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The primary factor controlling C3/C, relative abundance in terrestrial ecosystem since the Last Glacial has been widely debated.
Now more and more researchers recognize that climate, rather than atmospheric CO, concentration, is the dominant factor. How-
ever, for a specific area, conflicting viewpoints regarding the more influential one between temperature and precipitation still exist.
As temperature and precipitation in a specific area usually not only vary within limited ranges, but also covary with each other, it
is difficult to get a clear understanding of the mechanism driving C;/C, relative abundance. Therefore, systematic analysis on
greater spatial scales may promote our understanding of the driving force. In this paper, records of C5/C, relative abundance since
the Last Glacial on a global scale have been reviewed, and we conclude that: except the Mediterranean climate zone, C; plants
predominated the high latitudes during both the Last Glacial and the Holocene; from the Last Glacial to the Holocene, C, relative
abundances increased in the middle latitudes, but decreased in the low latitudes. Combining with studies of modern process, we
propose a simplified model to explain the variations of C3/C, relative abundance in global ecosystem since the Last Glacial. On
the background of atmospheric CO, concentration since the Last Glacial, temperature is the primary factor controlling C5/C, rela-
tive abundance; when temperature is high enough, precipitation then exerts more influence. In detail, in low latitudes, temperature
was high enough for the growth of C,4 plants during both the Last Glacial and the Holocene; but increased precipitation in the
Holocene inhibited the growth of C, plants. In middle latitudes, rising temperature in the Holocene promoted the C4 expansion. In
high latitudes, temperature was too low to favor the growth of C, plants and the biomass was predominated by C; plants since the
Last Glacial. Our review would benefit interpretation of newly gained records of C;/Cy relative abundance from different areas
and different periods, and has its significance in the understanding of the driving mechanisms of C3/C, variations on longer time-
scales (e.g., since the late Miocene) with reliable records of temperature and atmospheric CO, concentration.
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Terrestrial higher plants assimilate atmospheric CO, mainly
via two photosynthetic pathways, i.e. C; and C, pathways.
Pure C; and C, plants show 6"°C values ranging from ca.
—22%o0 to —30%o and from ca. —-9%o to —19%o [1-4], respec-
tively. Previously, numerous studies have already estab-
lished stable carbon isotope fractionation model of terrestri-
al higher plants [4], as well as its relationship with envi-
ronmental conditions [5]. Generally speaking, C, plants are
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considered to have competitive advantages over C; plants
under warm, dry and lower atmospheric CO, concentration
conditions [1-4]. Therefore, from the theoretical perspective,
paleoclimatic and paleoenvironmental reconstruction based
on records of past C3/C, variations is feasible. But, in prac-
tice, varied environmental factors usually co-vary with each
other, resulting in the stepwise understanding of the driving
mechanisms of C3/C, relative abundance.

In the late 1980s, C, expansion in the Indian subcontinent
during the late Miocene (Siwalik in Figure 1) was initially
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thought to be the response of local terrestrial ecosystem to
the inception or a marked strengthening of the Asian mon-
soon system driven by uplift of the Tibetan Plateau [6].
Subsequently, synthesis of results from all over the world
pointed out that C, expansion during the late Miocene may
have occurred on a global scale, and remarkable decline of
atmospheric CO, concentration was proposed as the main
driving force [7,8]. However, due to limited knowledge of
long-term atmospheric CO, history and the difficulty of
reconstructing it over such a long geological period, studies
of C3/C, variations on a shorter timescales (especially since
the Last Glacial) boomed quickly.

In the early studies of C;/C, variations since the Last
Glacial, atmospheric CO, concentration was adopted as the
dominant driving force too. Lacustrine §"°C results from
Sacred Lake (Figure 1) in Kenya, East Africa indicate that
dominance of C,4 plants in this area during the Last Glacial
was replaced by C; plants during the Holocene. Change of
atmospheric CO, concentration was considered to be the
main driving force responsible for this ecological shift [9].
Simulation results also suggested that change of CO, con-
centration alone could explain this observed vegetation shift
in tropical Africa [10]. However, compound-specific §"°C
data of long-chain n-alkanes in lacustrine sediments from
two lakes (Babicora and Quexi, Figure 1) in Mesoamerica
record opposite C3/Cy4 trends since the Last Glacial, indicat-
ing that regional climate, especially the hydrological condi-
tion, exerts a stronger influence on the C3/C, relative abun-
dance [11]. Subsequently, climate as the dominant driving
factor for terrestrial ecological C;/C4 variations has been
widely recognized.

