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a b s t r a c t The East Asian monsoons have ﬂuctuated in concert with high-latitude warmth during the past several hundred thousand years, with humid summer monsoon-dominant climates characterizing warm intervals, including interglacials and interstadials, and arid winter monsoon-dominant climates characterizing cool intervals, including glacials and stadials. Of the states comprising the mid-Pleistocene to recent climatic regime, interglacials are most similar in terms of high latitude ice volumes and temperatures to those extant during the late Miocene and early Pliocene. Thus, an important question is whether Mio-Pliocene climates in northern China were analogous to a hypothetical ‘prolonged interglacial state,’ with increased summer monsoon precipitation and expansion of forest and steppe environments at the expense of desert environments. We utilize new and previously published carbon isotopic data from fossil teeth and soil carbonates to place constraints on paleovegetation distributions and to help infer the behavior of the monsoon system between ∼7 and 4 Ma. We ﬁnd that plants using the C4 photosynthetic pathway—which today are largely grasses found in regions with warm season precipitation—were present in northern China by late Miocene time, demonstrating that the C4 expansion in China was not signiﬁcantly delayed compared to the global C4 event. During the late Miocene–early Pliocene interval, soil carbonate and tooth enamel δ13C data indicate: 1) that nearly pure C3-plant ecosystems existed in the southern Chinese Loess Plateau (CLP), and therefore ecosystems there were dominated by woody dicot, herbaceous dicot, or cool-season grass vegetation (or a combination of these), and 2) that the CLP was characterized by a pattern of northward-increasing C4 vegetation and aridity. Utilizing a broadened conceptual model for interpreting δ13C data, and citing independent faunal, ﬂoral, and lithostratgraphic data, we suggest that these patterns reﬂect northward expansion of forest and steppe ecosystems and relatively humid monsoon climates during the late Miocene and early Pliocene. An important implication of this interpretation is that the forcing mechanism illuminated by the temporal correlation during the Pleistocene between warm high latitudes and strong East Asian summer monsoons is a robust feature of the Eurasian tectonic–climatic system that predates the Plio-Pleistocene climatic reorganization. © 2008 Elsevier B.V. All rights reserved.



1. Introduction The East Asian monsoon (EAM) dominates the climate over much of China and the surrounding region, and is the primary moisture source for a large fraction of the human population. The system is characterized
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by a seasonal switching between winter monsoons (EAWM) that bring cold, dry air and occasional dust storms from the northwest, and summer monsoons (EASM) that bring warm air and moisture from the southeast. Interior regions, such as the Chinese Loess Plateau (CLP), receive the majority of precipitation during the warm summer months. The strength of the EASM decreases to the northwest, and this controls the distribution of vegetation: forest is the dominant physiognomy in southeastern China, and this gives way to steppe and ultimately desert environments in northwestern China. The CLP is presently located within this transition zone (Fig. 1), and is ideally situated for studying long-term ﬂuctuations in monsoon climate.
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Fig. 1. Location maps showing general climatic and ecological features of the study area. (a) Ecoregions and generalized transport directions for summer (gray arrows) and winter (black arrows) monsoons over eastern Asia. The ecoregions (Bailey, 1989/1993) are grouped as follows: green, forests; yellow, transitional, including savanna, open woodland, and steppe; pink, desert and desert-steppe; light blue, tundra and highelevation cold desert; dark blue, inland water. (b) Detail of the Chinese Loess Plateau region, showing localities discussed in the text and ﬁgures, and mean annual precipitation contours (UCAR, 2006). Zkdn: Zhoukoudian. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)



There is much debate concerning the timing of onset, and the subsequent history, of the EAM. Climate models show that a high elevation (N3000 m) Tibetan Plateau helps to drive strong monsoonal circulation in this region (Kutzbach et al., 1993, An et al., 2001, Zhang et al., 2007). Proxy records from land and sea show a number of changes during the latest Miocene that are suggestive of increased monsoonal circulation for both the Indian and East Asian monsoons (Molnar, 2005). Paleobotanical and sedimentological evidence suggests that a monsoon-like climatic pattern was in place in East Asia by the early Miocene (Guo et al., 2002; Sun and Wang, 2005). However, high resolution magnetic susceptibility, Rb/Sr, and grain size records from the Loess Plateau have been interpreted as indicating relatively weak summer and winter monsoons in China prior to ∼ 3.6 Ma (An et al., 2001, 2005). Published carbon isotope records from Loess Plateau soil carbonates suggest that C4 plants were unimportant prior to ∼ 3.6 Ma, leading workers to further conclude that the EASM was relatively weak prior to this time (Ding and Yang, 2000, Jiang et al., 2002, An et al., 2005). This view has been additionally supported by tooth enamel carbon isotope data from China showing no evidence for C4 vegetation in herbivore diets prior to the Pleistocene (Wang and Deng, 2005). This ‘weak Mio-Pliocene EASM’ interpretation is somewhat surprising given the Pleistocene history of the monsoons in the context of global-scale climatic variability. A clear link has emerged between strengthened EASM circulation and ‘warm’ intervals in the high latitude Northern Hemisphere. Intensive study of the loess–paleosol strata of the CLP during the past two decades has revealed that this



