Global and Planetary Change 194 (2020) 103293

Contents lists available at ScienceDirect

Global and Planetary Change

journal homepage: www.elsevier.com/locate/gloplacha

Sharp changes in plant diversity and plant-herbivore interactions during the = M)

Check for

Eocene-Oligocene transition on the southeastern Qinghai-Tibetan Plateau %

Weiyudong Deng™", Tao Su™"", Torsten Wappler’, Jia Liu™", Shufeng Li*", Jian Huang™",
He Tang™"™, Shook Ling Low™", Tengxiang Wang™"™‘, He Xu®, Xiaoting Xu™", Ping Liu",
Zhekun Zhou™"™"

2 CAS Key Laboratory of Tropical Forest Ecology, Xishuangbanna Tropical Botanical Garden, Chinese Acadenty of Sciences, Mengla 666303, Yunnan, China
b Center of Plant Ecology, Core Botanical Gardens, Chinese Academy of Sciences, Mengla 666303, Yunnan, China

¢ University of Chinese Academy of Sciences, Beijing 100049, China

d Hessisches Landesmuseum Darmstadt, Darmstadt 64283, Germany

€ Institute of Geology and Paleontology, Linyi University, Linyi 276000, Shandong, China

ARTICLE INFO ABSTRACT

Herbivore damage patterns on fossil leaves are essential to explore the evolution of plant-herbivore interactions
under paleoenvironmental changes and to better understand the evolutionary history of terrestrial ecosystems.
The Eocene-Oligocene transition (EOT) is a period of dramatic paleoclimate changes that significantly impacted
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gpﬁﬁ global ecosystems; however, the influences on plant-herbivore interactions during this period are largely un-
OLI)F ene known. We identified taxonomic composition of the flora, and investigated well-preserved herbivore damage on
1gocene

fossil leaves from two layers of the Lawula Formation in Markam County, southeastern Qinghai-Tibetan Plateau
(QTP), China. Besides, paleoclimate conditions were reconstructed using fossil plant assemblages. The plant
assemblage from the latest Eocene layer (MK-3, ~34.6 Ma) was dominated by Fagaceae and Betulaceae, whereas
Rosaceae and Salicaceae were the most abundant in the earliest Oligocene layer (MK-1, ~33.4 Ma). In MK-3, 932
out of 2428 fossil leaves were damaged and presented 41 damage types (DTs). The richest functional feeding
groups (FFGs) in this layer were hole feeding, margin feeding, and galling. In MK-1, 144 out of 599 leaves were
damaged and presented 20 DTs, with the major FFGs being hole feeding, margin feeding, and skeletonization.
Generally, MK-3 had a significantly higher damage frequency (DF) and more DTs compared to MK-1. The decline
in temperature, accompanied by the mountain uplift during the EOT on the QTP margin, led to changes in plant
composition, with a consequent decrease in herbivory quantity and diversity. Our results shed new light on the
influence of paleoenvironmental changes in shaping the evolution of biodiversity as well as the ecosystem on the
plateau.

Climate change

1. Introduction plant-herbivore interactions, there is a growing number of studies fo-

cusing not only on present ecosystems (Zvereva and Kozlov, 2006;

Herbivore damage patterns, caused by feeding, nesting and other
behaviors, are the main parameters for tracing the relationships be-
tween herbivores and plants (Schoonhoven et al., 2005). Most of these
relationships are linked to nutrient consumption and are vital to all
terrestrial ecosystems; they account for more than 75% of the world-
wide nutrient webs, making them key factors for the stabilization of the
biosphere (Price, 2002). Currently, changes in global temperatures pose
a significant threat to terrestrial ecosystems. Against this background,
and considering the increasing interest in the influences on global

Massad and Dyer, 2010), but also on these issues in the geological past.