However, for a specific area, main climatic factors (such
as temperature and precipitation) could covary during either
historical or geological periods, which might further couple
with terrestrial ecological C;/C, variations. Therefore, con-
flicting viewpoints of the driving mechanisms may arise
from the same C;/C, records from a single location or a
small area. For example, contrast to early report, newly
gained data from East Africa emphasized the significant
influence of hydrological conditions (precipitation) [12,13].
Similar change trends of the paleo-C;/C, relative abundance
also occurred along an altitudinal gradient in Basin Bogota,
tropical Colombia (Figure 1). Some researchers believe that
it was driven by variations of atmospheric CO, and temper-
ature [14], while others consider that the influence of at-
mospheric CO, and precipitation is more important than that
of temperature [15]. In the Chinese Loess Plateau (Figure 1),
many researchers have recognized the increased C, relative
abundance from the Last Glacial to the Holocene, and the
variation of the intensity of the East Asian Summer Mon-
soon has been suggested as the primary driving force on
glacial/interglacial timescales [16,17]; more recently, some
scholars begin to emphasize the influence of temperature
[18,19]. All these inconsistencies suggest that systematic
analysis of the paleo-C;/C, records from a vast space (global)
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since the Last Glacial is necessary for further understanding
of the driving mechanisms, as well as providing better
knowledge for more accurate paleoclimatic and paleoenvi-
ronmental reconstruction.

In this paper, C3/Cy4 records since the Last Glacial on a
global scale have been reviewed. We summarize the basic
spatial and temporal characteristics of C;/Cy relative abun-
dance during the Last Glacial and the Holocene (frame of
glacial/interglacial timescale). Then, combined with modern
C3/C, relative abundance revealed by & BC data from surface
soils on continental scale, the relationships between C5/Cy
relative abundance and environmental conditions, as well as
its possible driving mechanisms, have been discussed. Our
work aims at better reconstruction of paleoclimate and pale-
oenviroment based on paleo-C;/C, records.

1 Global paleo-C3/C, records since the Last
Glacial

Records of C;/C, relative abundance in terrestrial ecosystem
since the Last Glacial reveal similar trends in adjacent re-
gions, and dissimilar trends among different latitudes (Fig-
ures 1 and 2). We will introduce the paleo-C;/C,4 records
since the Last Glacial mainly based on the basically differ-
ent change trends in different latitudes. However, the actual
boundaries between these latitudinal regions are not easily
to be well-determined. It is well-known that the vegetation
types are not always distributed in parallel with the latitudes,
due to the different areas, shapes and relative positions of
the oceans and continents. So, the actual paleo-C3/C, changes
are not always necessarily following the latitudinal rule.
What we present, in one word, is basically and globally char-
acteristics of paleo-C;/C, variations since the Last Glacial.
In the low-latitudes, in tropical Africa, organic §'°C rec-
ords from several mid-altitude lakes (2000-3000 m a.s.l.)
and low-altitude lakes in mountains (Figure 1), (including
Lake Sacred [9,20,21], Lake Nkunga [22,23] and Lake
Rutundu [24] in Mt. Kenya, Lake Kimilili in Mt. Elgon [9]
and Lake Challa in Mt. Killimanjaro [13], Lake Tilla in
northeastern Nigeria [25] and Lake Malawi [12]), as well as
a peat bog (Rusaka in Figure 1) in Burundi [26], show
highly similar trends, which suggests C, vegetation domi-
nated during the Last Glacial and C; dominated during the
Holocene. §"°C results of soil organic matter from profiles
in the Kenya Rift Valley (Figure 1) also suggest that the
boundary of forest and savanna advanced more than 300 m
in altitude during the transition from the Last Glacial to the
Holocene, indicating that C, plants expanded during the
Last Glacial in that region [27]. This was confirmed by pol-
len records from Lake Naivasha (Figure 1) in Central Rift
Valley of Kenya [28]. In the same latitudinal band, §"°C
evidence from low Bogota Basin, tropical Colombia (Figure
1) indicates similar ecological shift, i.e. predominance of C,
plants during the Last Glacial was replaced by C; plants
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during the Holocene [14,15]. Sedimentological (lithologic)
and palynological analyses of two cores from Indonesia
(Bandung Basin in Figure 1) indicate that fresh water
swamp forests during the Holocene replaced open swamp
vegetation dominated by grasses and sedges during the Last
Glacial [29]. Since all trees are C; plants and all C, plants
are grasses, sedges and shrubs, results from these two cores
may also indicate the decrease of C, relative abundance
from the Last Glacial to the Holocene in this area (Bandung
Basin in Figure 1). §"°C data of both total organic matter
and long-chain n-alkanes derived from terrestrial higher
plants in marine sediment cores (117 KL, 118 KL and 120
KL, Figure 1) in the Bay of Bengal show similar change
trends, that is more positive values occurring in the Last
Glacial, indicating that terrestrial ecosystem in the source
area (Himalayan Basin) was dominated by C, plants during
the Last Glacial and by C; plants during the Holocene [30].
Compared to the Preboreal and Holocene, ¢ BC values of
n-alkanoic acids derived from terrestrial higher plants in
marine sediments of Cariaco basin (Figure 1) are enriched
by 4%-5%o in the Last Glacial period, indicating greater
ratios of waxes derived from C, plants during the relative
cold and dry Last Glacial [31,32]. The overall change trend
is similar to the results of compound-specific 5"°C data of
long-chain n-alkanes along sediment core from Lake Quexil
located in low-latitude Mesoamerica [11]. All the evidence,
clearly demonstrates that C4-predominated vegetation dur-
ing the Last Glacial was replaced by Cs-predominated veg-
etation during the Holocene in low-latitudes. In other words,
the relative abundance of C, plants decreased from the Last
Glacial to the Holocene in those regions. Here, record from
Lake Challa [13] (Figure 2(a)) is selected as a representative
of C5/C, variation since the Last Glacial in low-latitudes.

