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The development of the Mekong River, although poorly constrained, plays a key role in our understanding of
South China Sea drainage evolution. Here we attempt to improve our understanding of this evolution using a
Flux fungal spore record in the southwestern South China Sea at International Ocean Discovery Program (IODP) Site
Paleoenvironment U1433. We present the variety of fungal morphologies extracted from the sediments and investigate their
South China Sea . . . . . .
Neogene possible relationships w1.th paleoenvironmental changes bas.ed on types,. concentration find flux changes.
Overall, > 30 morphologic types were found and are grouped into three basic assemblages: single-, double- and
multi-celled spores. The spore fluxes continuously increase up-section, along with their diversity, although there
are strong shorter fluctuations. One notable step in evolution is recorded at ca. 8 Ma. We argue that the trends in
fungal flux are mainly linked to the strengthened terrestrial biomass input driven by tectonics rather than pa-

leoclimate change and that this event is mainly linked to onset of the Mekong River in its present location.

1. Introduction

Fungal spores are often disregarded in the palynological literature
where most of the focus in often placed on pollen, spores and single-
celled organic-walled algae. Yet, fungal spores are widely distributed in
the atmosphere, on the land surface, in water, caves or in soils. Animals
and plants also serve as carriers of fungal spores, either on their surface
or within their tissues. Furthermore, they have one of the longest
geological records, as shown by a nearly two billion year old simple
fungi assemblage found in Precambrian chert from the Gunflint Iron
Formation of Lake Superior, USA (Or6 et al., 1965). Despite the under-
utilization of this microfossil, fungal spores are well known from several
studies that have been carried out on a variety of materials at different
time scales (e.g., Ainsworth et al., 1971; Cook et al., 2011; Cross et al.,
1966; Edgcomb et al., 2011; Eshet et al., 1995; Gelorini et al., 2011;
Graham, 1962; Jansonius and Kalgutkar, 2000; Lai et al., 2007; Mudie
et al., 2002; Oré et al., 1965; Raghukumar et al., 2004; Taylor et al.,
2014; Wolf, 1966). However, our knowledge of fungal spores is ex-
tremely limited with regard to their huge abundance (about 10 times
larger than the species of angiosperm) and diversity in the terrestrial or
marine realms. In this study of fungal spores from International Ocean
Discovery Program (IODP) Site U1433, we examined the evolution of
the terrestrial regions around the South China Sea in order to

understand the tectonics of this basin, the climatic development of the
area and the evolution of continental drainage systems.

The South China Sea, as one of largest marginal basins in SE Asia,
receives much of the sediment that is being eroded from the Asian
continent via a number of small and well-known larger river systems
including the Pearl, Red, and Mekong Rivers (Métivier et al., 1999)
(Fig. 1). The sedimentary record of this region can provide essential
information on the evolution of tectonics, erosion, chemical weathering
and climate of the adjacent continent (Clift, 2006; Wan et al., 2012; Wei
et al., 2006). The South China Sea is also regarded as one of the primary
sources of water vapor for the East Asian summer monsoon. Sediments
from this basin thus provide critical information for investigating the
opening of the South China Sea and the potentially linked development
of the East Asian monsoon (Clift et al., 2008b; Luo and Sun, 2007; Wan
et al., 2006, 2007).

In this study, we focus on fungal spores recovered from IODP Site
U1433 in the central SW portion of the deep-water South China Sea
basin (Fig. 1). These newly acquired Miocene records provide a unique
chance to analyze fungal assemblages since ~17 Ma, and to supply
information on fungal spore morphologies deposited in Neogene marine
sediments. Variations in fungal assemblage are evaluated for their po-
tential significance and geological implications within the depositional
history in this deep-water basin.
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2. Geological setting and materials

The region that today includes the South China Sea began to extend
initially in the latest Cretaceous (Cullen et al., 2010), but underwent the
main phase of continental rifting in the Eocene (Ru and Pigott, 1986; Su
et al., 1989), culminating in the onset of seafloor spreading around
30 Ma along much of the southern Chinese margin (Briais et al., 1993;
Li et al., 2014). Study of paleomagnetic data triggered a debate about
when active seafloor spreading ended (Barckhausen et al., 2014), but
drilling during IODP Expedition 349 now demonstrates that the
opening was essentially completed at about 15 to 16 Ma (Li et al.,
2014). Site U1433 overlies an oceanic basaltic basement dated at
~17 Ma based on microfossils in the overlying sediment (Li et al.,
2015), and is located near the fossil seafloor spreading ridge. Seafloor
spreading in the basin stopped shortly after the eruption of the basalt
cored at our targeted drill site.

The causes of extension have been widely debated and have in-
volved relative shear between Indochina and mainland Asia, as a result
of the left lateral extrusion of the Indochina Block along the Red River
Fault Zone (Replumaz and Tapponnier, 2003; Tapponnier et al., 1982).
Alternatively, others have invoked subduction-related forces towards
the south, causing the Dangerous Grounds continental block to rift from
mainland Asia and subsequently collide with Borneo closing an earlier
paleo-South China Sea basin at ~16 Ma (Clift et al., 2008a; Hutchison,
2004; Morley, 2002; Taylor and Hayes, 1983). Since the middle Mio-
cene, the tectonics of the basin have been relatively inactive, with the
exception of active subduction along the eastern edge of the basin
where South China Sea lithosphere is still subducting beneath the
Philippine arc (Hayes and Lewis, 1984). There have also been intraplate

South China
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Fig. 1. Bathymetric map of the South China Sea showing
the location of IODP Site U1433 and ODP Site 1143.
Topography is from Shuttle Radar Topography Mission
(SRTM) plotted by GeoMapApp. Major fluvial systems
which deliver sediments into the South China Sea are also
shown, together with the Molengraaff River of glacial age
crossing the Sunda Shelf (Molengraaff and Weber, 1919).
Green arrows show surface currents active during modern
summer monsoon. Isobaths are shown in 1000 m intervals.
Vietnamese Central Highlands = VCH.

