined to evaluate the intensity of
is still under suspicion (Little et al., 2010), both methods arethe monsoon (Liu and Yin, 2002; van Dam, 2006; Liu et al.,
still quite robust in paleoclimate reconstructions (Spicer and2011; Xing et al., 2012). However, most indices could not be
Yang, 2010; Peppe et al., 2011). In this study, we did not useestimated in this study because the parameters in these in-
any linear regressions to calculate the paleoprecipitation, bedices are not directly available from either LMA or CLAMP.
cause none of existing linear regressions could be applied fof\s the monsoon plays the role of the “engine” for the trans-
Chinese paleofloras (Su et al., 2013). For a close comparisorortation of moisture, the precipitation pattern around a year
we also recalculated the paleoclimate of the late Pliocene Tuis closely associated to the intensity of monsoon (B. Wang,
antian flora in western Yunnan from a published account 0f2006). Herein, we use the equation proposed by Xing et
Xie et al. (2012; site 5 in Fig. 1) using the same calibrational. (2012) to calculate MSIs of the Longmen flora and the

dataset in the present study. Tuantian flora in western Yunnan based on the three precipi-
tation parameters reconstructed by CLAMP:
2.3.1 Leaf margin analysis MSI = (3WET — 3DRY) - 100/GSP

LMA is a method based on the single linear regression (Xing etal, 2012.

between the proportion of entire leaves in woody dicotsMSI is the intensity of monsoon climate with a higher value

within a flora and mean annual temperature (MAT) (Wolfe, of MSI meaning a bigger difference of precipitation in sea-

1993). However, many studies indicate that this correlationsonality and therefore indicating a stronger monsoon climate

www.clim-past.net/9/1911/2013/ Clim. Past, 9, 1911920 2013
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Table 1.Percentages of 31 leaf characters in the Longmen flora. respectively. The modern values for these parameters at
Yongping are 15.9C and 8.2C, respectively. The length

Leaf character Percentage (%)  of the growing season (months with temperattré&0°C,
Lobed Lobed 0.0 GROWSEAS) is similar to that of the present witl3e 0.7
Teeth of the leaf No teeth 59.1 months being predicted for the Longmen flora compared to
IEEIE LTS:éar 3‘23-2 10 months at present. However, the warm month mean tem-
Teeth round 182 perature (WMMT) of the Longmen flora is estimated to have
Teeth acute 22.7 been much higher than nowadays.
_ Teeth compound 45 Unlike the temperature variables, the difference between
Size of the leaf L'(;'atrc‘)oah?’l”l 0%0 the late Pliocene and modern precipitation parameters in
Legtoghin I 0.0 Longmen appears quit_e significant (Table 2)._The largest dif-
Microphyll | 10.2 ference for a precipitation related parameter is that of 3DRY,
Microphyll 1I 37.5 the predicted value for the Longmen flora is about three times
mggpﬂy:: :” 2187'40 higher than that of the present day, with 1B4 41.2 mm
Mesoghi,, f 45 and 69.5mm, respectively. The GSP of the Longmen flora
Mesophyll 111 2.3 is nearly twice as high as that nowadays, with 1835
Apex of the leaf Apex emarginate 0.0 217.7mm and 986.9 mm, respectively. Both 3WET and rel-
ﬁpg ;OC‘:JTS iig? ative humidity (RH) estimates for the Longmen flora are
Azex attenuate 26.3 higher than the present-day values.
Base of the leaf Base cordate 111
Base round 135 3.3 MSI
Base acute 75.4
Length to width ratio of the leaf e 122-?5 The MSI of the Longmen flora is 35.5, whereas the MSI of
L'W 2-3-1 60.6 Yongping County at present is 55.4 (Table 2).
L:W 3-4:1 19.7
LW > 4:1 45 _ )
Shape of the leaf Obovate 45 4 Discussion
Elliptic 90.9
Ovate 4.5 4.1 Warmer temperature during the late Pliocene