Damage frequency (DF) and damage types (DTs) are two commonly
used indices to describe plant-herbivore interactions which can reflect
herbivore quantity, consumption, and diversity (Schachat et al., 2018,
2020). Many factors could contribute to the plant-herbivore interac-
tions. Generally, they are shaped by the mixture influence of different
factors such as temperature, carbon dioxide, precipitation (Zvereva and
Kozlov, 2006; Loughnan and Williams, 2018), and elevational gradients
(Adroit et al., 2018; Sohn et al., 2019; Sam et al., 2020). The regional
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differences in climatic factors are the major drivers of the global di-
versification of DF and DTs (Adams et al., 2010, 2011), as they directly
influence both plants and herbivores in an ecosystem (Bale et al., 2002;
Blois et al., 2013). These climatic factors form the global patterns of
herbivore quantity, consumption, and diversity (Tylianakis et al.,
2008).

Herbivore-damaged plant fossils extensively reported from fossil
floras in Europe and North America, proved to be efficient to trace
herbivore richness in response to paleoenvironmental changes in an-
cient terrestrial ecosystems (Wappler et al., 2009, 2012; Carvalho et al.,
2014). Because in most cases only few herbivore fossils could be found
together with a fossil leaf assemblage, investigations of insect damage
on plant fossils provide opportunities for the understanding of herbi-
vore activities under paleoenvironmental changes in the geological
past. For instances, damage patterns were used to trace the influence of
paleoclimate changes on herbivores during significant environmental
events, such as the Paleocene/early Eocene global warming (Wilf and
Labandeira, 1999), the Miocene regional cooling in South Korea (Paik
et al., 2012), and the Quaternary climate fluctuations in southwestern
China (Su et al., 2015).

The Eocene-Oligocene transition (EOT) is an important time in-
terval in the Cenozoic, when the global climate shifted from the
‘greenhouse’ to the ‘icehouse’ (Zachos et al., 2001; Katz et al., 2008).
Evidence from isotope, weathering, sea retreat, and tectonic movement
revealed that the Earth had encountered a temperature drop within a
short geological time (Allen and Armstrong, 2008; Liu et al., 2009;
Basak and Martin, 2013). Under such events, dramatic flora and fauna
turnovers occurred in different continents (Meng and McKenna, 1998;
Hooker et al., 2004; Sun et al., 2014), but evidence from the Asian flora
(Fig. 1A) is still far from sufficient (Dupont-Nivet et al., 2008; Abels
et al., 2011). The effects of these paleoenvironmental changes on plant-
herbivore interactions in this large region are still poorly understood.

This study provides comprehensive evidence of plant-herbivore in-
teractions during the EOT on the Qinghai-Tibetan Plateau (QTP) by
incorporating two leaf assemblages from the Markam Basin in the
southeastern margin of the QTP that existed within a short period of the
EOT. The objectives of this study are to understand the pattern of plant-
herbivore interactions under different plant diversity conditions within
the same site, and to demonstrate how the EOT climate change and the
QTP marginal uplift influenced contemporaneous plant-herbivore in-
teractions, which could provide important evidence for the evolu-
tionary history of the terrestrial ecosystem on the plateau.

2. Materials and methods
2.1. Geological setting

The Markam Basin (29°45’N; 98°25’E; Fig. 1A) is located on the
southeastern margin of the QTP. The bottom section of the basin con-
sists of Cretaceous deposits of calcareous brick-red quartz sandstones,
calcareous siltstones, and mudstones interbedded with gypsum. The
upper part is the Eocene-Oligocene Lawula Formation composed of
conglomerates, pebbly sandstones, mudstones and volcanic rocks
(Fig. 1B). The geological background has been described in detail in Su
et al. (2019b).

Fossils were collected from the Lawula Formation in Kajun Village,
which is about 16 km northwest of the Gatuo Town, Markam County.
There are four plant fossil assemblages, namely MK-1 to MK-4, in the
Lawula Formation (Fig. 1B); plant fossils are the most abundant in MK-
1 and MK-3. The ages of MK-1 (33.4 * 0.6 Ma) and MK-3
(34.6 = 0.8 Ma) have been radiometrically dated by “OAr/%°Ar ana-
lysis (Su et al., 2019b). In total, 599 leaf specimens were collected from
MK-1, and 2428 fossil leaf specimens were collected from MK-3. For
this flora, some species have previously been reported, i.e., Equisetum
oppositum H. J. Ma, T. Su et S. T. Zhang (Ma et al., 2012), Elaeagnus
tibetensis T. Su et Z. K. Zhou (Su et al., 2014), Quercus tibetensis H. Xu, T.
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Su et Z. K. Zhou (Xu et al., 2016), Alnus cf. ferdinandi-coburgii C. K.
Schneid (Xu et al., 2019), Tsuga cf. dumosa (Don) Eichler (Wu et al.,
2019), and Berchamniphyllum junrongii Z. K. Zhou, T. X. Wang et J.
Huang (Zhou et al., 2020).