In the mid-latitudes, 5"°C records from more than ten
loess/paleosol sequences (i.e. Luochuan, Jiaodao, Jixian,
Yanshi, Xunyi, Weinan, Lantian, Lingtai, Yuanbao, Xifeng,
Huanxian, Baoji, Figure 1) on the Chinese Loess Plateau
(CLP) [18,19,33-35] show an increase of C,4 relative abun-
dance from the Last Glacial to the Holocene. In the eastern
and central CLP, the magnitude of C, increase in several
profiles is ca. 40% [18,19,33,34]. Even in the Holocene
with higher C4 abundance, C, plants only dominated on the
eastern edge of CLP (Yanshi [19] in Figure 1). Organic & Bc
data from the western edge of CLP indicate that this area
was dominated by pure C; vegetation during the Last Gla-
cial (Yuanbao [35] in Figure 1). Because S1C values of
modern plants are variable under different environmental
conditions [36-39], and to a certain extent, it will become
more positive during the decomposition of plant remains
[39,40]. It is worth to note that relative abundance of C4
plants, especially during the glacial periods, may has been
overestimated [39], if the highest frequent carbon isotopic
values in modern C; and Cy4 plants (normally, —27%o and
—13%o [33]) were taken as the end-point values for estima-
tion. Similar records of C;/C, variation since the Last Gla-
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cial have been obtained from sediments of the Japan Sea
[41]. In the Kashmir Basin (Figure 1), India, almost all the
paleosols in the loess, indicating climate amelioration, sup-
port significant C4 vegetation [42,43], which is similar to
the results from the Chinese loess/paleosol sequences. Soil
organic §°C records from the central Great Plains (includ-
ing several sites in South Dakota and Nebraska, Figure 1)
[44], and adjacent central and south-central Texas (Figure 1)
[45,46], southeastern West Virginia (Figure 1) [47] and
southwestern Kansas (Figure 1) in USA [48] also record an
increase of C, vegetation from the late Pleistocene to the
Holocene. 6"°C data of n-alkanes derived from terrestrial
higher plants in the sediments of the North Pacific ES core
(Figure 1) show significant variations from glacial (less
positive) to interglacial (more positive), indicating changes
of C4/C; relative abundance in the source regions (central
Asia) [49]. Obviously, from the Last Glacial to the Holo-
cene, relative abundance of C, plants in the source regions
increased; such a change trend is apparently similar to the
compound-specific §°C record of sedimentary long-chain
n-alkanes from Lake Babicora in mid-latitude Central Amer-
ica [11]. In the Southern Hemisphere, a review of pollen,
phytolith and isotope evidence from southern Africa (Figure
1) concludes the paleovegetation variation trend in this area
is opposite to that occurred in the tropic Africa with in-
creased C4 grass ratio during the Last Glacial Maximum
[50]. Based on such a trend, we can speculate that C, rela-
tive abundance may have increased from the Last Glacial to
the Holocene in southern Africa. Similarly, & BC results in
fossil emu eggshell from Lake Eyre (Figure 1), South Aus-
tralia indicate that C, abundance was the highest between
45000 and 65000 years ago, the lowest in the Last Glacial
Maximum, and then rising in the Holocene [51]. Miller et al.
[52] demonstrate that human colonization may have a sig-
nificant influence on the paleovegetation change in the
South Australia 45000 year ago. Nevertheless, C, abun-
dance in that region increased from the Last Glacial to the
Holocene was consistent with the general characteristics of
the mid-latitude paleovegetation change. 5"°C record from
Xunyi Profile [19] in the CLP is selected as a representative
of C;/C, variation since the Last Glacial in mid-latitude
region (Figure 2(b)).