3
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tectonic activities, most notably the uplift of the Vietnamese Central
Highlands and the extrusion of a thick basaltic sequence mostly after
~8 Ma (Carter et al., 2000; Cung et al., 1998), although with lesser
volumes of lava being emplaced in the early and middle Miocene
(Hoang and Flower, 1998; Wang et al., 2001). Further intraplate
magmatism in the form of seamounts is known until Quaternary times
from the far SW (Li et al., 2013) to the NE of the basin (Yeh et al.,
2012), as well as magmatism on Hainan Island (Tu et al., 1991).
Compression along the southern side of the basin, along the northern
coast and continental margin of Borneo, appears to be only slightly
active in the present day (Hinz et al., 1989; Simons et al., 2007).

The relatively central location of Site U1433 within the oceanic
basin means that several possible sources may have provided sediment
to this location in the geologic past. Our working hypothesis was that
the largest river in Southeast Asia, namely the Mekong, might be the
primary source of sediment to the site, at least in the recent geological
past (i.e., the last 17 Ma), because it is located only ~450 km to the
southeast (Wan et al., 2006) and because the site is more distant from
other large fluvial sources. This hypothesis is largely supported by the
fact that sedimentary discharge from the Mekong is substantial
(Milliman and Syvitski, 1992) and also by the fact that other potential
sources, such as from Luzon or Borneo, are isolated from the site by
significant bathymetric features such as the Manila Trench and the
Sabah Trough (Fig. 1).

The development of river systems in East Asia is a controversial
topic because rivers are sensitive to the development of topography and
therefore to the uplift of the Tibetan Plateau, as well as the rifting of the
marginal seas in Southeast Asia, leading to a regional scale tilting of the
continent since the start of India-Asia collision. A number of different
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Fig. 2. Lithological column against age-depth model (after Li et al., 2015) and locations of fungal samples (red arrows) at Site U1433. FAD = first appearance datum, LAD = last
appearance datum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

lines of evidence now suggest that many of the major rivers that have
their origins on the Tibetan Plateau have experienced headwater cap-
ture and in particular loss of headwater drainage from the Red River
and transfer of this catchment into the neighboring systems (Clark
et al., 2004; Brookfield, 1998; Zheng et al., 2013). Most of this capture
occurred in the early Miocene, before around 24 Ma, although modern
sediment transport routes between the Sunda shelf and the drill site
would presently favor sediment transport from the Mekong River. The
role of the Mekong River in this process, if any, is obscure because of
the lack of long geological records from its delta/fan. Seismic-based
investigations suggest that this is a relatively young system that has
only been in place since the start of the Pliocene (Murray and Dorobek,
2004; Li et al., 2013), but there is little additional evidence. The de-
velopment of the Mekong is poorly defined but plays a crucial part in
our understanding of regional drainage evolution. We try to constrain
this evolution using the fungal spore record at IODP Site U1433. This
site is a good candidate for such a study because it recovered 800 m of
uppermost lower Miocene to recent sediments overlying the oceanic
basaltic basement (Li et al., 2015) (Fig. 2). The recovered sediment was
divided into lithologic units based on macro- and microscopic ob-
servations of the cores combined with magnetostratigraphic data. Li-
thologic Unit I (0 to ~245 mbsf) consists of.dark greenish gray clay
with interbedded very thin clayey silt. Unit II contains dark greenish
gray clay and claystone with frequent medium to thick greenish gray
nannofossil ooze and chalk interbeds. This unit is divided into upper
and lower subunits based on the occurrence of thick to very thick
(> 1m) greenish gray nannofossil chalk interbeds in Subunit IIB,
compared to thinner beds in Subunit ITA. Unit III consists of dominantly
massive reddish and yellowish brown claystone and claystone with silt,
with little coarser material present, occasional thin silty turbidites, and
common dark staining associated with bioturbation. This unit lies di-
rectly on the basaltic basement (Unit IV) (Li et al., 2015).

Li et al. (2015), based on the on-board age model, indicates that
extremely low sedimentation rates (< 0.5cm/Kky) characterize the
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early to middle Miocene. The sedimentation rates then fluctuate be-
tween ~5-6 and ~9 cm/ky in the late Miocene (starting at about
9.5 Ma) to early Pleistocene, and reach ~20 cm/ky during the middle
and late Pleistocene (after ~2 Ma) (Fig. 2).

3. Palynological methods

A total of 116 bulk sediment samples (Fig. 2 and Table 1) were
selected in order to provide an even distribution through the entire time
interval recovered at IODP Site U1433. Samples were chemically pro-
cessed following a palynological technique summarized by Brown
(2008). For each sample, the available amount (ranging from 2.4 to
27.3 g) of dried sediment was weighed. The sediment was spiked with a
known quantity of Lycopodium spores to allow assessment of the abso-
lute abundance and the flux of organic-walled microfossils to the
sample. Acid-soluble minerals were digested in hydrochloric acid (HCI)
and hydrofluoric acid (HF) to remove carbonates and silicates respec-
tively. The organic-walled microfossils were then concentrated by fil-
tration through a 10-um mesh sieve.

Fungal concentrations were calculated using the equation of
Benninghoff (1962), C = (Pc x Lt X T)/(Lc X W), where C = con-
centration (specimens per gram of dried weight of sediment sampled, or
gdw ™ 1), Pc = the number of fungal spores counted, Lt = the number
of Lycopodium spores per tablet, T = the total number of Lycopodium
tablets added per sample, Lc = the number of Lycopodium spores
counted, W = the weight of dried sediment (with dried weight (dw) in
grams).