2.2. Sampling and fossil identification

All leaf fossils in this study were digitalized using a Nikon D700.
After this standardized treatment, we created a leaf specimen dataset of
the Markam flora. All fossils were deposited in Paleoecology
Collections, Xishuangbanna Tropical Botanical Garden (XTBG), Chinese
Academy of Sciences.

Identification of MK-1 and MK-3 leaf assemblages was partly based
on previous studies, combined with referring to contemporary floras of
the Northern Hemisphere (Berry, 1916; Manchester, 2001), and
modern specimens from herbaria of Kunming Institute of Botany (KUN)
and Xishuangbanna Tropical Botanical Garden (HITBC). In this study,
except for the taxonomically identified specimens, fossil leaves with
similar features such as leaf shape, venation, and leaf margin were as-
signed to the same morphotype. Plant reproductive organs, including
tubers, inflorescences, and cones, were also identified for re-
constructing paleoclimate (Table 1).

2.3. Identification of damage types

Examination of plant-herbivore interactions followed the ‘Guide to
Insect (and other) Damage Types on Compressed Plant Fossils’
(Labandeira et al., 2007), which assigns damage morphologies of fossil
leaves to different types (DTs) with detailed morphological descrip-
tions, and uses functional feeding groups (FFGs) to determine different
functional types of DTs. The DTs on the fossil leaves were examined
using a Leica S8APO stereoscope and photographed using a Leica
DFC295 digital microscope in the laboratory of the Paleoecology Re-
search Group (PRG), XTBG. All FFGs and DTs on each leaf were com-
piled in one dataset.

2.4. Data analyses

Rarefaction models of the EstimateS (v. 9.0) software and the iNEXT
(v. 2.0.20) package in R (v. 3.6.2) were used to quantitatively analyze
data of samples collected from two different layers (Colwell et al., 2012;
Chao et al., 2014). We also applied the rarefaction method developed
by Gunkel and Wappler (2015) to eliminate the sampling size bias
(constrained in the level of 600 samples).

The paleoclimate reconstructions using leaf assemblages from the
Markam Basin are based on Leaf Margin Analysis (LMA) and the
Coexistence Approach (CA). The LMA is estimated by a model with
single linear regression method, based on 50 modern samples in China
(Su et al., 2010). The CA is based on the assumption that fossil taxa had
climate requirements similar to those of their nearest living relatives
(Mosbrugger and Utescher, 1997). For CA, the spatial distribution of
each taxon was retrieved from the GBIF (Global Biodiversity Informa-
tion Facility, https://www.gbif.org), and the climate indices were
downloaded from the WorldClim (http://www.worldclim.org). All on-
line data were downloaded from Sept. 1, 2019 to Nov. 30, 2019.

3. Results
3.1. Plant components and paleoclimate

The plant assemblage consisted of 16 families, 23 genera, and 28
species in MK-1, while in MK-3, 27 families, 40 genera, and 54 species
were identified (Table 1; Fig. 2; Plates S1, S2A, and S2B). The rar-
efaction analysis results indicate a higher plant diversity present in MK-
3, regardless of the actual specimen numbers of entire fossil assem-
blages, or constrained sampling size numbers to the same level
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Fig. 1. (A) The Qinghai-Tibetan Plateau and the fossil localities which indicated the Eocene-Oligocene boundary in previous studies. The star marks the location of
the Markam floras. The triangle represents the sections in the Xining Basin and the Junggar Basin in China. The rectangle represents sections in the Tsagaan Nur Basin
and Taatsyn Gol in Mongolia. (B) Stratigraphic sections of the Lawula Formation and the fossiliferous layers in this study. Stars with numbers mark different plant-
bearing layers. (C) Drone photo of the two fossil sites. (D) Fossil site of MK-1. (E) Fossil site of MK-3.
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Table 1
Species list of MK-1 and MK-3 floristic assemblages, including all published and