pattern existed throughout the Pleistocene (e.g., Liu and Ding, 1998, An, 2000, Hao and Guo, 2005), with soils (now paleosols) developing during warm-humid interglacial climates, and wind-blown loess accumulating during cool-arid glacial climates. The dominant frequency in the loess–paleosol strata, like that in the global ice volume record, changes from an ∼ 40 ka-dominant signal to an ∼ 100 kadominant signal during the mid-late Pleistocene (Liu and Ding, 1998). Since the primary Milankovitch forcing does not reside in the 100 ka band (Imbrie et al., 1992), this suggests that the EAM is also sensitive to parameters other than insolation, including high-latitude climate and ice volume. More recently, high-resolution speloethem records from central and northern China have shown that the EASM during the past 220 ka varied in phase with high latitude summer insolation, and that the EASM also strengthened in concert with high latitude millennial-scale warming events (Wang et al., 2008). Therefore the Pleistocene EASM appears to strengthen during warm intervals in the high latitudes, regardless of whether these are driven by orbital or nonorbital phenomena. While the orbital parameters of the late Miocene and early Pliocene were similar to those of the Pleistocene, this interval was globally much warmer, especially in the high latitudes, and featured reduced ice volume compared to today (Dowsett et al., 1994; Mix et al., 1995; Ravelo et al., 2004). Thus it might be predicted—using an uniformitarian approach with the Pleistocene system as the key to earlier systems—that the MioPliocene was characterized by relatively strong EASM circulation in a climatic state perhaps similar to a prolonged Pleistocene interglacial. Indeed, the qualitative impression given by the bulk characteristics of the eolian ‘red clay’ strata accumulated in the CLP during this interval, including ﬁne grain size, low deposition rate, and strong pedogenesis (Ding et al., 1998, 1999; Sun et al., 2006), is one of relatively humid climates. The recent suggestion of relatively weak Mio-Pliocene EASM, based largely on interpretations of CLP magnetic susceptibility, Rb/Sr, and C4 vegetation records (An et al., 2001, 2005; Wang and Deng, 2005), clearly calls this notion into question. If this latter interpretation is correct, an important implication is that the monsoon system underwent a fundamental change during the Plio-Pleistocene transition, such that its present behavior is not a particularly good key to its past behavior. There is some controversy about the paleoclimatic signiﬁcance of magnetic susceptibility in the Mio-Pliocene red clay strata of the CLP. The correlations among strengthened EASM, increased soil development, and enhanced magnetic susceptibility observed in the late Pleistocene loess–palaeosol strata originally prompted workers to extend the magnetic susceptibility record (and related indices such as Rb/Sr ratio; Chen et al., 1999) into the underlying red clay strata as proxies of summer monsoon strength (An et al., 1999, 2001). However, this interpretation of magnetic susceptibility in the red clay remains to be rigorously justiﬁed, and recent studies have questioned the assumption that these parameters have coherency across stratigraphic columns encompassing different modes of sedimentation and pedogenesis (e.g., Bloemendal et al., 2008). This paper continues the exploration of the late Neogene history of C3 and C4 plants in northern China, with the goal of gaining a better understanding of the ecological and climatic evolution of this region. C4 vegetation is useful in reconstructing past bioclimates because the ratio of C4 grass to C3 grass in open ecosystems is primarily controlled by growing season temperature (Teeri and Stowe, 1976). C3 and C4 plants have distinct 13C/12C ratios, and this distinction is preserved in fossil soil organic matter, carbonate, and tooth enamel, enabling the study of ancient C3 and C4 vegetation distributions (Koch, 1998; Kohn and Cerling, 2002). In the modern environment, crossover temperatures in terms of C3/C4 species ratio range between 20 and 28°C for growing season temperature (see compilation in Ehleringer et al., 1997), with the exact values varying due to environmental factors and partially obscured by the use of different temperature parameters by different authors. Correlation coefﬁcients (r, R2) for regressions between C3/C4 species ratio and temperature are typically N0.9 (Ehleringer et al., 1997). C4
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grasses are the dominant grass type in low latitudes and in temperate regions with summer monsoon climates, whereas C3 grasses are found in high latitudes and in regions with Mediterranean climates. Most trees, shrubs, and other dicots utilize the C3 pathway, and forest ecosystems therefore have a C3 carbon isotope signature. In regions with C4 grass vegetation, the C3/C4 distinction can be utilized to track changing distributions of wooded and grassy habitats (West et al., 2000). In this paper, we present new carbon isotope data from fossil mammals and soil carbonates from northern China that provide, along with previously published data, a temporally and spatially resolved history of C4 plants in this region. The tooth enamel data (n = 135) are from fossil herbivores from the Baode, Yushe, and Lantian localities in the CLP, and range in age from ∼ 10 to 2 Ma. The soil carbonate carbon isotope data (n = 147) are from the red clay Baode Formation near Baode, Shanxi Province (Fig. 1), and span ∼ 7.3 to 5.3 Ma. After presenting the data, we examine latitudinal trends in soil carbonate and tooth enamel δ13C, and offer an alternative scenario of Neogene climate history that is consistent with these observations. We conclude with a discussion of independent climate proxy data in the context of this proposed climate history, and implications for the long-term forcing of the East Asian monsoons.



selected from strata with clear indicators of soil development, including bioturbation, ped structure, and lack of primary laminae and beds. Tooth enamel and soil carbonates were sampled by abrading specimens with diamond- and carbide-tipped drills and collecting the resulting powder over weighing paper. Tooth enamel was pretreated in 3% H2O2 and 0.1 M buffered CH3COOH, whereas carbonate samples were roasted at 200– 300 °C prior to analysis. Enamel and carbonates were reacted in 100% H3PO4 at 90 °C in a Finnigan Carboﬂo common acid bath apparatus. The evolved CO2 was cryogenically puriﬁed, and analyzed on a Finnigan MAT 252 isotope ratio mass spectrometer. Isotope values were normalized relative to in-house standards calibrated against NBS-19 carbonate reference material. Predicted δ13C values for tooth enamel and soil carbonate associated with C3 and C4 vegetation end members are based on a compiled marine benthic foraminifera δ13C record (Zachos et al., 2002) and estimates for carbon isotopic fractionations among foraminifera, atmospheric CO2, plant biomass, soil carbonates, and tooth enamel (Passey et al., 2002), and are given in Supplementary Table 1.