In addition, fungal flux was calculated in order to describe the
change of fungal assemblage through time. The fungal flux was calcu-
lated using the equation: I = (Pc X Lt X T X R x S)/(Lc X W), where
I = flux (specimens/cm?/ky, ky = 1000 years), Pc = the number of
fungal spores counted, Lt = the number of Lycopodium spores per ta-
blet, T = the total number of Lycopodium tablets added per sample,
R = sedimentation rates; Lc = the number of Lycopodium spores
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Table 1
Detailed information of number of fungal morphologies, concentrations and fluxes of fungi, IODP Site U1433.

Sample Depth (m) Age (Ma) Concentrations Influx

NM SC DC MC Total SC DC MC Total
1433A
1HIW 2.783 0.001 4 4284 148 886 5318 42,843 1477 8864 53,185
1H3W 3.94 0.010 1 731 0 0 731 7075 0 0 7075
1H5W 6.97 0.018 2 488 0 98 585 5647 0 1129 6777
3H1W 19.09 0.043 8 4810 115 401 5325 75,134 1789 6261 83,184
3H3W 21.68 0.047 4 3001 0 931 3932 29,348 0 9108 38,456
6H1W 47.67 0.089 5 3756 0 791 4546 70,984 0 14,944 85,928
6H3W 50.68 0.094 5 4957 0 1538 6495 108,747 0 33,749 142,497
6H5W 53.72 0.099 6 2384 104 415 2902 47,823 2079 8317 58,219
S8H1W 66.62 0.121 2 2348 0 511 2859 54,109 0 11,763 65,872
8H3W 69.62 0.160 1 619 0 0 619 11,398 0 0 11,398
10H5W 90.44 0.285 1 163 0 0 163 4713 0 0 4713
12H1W 104.53 0.376 5 1546 50 997 2593 35,121 1133 22,658 58,912
12H3W 107.42 0.386 3 703 0 92 795 16,344 0 2151 18,494
14H1W 123.95 0.446 5 4443 256 256 4956 110,278 6362 6362 123,002
14H3W 126.59 0.472 0 0 0 0 0 0 0 0 0
16H1W 142.64 0.616 2 2115 0 53 2168 53,126 0 1328 54,454
16H3W 145.55 0.635 5 3168 0 460 3628 82,245 0 11,939 94,184
16H5W 148.24 0.652 2 1607 0 73 1680 41,524 0 1887 43,412
18H3W 164.35 0.755 0 0 0 0 0 0 0 0 0
20H1W 179.56 0.851 3 4035 168 1513 5716 107,497 4479 40,311 152,287
1433B
2R1W 186.8 0.897 8 8403 545 1323 10,270 234,608 15,206 36,929 286,743
3R1W 195 0.949 2 2029 0 72 2102 51,670 0 1845 53,516
S5R1W 214.27 1.145 6 4345 0 1262 5607 119,492 0 34,691 154,183
5R3W 217.27 1.190 3 796 0 122 918 22,113 0 3402 25,516
5R5W 219.94 1.234 4 5451 0 461 5911 63,677 0 5381 69,058
7R1IW 233.56 1.643 1 220 0 0 220 2668 0 0 2668
7R3W 236.26 1.658 0 0 0 0 0 0 0 0 0
9R1W 253.32 1.729 1 104 0 0 104 1100 0 0 1100
9R3W 256.02 1.730 7 3089 57 515 3661 37,972 703 6329 45,004
11R10W 272.38 1.978 5 1235 0 183 1418 15,560 0 2305 17,865
11R21W 273.92 1.990 2 382 0 38 420 4196 0 420 4616
13R1W 291.78 2.129 4 1832 0 701 2533 22,113 0 8455 30,568
13R3W 294.59 2.152 4 2521 0 1086 3607 30,037 0 12,939 42,976
13R5W 297.02 2.165 3 1797 0 513 2310 22,947 0 6556 29,504
15R1W 311.59 2.279 5 3213 40 161 3414 37,330 467 1867 39,664
15R3W 314.33 2.302 2 880 0 176 1056 10,361 0 2072 12,433
15R5W 317.09 2.325 2 1481 0 57 1538 17,091 0 657 17,748
17R1W 330.83 2.429 4 3456 0 899 4355 45,851 0 11,921 57,773
17R3W 333.78 2.456 6 1376 53 423 1852 16,829 647 5178 22,654
17R5W 336.13 2.480 1 109 0 0 109 1386 0 0 1386
19R1W 349.9 2.805 1 64 0 0 64 469 0 0 469
19R3W 352.91 2.880 2 0 0 900 900 0 0 6288 6288
19R5W 355.3 2.951 2 731 0 209 940 5278 0 1508 6786
21R1IW 369.69 3.339 2 347 0 20 367 2179 0 128 2307
21R3W 372.46 3.419 1 823 0 0 823 5006 0 0 5006
21R5W 375.26 3.492 6 1350 42 1054 2446 9724 304 7597 17,624
23R1W 388.78 3.589 6 816 0 1468 2284 5872 0 10,569 16,441
23R3W 391.5 3.603 6 859 72 859 1790 6405 534 6405 13,343
25R1W 408.62 3.662 3 550 0 110 660 3975 0 795 4770
25R3W 411.1 3.680 2 141 0 47 188 979 0 326 1305
25R5W 414.27 3.692 6 883 98 1325 2306 6421 713 9632 16,766
27R1W 427.68 4.296 4 236 79 1022 1337 1653 551 7162 9365
27R3W 430.64 4.580 3 1365 0 94 1459 8880 0 612 9493
28R1W 438.00 4.800 3 110 0 37 146 767 0 256 1023
29R1W 446.98 5.138 3 254 0 51 304 1846 0 369 2215
29R3W 450.11 5.190 4 164 16 49 229 1118 112 335 1565
29R5W 452.85 5.250 1 318 0 0 318 1853 0 0 1853
31R1W 466.46 5.304 4 866 102 255 1222 6386 751 1878 9015
31R3W 469.4 5.309 2 278 0 69 347 2041 0 510 2551
31R5W 471.62 5.314 1 150 0 0 150 1148 0 0 1148
33R1W 485.57 5.340 1 42 0 0 42 328 0 0 328
33R3W 488.36 5.344 4 334 39 79 452 2078 245 489 2812
33R4W 489.58 5.347 3 315 0 270 584 2271 0 1946 4217
33R5W 490.95 5.350 1 221 0 0 221 1640 0 0 1640
34R2W 498.00 5.760 4 1383 518 3283 5184 10,023 3759 23,805 37,587
35R3W 507.03 6.117 4 1568 68 205 1841 13,512 587 1762 15,862
35R5W 509.9 6.194 3 368 0 163 531 3435 0 1527 4962
37R1W 524.59 6.554 2 1331 0 333 1664 11,151 0 2788 13,939
37R3W 526.98 6.614 3 620 0 387 1007 5434 0 3396 8831