For the Longmen flora, LMA and CLAMP both give con-

(Xing etal., 2012). GSP is growing season precipitation (pre-sjstent results for MATs with estimated values4¥ 3.3°C
cipitation during months with mean monthly temperature be-gnq 1744 1.3°C, respectively. Both values are about 1G5

ing more than 16C). 3WET is the precipitation during the 3 pigher than the present MAT. LMA is based on the sin-
consecutive wettest months. 3DRY is the precipitation duringg|e linear regression between leaf margin and MAT (Wolfe,
the 3 consecutive driest months. 1979; Wing and Greenwood, 1993), whereas CLAMP is a
multivariate method with 31 leaf characters included (Wolfe,
1993). Therefore, the results of these two methods are inde-
pendent from each other (Spicer et al., 2009). These higher
Pliocene temperatures are also found at Tuantian, which is
approximately 100 km southwest of the Longmen flora (Ta-

In the Longmen flora, the proportion of untoothed leaf taxa in PI€ 2)- These results combined both show that the MAT in
22 woody dicotyledonous species is 59.1%. Thus, the MATWestern Yunnan during the late Pliocene was slightly higher

3 Results

3.1 LMA

of the Longmen flora resolves as.4% 3.3°C. than that of today. Meanwhile, CMMT stayed similar be-
tween the late Pliocene and the present day.
3.2 CLAMP It is interesting to note that WMMT shows a dramatic dif-

ference with a temperature £.@ higher in the late Pliocene
By using the CLAMP calibration dataset (PhysgAsial), thethan that of today in Yongping. Similarly, WMMT of the Tu-
Longmen flora plots inside the physiognomic ordination antian flora is 28+ 1.5°C, comparing to 19.8C at present
space, and it resides within the cloud of modern ChinesgTable 2). The significant decrease of WMMT to today'’s val-
samples (Fig. 2), which indicates that PhysgAsial is suit-ues between the late Pliocene and now might be related to
able for paleoclimate estimation of the Longmen flora. Foran increase in altitudes in western Yunnan. Previous studies
temperature related parameters, those of the Longmen florbased on both palynological data (Kou et al., 2006) and plant
seem comparable with the present conditions (Table 2). Fomegafossils (Xie et al., 2012) also concluded a similar pat-
example, MAT and cold month mean temperature (CMMT) tern of temperature and supported that the altitude of west-
of the Longmen flora are 14+ 1.3°C and 89+ 2.6°C, ern Yunnan during the late Pliocene might not have been as

Clim. Past, 9, 19114920 2013 www.clim-past.net/9/1911/2013/
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Fig. 2. Position of the Longmen flora in the physiognomic space of the calibrated CLAMP dataset — PhysgAsial.

Table 2.Comparisons on climatic parameters between the late Pliocene and the present day in Longmen and Tuantian. For LMA, the equation
proposed by Su et al. (2010) was applied and the standard errors followed Miller et al. (2006). For CLAMP, a newly updated dataset, Phys-
gAsial (Jacques et al., 2011b), was used. Leaf physiognomic data of the late Pliocene Tuantian flora were from Xie et al. (2012). The present
climate data were from Yunnan Provincial Meteorological Bureau (YPMB, 1984). MAT = mean annual temperature; WMMT =warm month
mean temperature; CMMT =cold month mean temperature; LGS =length of the growing season; GSP = growing season precipitation (pre-
cipitation during months with mean monthly temperature being more th&&€tMMGSP = mean monthly growing season precipitation;
3WET = precipitation during the 3 consecutive wettest months; 3DRY = precipitation during the 3 consecutive driest months; RH =relative
humidity; SH = specific humidity; and ENTHAL = enthalpy.