Global and Planetary Change 194 (2020) 103293

Table 1 (continued)

unpublished (with sp.) taxa. Families Species Organs MK-1 MK-3
Families Species Organs MK-1 MK-3 Theaceae Stewartia sp. Leaf - 3
Camellia sp. Leaf - 3
Equisetaceae Equisetum oppositum Ma, Su  Tuber 37 - Ericaceae Rhododendron sp.1 Leaf - 6
et Zhang Rhododendron sp.2 17
Pinaceae Pinus sp. Leaf 5 35 Acanthaceae Avicennia sp.? Leaf - 3
Cone - 9 Aquifoliaceae Ilex sp. Leaf - 1
Inflorescence - 31 Adoxaceae Viburnum sp. Leaf - 1
Seed - 36
Picea sp. Leaf 4 14 (Others) Morphotype MK-1-1 Leaf 17 -
Tsuga sp. Cone - 4 Morphotype MK-1-2 Leaf 2 -
Abies sp. Cone - 3 Morphotype MK-1-3 Leaf 3 -
Cupressaceae Chamaecyparis sp. Needle - 18 Morphotype MK-1-4 Leaf 1 -
Lauraceae Lindera sp. Leaf - 2 Morphotype MK-1-5 Leaf 3 -
Nelumbonaceae Nelumbo sp. (cf. N. Leaf - 1 Morphotype MK-1-6 Leaf 1 -
nucifera)? Morphotype MK-1-7 Leaf 2 -
(monocots) (Monocotyledon) Leaf 37 - Morphotype MK-3-1 Leaf - 6
Cercidiphyllaceae  Cercidiphyllum sp.? Leaf - 4 Morphotype MK-3-2 Leaf - 3
Rosaceae Rubus sp. Leaf - 1 Morphotype MK-3-3 Leaf - 2
Rosa sp.1 Leaf 27 - Morphotype MK-3-4 Leaf - 2
Rosa sp.2 Leaf - 4 Morphotype MK-3-5 Leaf - 1
Rosa sp.3 Leaf - 18 Morphotype MK-3-6 Leaf - 1
Cercocarpus sp. (cf. C. Leaf 19 - Morphotype MK-3-7 Leaf - 1
henricksonii) Morphotype MK-3-8 Leaf - 1
Cercocarpus sp.2 Leaf - 1
Spiraea sp. (cf. S. betulifolia)  Leaf 34 - (Others) (Not identified) Leaf 188 242
Spiraea sp.2 Leaf 88 - (Other organs) 2 98
Pyracantha sp. Leaf 15 -
Photinia sp. Leaf - 2 (Total) (Specimens) 690 2684
Cotoneaster sp.1 Leaf 3
Cotoneaster sp.2 Leaf 11 -
Cotoneaster sp.3 Leaf 7 -
Sorbus sp. Leaf 16 -
Elaeagnaceae Elaeagnus tibetensis T. Su et~ Leaf - 17 .
7. K. Zhou (Figs. 3B, 4A).
Rhamnaceae Berhamniphyllum junrongiae ~ Leaf - 2 Of the gymnosperms, species in the families Pinaceae and
Z. K. Zhou, T. X. Wang et J. Cupressaceae were more abundant in MK-3 than in MK-1. Some genera,
Huang . . .
such as Abies, Tsuga, and Chamaecyparis, were only found in the MK-3
Urticaceae Orecnide sp. Leaf 26 » 1Sugd, yparts, y .
Fagaceae Lithocapus sp. Leaf _ assemblage (Plates S1, S2A). The preserved plant reproductive organs
Castanopsis tibetensis T. Su et~ Leaf - 1 in MK-3, including cones, inflorescences, and seeds, were diverse, but
Z. X. Zhou none of them were found in MK-1.
Castanopsis sp.1 Leaf - 4 Statistical analyses on angiosperms show that the most dominant
Castanopsis sp.2 Leaf - 1 lant t in MK-3 F (52.98% inl 1 t