(continued on next page)
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Table 1 (continued)
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Sample Depth (m) Age (Ma) Concentrations Influx

NM SC DC MC Total SC DC MC Total
37R5W 529.54 6.677 4 765 51 867 1684 7233 482 8197 15,912
39R1W 543.85 7.017 1 77 0 0 77 711 0 0 711
39R3W 546.85 7.085 4 1140 0 489 1629 10,638 0 4559 15,197
39R5W 549.78 7.130 3 309 44 750 1103 2807 401 6816 10,024
39R6W 550.84 7.175 3 610 0 356 965 5640 0 3290 8930
41R1W 563.46 7.425 3 938 0 469 1407 8187 0 4094 12,281
41R3W 566.38 7.436 3 524 225 449 1199 4927 2112 4223 11,262
41R5W 568.79 7.447 3 107 0 427 534 975 0 3902 4877
43R1W 583.14 7.499 2 - - - - - - - -
43R3W 585.83 7.515 4 234 26 104 365 2280 253 1013 3547
43R5W 588.86 7.523 1 127 0 0 127 1154 0 0 1154
45R1W 602.14 7.610 1 24 0 0 24 227 0 0 227
45R3W 605.07 7.635 1 0 0 16 16 0 0 143 143
45R5W 607.68 7.655 2 568 0 49 618 5059 0 440 5499
47R1W 621.55 7.748 0 0 0 0 0 0 0 0 0
49R1W 640.89 7.886 3 304 0 101 406 3006 0 1002 4008
49R3W 643.15 7.905 2 1204 80 0 1284 11,668 778 0 12,445
51R1W 660.77 8.023 1 78 0 0 78 737 0 0 737
51R3W 663.52 8.046 5 1917 0 5272 7189 17,058 0 46,910 63,969
53R1W 680.37 8.161 3 981 196 392 1570 9612 1922 3845 15,379
53R3W 683.16 8.186 2 766 0 328 1095 7057 0 3024 10,082
53R5W 685.57 8.206 0 0 0 0 0 0 0 0 0
55R1W 699.14 8.450 0 0 0 0 0 0 0 0 0
55R2W 700.00 8.500 3 245 147 588 980 2498 1499 5996 9993
55R3W 701.8 8.758 1 111 0 0 111 1008 0 0 1008
55R5W 704.67 9.066 0 0 0 0 0 0 0 0 0
56R1W 712.00 9.600 1 47 0 0 47 455 0 0 455
57R2W 720.00 10.500 1 8 0 0 8 3 0 0 3
58R1W 728.14 11.120 0 0 0 0 0 0 0 0 0
58R3W 730.82 11.500 5 1906 272 5446 7625 640 91 1828 2559
58R6W 735.12 11.729 1 0 0 120 120 0 0 44 44
59R4W 741.00 12.250 3 4203 4203 4203 12,610 1429 1429 1429 4287
60R1W 747.72 12.500 5 400 0 12,410 12,810 133 0 4130 4263
60R3W 750.71 12.830 0 0 0 0 0 0 0 0 0
60R5W 753.71 13.050 0 0 0 0 0 0 0 0 0
61R4W 760.00 13.660 5 50 38 38 126 15 11 11 38
62R1W 767.19 14.117 0 0 0 0 0 0 0 0 0
62R3W 770.1 14.346 0 0 0 0 0 0 0 0 0
62R5W 772.97 14.581 0 0 0 0 0 0 0 0 0
63R1W 776.84 14.796 1 0 0 34 34 0 0 10 10
63R4W 783.00 15.010 1 0 0 3 3 0 0 1 1
64R1W 786.28 15.257 1 0 0 23 23 0 0 7 7
64R3W 788.47 15.378 0 0 0 0 0 0 0 0 0
64R5W 791.72 15.803 0 0 0 0 0 0 0 0 0
64R6W 794.00 16.000 0 0 0 0 0 0 0 0 0
65R1W 796.07 17.029 0 0 0 0 0 0 0 0 0
65R1W* 796.07 17.029 0 0 0 0 0 0 0 0 0

NM: number of morphologies; SC: Single-celled; DC: Double-celled; MC: Multi-celled; *: replicate sample.

counted, W = weight of dried sediment, S = dry density of sample
(data from Li et al., 2015).

