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Abstract

Aim: Past pollen records reveal the changes in latitudinal distribution of plants in rela-
tion to climate, particularly their expansion in response to global warming. The maxi-
mum northward expansion of the mangrove genus Avicennia since the Early Eocene is
known, but this information is missing for other mangrove taxa. Here, we evaluate the
diversity of past mangroves with respect to latitude during three Cenozoic thermal
maxima (PETM: 56 Ma; EECO: 54-49 Ma; MMCO: 17-14 Ma).

Location: North Atlantic, Mediterranean.

Taxa: Avicennia, other mangrove taxa (Rhizophoraceae, Nypa, Xylocarpus, Pelliciera, etc.).
Method: We collected well-dated marine sediments along a Northern Hemisphere
latitudinal transect and we analysed their pollen content in order to compare the past
distribution of mangrove taxa with the present. The analysis of 89 samples (PETM:
13; EECO: 31; MMCO: 45) was performed and interpreted using a robust botanical
background for identification of pollen grains and their representativeness in marine
sediments.

Results: During the Early Eocene, two palaeolatitudinal thresholds at 65-70°N and
35°N, respectively, delimited the Avicennia-only mangrove from a diversified but
scrawny mangrove and finally from a diversified and well-developed mangrove. The
Avicennia threshold was selective at 40°N during the Mid-Miocene. The Avicennia
range limit was up to 10-15° poleward of the limit for other mangrove taxa during the
Early Eocene and the Mid-Miocene compared with 9° at present.

Main conclusions: A buffer zone characterised by a diversified but scrawny mangrove
co-occurring with a few megathermal plants occurred in the Early Eocene between
35°N and 65-70°N. This finding questions the relative influence of a more ‘equable’
climate and/or the ability of some taxa to expand towards areas with cooler condi-
tions in the past. Mangrove provincialism, which was established progressively after
the Early Eocene, was probably forced by plate tectonics. The taxonomic impoverish-
ment of the Atlantic East Pacific province was probably caused by successive periods

of global cooling. These results support the Tethyan origin of the mangroves.
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1 | INTRODUCTION

Inter-tropical mangrove vegetation comprises major trees such as
Avicennia, Rhizophoraceae (Rhizophora, Bruguiera, Ceriops, Kandelia),
Nypa, Sonneratia, and other less abundant plants such as Excoecaria,
Xylocarpus, Pelliciera, Aegialitis, Heritiera, Scyphiphora and Brownlowia
(Tomlinson, 1986). Mangrove distribution today reveals latitudinal
differences between different geographical areas partly due to the
influence of marine currents and partly due to plant sensitivity to
different air and water temperatures (Figure 1; Duke, 1992; Duke
et al., 1998; Kao et al., 2004; Osland et al., 2017; Tomlinson, 1986).
If >1,000 mm, annual rainfall is also an important factor affecting
the distribution, stature and diversity of mangroves (Bardou et al.,
2020; Osland et al., 2017). Mangrove establishment is closely linked
to hydrodynamics and, particularly, to sea-level changes (Woodroffe
etal., 2016).

Avicennia occurs in a slightly wider latitudinal range than
Rhizophora, but the generally observed latitudinal difference
between these genera (median value 1.8°) is 8-9° in northern
New Zealand and southern Australia (Quisthoudt et al., 2012).
Although the lowest temperature limits tolerated by Avicennia
(e.g. 8.1°C minimum air temperature, 12.7°C minimum water tem-
perature) differ significantly from those tolerated by Rhizophora
(e.g. 13.1°C minimum air temperature, 16.4°C minimum water
temperature), the difference is not enough to explain the ob-
served differences in latitude distribution (Quisthoudt et al.,
2012). Freezing appears to be a critical factor in limiting man-

grove expansion (Stuart et al., 2007) while resistance to freezing

may drive the northward expansion of North American mangrove
in response to current climate warming (Bardou et al., 2020;
Cook-Patton et al., 2015).