2. Setting, materials, and methods



Tooth enamel δ13C data are reported in Supplementary Table 2 and are illustrated in Fig. 2. Herbivores at Lantian had C3-based diets, although 6 of the 55 individuals have δ13C values suggesting a very small component of C4 vegetation (representing ∼10% or less of metabolized food). At Baode, diets were also C3-based, but 20 of 47 individuals have δ13C values reﬂective of a signiﬁcant C4 grass component, typically



2.1. Geological and climatic setting Late Neogene sediments in the CLP are dominated by two widespread units, the ‘red clay,’ and the overlying loess–paleosol sequences, and both are primarily eolian in origin (An, 2000; Ding et al., 1998). Together these units comprise a virtually continuous sedimentary record spanning from the present day to 7–8 Ma, but locally extending back to ∼22 Ma (Guo et al., 2002). The transition from red clay to loess–paleosol takes place approximately 2.7 Ma ago, coincident with the intensiﬁcation of Northern Hemisphere glaciation (An et al., 2001). The climate in the CLP is semiarid to arid, and the EAM controls the distribution of precipitation. The rainy season is primarily between June and September, during which more than two-thirds of the annual precipitation falls. Mean annual precipitation (MAP) ranges from 500 to 600 mm in the southern plateau to 300 mm or less in the northern plateau (Fig. 1b). Mean annual temperature (MAT) is typically 12–14 °C in the southern plateau and 6–8 °C in the northern plateau (UCAR, 2006). The patterns of vegetation in this region mirror the patterns of precipitation. Broadleaf deciduous forest is dominant to the south of the CLP, and the CLP spans the transition from steppe in the southeast, to desert in the northwest (Hou, 1983). C4 vegetation is an important component of biomass in the loess plateau, and its abundance increases with increasing growing season precipitation (R2 = 0.70) and temperature (R2 = 0.41) in this region (An et al., 2005).



3. Results 3.1. Tooth enamel



2.2. Materials and methods Fossil herbivore samples are from the well-known Bahe Fauna (Lantian), Baode Fauna (Baode), and various faunas at the Yushe localities (Qiu and Qiu, 1995). The taxa are primarily from the families Equidae, Rhinocerotidae, Girafﬁdae, Cervidae, and Bovidae. The age assignments of samples are based on existing biostratigraphic and magnetostratigraphic frameworks, as follows: Lantian: Kaakinen (2005), Kaakinen and Lunkka (2003); Baode: Zhu et al. (2008); Yushe: Flynn et al. (1997), Tedford et al. (1991). A small number of the tooth enamel data (12 of 135) were published in Passey et al. (2007), and these data are noted in Supplementary Table 2. Two red clay stratigraphic sections in the Baode Formation, YJG-I and YJG-II, were excavated, logged, and sampled for soil carbonates in September 2004. These correspond to the magnetostratigraphic sections of Zhu et al. (2008). Soil carbonate samples were



Fig. 2. Fossil tooth enamel δ13C records. (a) The record from China. (b) The global record. The gray lines are model-predicted values for animals with pure C3 diets or C4 diets that account for changes in the 13C/12C composition of atmospheric CO2 through time (see text and Supplementary Table 1). The Linxia and Zhoukoudian data are from Wang and Deng (2005) and Gaboardi et al. (2005), respectively. The global record was compiled from the literature and also includes unpublished data.
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consisting of less than ∼10%, but up to about ∼30%. The C4 signal is greatest at Yushe, with individuals commonly consuming N50% C4 vegetation. In terms of temporal patterns, very few (4 of 54) pre-7 Ma individuals consumed C4 vegetation, whereas after 7 Ma, C4 vegetation was a common dietary component (39 of 94 individuals). In terms of taxonomy, equids, rhinos, and bovids commonly consumed C4 vegetation, whereas cervids and girafﬁds do not show clear evidence of dietary C4 vegetation. Tooth enamel δ18O values are reported in Supplementary Table 2 but are not discussed in this paper. 3.2. Baode sedimentology and soil carbonates The sediments at Baode are dominated by clay and silt grain sizes, with infrequent channel conglomerates (Fig. 3). There are very few horizons dominated by sand. The sediments show semi-regular cycles



idealized by reddish clays grading into brown-yellow silts. Within these silts, calcium carbonate increases upward to form laterally continuous calcrete horizons ranging in thickness from 10 to 150 cm. These are overlain by the next sedimentary cycle, beginning with reddish clays, and the contact between these is usually sharp. Each cycle is 1–3 m thick, and may be complete or incomplete. The reddish clays are commonly free of carbonate, or have leached matrix with thin mm-scale wisps and veinlets of carbonate. The brown-yellow silts typically contain diffuse carbonate. Nearly all units show signs of bioturbation. In the reddish clays, ped structure is often well developed, and submillimeter ﬂecks of authigenic, presumably Mn-bearing minerals, are common. Primary bedding and laminations are rare except in channel conglomerates. The clay-silt-carbonate units are laterally continuous on a scale of tens to hundreds of meters, whereas the channel conglomerates, which cut into these, are typically 10 m or