Quercus tibetensis H. Xu, T.  Leaf B 1324 plan axa. in MK-3 were Fagaceae .98%, mainly eflergreen elements
Su et Z.K. Zhou such as Lithocarpus, Quercus subgenus Cyclobalanopsis) and Betulaceae
Quercus sp.1 Leaf 1 (19.71%, mainly Alnus and Betula); Rosa and Salix only accounted for
Cone - 1 0.82% and 0.63%, respectively. In MK-1, the dominant taxa were
gzz:zi gé t:é 24 Rosaceae (32.03%, mainly Rosa) and Salicaceae (16.67%, mainly Salix),
Quercus sp. (cf. Q. Leaf 14 29 whereas Quercus and Betula accounted for 2.17% and 0.29%, respec-
preguyavaefolia) tively. Apart from these dominant families (or genera), some of the
Juglandaceae Juglans sp. Leaf - 4 genera which were less abundant in MK-3, such as Acer and Alnus, were
Betulaceae 2;"”5 SP-; ¢ A fordinandi ]]:eai 8 ;5 rare in MK-1 (Table 1). There was only one Acer fruit in MK-1 (Plate S1:
nus sp.2 (cf. A. ferdinandi- — Lea - g21), and no Acer leaves were found. Other genera, including Lindera,
coburgii C. K. Schneid.) i A
Inflorescence  — 6 Elaeagnus, Berhamniphyllum, and Populus, were not found in MK-1
Betula sp. Leaf 2 - (Plates S2A and S2B: e07, i16, j17, 031), and there were only seven
Betula sp. (cf. B. alnoides) Leaf - 484 genera co-occurring in both MK-3 and MK-1. This result indicates a
) Inflorescence - ! tremendous floristic change from MK-3 to MK-1, where the dominant
Carpinus sp. Leaf - . bl b 1 bund . th bl
Salicaceae Salix sp. (cf. S. cardiophylla)  Leaf 109 - ta).(a in one assemblage became less abundant in another assemblage
Salix sp.1 - 4 (Fig. 2).
Salix sp.2 - 10 According to paleoclimate reconstructions from three different
Z“:}" SP'i Lea ; 3 models, the mean annual temperature (MAT) was higher in MK-3,
e sp- Ir?gorescence 1 - where the upper limit values were all above 15 °C. In contrast, the MAT
Populus sp. Leaf _ 65 below 15 °C was obtained from MK-1 by most of the reconstruction
Anacardiaceae Cotinus sp. Leaf methods (Table 2). The current MAT of the Markam region is estimated
Sapindaceae Acer sp. (cf. A. subpictum) Leaf - 12 to be about 4.4 °C (WorldClim, http://www.worldclim.org), which
. Fruit - implies a much lower MAT than the reconstruction results for both MK-
Acer sp. (cf. A. paxii) Leaf - 6 d h . lts sh h h .
Acer sp.1 Leaf _ 2% 1 and MK-3. The precipitation results show that the decrease in mean
Acer sp.2 Leaf - 1 annual precipitation (MAP), concurrently with the decrease in wettest
Acer sp.3 Fruit 1 3 month precipitation (MPWET) was encountered from MK-3 to MK-1