Cs5/C,4 records from the high-latitudes are sparse relative
to low- and mid-latitudes. However, sediments from Lake
Baikal (Figure 1), Russia provides excellent materials for the
reconstruction of paleo-C3;/C4 changes. Although the total
organic 5"°C values of the lake sediment are more positive
during the Last Glacial than in the Holocene, n-alkanes of
leaf waxes derived from terrestrial plants show remarkably
uniform 5"°C values that consistent with those from modern
Cs-plants throughout the entire core spanning the last 20 ka,
indicating the predominance of C; vegetation in this high-
latitude region occurred not only during the Last Glacial but
also during the Holocene [53]. Although the loess region in
the northwestern Europe is close to the mid-latitudes, its
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Figure 2 Comparison of the representative C3/Cy4 records since the Last Glacial from the low-latitudes (a) [13], mid-latitudes (b) [19], high-latitudes (c) [53]
and records of atmospheric CO, concentration (d) [54] and global mean temperature since the Last Glacial (e) [55].

location in the west edge of the continent results in the lower
regional temperature than that of the same latitude in the
east edge of the continent. Therefore, C3/C,4 variation in this
region should be similar to that of the high-latitudes. §"°C
values of soil organic carbon from two high-resolution loess
profiles in France and Germany (Achenheim and Nubloch
in Figure 1) are quite negative (<—24%o), with more nega-
tive values in the Holocene and less negative in the Last
Glacial [56-58]. The authors conclude that soil S1C from
this area does not indicate the variation of C;/C, abundance
but 5"°C of pure C; plants under different climatic condi-
tions. Their conclusion was confirmed by &§'"°C results from
modern C; plants [36-39]. S"C values of Beringian late
Pleistocene mummified remains of several kinds of mega-
herbivores demonstrate that local biomass (Figure 1) was
predominated by C; plants during the Last Glacial [59]. All
of these indicate that C, plants never become significant
components of the local biomass in the high-latitudes during
both the Last Glacial and Holocene. §'°C record from Lake
Baikal [53] is selected as a representative of C;/C,4 variation
since the Last Glacial in high-latitudes (Figure 2(c)).
Interestingly, the C;/C, variations along the altitudinal
gradient in the low latitudes are similar to that along the
latitudinal gradient. 5"*C values of soil organic matter from
four profiles along the altitudinal gradient in the Bogota
Basin (Figure 1), Colombia [15] demonstrate that the car-
bon isotope stabilized at ca. —24%o in the highest profile
(3150 m a.s.l.), indicating pure C; vegetation in the high
altitude since the Last Glacial (similar to records from the
high-latitudes). At the same time, the oPC data from the

two mid-altitude profiles (elevation are 2980 and 2850 m
a.s.l.) indicate that the C, abundance increased from the
Last Glacial to the Holocene (similar to records from mid-
latitudes), and the §"°C data of the lowest profile (2650 m
a.s.l.) indicate that C,-predominated vegetation during the
Last Glacial was replaced by C; vegetation during the Hol-
ocene (similar to records from low-latitudes).

Obviously, the general pattern of global C,/C; change
since the Last Glacial is that C4~-dominant vegetation during
the Last Glacial was replaced by C; vegetation during the
Holocene in the low-latitudes; C, abundance increased from
the Last Glacial to the Holocene in the mid-latitudes; and
pure C; vegetation occupied the high-latitudes during both
the Last Glacial and the Holocene.

2 Modern C4 plants
2.1 Distribution of C, plant species

Due to the influence of local factors, such as landform and
physiognomy, natural vegetation shows high diversity. Sage
et al. [5] summarize global distribution of C4 photosynthesis
mainly based on the percentage representation of C4 photo-
synthesis in regional grass floras (different to percentage
contribution to primary production), and show that only few
C, species distribute in limitedly small areas with relative
warm environment above 60°N (Figure 1). In the region
below 46°S (Figure 1), almost no C,4 plants have been found.
Because the C4 plants are extremely rare in these two re-
gions, relative abundance of C, plants in local ecosystem
should be extremely low and thus could be neglected. Their
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work also clearly shows that C, grasses prosper in the warm
temperate zone with relative wet summers, such as Jack-
sonville in Florida and Chandra in India and Abilene in
Texas (Figure 1). However, C; plants dominate the regions
with Mediterranean climate characterized by a moist cool
winter and dry warm summer, such as Pasadena in Califor-
nia and Seville in Spain (Figure 1). As a result, the authors
conclude that temperature has an important control on the
growth of C, plants [5].