Longmen, Yongping Tuantian, Tengchong

LMA CLAMP Present LMA CLAMP Present
MAT (°C) 174+33 174+13 15.9 187+26 153+13 14.9
WMMT (°C) 258+1.5 21.4 243+15 19.8
CMMT (°C) 89+26 8.2 17+26 7.6
GROWSEAS (months) 8+07 10 81+0.7 9
GSP (mm) 173%+2177 986.9 16257 +2177 1381.1
MMGSP (mm) 1876+ 25.3 98.7 1868+ 253 153.5
3WET (mm) 8003+ 139 588.6 784+ 139 790
3DRY (mm) 1845+41.2 69.5 209+41.2 111.6
RH (%) 811+6 75 816+6 79
SH (%) 1114+1.2 103+1.2
ENTHAL (kJ kg_l) 3344+5.4 3292+54
MSI 355 52.6 355 49.1

high as the present day. This conclusion is proved by othefewer clouds, and the land surface could absorb plenty of
evidence, such as testate amoebae (Yang et al., 2006) arfkat energy from the solar radiation. Consequently, the solar
sedimentological analysis (Xie et al., 2012). Altitude corre- radiation compensates for the decrease of temperature caused
lates negatively with temperature (Y. Wang, 2006). There-by both a higher altitude and cold airflow from Siberia in
fore, a lower WMMT is observed nowadays. Meanwhile, winter. If the winter of the present day in Yongping is wet,
much heavier precipitation during the late Pliocene (Table 2)there should be a lower CMMT. Guilin City, being at a lower
means that when the wet and warm airflow in summer formsaltitude with a similar latitude to Yongping, experiences a
the rain, and heat releases to the atmosphere, a higher temetter winter with 3DRY at 183.6 mm. CMMT in Guilin is
perature could be observed. 7.8°C nowadays, compared to 82 in Yongping (China

On the contrary, CMMT stayed similar between the late Meteorological Data Sharing Service System (CMDSSS),
Pliocene and the present day. During the Late Pliocenehttp://cdc.cma.gov.girestriction on access to registers).
even the increase of altitude could decrease the tempera- In this study, results of leaf physiognomic methods are
ture, and the winter monsoon brings the cold airflow from consistent with results of the coexistence approach (CA). The
Siberia; however, CMMT happens in the dry winter with Longling flora, at about 120 km southwest to the Longmen

www.clim-past.net/9/1911/2013/ Clim. Past, 9, 191192Q 2013
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flora, was studied using CA (Kou et al., 2006; Table S1inthe4.2 Geographical precipitation pattern
Supplement). MAT of the Longling flora was reconstructed

to have been 18.6-22:C compared to 15.TC at present. Paleoclimate reconstructions show that the precipitation dur-

Therefore, all results based on different approaches indicat(rnhg the late Pliocene was greater than that at present in west-

a higher temperature during the late Pliocene than at preserétrn Yunnan (Fig. 3). GSPs between the late Pliocene and

in western Yunnan. One exception is the late Pliocene Wanhowadays are comparable, because the length of the grow-

bao flora in central Yunnan: a cooler climate during the Iateing season (mean monthly temperature higher thafC10

Pllqcene was proppsed, which might be due to the local tec'GROWSEAS) in the late Pliocene Longmen flora.i8R0.7
tonic change, forming a dry, hot valley nowadays (Yao et al.

2012) 'months and GROWSEAS of the present day is 10 months.

. For the Longmen flora, GSP is 17585 217.7 mm, nearly
These higher MAT and WMMT are also observed from twice as high as that in the present day (Table 2). As far as

the late Miocene floras (Table S1 in the Supplement), for EXihe wet season is concerned, 3WET is 8381390 mm in

ample, the Xiaolongtan flora from southeastern Yunnan (Xiathe Longmen flora, whereas this value is 588.6 mm in Yong-
et al., 2009), the Lincang flora from southwestern Yunnan ing County today (Table 2). A similar drying is seen in the

g ar?r?ufsp?t taLI’I _2)?#]1&),; alndzghleZX?nferc]jg 20(;%frro':]‘t(rfnttr:agry season. 3DRY decreases sharply from.58441.2 mm
unnan (Plate II; Xing et al., ), based o ere i the Longmen flora to 69.5mm in Yongping County to-

ods, namely, CA, LMA and CLAMP. Results of all methods day. Conditions wetter than now are also observed in the