(Table 2).
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Fig. 2. Plant component comparison between MK-1 and MK-3. Different colors represent different families. The parts outstanding from the pie charts with per-

centages represent the dominant plant families in each assemblage.

3.2. Plant-herbivore interactions

A total of seven FFGs, namely hole feeding, margin feeding, skele-
tonization, surface feeding, piercing, mining, and galling (Fig. 5) were
observed from the fossil leaf assemblages of MK-1 and MK-3. Due to the
fundamental change of the floristic components from MK-3 to MK-1, the
damage patterns of these two layers could not be comparable at genera
or species levels. Regardless of this, the total damage frequency de-
creased from MK-3 (38.39%) to MK-1 (24.04%), and there are more
individual leaves in MK-3 with more than two distinct DTs were present
(Fig. 3A). Of the dominant families, Fagaceae and Betulaceae in MK-3
had a higher percentage of damaged leaves compared to Rosaceae and
Salicaceae in MK-1.

Among the FFGs, hole feeding accounted for the largest functional
feeding groups in both MK-1 and MK-3, followed by margin feeding
(4.67%) and skeletonization (3.34%) in MK-1; whereas margin feeding
(8.14%) and galling (4.16%) were relatively common FFGs in MK-3.
Other FFGs that were commonly observed in MK-3 such as galling, were
rare and only accounted for approximately 1% in MK-1. Apart from
this, three FFGs including surface feeding, mining, and piercing, al-
though not remarkable in MK-3, were not observed in MK-1 (Fig. 3A).

Based on standard rarefaction, the sample sizes were sufficient to
represent herbivore damage of both MK-1 and MK-3 leaf assemblages.
The result from the constrained analysis shows that in both generalized
and specific FFGs, DTs were higher in MK-3 than in MK-1 (Figs. 3C,
4B-F), which might suggest higher herbivore diversity in MK-3 than in
MK-1.

Table 2

4. Discussion

4.1. Plant diversity changes during the Eocene—Oligocene transition (EOT)
on the southeastern Qinghai-Tibetan Plateau (QTP)

Paleoenvironmental changes during the EOT have contributed to a
series of global biotic reorganization (Prothero, 1994; Xiao et al., 2010).
Based on terrestrial faunal turnover, the extinction of Eurasian endemic
mammals, such as the ‘Grande Coupure’ (Stehlin, 1909), was associated
with climate deterioration by shifting to a drier climatic condition.
Other biotic reorganizations involved molluscs (Hansen, 1987), otoliths
(Ivany et al., 2000), and global vegetation (Pound and Salzmann,
2017). Changes in plant diversity during the EOT included the shift of
evergreen forests to tundra in Antarctica (Thorn and DeConto, 2006),
whereas the slow decline of plant diversity in Oregon implies the
shifting of tropical floras to grassland at that time (Retallack, 2001). In
China, multidisciplinary studies documented biotic turnover synchro-
nously with climate change in the Junggar Basin (Northwestern China),
where vegetation was changed from warm-temperate to dry-temperate
climate forest with evidence from palynological investigation (Sun
et al., 2014). Our study provides the first macrofossil evidence for plant
diversity changes during the EOT in China.

Plant fossil assemblages from two layers in the Markam Basin sug-
gest a sharp change in plant diversity during the EOT. Accordingly, the
vegetation changed from a subtropical forest to alpine shrubland. The
high species turnover is evidenced by the species richness: 27 families,
dominated by Fagaceae and Betulaceae, in MK-3, compared to the 16
families of mainly Rosaceae and Salicaceae in MK-1 (Table 1). More-
over, there are mainly subtropical elements such as Lauraceae, Ju-
glandaceae, and Elaeagnaceae in MK-3, and leaf sizes of most species in

Paleoclimatic variables estimated for the plant fossil assemblages MK-1 and MK-3. MAT1 (10°grid, CA); MAT2 (CLAMP, Su et al., 2019b); MAT3 (LMA); MTWM
(mean temperature of the coldest month, CA); MTCM (mean temperature of the warmest month, CA); MAP (mean annual precipitation, CA); MPDRY (mean
precipitation of the driest month, CA); MPWET (mean precipitation of the wettest month, CA).

MAT1 MAT2 MAT3 MTWM MTCM MAP MPDRY (mm) MPWET (mm)
QY] QY] Q) QY] QY] (mm)
MK-1 5.4-15.3 16.4 = 2.3 104 = 2.8 11.3-25.9 (-7.8)-7.8 357.8-1233.8 1-55.3 80.2-270.5
MK-3 7.2-17.6 17.8 = 2.3 15.7 = 2.4 14.2-29.5 (-3.4)-7.6 895.2-2195 10-55.3 145.2-435
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Fig. 3. (A) Histogram showing the percentages of different functional feeding groups occurs on fossil leaves; pie charts illustrate the percentages of leaves, other
fossils, and the numbers of different damage types onto leaves. (B) Rarefaction curve of species diversity, including all the specimens sampled in the layer. (C)
Rarefaction curve of damage type diversity, including all the specimens sampled in the layer.
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Fig. 4. Rarefaction curves of different index comparisons between MK-1 and MK-3, resampled to 600 leaves.