Avicennia and Rhizophora are emblematic mangrove genera be-
cause they occur in both the Atlantic East Pacific (AEP) and Indo-
West Pacific (IWP) provinces although they are represented by
different species (Figure 1; Duke et al., 1998; Ellison et al., 1999;
Tomlinson, 1986). Some genera only occur in one of the provinces
(Pelliciera to the west; Sonneratia, Xylocarpus and Nypa to the east;
Figure 1).

The discovery of mangrove vegetation consisting of only Avicennia
inhabiting the Mediterranean shorelines during the Miocene
(Bessedik, 1981a) advanced our knowledge of mangrove history
(Plaziat et al., 2001; Srivastava & Prasad, 2019). More recently and
surprisingly, Avicennia was recorded up to Arctic latitudes and even
near the North Pole during the Early Eocene (Salpin et al., 2019; Suan
et al., 2017; Suc et al., 2020). Accordingly, the following question
arose: did the poleward limit of Avicennia compared with that of the
other mangrove taxa increase or decrease after the Early Eocene? To
answer this question, pollen records containing mangrove taxa from
three Cenozoic thermal maxima were selected for comparison with
present-day mangrove distribution: Palaeocene-Eocene Thermal
Maximum (PETM: 56 Ma; Westerhold et al., 2015), Early Eocene
Climatic Optimum (EECO: 54-49 Ma; Westerhold et al., 2020) and
Mid-Miocene Climatic Optimum (MMCO: 17-14 Ma; Zachos et al,,
2001). The Early Eocene pollen records in which Avicennia is the only
mangrove tree are limited to the Arctic domain (Salpin et al., 2019;
Suan et al.,, 2017; Suc et al., 2020), and the Mid-Miocene pollen
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FIGURE 1 Present-day geographic distribution of mangroves with respect to their two provinces with information on occurrence of

some taxa according to Tomlinson (1986) and latitudinal limits of Avicennia and Rhizophora according to Quisthoudt et al. (2012). The used
geographic map is from Strebe, D. R. - CC BY-SA 3.0 (Mollweide projection equal-area), https://commons.wikimedia.org/w/index.php?curid
=16115320
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records in which Avicennia is the only mangrove tree are limited to
the Mediterranean domain (Bessedik, 1981a, 1981b, 1984; Jiménez-
Moreno et al., 2008; Jiménez-Moreno & Suc, 2007). Hence, we chose
to focus on the North Atlantic by analysing new locations and using
earlier data (Table S1). The results of this work may inform potential
future distribution and diversity of mangroves in response to cur-
rent climate warming with the need to provide increasing protection

against anthropic damage (Giri et al., 2011).

2 | MATERIALS AND METHODS

The pollen records concerned are shown on the palaeogeographical
maps in Figure 2 (PETM and EECO) and Figure 3 (MMCO) and listed
in Table S1. They were aligned along an Atlantic latitudinal transect
(including the Mediterranean region for the MMCO) to enable us
to locate the threshold which separates the diversified mangrove
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from impoverished mangrove containing only Avicennia. The study
concerns clayey sediments which are usually excellent deposits for
pollen preservation.

The pollen data from each location have been dated inde-
pendently, most often by micropalaeontology, as specified in Table
S1. We selected the pollen spectra that indicated the warmest con-
ditions in the selected records where the expected warming event is
diffuse. The duration of each pollen record was appraised by fitting
the pollen assemblages and their variations to the reference oxygen
isotope curve within the originally defined biostratigraphical interval
(see Figure S1 and explanation herein).

Palaeolatitude estimates were deduced from the global
Eulerian rotation poles database from Torsvik et al. (2012), using
the Palaeolatitude.org online toolbox (van Hinsbergen et al., 2015)
and then compared to regional maps. Uncertainties vary from +2 to
+3 latitude degrees. For location 1 in the PETM (Figure 2), uncertainty
might be higher due to the uncertain position of the Lomonosov Ridge

90°

OAvicennia only as mangrove taxon O Diversified mangrove (Rhizophoraceae, X Xylocarpus, 1 Nypa, + Pelliciera, etc.)