4. Palynological results

> 30 major types of fungal spore morphologies were recovered
from the 116 samples analyzed (Table 1). These 30 major types show a
great diversity, with about 80 morphologies, as illustrated in Figs. 3-5.
Although we do not attempt to describe all the fungi in this paper, some
of the morphotypes recovered are well known and include taxa such as
Coniochaeta cf. ligniaria, Sordaria ascospores, Hyploxylonites wolfei,
Coniochaeta, Apiospora, Clastesporium, Spegazzinia, Diporotheca, Tetra-
ploa aristata, and Meliolinites. The assemblages are dominated by single-
and double-celled spores, with only rare multi-celled spores present.
Overall, a total of 16 out of 30 samples collected from the stratigraphic
levels older than 8 Ma yielded fungal spores, with the first appearance
of multi-celled fungal spores at 15 Ma, and that of single and double-
celled fungi spores at 14 Ma. But the presence of fungal spores is
sporadic until 8 Ma. In samples younger than 8 Ma, fungal spores are
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consistently present and the morphological diversity is high (Fig. 6a).
(Note that in both Figs. 6 and 7, the logarithmic value of 1 was given for
samples where there were no fungal spores recovered.) The lack of
fungi could be caused by depositional factors such as diagenesis or
oxidation prior to deposition, but if this was the main influencing
factor, then we would see all palynomorphs (pollen, spores, dino-
flagellate cysts and fungi) destroyed at the same time, irrespectively of
their shape, and this is not the case.

Below we provide a description of the fungal groups recovered,
divided into three basic morphological assemblages; single-celled
spores, double-celled spores and other multi-celled (multicellular) spore
morphologies.

There are no obvious trends in the numbers of fungal morphologic
types recovered from sediment older than the Pleistocene, but starting
around 2.6 Ma, a higher variability in the diversity of fungal spores
recovered is clearly noted (Fig. 6a).

Abundance varies throughout the record, with concentrations ran-
ging from 0 (no yield of fungal spores) to about 15,000 spores per
grams of dried sediment. Most of the barren samples are older than
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Fig. 3. Photomicrographs of single-celled fungal spores organized by morphological groups used in this study. Identification is provided when known. 1-3: Exesisporites (Jarzen and Elsik
1986); 4, 5: Polyporisporites (Jarzen and Elsik, 1986) vs Lacrimasporonites (Sancay, 2014); 6: Diporisporites (Jarzen and Elsik, 1986); 7: unknown type; 8-9: Hyploxylon-type (Jarzen and
Elsik, 1986); 10-11: Psilodiporites krempii (Kalgutkar, 1997); 12-13: unknown type; 14: Hypoxylon-type (Jarzen and Elsik, 1986); 15: unknown type; 16-18: Biporisporites (Wingate, 1983);
19: Inapertisporites kedvesii (Monga et al., 2015); 20: unknown type; 21-23: Spegazzinia type (Jarzen and Elsik, 1986); 24-27: unknown type; 28-34: Striadiporites (Jarzen and Elsik, 1986).
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Fig. 4. Photomicrographs of double-celled fungal spores organized by morphological groups used in this study. Identification is provided when known. 1: Diporisporites barrelis? (Monga
et al., 2015); 2: Sordaria; 3: unknown type; 4-6: Delitschia-type (Jarzen and Elsik, 1986); 7-11: Dyadosporites (Fernandez, 1993; Jarzen and Elsik, 1986); 12-15: Diornites (Sancay, 2014).
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Fig. 5. Photomicrographs of multi-celled fungal spores organized by morphological groups used in this study. Identification is provided when known. 1: Alternia (Sancay, 2014); 2:
Diporicellaesporites jansonii (Kalgutkar, 1997); 3: unknown type; 4: Meliola (Singh and Chauhan, 2008); 5: Pluricellaesporites trichocladites (Kalgutkar, 1997); 6-8: unknown type; 9-11:
Psilodiporites krempii (Kalgutkar, 1997); 12: Diporicellaesporite (Kalgutkar, 1997); 13-19: unknown type; 22, 23: Tetraploa aristata (Ainsworth et al., 1971); 24: unknown type; 25:

Asterostromella investiens (Ainsworth et al., 1971).

8 Ma, when clastic sedimentation rates were very slow. Out of 26
samples older than 8 Ma, 11 yielded single-celled types, five samples
yielded double-celled types, and 10 samples contained multi-celled
types. Concentrations in the time interval between ca. 17 and 8 Ma
show strong fluctuations of 0-4200 grains/g, 0-1900 grains/g and
0-12,400 grains/g, for the three morphologic types respectively
(Fig. 6a—c). In samples younger than 8 Ma, the concentrations of the
three types continued to vary with strong fluctuations, especially in the
younger sediments < 4 Ma, with a distribution up to 8400 grains/g
(average of 1300 grains/g); up to 15,200 grains/g (average of
540 grains/g), and up to 3280 grains/g (average of 392 grains/g) re-
spectively. The trends are similar when comparing total concentrations
to that of single-celled morphologies (Fig. 6d).

The trend in fungal fluxes shows a strong pattern, with a major
increase through time. Before 8 Ma, the maximum tabulated flux is
17,000 grains/cm?/ky for single-celled spores, 1900 grains/cm?/ky for
the double-celled spores and 46,900 grains/cm?/ky for the multi-celled
spores (Fig. 7a-c). After 8 Ma, the maximum tabulated flux for the three
respective types is of 234,600 grains/cm?/ky (averaging 21,700 grains/
em?/ky), 15,200 grains/cm?/ky (averaging 540 grains/cm?/ky) and
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40,300 grains/cm?/ky (averaging 5280 grains/cm?/ky). The trends are
similar when comparing the increase in flux to that of single-celled
morphologies (Fig. 7d). The trends seen are thus mainly driven by the
large increase in single-celled spore numbers. We further compared the
total flux data of these three morphotypes (Fig. 8a) to the total organic
carbon (Fig. 8b) and 8”Sr/®7Sr (Liu et al., 2017) (Fig. 8c) from the same
hole, to the pollen fluxes from the Ocean Drilling Program (ODP) Site
1143 (Fig. 8d) located south of IODP Site U1433 (Fig. 1) (Luo and Sun,
2007), to sea-surface temperature change in the west Pacific Ocean
(Zhang et al., 2014) (Fig. 8e) and to the global oxygen isotopic varia-
bility of the ocean (Zachos et al., 2008) (Fig. 8f). There are no obvious
synchronous relationships between the record of total fungal fluxes and
the total organic carbon (wt%), ratio of 87Sr/87Sr from the same hole as
well as pollen fluxes from the ODP Site 1143, but the sea surface
temperature and global ice volume/temperature trends do correlate
with the total fungal flux.