show a slight decrease Of.MATS between the late M'Ocenqate Pliocene Tuantian flora; the GSP in the Tuantian flora
a.nd .the prese_nt (Table S1 in thg Supplemen@). Moreover, th?s 16257 +217.7 mm compared to 1381.1 mm in the present
S||gn2|f(|)c(:)a8ntliy hligr;!rl;]i?rr\:v,\t/thIrdzgngf \BC(I\EAEEFe M'cii(;] enf? (r>r(1uthe t day. Meanwhile, precipitation during the three driest consec-
?i’ pii ). 1 St tetj othe he o this st ((:jOO gtro € utive months (3DRY) in the present day is only half of that
ate Fliocene o today, as shown in this study. during the late Pliocene. However, no drying trend is seen in

in gl\jlﬁrrg:] tgreo\(;i(;(zzlénglztireng f{ggﬂ;ﬁf m:aofri?]?j tgfprli SbeaTtthe wet season because the late Pliocene and modern values
(Fig. 3) 9 are similar. In this study, we could not compare the precipi-

cooling since the !ate Miocene (Zachos et al., 2.001)' Thetation values estimated by CLAMP and CA, simply because
lower temperature in western Yunnan at present might be als

. : . . . e precipitation coexistence intervals in CA are wide in pre-
?hss%?iterd m:h dreglr?(r;al uﬁ)ll:tt(l:nou ?t talr.’ 2006), leading to vious studies with focuses on paleoclimate reconstructions of
€ higher altitude and cooler temperature. the late Pliocene floras in western Yunnan (Xu et al., 2004;

Clim. Past, 9, 19114920 2013 www.clim-past.net/9/1911/2013/
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Fig. 4. The Asian monsoon system in Yunnan nowadays and the late Pliocene floras in western Yunnan. (1) Longmen, Yongping; (2)

Longling; (3) Liantie, Eryuan; (4) Yangyi, Baoshan; (5) Tuantian, Tengchong. Detailed information on each flora is in Table 2 and Table S1
in the Supplement.

Kou et al., 2006), and the observed modern rainfall values4.3 The evolution of the Asian monsoon in
are within the reconstructed intervals for the paleoprecipita- western Yunnan
tion parameters (Table S1 in the Supplement).

The Longmen flora is located on the eastern side of Mt.This study indicates that the Asian monsoon during the late
Gaoligong and Mt. Nu, whereas the Tuantian flora is in thePliocene is not as strong as at present day in western Yunnan.
western side (Fig. 4). Today, both fossil localities are largelyAccording to the MSI proposed by Xing et al. (2012), the in-
influenced by the Asian monsoon, which is characterizedtensity of the monsoon in both the Longmen flora and the Tu-
by a wet summer and a dry winter, and a series of north-antian flora are lower than those of the present day (Table 2).
south oriented mountains in western Yunnan such as Mt!n both floras, 3DRYs contribute to the difference of MSI be-
Gaoligong and Mt. Nu play an important role in determin- tween the late Pliocene and the present day. For 3DRYs, the
ing moisture distribution. For example, precipitation on the Longmen flora and the Tuantian flora are H#41.2mm
western slope of Mt. Gaoligong is significantly higher than and 2099:£41.2 mm, respectively, compared to 69.5 mm and
that on the eastern slope (B. Wang, 2006). During the latel11.6 mm at present.

Pliocene, 3WETSs in both Longmen flora and Tuantian flora The MSI during the late Miocene was slightly lower than
are quite similar to each other (Table 2), and indicate a differ-that during the late Pliocene in Yunnan (Fig. 3). MSls of
ent pattern of moisture distribution and a possibly differentthe Xiaolongtan flora, the Lincang flora and the Xianfeng
topography. flora are 31.3, 31.0 and 28.6, respectively. The lower MSIs