Fig. 3. Stratigraphy and δ13C record from soil carbonates at Baode. Age estimates are based on magnetic reversal stratigraphy (Zhu et al., 2008). The δ13C data from the YJG-I section are shown in red and are plotted on the red scale to the left, whereas the YJG-II data are shown in black and plotted on the scale to the right. The soil carbonate types are explained in section 3.2. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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less in width. The majority of conglomerate clasts are derived from older sedimentary rocks (Mesozoic or Paleozoic), or crystalline rocks. Stable isotopic compositions and weight percent carbonate data are reported in Supplementary Table 3. The carbonate-bearing rocks that were analyzed for stable carbon isotopes can be divided into 6 categories. Type 1 carbonates are mm-scale carbonate wisps, veinlets, and diffuse carbonate found in reddish clays, and have a median carbonate content of 3% by weight. Type 2 carbonates are diffuse carbonate in brown-yellow silts with a median carbonate content of 8%. Type 3 carbonates are indurated nodules and blocks of micritic carbonate with a median carbonate content of 49%. Type 4 carbonates are similar in hand-specimen to Type-3 carbonates, but are in-situ carbonate horizons, ranging in thickness from 10 to 150 cm. They have mottled or massive textures, and a median carbonate content of 41%. Type 5 carbonates are sediments with obvious primary bedding or laminations, including conglomerates. Finally, Type 6 carbonates are sparite crystals, typically mm-scale, that are sometimes found in Type 3 and 4 carbonates, and that are often line the walls of pockets and vugs. These are nominally 100% carbonate, but reported weight percents (Supplementary Table 3) are lower when separates were impure mixtures of spar and sediment. Types 1, 2, and 4 carbonates may grade into one another. Except for Type 6 carbonates, the different carbonate types at Baode are indistinguishable in average δ13C and δ18O, but differ in variability. Type 1 carbonates average −6.7 ± 1.3 and −9.3± 0.8‰ in δ13C and δ18O, respectively (± values are 1σ). Type 2 carbonates average −6.5 ± 1.0 and −8.9 ± 0.9‰, Type 3 carbonates average −6.6 ± 0.9 and −9.4± 0.6‰, while Type 4 carbonates average −6.3 ± 0.7 and −9.3 ± 0.4‰. Type 5 carbonates average −6.5 ± 1.3 and −8.8 ± 0.7‰. Finally, Type 6 carbonates have a composition different from the other types, averaging −4.8 ± 0.6 and −8.9 ± 0.2‰. Thus, for carbon isotopes, there is a clear decrease in variability between the carbonate-poor Types 1 and 2 lithologies and the carbonate-rich Types 3 and 4 lithologies. Inference of percent C4 vegetation from these carbonate isotope data is discussed below. 4. Discussion 4.1. Late Neogene history of C4 vegetation in China based on tooth enamel Wang and Deng (2005) observed essentially pure C3 diets in herbivores from Linxia during the past 25 Ma (Fig. 2a), with the exception of one Pleistocene Equus individual that had signiﬁcant C4 biomass in its diet. These workers suggested that the summer monsoon in northern China, which today enables growth of C4 vegetation, did not strengthen to levels necessary for signiﬁcant C4 vegetation until Pleistocene time. In contrast, data from this study show that C4 vegetation was a common component of herbivore diets at Baode, Yushe, and to a lesser extent Lantian, beginning in late Miocene time. The Yushe data, along with Pliocene and Pleistocene data from other localities in northern China (Deng et al., 2002; Gaboardi et al., 2005) demonstrate the continued presence and importance of C4 vegetation in this region following late Miocene time. The tooth enamel record in northern China is similar to that at similar latitudes in North America and elsewhere (Wang et al., 1994; Cerling et al., 1997; Passey et al., 2002) in that a small portion of late Miocene individuals consumed signiﬁcant (N30%) C4 vegetation, and that C4 feeding continued and increased during subsequent time (Fig. 2b). Therefore, these relatively high-latitude regions record an initial late Miocene C4 event broadly similar in timing to that observed on other continents, and slightly delayed compared to the event at lower latitudes (Fig. 2b, and Cerling et al., 1997), but not a postMiocene event as previously understood (Wang et al.,1994; Cerling et al., 1997; Wang and Deng, 2005). In China, the combined temporal and spatial pattern of C4 vegetation may shed light on past climate systems. The modern summer monsoon is strongest in the southeast, and weakens to the northwest. C4 vegetation, primarily comprised of grasses, and requiring warm tempera-