Y.F. Miao et al.

Marine Geology 394 (2017) 69-81

8 Fig. 6. Diagrams showing (a) the number of
S fungal morphologies observed in each sample
= (purple line is a 3-point running average), and
) :’ .- S concentrations of (b) single-celled, (c) double-
3 - 8 @ celled, (d) multi-celled and (e) total fungal spores
te ot 5. c
* ‘-'5 " - ?'-‘ AT = ® at Site U1433. MMCO: Middle Miocene Climatic
§ s e :e H € Optimum. The shaded blue bar highlights the
: 2 if : : H o % 8 Ma transition. (For interpretation of the refer-
- - . L] . . . .
o [ E ; B s : - - F ences to color in this figure legend, the reader is
S Fys 0eé H " o referred to the web version of this article.)
8
o *
(2}
S ? s
28 b e
=] e %
g~ H iy
= = R
Q o " s
5 o H :
=% i .-
05000
: 4 >
= 3 g
LH o E
-: b Q
¢ : o
te 3
3 el i o
BB i 2
e ¥ H 3
o ! 3 o 8
8 Wb e
~ 8
G
(2}
.= *
©
L o
23 B LY W et ig'
i -‘e;6‘%"‘ LT 3L N
ot s &S & PO e
° A ¢ it
ee . S HE (b)
1) H £ =0t
2 < i< n
¢ ¢ $ M eenesee 2
©w 8
+ £
+ + ‘g
< A +* =
‘ L -t <« 3
AN S ™ 2
R+ + A (a) 5
+ f + /- + 5
++ + T + ++ o -g
=]
. . i MMCO Z
Pleistocene Pliocene Miocene —] |
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Age (Ma)

5. Discussion
5.1. Fungal origins

Fungi are among the most widespread living eukaryotic organisms
and can be found on the Earth's surface or within various media, in-
cluding the air, soil, sand dunes, aquatic or marine realms, and even
within animals and vegetation where they colonize numerous sub-
strates and perform multiple functions (Cantrell et al., 2011). For ex-
ample, they occur in habitats ranging from the Antarctic (Kochkina
et al., 2012; Onofri et al., 2007) to salt flats to laminated organo-sedi-
mentary ecosystems termed microbial mats. They have even been re-
ported as epiphytes on unicellular or multi-celled plant hairs or tri-
chomes (Pereira-Carvalho et al., 2009), in deep-sea ecosystems (Le
Calvez et al., 2009; Nagano and Nagahama, 2012; Schumann et al.,
2004) and buried 100 m deep in abyssal mud (Biddle et al., 2005).
However, very little is known about the kinds of fungal spores that have
been deposited in marine settings, or whether the fungal spores were
transported to the sample location by rivers, oceanic currents, animals,
atmospheric circulation, or if they originate from oceanic sources (e.g.
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fish fungi). This makes determining the source of fungal spores found at
Site U1433 quite difficult.

Despite these issues, several factors allow us to confidently postulate
that the majority of the fungal spores recovered from the studied
marine sediments were brought there with the clastic sedimentary load
delivered by rivers and transported by oceanic currents to deeper ba-
sins. First, the studied core was recovered in > 2000 m of water, and
both the water and the constant influx of the sediment likely made it
difficult to support living fungi to grow or penetrate through the sedi-
ments. Second, in addition to the fungal study, we also analyzed the
sporopollen and dinoflagellate cysts from IODP Site U1433 and mea-
sured their concentrations and fluxes. The results show that variations
in the fungal spore abundance are similar to those of the terrigenous
sporopollenin, but different from the marine dinoflagellates (Miao
et al., 2017, submitted, International Journal of Coal Geology). We thus
postulate that most of the fungi originated from terrestrial sources and
not the marine realm. Furthermore, geochemical and mineralogical
records from Site U1433 also show that the sediment provenance
changed greatly at 8 Ma and that the maximum erosion of material
from the Mekong Basin occurred after 8 Ma (Liu et al., 2017), which
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correlates well with the fungal flux increase observed in our study.
Finally, we compared the fungal spores recovered at Site U1433 with
fungal spore morphologies described from the few detailed fungi stu-
dies available from this general area; i.e., a study of the Cenozoic of the
Qaidam Basin, Central Asia (Zhu et al., 1985), as well as with un-
published fungal spore identifications from late Cenozoic palynological
samples collected both from the Qaidam Basin and from the Yangtze
River delta (Miao et al., 2016a; Zhang et al., 2013). Almost all single-
and double-celled fungal spores are similar in both terrestrial sequences
and from Site U1433. Only rare multi-celled fungal spores have been
found in the terrestrial sediments. This is consistent with the idea that
most single- and double-celled fungal spores do indeed originate from
terrestrial sources. The source of the rare multi-celled fungal spores is
uncertain, but overall, the similarity between our record and land re-
cords indicates that the bulk of the fungal spores at Site U1433 has a
terrestrial provenance, as many of these species are commonly found
growing on leaves (M. Blackwell, Herbarium of Louisiana State Uni-
versity, personal communication, 2016). As a result, the trends of
fungal fluxes can be regarded as indicating a strengthened terrestrial
biomass input.