We also notice that the precipitation of the late Plioceneduring the late Miocene are mainly due to the higher GSP
Longling flora is lower than the present day (Kou et al., and 3DRY (Xing et al., 2012). The GSPs of all three late
2006). Longling is on the western slope of Mt. Gaoligong; Miocene floras estimated by CLAMP are higher than the two
the Indian summer monsoon with p|enw of moisture is late Pliocene floras. It indicates that in Yunnan there was an
blocked by Mt. Gaoligong and forms heavy rain there amplification of the Asian monsoon from the late Miocene to
(Fig. 4). A lower altitude of the Gaoligong Mountains dur- the late Pliocene, and a significant intensification of the Asian
ing the late Pliocene could not block such high moisture onmonsoon from the late Pliocene to the present. A Quaternary
the western slope, leading to lower precipitation. pollen record from Heging in northwestern Yunnan further

supports this conclusion (Xiao et al., 2010).
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3500 7 5 Conclusions
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In this study, we used methods based on the relationship be-

tween leaf physiognomy and climate to quantitatively recon-
A struct the paleoclimate of the late Pliocene Longmen flora

3 ﬁiﬁi\/ in western Yunnan. In combination with results of previous

6
Mo o oSHass paleoclimatic studies, we conclude that:
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1. Both temperature and precipitation in the late Miocene
and the Pliocene of Yunnan are higher than at the
present day. As temperature related parameters are

Lancang River
1000

w00, Nu River . concerned, MAT and CMMT decreased slightly, and

Harfo), WMMT decreased significantly from the late Pliocene

Hrem to nowadays. All precipitation related parameters are

Southest < > Notneast much lower at present than those during the late
Pliocene.

Fig. 5. Spatial comparison on temperature and precipitation be-
tween the late Pliocene and nowadays in western Yunnan (modified
from Kou et al., 2006). Climatic data correspond to Table S1 in the
Supplement.

2. The uplift of a series of mountains such as Mt.
Gaoligong and Mt. Nu since the late Pliocene con-
tributes to the creation of the modern spatial pattern of

precipitation in western Yunnan.
However, the MSI could not distinguish the East Asian

monsoon from the Indian monsoon, which both impact west- 3. In Yunnan, the Asian monsoon intensified slightly from
ern Yunnan. The evolution of both monsoon systems could  the late Miocene to the late Pliocene, and strengthened

be explored further by examining the distribution of precipi- significantly from the late Pliocene to the present day. A
tation throughout the year. significant intensification of the East Asian winter mon-
Very interestingly, both GSP and 3WET in Yongping de- soon in western Yunnan occurred during the Quaternary,

crease more than those in Tengchong from the late Pliocene  leading to a much drier winter today than in the Neo-
to the present day (Fig. 3). Today, during the summer the In- gene.

dian monsoon affects Tengchong because it is situated on the

western side of Gaoligong and Nu mountains (Fig. 5), but , . o

it barely reaches Yongping because it is on the eastern sidgUPPlementary material related to this article is

(F|g 5) Judglng from the similar GSPs and 3WETs exhib- available online at: http//WWWCIIm-paStnet/9/1911/

ited by the Longmen flora and Tuantian flora during the late2013/cP-9-1911-2013-supplement. pdf

Pliocene, Mt. Gaoligong and Mt. Nu may not have acted as

such a strong barrier to monsoonal air flow. The simplest way

by which this may have happened is that it was lower than

now, and this interpretation is evidenced by previous StUdie%cknowledgementsWe thank W.-T. Yu, Y. Yang, G.-F. Li and

(Fan et al., 2006; Kou et al., 2006; Yang et al., 2006; Xie etF.-Mm. Zhang for their assistance in fossil collections, and A. Bruch

al., 2012). and V. Teodoridis for many constructive suggestions. This work is
As far as 3DRY is concerned, it shows the greatest desupported by National Natural Science Foundation of China (No.

crease among all these precipitation parameters over tim@1030212 to ZKZ, No. 31100166 to TS, No. 41272007 to FMBJ),
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onset of Northern Hemisphere glaciation and the strengthen-

ing of a drier airflow from the Siberian High (Meyers and Edited by: A. Haywood

Hinnov, 2010). The dry airflow may have penetrated to some

parts of western Yunnan such as Yongping along lower parts

of the predominantly north—south alignment of the moun-

tains, creating much drier winters at present than in the past
(Fig. 5).
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