MK-3 were obviously larger than those in MK-1. The floristic compo-
nents of the MK-1 assemblage mainly comprised Rosaceae, Salicaceae
and other deciduous taxa with small leaves, indicating the presence of
alpine shrubs.

Plant assemblage MK-3 is comparable to the fossil flora from the
Jianchuan Basin in northwestern Yunnan, which is also dominated by
Fagaceae (Tao, 2000). This megaflora was previously regarded as the
Miocene in age (Tao, 2000). Recently, the plant-bearing Shuanghe
Formation has been dated back to the late Eocene (~35 Ma) (Gourbet

et al., 2017). However, regarding the floristic assemblage of MK-1, it is
not comparable to the early Oligocene Liihe flora (~32 Ma) from south-
central Yunnan, which was dominated by Betulaceae (Linnemann et al.,
2018). Therefore, the spatial differentiation of floristic components in
southeastern margin of the QTP indicates that the EOT is an important
period in shaping the regional division of plant diversity; this trend has
also been observed in other places (Dupont-Nivet et al., 2008; Sun et al.,
2014).
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Fig. 5. Morphologies of some functional feeding groups. (A, B) Leaf galling from MK-3 (Quercus tibetensis). (A) shows a wide rim of thick tissue (DT11), and (B) with a
core surrounded by outer rim (DT49, c. = core, r. = rim). (C) Hole feeding from MK-1 (Rosa sp.). (D) Hole feeding from MK-3 (Alnus sp.). (E, F) Skeletonization from
MK-1 (Salix sp.) and MK-3 (SalixSsp.), with or without the well-developed reaction rim (DT17, DT16). (G)4725 Mining from MK-3 (Q. tibetensis), undefined,
along the second vein with frass filled (f. = frass). (H, I) Margin feeding from MK-1 (Spiraea sp.) and MK- 3 (Q. tibetensis), less than 180 degrees of arc (DT12). (J)
Non-herbivore physical damages.
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4.2. Paleoclimate change during the EOT on the southeastern QTP

Currently, our understanding of the paleoenvironmental conditions
on the QTP is still far from being sufficient, because different parts of
the QTP experienced asynchronous uplift (Su et al., 2019a; Valdes et al.,
2019). The Markam Basin, located at southeastern marginal part of the
QTP, experienced dramatic paleoclimatic changes during the EOT.
According to this study, using LMA, the MAT in MK-3 and MK-1 were
15.7 °C and 10.4 °C, respectively, which is further supported by results
based on the CA (Table 2). Therefore, the climatic condition during the
late Eocene must have been largely different from that presently oc-
curring in the southeastern margin of the QTP. This is in agreement
with a recent study from the Jianchuan Basin (Gourbet et al., 2017).
Specifically, Sorrel et al. (2017) suggested a wet and even tropical cli-
mate during ~35.5 Ma in the Jianchuan Basin via sedimentological
data. Both pieces of evidence are consistent with the global climate
condition at that time (Zachos et al., 2001). However, the climatic
conditions of different parts on the plateau were not the same, and a
palynological study from the Xining Basin in northern QTP proved an
aridification trend during the late Eocene (Licht et al., 2014).

Via CA, the early Oligocene floristic assemblage MK-1 indicates a
sharp temperature decline, with a MAT 1.8-2.3 °C lower than that of
the MK-3. This might be due to both global cooling as well as the uplift
of southeastern margin of the QTP, because the global climate change
could not fully explain such dramatic temperature decline, the early
Oligocene Liihe flora showed a much warmer climate than that in
Markam at the same time (Linnemann et al., 2018). On the other hand,
the latest paleobotanical evidence with calibrated “°Ar/°Ar ages sug-
gests that the mountain in the Markam Basin was uplifted from
~2800 m (MK-3) to ~3800 m (MK-1) within ~1 million years, almost
reaching its present elevation (Su et al., 2019b). It should be mentioned
that the climate change during the EOT could not be only represented
by the changes in temperature, but also by a decrease in precipitation
(Table 2). More paleoclimatic studies with different proxies are needed
in future to better understand the paleoclimate history in this region.