5.2. Increasing fluxes and paleoclimate

Fig. 8 shows an overall covariance between the total fungal spore
fluxes and sea-surface temperature (Zhang et al., 2014) as well as global
8'80 record (Zachos et al., 2008), potentially indicating that global
climate significantly controls fungal abundances through time. If this
was the case, two main climatic factors (temperature and moisture),
could have affected the abundance of spores. Modern ecological shifts
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Fig. 7. Diagrams showing fluxes of (a) single-
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in fungi in relation to changes in temperature, precipitation and
drought spells have been widely reported at spatiotemporal scales, in-
cluding changes in length and timing of the growing season (Parmesan
and Yohe, 2003; Walther, 2010). But unravelling the effects of climate
variation on fungal distribution and fruiting is a major current chal-
lenge because of the complexity of fruiting phenology (Boddy et al.,
2014), thus only large-scale trends are considered herein. For geolo-
gical time scales (e.g., tectonics), temperature extremes (too hot or too
cold) seem to be a major factor that can inhibit fungi from fruiting. It is
thus possible that the low fluxes in fungal spores in the deeper part of
the hole are a reflection of an interval known as the mid-Miocene Cli-
matic Optimum (MMCO; ca. 17-15Ma) (Flower and Kennett, 1994),
where high temperature could have prevented fungi survival and/or
reproduction. However, if this was strictly the case, fungal spores would
not be found during other times of extreme warmth, such as during the
Late Cretaceous, Paleocene-Eocene Thermal Maximum (PETM) or the
Eocene because the temperatures during these periods are all much
higher than during the MMCO (Mosbrugger et al., 2005; Zachos et al.,
2008). However, there are in fact many reports of fungal fossils from
those hyperthermal periods (e.g., Daghlian, 1978; Lange and Smith,
1975). Furthermore, the duration of low fungal fluxes at this site spans
from ~17 to 8 Ma, much longer than the interval of the MMCO. Con-
sequently, we discount temperature as the dominant control on fungal
distribution at this site.

It is well known that moisture is important for fungal reproduction.
Moisture inhibits activity when there is both too little and too much
(Boddy et al., 2014). The question here is whether the East Asian
summer monsoon played an important role in the abundance of fungal
spores. Sporopollen assemblages can provide some insights. For
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example, the sporopollen assemblage is indicative of a conifer-domi-
nated vegetation landscape in the arid Inner Asia (Miao et al., 2011,
2016a) and broadleaf-dominated forest in the semiarid Inner Asia (Hui
et al.,, 2011) during the MMCO. The vegetation then dwindled as a
result of global cooling (Miao et al., 2012). The percentages and spatial
and temporal distribution of a unique palynomorph, the humid-tolerant
Fupingopollenites, across Asia also support that the East Asian summer
monsoon during the MMCO resulted in increased precipitation, fol-
lowed by an important decrease during the mid-Miocene climatic
transition (Miao et al., 2016b). If temperature and precipitation were
the main control influencing fungal input, then fungal spores should
increase during the MMCO; however, the fungal fluxes are lowest
during this period.

In fact, for the event at ca. 8 Ma, some geochemical and miner-
alogical records from the South China Sea seem to show relatively
complex patterns, e.g., at IODP Site U1433, the East Asian summer
monsoon intensified after 8 Ma, reached a maximum at about 4 Ma, and
then decreased afterwards (Liu et al., 2017). In contrast, other studies
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Fig. 8. Correlations among (a) the total fungal
fluxes (dark green line: 3-point running meaning)
(this study), (b) total organic carbon (wt%) by
difference (CHNS-COUL) (Li et al., 2015), (c)

Global 878r,/%5Sr measured on bulk sediments (Liu et al.,
(f) 2017) from the Site U1433, (d) total pollen fluxes
from ODP Site 1143 (Luo and Sun, 2007), (e) the
sea surface temperature from ODP Site 806 in the
o Wwest Pacific Ocean (Zhang et al., 2014) and (f)
S global ice volume/temperature change (Zachos
< g et al., 2008, averaging every 11 values). The
‘a!; onset of Mekong River flux to the SW basin is
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use chemical weathering constraints and erosion records to favor a
strengthening as early as the early Miocene, ca. 23 Ma and a decrease in
strength after 8-10 Ma (Clift et al., 2008b; Wan et al., 2007; Steinke
et al., 2010). Pollen records from ODP Site 1143 are consistent with
increased moisture and potentially with enhanced monsoonal activity
since ca. 8 Ma (Luo and Sun, 2007), but whether this moisture is sea-
sonal and monsoonal or more tropical is not clear. Monsoon records
from the Himalaya and Loess Plateau (North China) indicate that the
East Asian summer monsoon has changed in its distribution throughout
the Neogene (An et al., 2001; Chen et al., 2007).

In summary, it is possible that the increased fungal flux signal at
8 Ma is coincident with a shift in regional climate after 8 Ma but ad-
ditional records are needed to verify this hypothesis.

5.3. Increasing fluxes and tectonics

Tectonic events in the South China Sea may have contributed to the
increased fungi flux trend seen in our record. Seafloor spreading in this
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basin was thought to have ended at 20.5 Ma (Barckhausen et al., 2014)
but the IODP drilling confirms younger estimates of a cessation around
17 to 15 Ma (Li et al., 2014, 2015). After the middle Miocene, tectonic
activity in the basin became relatively weaker until the uplift of the
Vietnamese Central Highlands and the extrusion of a thick basaltic se-
quence mostly after ~8 Ma (Carter et al., 2000; Cung et al., 1998). Such
weakening in tectonic activity is reflected by decreasing volumes of
lava emplacement (Hoang and Flower, 1998; Wang et al., 2001). At the
same time tectonics drove long-term uplift and widening of the Tibetan
Plateau, in the region where the headwaters of the Mekong River lie.
Accelerated clastic sedimentary rates after 9.5 Ma indicate that Site
U1433 received increasing amount of terrestrial sedimentary materials
after that time, which is a trend opposite to that seen in the Pearl and
Red River systems (Clift, 2006). Based on the 87Sr/%%Sr (Fig. 8c) as well
as other mineral and geochemical proxies, prior to 8 Ma the possible
sources are complex (Liu et al., 2017), probably representing a mix
from Indochina, the Dangerous Grounds and Palawan, but it seems
clear that the Mekong Basin became the main contributor after 8 Ma,
synchronous with the increasing trend in fungal fluxes. Therefore, we
postulate that tectonics must have played a key role on the fungal
distribution at Site U1433 through changes in the drainage system and
associated sediment flux and fungal load.