2.2 C;/C,relative abundance in modern vegetation

Relative to C, percentage in regional grass floras, contribu-
tion of Cy4 plants to primary production in local vegetation is
more concerned, because §"°C from most sediment can only
reveal the C4/C; contributions in primary production. Until
now, few investigations reveal the basic characteristics of
C4/C; composition in modern vegetation on continental scale.
Previous study of the phytolith §°C in the surface soil of
eastern China (Figure 1) indicates that along the latitudinal
gradient, C, abundance increases at first and then decreased,
with the highest C, abundance in both grasslands and grass-

5"Croc (%o, VPDB)
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lands under forest between 34° and 40°N [60]. Our newly
gained 6"°C data of both long-chain n-alkanes and total
organic matter of surface soils [61,62] in eastern China with
higher spatial resolution further confirm that of phytoliths in
surface soils [60]. Together, all these three datasets demon-
strate that relatively higher C, abundance in modern vegeta-
tion of the eastern China occurs in mid-latitudes spanning
from ca. 30° to 40°N (represented by 5°C data of total or-
ganic matter of surface soils from this region, Figure 3(a)).
In North America, data of soil organic 5"°C along a latitu-
dinal gradient in USA and Canada (Figure 1) show a clearly
vegetation shift from almost pure C, vegetation around ca.
30°—40°N to pure C; vegetation around ca. 50°-55°N [63]
(Figure 3(b)). Similar investigation conducted in Australia
(Figure 1) [64] indicates that the relatively higher C4 abun-
dance occurs in grasslands and savannas spanning from ca.
14° to 25°S, and gradually decrease both southward and
northward (Figure 3(c)). Our analysis of these evidences [62]
indicates that, although the specific latitudes are different in
these three continents, a basic pattern is that the highest C,
abundance in modern vegetation occurs in the mid-latitudes. A
simple evidence that is most of the low-latitudes are occupied

5"Croc (%o, VPDB)

-29 -26 -23 -20 17 14 -29 -26 -23 -20 17 14
18 “. I‘. 'I'; T : T : T T T 10
1* I t
20f o e . 12
I I [
22k 1 1 1
I I r 14
S B 1
241 I 1 1
I 1 1 16
- 1 1
261 o e 1 1
» ol o! ! 13 VPDB 18
281 o e :. : : 8" Croc (%o, )
o« 1L [ 26 -24 -22 20 -18 -16 -14 20
0F o o! e I t
= I 1 t @
ry 23
2 2
£ 2 3
5 5
l I 26
—_ ®
z l% b § 28
3 l_ﬂ o I 3
% iZ] 1 53 1 ;3_, IO I > 130
a2l I 5 1 8 1w = 2
e 2 12 13 I 3
T .
44 - . . > z l g I _E
L] P r £ £
I 1T t * 4
46} *®, 3 £ t o | 3 : a 4
1 E 1 & 1 . . > a I
o8 o g Fe sl z | I
481 1 E 1 B - 2 J\H-r 436
we! E g | I B I
. e I a : a I 10 . ‘ 5 I ©
s0% . c o b 1 4
@ 0 50 00 O[S o § 0 50 100
C, ratio (%) . !' ! ’ C, ratio (%)
(b) 0 50 100
C, ratio (%)

Figure 3 C;/C, relative abundance in modern vegetation indicated by 6"°C of total organic matter of surface soils on continental scales along latitudinal
gradients in eastern China (a), the Great Plains in North America (b) and Australia (c) (modified from [62]).
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by tropical rainforest or sub-tropical seasonal rainforest
while Savanna vegetation (typical C4 vegetation) occupies
its two swings and no C, plants dominate the high-latitudes
[5], therefore, C3/C, relative abundance in modern vegeta-
tion revealed by surface soil 5"°C values should be reliable.

3 Discussion on driving mechanisms and its
significance

3.1 Driving mechanisms

It is well-known that C, plants generally get competitive
advantages under the warm, dry and low atmospheric CO,
concentration conditions [1-4]. Compared to the Holocene,
environment conditions during the Last Glacial period were
characterized by lower temperature [55], lower atmospheric
CO, concentration [54] (Figure 2(d) and (e)), and relatively
arid. Anyway, the decrease of temperature from the low- to
the high-latitudes, which is the same during both the Last
Glacial and the Holocene, may explain the dissimilar C3/C,
change trends in different latitudes. In the low-latitudes,
temperature is high enough to allow the growth of C,4 plants
during both the Last Glacial and Holocene, relatively arid
condition in this region during the Last Glacial promoted C,
expansion while the increased precipitation during the Hol-
ocene is adverse for the growth of Cy4 plants. In the high-
latitudes, during both the Last Glacial and Holocene, the
temperature is too low to support the growth of C, plants.
And in the mid-latitudes, although the increase of precipita-
tion and atmospheric CO, concentration from the Last Gla-
cial to the Holocene is adverse for the growth of C, plants,
the increased temperature efficiently increased the relative
C4abundance in this region.