4.3. Plant-herbivore interactions in response to paleoenvironmental changes

Increasing paleontological evidence on the QTP has improved our
understanding of the plateau formation as well as the evolutionary
history of biodiversity in this large region (Dupont-Nivet et al., 2008;
Deng et al., 2011; Wu et al., 2017; Su et al., 2019b; Deng et al., 2020).
As mentioned above, the significant changes in floristic assemblages
occurred simultaneously with the sharp decrease in temperature during
the EOT in southeastern margin of the QTP. However, as the most
important biotic relationships in terrestrial ecosystems, reports of fossil
plant-herbivore interactions are limited in this region. Therefore, this
study provides solid evidence that paleoenvironmental changes shaped
plant-herbivore interactions during the EOT on the plateau.

Concurrent with the sharp replacement of host plants, the obligate
parasites were faced with huge pressures. Galling and mining decreased
or even disappeared as a result of changed host types (Fig. 3). The total
DF and DTs changes are remarkable. Overall, 21 DTs, representing
different values of host specificity, were lost from MK-3 to MK-1. This
reflects the diversity decrease of both general and specific herbivores.
The approximately 15% decrease in DF indicates lower herbivore
quantities and leaf consumption after the EOT. Most of the DTs are
mainly determined by the mouthpart and the behavior of herbivores
(Labandeira, 1997, 2019; Chapman and Chapman, 1998). Of the fossil
leaves in MK-3, specific mining indicates consumers of likely Lepi-
doptera miners, which are commonly documented on extant Fagaceae
leaves (Bultman and Faeth, 1986; Boecklen and Spellenberg, 1990).
Because number of damage types is good indicator of herbivore di-
versity (Carvalho et al., 2014), the shrinkage or absent of these DTs in
MK-1, might imply the diminution or extinction of some typical host
herbivores from this region.
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Changes in plant-herbivore interactions likely correlate with the
regional climate changes, where temperature fluctuations contribute to
changes in herbivore DF and DTs. In concordant to the temperature
drops in the Markam Basin, the DF and DTs from the middle elevational
(~2800 m) subtropical region of MK-3 showed higher index values than
those obtained from the high-elevation (~3800 m) shrubland region of
MK-1. This indicates that temperature change is vital in manipulating
plant-herbivore interactions, where the higher diversity of DTs and DF
is driven by the temperature rise. A similar finding was obtained from
modern sampling studies revealing that the DF and DTs increased from
subtropical to tropical regions (Adams et al., 2010; Roslin et al., 2017).
The same behavior trend of insect herbivory has been reported for the
Paleocene-Eocene Thermal Maximum (PETM, 55.8 Ma) (Currano et al.,
2008; Wappler et al., 2012; Pinheiro et al., 2016). Synchronous DF and
DTs changes have been observed accompanying by climatic changes
before the Oligocene-Miocene transition (OMT) in Germany (Wappler,
2010). Compared to these fossil sites, the damage diversity in each
plant family from both MK-1 and MK-3 is lower probably due to the
herbivory and plant evolution. However, the proportion of damaged
leaves in the two assemblages is higher than the OMT sites, which is
congruent with the higher temperature in the EOT (Zachos et al., 2001).

Regardless of the specific precipitation-sensitive herbivores and
plants groups, the changes in vegetation types and leaf sizes are evi-
dence for a precipitation decrease from MK-3 to MK-1 (Wright et al.,
2017). Some herbivory interactions such as galling, can also be used to
trace changes in humidity (Fernandes and Price, 1992; Adroit et al.,
2016). However, these methods to trace humidity changes require DF
and DTs comparison within same plant species, and their corresponding
herbivores are impossible to apply in the Markam flora due to funda-
mental changes in the entire fossil flora. The pattern in this study is also
significantly different from the relatively stable plant-herbivore inter-
actions in evergreen sclerophyllous oak forests of southeastern margin
of the QTP during Quaternary climate fluctuations (Su et al., 2015).

In general, the EOT is an important period for the turnover of biota
on the QTP. The global dramatic climate changes in conjunction with
the QTP uplift led to a significant change in plant diversity and plant-
herbivore interactions, and progressively shaped the unique biodi-
versity as well as the entire ecosystem in this region.
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