5.4. Increasing fluxes and diagenesis

Sediments deposited in the marine realm can be rich in organic
matter, as a result of the presence of various microfossils (e.g., fungi
spores, algal cysts, spores and pollen), amorphous matter and resin
(Thomas et al., 2015). Fig. 8b shows that the total organic carbon
content decreases slightly in the upper ca. 1 Ma, which would be con-
sistent with organic matter diagenesis (Li et al., 2015). Before ca.
2.1 Ma, total organic carbon is more variable, with a peak of over 7 wt
% at ca. 3.37 Ma) (Li et al., 2015). Samples from these intervals are
from carbonate turbidite deposits thought to have been derived from
shallow-water locations south of Site U1433 (Li et al., 2015), i.e., within
the Dangerous Grounds or Reed Bank.

If diagenesis and flux of carbonate turbidite deposits influenced the
total organic carbon composition, then fungal spores could have been
affected as well. It is indeed possible that the slow sedimentation prior
to ~10 Ma would have provided the chance for spores to be oxidized
and broken down prior to burial, potentially explaining their low
abundance in the oldest sediments. Thus, we considered the fact that
diagenesis could have affected our record in that portion of the cored
interval, but the pollen, spores, and dinoflagellate cysts are well pre-
served throughout and there is no evidence that diagenesis played a
significant role at these levels. Furthermore, we note that the low total
fungal spore fluxes at depth contrasts with the high total organic carbon
content found in the 12-10 Ma interval (Fig. 8b). However, we do re-
cognize that the dramatic reduction in fungal abundance in sediments
older than 8 Ma, rather than showing a more gradual reduction linked
to age or burial depth, does call into question the importance of diag-
enesis.

5.5. Mekong River evolution

Overall, the most striking event based on the fungal spore record,
and paralleled by clastic sedimentation, as well as geochemical and
mineralogical provenance proxies (Liu et al., 2017), is the strong in-
crease visible in fungal spores in sediments younger than ca. 8 Ma. In
addition to higher fluxes, species concentrations and diversity are also
higher after that time. We propose that the onset of Mekong River
drainage into this portion of the South China Sea, driven by tectonic
activity, is the leading factor behind this fungal spore record. Because
the most likely change in climate is to a weaker summer monsoon after
~ 8 Ma, this is unlikely to have caused more fungal growth in any case.

Based on geochemical and mineralogical provenance data, Liu et al.
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(2017) argued that most of the sediments deposited at Site U1433 since
8 Ma were derived from the Mekong River, with lesser input from other
small rivers draining coastal Vietnam, including the Central Highlands
(Fig. 8c). Regional sediment budgets for this area (Luo and Sun, 2007;
Clift, 2006; Ding et al., 2016) show a sharp increase in sedimentation
rates at around this time, consistent with the Mekong either initiating
or moving its mouth to the present location. Seismic evidence shows
that major delta clinoforms have prograded across the modern shelf,
starting close to the start of the Pliocene (~5 Ma; Murray and Dorobek,
2004; Li et al., 2013). Although this is somewhat later than the jump in
flux described here we envisage that the river mouth initiated earlier
further north and subsequently prograded to the shelf edge over time.

Another supporting line of evidence comes from the palynological
record from ODP Site 1143. A dramatic increase in pollen fluxes is seen
at that site at ca. 8 Ma (Fig. 8d). In their paper, Luo and Sun (2007)
ascribed this event to tectonic deformation occurring around the
southern South China Sea. They imply that tectonic activity onshore
resulted in the rapid uplift of surrounding islands, mostly Borneo, as
well as the Central Highlands of Vietnam, which would explain the
higher fluxes of pollen. Certainly uplift of the Central Highlands would
also have resulted in intensified fluvial run-off and a possible increase
in sporopollen fluxes.

The increase in fungal spore fluxes at 8 Ma can be explained by
higher Mekong River discharge into the South China Sea basin at that
time, with the majority of the fungal spores originating from the
landmass of central Indochina, rather than the headwaters on the
Tibetan Plateau.

Why the Mekong River switched location at ~8 Ma is not clear.
There is not much evidence for a significant uplift event in the head-
waters, although the rising of the Central Highlands of Vietnam during
the eruption of flood basalts around 8 Ma (Carter et al., 2000) may have
played a role in displacing the river mouth to its present location.

6. Conclusion

Here we present a 17 million year fungal spore record deposited in
the South China Sea and sampled at IODP Site U1433. About thirty
types of fungal spores morphological groups were identified and di-
vided into three basic morphological assemblages (single-celled,
double-celled, and multi-celled spores). The distribution of the spores
has been analyzed for possible relationships with paleoenvironmental
changes in the region. Although the increase in fungal spore fluxes was
likely affected by tectonics, the major increase seen at ca. 8 Ma likely
primarily reflects the onset of the Mekong River in its present location,
with lesser direct influence from an uplifting Central Highlands of
Vietnam and diagenesis. The Mekong River is believed to have become
the primary source of sediments to the southern South China Sea basin
at that time. A weaker monsoon after 8 Ma is unlikely to have caused
higher fungal production and fluxes.
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