As mentioned above, climate exerts more significant in-
fluence on the global C;/C, variations since the Last Glacial,
especially the effect of temperature on the growth and dis-
tribution of C, plants. When environmental temperature is
below the “threshold value”, especially during the growing
seasons, C,4 plants will be absent in local ecosystem, such as
the reconstructed paleovegetation in the high-latitudes since
the Last Glacial [53,56,59] and that during the Last Glacial
on the western edge of the CLP [35]. When environmental
temperature is higher than the “threshold value”, extremely
arid, especially during the growing seasons, could also be
adverse to the growth of C, plants, such as the modern veg-
etation in the Mediterranean climate zone (Pasadena in Cal-
ifornia and Seville in Spain [5] in Figure 1). Carbon isotopic
evidence of carbonates and fossil teeth from Greece and
Turkey in Mediterranean climate zone indicates that the
local terrestrial ecosystem was dominated by C; vegetation
over the past 11 Ma, as it is today in this region [65]. The
Mediterranean climate condition was also proposed as the
main controlling factor on the Cs;-predominated vegetation
over the past 1.77 Ma in Tajikistan (Figure 1) indicated by
5"C values of soil organic matter of loess [66]. Obviously,
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high temperature associated with high precipitation favors
C; trees and inhibits the growth of C, grasses, as evidenced
from the present and Holocene vegetation in the low-latitudes
[9,14]. Only the combination of high enough temperature
and moderate aridity (or moderate humidity) remarkably
favor the growth of C,4 plants, as exemplified by the Holo-
cene vegetation in the mid-latitudes [18,19] and the Last
Glacial vegetation in the low-latitudes [9,14].

Due to the obviously different trends in C3/C,4 changes in
different latitudes, variation of atmospheric CO, concentra-
tion since the Last Glacial (ca. 170-360 pL. L Figure 2(d))
shows no significant control on the growth and distribution
of C,4 plants. However, it is undoubtedly that, as the “carbon
resource”, atmospheric CO, concentration can influence the
competition between C4 and C; plants. The key is the change
magnitude of concentration of atmospheric CO,. The con-
centration of atmospheric CO, from the Last Glacial to pre-
sent may not reach a “threshold value” that would affect the
growth of C, plants significantly, therefore, atmospheric
CO, concentration since the Last Glacial (ca. 170-360 puL LY
should be in the range of the so-called “low atmospheric
CO, concentration” that suitable for the growth of C, plants.
A field experimental study over eight years carried out in
the United States demonstrates that atmospheric CO, con-
centration shows no significant influence on the relative C,
biomass production even if it reaches twice of the natural
concentrations [67].

Other factors have been proposed as the controlling fac-
tors for the past C,/C; change, e.g. seasonality. Such inter-
pretation is not in conflict with our understanding, given the
different spatial and temporal scales. For example, the stud-
ies on 6"°C of carbonate and organic matter from a loess-
paleosol profile in Illinois (Figure 1) propose that carbonate
5"C can be treated as a warm-season proxy that have rec-
orded the glacial variations at submillennial scales during
the Last Glacial [68,69]. In addition, 5°C values of organic
matter in cave sediments from the same region show the
regional C;/C, changes on glacial/interglacial timescales,
with more C, plants during the middle Holocene and more
C; plants during the Last Glacial Maximum [70]. Obviously,
on glacial/interglacial timescales, regional vegetation changes
in Illinois are consistent with the characteristics of the mid-
latitudes, i.e. C4 abundance increased from the Last Glacial
to the Holocene.

3.2 Significance of the driving mechanisms

In our knowledge, the replacement of Cs-predominated
vegetation during the Last Glacial by C; plants during the
Holocene in the low-latitudes mainly reflects the increase in
humidity during the transition. The large-scale African veg-
etation changes recorded by low-latitude marine sediments
(ODP Site 1077 in Figure 1) with a longer timescale
demonstrate that they were controlled by the changes in
aridity driven by the strength of the African monsoon [71].
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During the Holocene, organic 6"°C of sediments in the
southeast of Central African Republic (Mbari Valley in
Figure 1) indicates that higher C, ratio in local biomass was
a response to arid condition indicated by low lake level of
Lake Chad [72]. Variation of C;/C, relative abundance in
tropical Africa mainly controlled by the humidity has been
accepted by more and more researchers. Recently-gained
23 ka record of C;/C, relative abundance from sediments in
Lake Malawi has been used to reconstruct the evolution
history of aridity in this area [12]. Lake Challa (Figure 1) on
the southeast slope of Mt. Killimanjaro [13] is a low-altitude
lake (ca. 880 m a.s.l.) on the boundary area between Kenya
and Tanzania. Newly obtained 6'"°C data from Lake Challa
further confirm the decrease of C,4 plants from the Last Gla-
cial to the Holocene, as reported from several other lake
sediments. Detailed analysis also clearly demonstrates the
initial time of the decrease of C, relative abundance was
synchronous with precipitation increase indicated by the
enhanced intensity of African monsoon, 1500 years later
than the increase of the concentration of atmospheric CO,
and 3500 years latter than the temperature increase [13]. All
these evidence indicates that the arid condition has an im-
portant influence on the vegetation in Africa, especially in
low-latitude tropical Africa. More significantly, this study
implies that new records with higher resolution of C;/C,
variations in this region (low-latitudes) could be used to
reconstruct the history of regional aridity or monsoonal pre-
cipitation.