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tures during the growing season, is concentrated in a steppe zone bounded by monsoon forest to the south and desert to the north. In the context of this model, Baode, Yushe and Zhoukoudian may have been located in this C4 maximum zone during late Miocene and subsequent time. Lantian, located to the south of these localities, records very little C4 vegetation and may have been located in a relatively closed environment during late Miocene time. Linxia, which resides on the western margin of the CLP region, records C3 habitats for most of the late Neogene. This lack of C4 vegetation compared to other localities is somewhat perplexing, though Linxia presently resides in a region where the transition between forest environments to the south and desert environments to the north is narrow compared to the transition zone in more easterly parts of the CLP. The present day elevation at Linxia is ∼2000 m, and is signiﬁcantly higher than any of the other localities discussed here, which are ∼1300 m or lower. A relatively high paleoelevation would favor C3 vegetation over C4 vegetation, and orographically-enhanced precipitation would favor forest environments over steppe environments. On the other hand, it is possible that Linxia resided at a lower elevation in the past, in which case slightly different patterns of precipitation compared to the present day may have imposed dry, desert-like conditions, or humid forest-like conditions, each conducive to the growth of C3 vegetation. 4.2. Interpretation and implications of Loess Plateau soil carbonates 4.2.1. Soil carbonates at Baode The soil carbonates at Baode differ from soil carbonates typically used in paleoclimate reconstruction (e.g., Siwalk-type soil carbonates; such as those described in Quade et al.,1995). These are typically discrete cm-scale carbonate nodules recovered from soils with leached parent material, and collected at depth in the soil horizon (typically N50 cm) to avoid sampling material formed under the inﬂuence of atmospheric CO2 (Cerling, 1984). Furthermore, the soils from which these nodules derive usually form on relatively static, non-accumulating, interﬂuve surfaces. Soil development proceeds for a ﬁnite period of time, with dissolution and leaching of parent material carbonate and other minerals in the upper horizons and precipitation of carbonate in the lower horizons. Ultimately, the soil is extinguished by burial during a subsequent sedimentary cycle. In contrast, soil carbonates at Baode are typically massive and lacking in texture indicative of coalesced carbonate nodules. They are fractured on a dm-scale, possibly owing to penetration by large roots, and they lack the laminations and brecciation commonly found in Stage IV and V soil carbonates (Gile et al., 1966; Machette, 1985). Eolian sediment was periodically added at the surface, so that the soil surface moved upward and gradually abandoned underlying soils. Thus, any part of the soil proﬁle may have at one time resided in a zone of leaching, and at another in a zone of carbonate accumulation. It is unclear at Baode where the soil surface was located during the timeaveraged period of formation of each carbonate horizon. In order for soil carbonates to record the isotopic composition of paleovegetation, they must be authigenic, and must have formed in equilibrium with soil CO2 derived from plant respiration and the oxidation of plant debris (Cerling, 1984). At Baode, the Type 3 and Type 4 carbonates, with ∼ 45% carbonate, mottled or massive texture (not bedded), and good induration, are clearly authigenic and are typically overlain by leached reddish clays. The average depths of carbonate formation, and rates of soil CO2 production, are less clear. In the case that the soil carbonates formed close to the surface or under low soil respiration rates, and with incomplete leaching of parent material carbonate, they will have elevated δ13C values compared to carbonates forming in equilibrium with C3 vegetation. Therefore, the carbonates will appear to record more C4 vegetation than was actually present. For this reason, estimates of percent C4 biomass based on Baode Formation soil carbonates should be regarded as maximum values.
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4.2.2. Latitudinal patterns of δ13C in the loess plateau The soil carbonate record from Baode is the most northerly CLP record published so far, and allows evaluation of latitudinal trends in soil carbonate δ13C during late Neogene time. Data from Lantian (Kaakinen et al., 2006), Lingtai (An et al., 2005; Ding and Yang, 2000), and Xifeng (Jiang et al., 2002), along with the data from Baode, are shown in Figs. 4 and 5. Averaged over the late Miocene–early Pliocene interval [which we take here as 7–4 Ma, based on the approximate beginning of good spatial data coverage (7 Ma), and on the approximate beginning of pronounced changes in soil carbonate δ13C values (4 Ma)], soil carbonate δ13C is lowest in the south at Lantian (−9.8 ± 0.6‰), and generally increases northward as shown by values at Lingtai (−8.3 ± 0.5‰), Xifeng (−5.9 ± 0.5‰) and Baode (−6.3 ± 0.7‰). This pattern of northward-increasing δ13C contrasts with patterns of southward increasing δ13C of soil organic matter observed during the present day (An et al., 2005), and late Pleistocene (Liu et al., 2005) (Fig. 5c), which reﬂect southward-increasing abundance of C4 vegetation in this region. The northward-increasing δ13C of soil carbonates during the 7–4 Ma interval may be related to one or a combination of two different end member scenarios: 1. C3 ecosystem scenario. In this scenario, pure C3 ecosystems characterized the CLP during this 7–4 Ma, and the δ13C pattern is a record of northward-decreasing soil respiration rates due to increasing aridity, northward-increasing carbon isotope discrimination due to increasingly arid growth conditions, or northward-increasing incomplete leaching of parent material carbonate with a typical marine composition (δ13C ≈ −5 to +2‰, δ18O ≈ −2 to +2‰), or a combination of these.