In the high-latitudes, the temperature is too low to sup-
port the growth of C4 plants during both the Last Glacial
and Holocene, so, the terrestrial ecosystem in this region
has been predominated by C; plants since the Last Glacial
[53,56-59]. Numerous study results of modern C; plants
indicate that their 5"°C values are negatively correlated with
the precipitation, i.e. 5°C of modern C; plants will be more
negative with increasing precipitation [36—39]. Therefore,
SC data derived from terrestrial higher plants in this re-
gion (high-latitudes) should record the &§'°C response of
predominant C; plants to the variation of climate factors
(mainly precipitation). Based on detailed studies of modern
process and sedimentary records, paleoprecipitation recon-
struction may be feasible in this region. In Europe, paleo-
precipitaiton reconstruction based on the organic §"°C of the
loess/paleosol sequences since the Last Glacial has been
conducted [57,58]. On the western edge area of the CLP,
organic §"°C data indicate that the local biomass was pre-
dominated by C; plants during the Last Glacial period, con-
sequently, the 6"°C data have been attempted to be used in
paleoprecipitation reconstruction [35].

In the mid-latitudes, increased C,relative abundance from
the Last Glacial to the Holocene has been proposed as the
ecological response to the increased temperature [18,19],
our review of the global paleo-C5/C, records supports such a
viewpoint. However, temperature since the Last Glacial in
the mid-latitudes may just varied around the “threshold
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value”, while the precipitation (or humidity) may be differ-
ent in various locations, the driving mechanisms of paleo-
C5/C, variations in this region may be complicated and need
to be analyzed specifically and carefully. We speculate that
in the arid or semi-arid inland areas of the mid-latitudes, the
humidity may keep in the “relative arid” range suitable for
the growth of C, plants during both the Last Glacial and the
Holocene. Therefore, variation of temperature could either
significantly promote or suppress C,4 relative abundance in
such areas, which means variation of the C, ratio in these
areas could serve as an indicator of paleotemperature varia-
tion. In semi-humid or humid areas of the mid-latitudes, due
to the coupled effect of temperature and precipitation, the
main controlling factor or its climatic significance of the
variations of C, relative abundance may be different during
different geological periods (such as the Last Glacial and
the Holocene).

On longer timescales, the main controlling factor for C,
expansion since the late Miocene has been widely debated
during the past two decades. A dramatic ecological shift
from C; to C4 dominated biomass during the late Miocene
indicated by pedogenic carbonate 5'"°C from Siwalik Group
in northern Pakistan [6,7,73] (Figure 1) was initially thought
to be a possible mark of the inception or a marked strength-
ening of the Asian monsoon system driven by uplift of the
Tibetan Plateau [6]. Subsequently, Cerling et al. [7,8] be-
lieve that there was a global C4 expansion through the Mio-
cene/Pliocene boundary and proposed such an expansion
may be related to lower atmospheric CO, concentration.
The proposition of Cerling et al. [7,8] has been challenged
on the scale of the C, expansion [74,75], on the process of
the transition from the Miocene to the Pliocene [76], and on
the relationship between environmental factors and vegeta-
tion evolution [77-80]. We summarize the C;/C, records
[6-8,73—75,81-92] since the late Miocene, the results are
shown in Table 1. Obviously, there are not contemporane-
ous C4 expansions recorded by paleoecological proxies
since the late Miocene. Such as, §°C data of pedogenic
carbonate [6,73], total organic matter [73,82], fossil animals
[7,8,81], long-chain n-alkanes [83] of higher plant origins
from Siwalik sediments in Indian subcontinent and marine
sediments in the Bay of Bengal (Figure 1) indicate the re-
markable C, expansion during the late Miocene in this area,
and the main expansion happened among 7-5 Ma. However,
in the north of the Tibet Plateau, carbon isotopic data of
fossil animals from the Linxia Basin (Figure 1) indicate that
only during the Quaternary, C, plants become a significant
fraction of the local vegetation [85]. Similarly, & BC data of
fossil eggshell from Namibia demonstrate that C, plants
become a significant fraction of local biomass only in the
Quaternary since about 2 Ma ago [86]. Evidence from
northeastern Argentina indicates that main C, expansion in
this area happened around 4 Ma [74]. However, evidence
from the Great Plains in the North America indicates that
main C, expansion in this area happened between 64 Ma,
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and the C, abundance reached modern level about 2.5 Ma
ago [75,90]. There seems no contemporaneous C, expan-
sion during the late Miocene, which denies a global driving
factor (such as the significant decrease of atmospheric CO,
concentration) for C4 expansion in the late Miocene.
Because C3/C, records since the late Miocene mainly
come from the low- and mid-latitudes (Figure 1), and mod-
ern temperature in these regions is in the range suitable for
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the growth of C,4 plants as we discussed previously. Long-
term record indicates that the global mean temperature has
gradually decreased since the late Miocene [93] (Figure
4(a)). Therefore, temperature should not be the factor driv-
ing C, expansion in these areas since the late Miocene. Re-
constructed atmospheric CO, concentration based on marine
sediments are not exactly similar, and the time resolutions are
significantly different. However, almost all the reconstructed