Fig. 4. Proxy records of climatic and ecological changes in northern China during the past 10 Ma. (a) Dust ﬂux at Northern Paciﬁc site 885/886 (Rea et al., 1998). (b) Sediment deposition rate averaged for several localities in the Chinese Loess Plateau (An et al., 2005). (c, d) Bulk sediment mean grain size and magnetic susceptibility at Lingtai (Sun et al., 2006). (e) δ13C values of fossil herbivore tooth enamel from Baode, Yushe, and Lantian (this study; Supplementary Table 2), with data from Linxia (Wang and Deng, 2005) and Zhoukoudian (Gaboardi et al., 2005). (f–i) Soil carbonate δ13C records from Baode (this study, Supplementary Table 3; plotted are type 4 carbonates only), Xifeng (Jiang et al., 2002), Lingtai (Ding and Yang, 2000), and Lantian (black: Kaakinen et al., 2006; purple: An et al., 2005). Dashed lines in (e–i) are modeled upper limits for δ13C values of tooth enamel and soil carbonate formed in equilibrium with pure C3 vegetation (Supplementary Table 1). For reference, δ13C values for equilibrium with pure C4 vegetation are ∼+1.5 to +3.6‰ during this interval. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)



Fig. 5. Latitudinal changes in soil carbon δ13C in the Chinese Loess Plateau and inferred vegetation distributions. (a) δ13C values of soil carbonates (black circles with 1σ error bars) averaged over the period 7–4 Ma. From north to south the data are from Baode (this study; Supplementary Table 3), Xifeng (Jiang et al., 2002), Lingtai (Ding and Yang, 2000), and Lantian (Kaakinen et al., 2006). Tooth enamel δ13C values dating between 6.5 and 5.5 Ma are shown by gray rectangles (range) and diamonds (average). (b) Inferred average position of the forest-steppe-desert transition during 7–4 Ma ago. (c) average δ13C values (1σ error bars) of soil organic matter from soils post-dating 15 kyr. From north to south the data are from Huanxian, Xifeng, Xunyi, Weinan, and Lantian (Liu et al., 2005). (d) Inferred average position of the forest-steppe-−desert transition in nonmontane terrain during late Pleistocene to recent time.
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Rao et al. (2006) show that such factors may have been important in late Pleistocene loess units that underwent minimal pedogenic alteration. 2. Mixed C3/C4 ecosystem scenario. In this scenario, soil respiration rates were relatively high, resetting of parent material compositions was thorough, increased carbon isotope discrimination was not a factor, and the δ13C pattern represents actual changes from C3-based ecosystems in the south to an increasing importance of C4 vegetation in the north. This scenario implies northward-increasing C4 vegetation in the Loess Plateau during 7–4 Ma, a pattern opposite of that observed today. Tooth enamel data might shed light on which scenario more accurately describes actual conditions during the 7–4 Ma interval. Tooth enamel has an advantage over soil carbonate in that the plantmineral fractionation is largely similar within broad classes of animals such as ungulate herbivores (see Cerling and Harris, 1999), and is not susceptible to factors such as low soil respiration rate and parent material carbonate contamination that can complicate interpretation of soil carbonate data. Tooth enamel from taxa dating between 6.5 and 5.5 Ma show a latitudinal trend similar to that of the soil carbonates (Fig. 5a). (This time interval is chosen because it is the only one during which all three sample regions are represented.) Tooth enamel unequivocally indicates the presence of C4 vegetation in the Loess Plateau during the late Miocene and subsequent time. The ﬁrst scenario is ruled out (pure C3 ecosystems), and actual conditions may have been similar to those suggested by the second scenario (northward increasing importance of C4 vegetation), or they may have been intermediate between these scenarios, with part of the northward increase in δ13C due to increasing C4 vegetation, and part due to more arid climates and lower soil productivity. 4.3. A humid late Miocene–early Pliocene climate? 4.3.1. Northward displacement of the forest-steppe-desert transition The possibility of northward increasing C4 vegetation in the Loess Plateau during ∼ 7–4 Ma is intriguing and warrants further discussion, especially because C4 vegetation generally decreases poleward, not only the Loess Plateau, but elsewhere globally as a result of cooler temperatures at higher latitudes. Studies thus far of C4 vegetation in the Loess Plateau associate periods of increased abundance of C4 vegetation with periods of increased summer monsoon strength. Alternatively, patterns of C4 vegetation can be interpreted in the context of a full forest-steppe-desert transition similar to that found in China today (Hou, 1983). In southeastern China, high precipitation allows existence of deciduous and evergreen forests, and these have a C3 ecosystem carbon isotope signature. As precipitation decreases to the north, ecosystems open to forest-steppe, and then steppe or steppe-desert, with C3 and C4 grasses present in the open patches. Here, soil carbon reﬂects a mixture of C3 and C4 vegetation, as observed in the southern Loess Plateau today. Further northward, precipitation levels decrease, as do growing season temperatures, and mixed C3-C4 desert-steppe and desert predominate (Pyankov et al., 2000). Across this full vegetation transition, C4 plants have a maximum abundance in the intermediate-monsoon-strength steppe environments. This ‘steppe C4 maximum’ is bounded by C3 monsoon forests to the south, and C3 + C4 deserts to the north. We suggest that the ∼ 7–4 Ma pattern of northward increasing C4 vegetation can be explained by a northward shift in the average position of the forest-steppe-desert transition relative to its modern position, as illustrated in Fig. 5. Under this interpretation, Lantian and Lingtai were primarily woody ecosystems during this time, thus explaining the C3 isotope signatures observed there, and the steppe-C4 maximum was located north of these localities. The most parsimonious explanation for northward-displaced forests is higher effective humidity, with ﬁre and herbivore pressure likely playing additional
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roles in regulating the amount of woody vegetation below upper limits dictated by rainfall amount (Bond and Keeley, 2005; Sankaran et al., 2005). The directionality of this humidity gradient is similar to that of the modern EAM, and sedimentological and geochemical evidence also indicate a similar directionality (Han et al., 2007). Starting around 4 Ma and continuing to 2 Ma, the time-averaged position of the forest-steppe-desert transition retreated to the south, moving the C4 maximum zone through the Lingtai and Lantian localities, and thus accounting for the peak in C4 vegetation seen in these records centered around 2.7 Ma (Ding and Yang, 2000; Jiang et al., 2002; An et al., 2005). This time period corresponds to the transition from red clay strata to loess–paleosol strata, increased strength of the winter monsoons, and intensiﬁcation of Northern Hemisphere glaciation (An et al., 2001). Following ∼2 Ma, we suggest that the time-averaged position of the steppe C4 maximum resided near or to the south of the southern CLP. This model would predict northward-decreasing δ13C values due to decreasing C4 vegetation to the north, or, alternatively, relatively constant δ13C values to the north if C4 vegetation was an important component of desert vegetation, or if aridity-associated factors became more important to the north, including incomplete leaching, low respiration rates, or low 13C discrimination by C3 plants (sensu Rao et al., 2006). Although there are only two soil carbonate δ13C records spanning this interval, Lantian and Lingtai (Fig. 4h and i, respectively), these show a slight decrease in average δ13C values to the north and are consistent with the model described here. On glacial–interglacial time scales during the Pleistocene, δ13C analysis of soil organic matter indicates that the relative abundance of C3 vegetation in the southern CLP increased during glacial intervals, apparently in response to cooler temperatures and weakened summer monsoons (An et al., 2005; Liu et al., 2005). We suggest that prior to ∼4 Ma, the C3-dominant ecosystems in the southern CLP comprised largely woody vegetation under relatively strong summer monsoon regimes, whereas following this time, periods of C3-dominant ecosystems reﬂected increases in the relative abundance of C3 grass over C4 grass during glacial periods. The Yushe tooth enamel record spans 6.2–2 Ma, and indicates that diets ranged between pure C3 and ∼60% C4 throughout the interval. This suggests that Yushe remained a mixed woody–grassy ecosystem during this time, offering sufﬁcient graze and browse foodstuffs to support respective grazing and browsing taxa. If Yushe were indeed more forested during 7–4 Ma compared to the ensuing interval, as we suggest above, then it might be expected that tooth enamel δ13C values would be correspondingly lower during 7–4 Ma due to primarily C3 browsing diets, and higher afterwards as more C4 grass became available. However, it must be considered that large mammalian herbivores are selective in their dietary intake, and largely separate into browsing and grazing specialties. Therefore, in order for tooth enamel isotopes to accurately portray the abundance of C3 versus C4 vegetation in an ecosystem, the selection of specimens of different species for isotopic analysis would have to closely mirror the abundance of those species when they were extant. Accurate taxonomic abundance estimates are difﬁcult to achieve (or verify) for fossil assemblages, and this type of paleontological work remains to be realized at Yushe. Therefore, we do not suggest that our tooth enamel isotopic data at Yushe are reﬂective of actual C3 versus C4 abundance; rather they serve as an indication that both C3 and C4 plants were available to herbivores during the entire 6.2–2 Ma interval represented by our data. 4.3.2. Independent evidence of a relatively humid 7–4 Ma interval in the Loess Plateau There is a growing body of evidence suggestive of, or consistent with, relatively humid climates during the 7–4 Ma interval in the CLP, and particularly during the early Pliocene (∼5.3–4 Ma). This evidence, discussed below, centers on interpretations of the lithology of the red
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clay, mollusk faunas, herbivore faunas, pollen, and the dust ﬂux record in the North Paciﬁc. Detailed studies of grain size and pedostratigraphy of the red clay indicate that it experienced a greater degree of pedogenesis than the overlying loess–soil deposits (Ding et al., 1999; Sun et al., 2006). In particular, Ding et al. (1999) identify extremely mature soils in the 5.2–3.85 Ma interval at Lingtai, and interpret these as indicating warm and wet climates, and possibly the strongest summer monsoons in the past 7 Ma. At Baode, the interval immediately following 5.3 Ma is similarly well developed, with ﬁne-scale ped structure, clay skins, and Fe–Mn stains, and thorough leaching of matrix carbonate. Isolated carbonate horizons are extensively dissolved and recrystallized, suggesting a high throughput of meteoric water following drier intervals during which the carbonate formed. At Xifeng, grain-size ‘U-ratios’ of red clay sediment (16–44 μm/5.5–16 μm) are relatively low between 5.36 and 3.5 Ma, a pattern interpreted by Vandenberghe et al. (2004) to represent warm conditions and weak winter monsoons. Fossil mollusk communities were studied at Xifeng by Wu et al. (2006). Their record, spanning 6.2–2.4 Ma, shows a predominance of thermo-humidiphilous and meso-xerophilous mollusks between 5.4 and 3.5 Ma, and a near absence of cold-aridiphilous mollusks during this time. This later group, however, is abundant 5.5–5.9 Ma, and again following 3.5 Ma. Thermo-humidiphilous taxa are found today in southeast China where mean annual temperatures (MAT) are 13–17.5 °C and mean annual precipitation (MAP) is 620–1120 mm. Meso-xerophilous taxa are associated with MATs of 6–12 °C and MAPs of 400–800 mm, and the cold-aridiphilous taxa are associated with MATs of 5.8–10.5 °C and MAPs of 200–450 mm (Wu et al., 2006). Xifeng today has a MAT of ∼ 9 °C and a MAP of 585 mm, so the presence of thermo-humidiphilous mollusk taxa during 5.4–3.5 Ma is consistent with warmer temperatures and higher precipitation during that interval. A more recent molluscan record from the CLP conﬁrms the suggestion of relatively humid conditions during 5.1 to 4 Ma, and more arid conditions in the preceding 7.1 to 5.5 Ma interval (Li et al., 2008). Late Miocene herbivore faunas in northern China have long been recognized as having steppe, forest, or mixed aspects (Schlosser, 1903; Kurtén, 1952), and fossil tooth morphology suggests that a large portion of the taxa were browsers and therefore occupied habitats in which woody vegetation was abundant. Recent reevaluations support these interpretations (Fortelius et al., 2002; Zhang, 2006), and suggest that on a global scale, the late Miocene in northern China was a period of relatively humid climate, whereas the late Miocene was a period of drying elsewhere in Eurasia (Fortelius and Zhang, 2006). At Baode, cervids and gazelles with low tooth crown heights consumed pure C3 vegetation, consistent with a browsing diet, whereas higher-crowned Urmiatherium and yet higher-crowned Hipparion consumed some C4 vegetation (this study, and Passey et al., 2007). Except for Hipparion, few of the taxa have tooth morphologies characteristic of modern grazers in grassland ecosystems. In addition, mesowear analysis (Fortelius and Solounias, 2000) of late Miocene herbivores from across the CLP suggests that browsing and mixed feeding diets were far more common than pure grazing diets (Fortelius, Eronen, and Liu, unpublished data). Overall, this signature is consistent with mixed woody and grassy ecosystems at Baode during the late Miocene, and a northward-displaced forest-steppe-desert transition during that time. Pollen data from Xifeng (Wang et al., 2006) span 6.2–2.4 Ma, and show relatively high percentages of arboreal taxa between 6.2 and 4.2 Ma (∼20–40%), including Pinus, Betula, and Quercus. Pollen from these taxa was signiﬁcantly lower after 4.2 Ma (∼5–20%). Grass and Artemisia pollen are also predominant during 6.2–4.2 Ma (∼10–20%, and 20–50%, respectively), suggesting a forest-steppe habitat. Following 4.2 Ma, the abundance of tree pollen decreases, grass and Artemisia stay essentially the same, and Chenopods increase, consistent with a southward displacement of the forest-steppe-desert transition. The pollen record to the south at Chaona (Ma et al., 2005) contains