Table 1 Primary characteristics of the C, expansion in different continents since the late Miocene

Region Time of initial C, signal Main period of C, expansion C, ratio after expansion Reference

Indian subcontinent 9.4 Ma 6 Ma ca. 100% [6-8,73,81-83]
East Asia 20 Ma 2 Ma <40% [84]
Linxia Basin 2 Ma <40% [85]
Northeastern Argentina 7.6 Ma 4 Ma ca. 40%—-60% [74]
Namibia After the Miocene [86]
Northeastern Africa After 3.4 Ma ca. 50%—65% [88,89]
Kenya 15.3 Ma [81,87]
Great Plains 6.4-4.0 Ma ca. 50%—-80% [75,90]
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records indicated that the concentration of atmospheric CO,
is relatively stable during the past 14—15 Ma, without sig-
nificant decrease [94-96] (Figure 4(b)). Assuming that the
reconstructed temperature and atmospheric CO, are reliable,
based on the global C5/C, records since the Last Glacial and
C5/Cy4 relative abundance in modern vegetation, we can
reasonably consider that the asynchronous C, expansions in
different regions since the late Miocene are mainly the ter-
restrial ecological response to the change of regional hy-
drological conditions (humidity or aridity). That may ex-
plain why on the same global background of temperature
and atmospheric CO, concentration, C, expansions since the
late Miocene show so significant differences in different
regions. The most possible interpretation is that the begin-
ning time and degree of aridification is different in different
regions. Indeed, our speculation needs more works to con-
firm. Recently reported data demonstrate that the C4 expan-
sion in Arabia and Indian Subcontinent during the late Mi-
ocene was mainly driven by large-scale variation of hydro-
logical conditions [97].

4 Conclusions

Investigation on the distribution of modern C, plant species
indicates that above 60°N and below 46°S, C, plants are
extremely rare or absent. Surface soil organic 5°C data on
continental scales indicate that the highest contribution of
modern C, plants to primary production of local terrestrial
ecosystem occurs in the mid-latitudes. Since the Last Gla-
cial, C3/C4 records on a global scale show obviously latitu-
dinal characteristics: predominated C4 during the Last Gla-
cial was replaced by C; plants during the Holocene in the
low-latitudes; the relative abundance of C, plants increased
from the Last Glacial to the Holocene in the mid-latitudes;
and the terrestrial ecosystem in the high-latitudes was pre-
dominated by C; plants since the Last Glacial. Based on all
these, we put forward a simplified model to explain the re-
lationship between the C,relative abundance and the corre-
sponding climatic conditions. The effect of temperature on
the growth of Cy4 plants is vital in that below the “threshold
value” of temperature, the growth of C, plants will be inhib-
ited. When the environmental temperature is favorable, both
extremely humid and arid condition (especially extremely
humid and arid growing seasons) could be adverse for the
growth of C, plants. Only enough high temperature com-
bine with moderate humidity (or aridity) favor the growth of
C, plants. Such a model is in effect on the global/continental
scale, glacial/interglacial timescale and on the background
of atmospheric CO, concentration since the Last Glacial to
present. Paleoclimatic interpretation of newly grained C;/C,4
records with higher resolution and the understanding of the
driving mechanisms of the variations of C;/C, relative
abundance since the late Miocene in different regions will
benefit from this work.
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