signiﬁcantly higher percentages of arboreal taxa than at Xifeng. Arboreal taxa including those listed above, as well as Cedrus, Tsuga, and Juniperus, comprise ∼ 50% of the pollen spectrum for much of the interval between 8.1 and 3.7 Ma, and reach 70–80% during some periods. Grasses and Artemisia are common, again suggesting a mixed forest steppe habitat. Elevated arboreal pollen at Chaona compared to Xifeng is consistent with southward increasing forest vegetation and the general vegetation model depicted in Fig. 5b. It should be noted that Ma et al. (2005) suggest, by analogy with the present day vegetation and topography, a montane origin for some of the arboreal taxa observed in their pollen record. A sharp increase in arboreal taxa dominated almost exclusively by Cupressacae and Juniperus occurs at 3.7 Ma, which the authors ascribe to an enhancement of monsoonrelated climatic seasonality. Finally, the dust ﬂux record at site 885/886 in the North Paciﬁc (Rea et al., 1998) is downwind of northern China, and may provide insight about ancient climates there. The record contains three predominant features: an abrupt peak in dust ﬂux 8–7 Ma, a low dust ﬂux ∼7–4 Ma (with extremely low levels 5.2–4.2 Ma), and permanently increased dust ﬂux after 4 Ma. The peak at 8–7 Ma predates the time period for which we have a good latitudinal record of C4 vegetation in the Loess Plateau. However, the decreased dust ﬂux during 7–4 Ma is consistent with the suggestion of relatively humid climates in the Loess Plateau, and suppression of dust from potential source areas. Especially intriguing is the fact that the very humid climates between 5.3 and 3.85 Ma suggested by extremely well-developed red clay soils (Ding et al., 1999) are broadly coincident with the period of lowest dust ﬂux in the North Paciﬁc. We also point out that a permanent increase in dust ﬂux following ∼ 4 Ma is consistent with the notion, outlined above, of a permanent retreat of the forest-steppe-desert transition (and the steppe-C4 maximum zone) at this time. Indeed, the suggestion (An et al., 2005) that the summer monsoon became stronger during this time period as evidenced by C4 expansion was originally correlated to the increased North Paciﬁc dust ﬂux at this time. However, after ∼2.5 Ma, C4 biomass decreased in the southern Loess Plateau, while the dust ﬂux remained high. The suggestion presented here—that the forest-steppe-desert transition zone retreated to the south during 4–2 Ma, thus imparting transient C4 maximum signals at Xifeng, Lingtai, and Lantian—reconciles this paradox because permanent regional drying at this time is consistent with a permanent increase in North Paciﬁc dust ﬂux. 4.4. Implications for forcing mechanisms of the East Asian monsoons The inferred pattern of enhanced humidity in northern China during the late Miocene and early Pliocene, and the subsequent aridiﬁcation leading into the Pleistocene, are in keeping with the current state of knowledge about the long-term dynamics of the EAM. A tight phasing exists between Northern Hemisphere climates and the EAM at both orbital and suborbital timescales (Wang et al., 2008), consistent with the notion that changes in high latitude warmth, snow and ice cover, and insolation—whether orbital or nonorbital in origin— are related to changes in monsoon dynamics. Southward migration of zonal patterns such as the Siberian High and related low-index Northern Hemisphere annular mode conditions (Thompson and Wallace, 2001) during cold stages provides a widely recognized ﬁrst-order link between glacial climates and strengthened EAWM. It has further been suggested that the EASM is weakened by the opposing inﬂuence of the EAWM (Liu and Ding, 1998), and that it perhaps strengthened with persistent El Niño modes during the Holocene (Hong et al., 2005). Recent modeling studies suggest that changes in vegetation cover in Tibet and in the high latitudes have a signiﬁcant impact on monsoon dynamics (Zheng et al., 2004; Yasunari et al., 2006), with more extensive cover in these regions generally promoting increased summer monsoon precipitation. The seasonal-, suborbital-, and orbital-, and supra-orbital-scale relationship between high-latitude warmth and
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summer monsoons is well documented (Liu and Ding, 1998; Wang et al., 2008), and it now appears that the mechanism driving this relationship transcends the current ‘Ice Age’ climatic state and has operated for the past several million years. It is known that a high elevation Tibetan Plateau is a key element driving strong EASM (Kutzbach et al., 1993; An et al., 2001; Zhang et al., 2007). Though the surface elevation history of the Tibetan Plateau is a matter of ongoing debate (Molnar, 2005), most data suggest that relatively high elevations (N3000 m) were attained at least by the late Miocene. Thus, humid climates of northern China during the late Miocene and early Pliocene may have existed under a favorable combination of sufﬁciently high Tibetan Plateau elevations, and relatively warm conditions in the high latitude Northern Hemisphere. Both factors would have acted to enhance humidity and thereby create a remarkable regional reversal of the global trend of mid-latitude drying following the middle Miocene (Fortelius et al., 2002).
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5. Conclusions Tooth enamel data in this paper show that C4 vegetation has been present in China since the late Miocene, a ﬁnding that contrasts with previous notions of a delayed C4 expansion in China compared to other regions globally. Therefore, the idea of a global late Miocene C4 event remains valid. The spatial pattern of C4 vegetation during the late Neogene is consistent with a monsoon climate system forcing humid conditions in the southeast, and more arid conditions in the northwest. Latitudinal trends in soil carbonate δ13C reveal further details about late Neogene climate in China. During the ∼ 7–4 Ma interval, δ13C values show a northward-increasing pattern opposite in direction to that observed during subsequent time and today. The 7–4 Ma δ13C pattern is likely due to northward increasing C4 vegetation, possibly combined with northward increasing aridity causing lower soil respiration rates, increased carbon isotope discrimination in C3 plants, or incomplete isotopic resetting of parent material carbonate. We suggest that the 7–4 Ma pattern can be explained by a northward displacement of the forest-steppe-desert transition zone relative to its modern position, which implies that climate was relatively humid during this interval. The suggestion of a humid 7–4 Ma climate is consistent with a number of proxy data, including red clay lithology, mammal and mollusk faunas, pollen records, and dust ﬂux in the North Paciﬁc. A permanent retreat of this zone during 4–2 Ma explains the transient increase in C4 vegetation observed at southern Loess Plateau localities, and is consistent with onset of strong winter monsoons and permanently increased dust ﬂux in the North Paciﬁc at this time. An important aspect of our model is that soil carbonate δ13C values indicative of C3-dominated ecosystems are not necessarily indicative of weak summer monsoon conditions: a C3 signal may equally well derive from woody ecosystems existing under strong monsoon conditions, as from steppe and desert ecosystems existing under weak monsoon conditions. We suggest that, at the latitudes of the Chinese Loess Plateau, and under a monsoonal climatic regime, the ecological viability of C4 vegetation is limited in the south by warm-humid conditions more favorable to C3 forest, and in the north by cold-dry conditions more favorable to C3 steppe and desert. The interpretation of relatively humid conditions during the late Miocene and early Pliocene implies that a ‘warm high latitude/strong summer monsoon’ association characteristic of the Pleistocene EAM system existed prior to the Plio-Pleistocene climatic reorganization. This supports the idea that a long-lived feature of the Eurasian system, likely the continental and orographic conﬁguration, provides the framework or catalyst necessary for the existence of the EAM (Kutzbach et al., 1993). Superimposed on this framework are transient features such as snow, ice, and vegetation cover, sea-surface temperatures, and solar insolation. In northern China, these transient features appear to exert the primary forcing that controls the balance
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