FIGURE 2 Palaeocene-Eocene (PETM) and early Eocene (EECO) mangrove pollen records (with information on the occurrence of some
taxa) along a North-South transect. Palaeogeographical map with estimated palaeolatitudes (Polar orthographic Projection) is from Backman
et al. (2006) and Eberle and Greenwood (2012), modified by Suc et al. (2020). Locations: 1, Site MOO04A,; 2, Faddeevsky Island; 3, Caribou
Hills; 4, Site 343; 5, Site 918; 6, Kallo 027E148; 7, Noirmoutier; 8, Calavanté 1; 9, Morlaas 1; 10, Gan; 11, Site 547
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FIGURE 3 Mid-Miocene (MMCO) mangrove pollen records (with information on the occurrence of some taxa) along a North-South
transect. Palaeogeography is from Rogl (1999) and Jolivet et al. (2006) for the Mediterranean region s.l. Atlantic-Pacific palaeogeography
is from Herold et al. (2009), Scotese (2014), and Cao et al. (2017). The current geographic outline is from Strebe, D. R. - CC BY-SA 3.0
(Mollweide projection equal-area), https://commons.wikimedia.org/w/index.php?curid=16115320. The estimated palaeolatitude of each

location is indicated in Table S1.

Locations: 1, Gollersdorf; 2, Herend 46; 3, Balgarevo C136A; 4, Les Mées 1, Chateauredon; 5, Estagel, Bayanne; 6, Narbonne V. Hugo
College, Lespignan I, Montady, Saint-Géniés, Montagnac, Méze, Loupian, Issanka, Poussan, Montbazin; 7, La Rierussa, Sant Pau d'Ordal;
8 Kultak; 9, Alboran A1; 10, Laborde 1D; 11, Bignona well; 12, Niger Delta well M1; 13, Site M00027; 14, Alum Bluff; 15, La Herradura;

16, Apaporis River.

prior to the Eurasian Basin opening but conservative reconstructions
place it north of Greenland since 70 Ma (Gion et al., 2017). The 76°N
and 78°N palaeolatitudes are probably minimum estimates for PETM
and EECO at location 1, respectively (Table S1). The computed po-
sition of location 3 (Figure 2) during the EECO is consistent with re-
cent regional palaeogeographical reconstructions (Table S1; Eberle &
Greenwood, 2012). For European sites and the Tethyan realm, com-
puted palaeolatitudes are systematically 6° to 7° lower than those
mentioned in regional reconstructions (Meulenkamp & Sissingh,
2003). This discrepancy is mainly explained by the northward rota-
tion of extra-Alpine stable Europe since 50 Ma at least (Torsvik et al.,
2008). For the MMCO, as locations 2, 8 and 9 are situated in un-
constrained mobile regions, their palaeolatitude was deduced from
latitude changes at adjacent locations.

The samples analysed in this work, plus those analysed earlier by
our team (Table S1), were processed using a standard protocol: acid
digestion (HCI, HF), concentration using ZnCl, (at density 2.0), and
sieving through a 10-pm nylon mesh. A 40 pl volume of residue was
mounted between the coverslip and microscope slide using glycerol.

The major methodological and conceptual contribution of this
study is the use of a botanical approach for the Palaeogene samples.
This approach was made possible by considering all the morpho-
logical characters of the pollen instead of just a few (often second-
ary). Details on Avicennia and other mangrove taxa are provided in
Supporting Information (Figures S1-S10). In addition, we performed
pollen counts (at least 100-150 pollen grains per sample exclud-
ing over-represented taxa such as Pinus), which is another novelty.

Pollen data are shown in synthetic pollen diagrams (Figures 4-6)
where the taxa are grouped according to both their present-day eco-
logical significance and to their behaviour during the Cenozoic (Table
S2; Suc et al.,, 2018, 2020).

Taxa are mainly grouped according to the thermal classifica-
tion of Nix (1982) with some emphasis on the woody mangrove:
Avicennia; other mangrove taxa; other megathermal plants which
require a mean annual temperature (MAT) higher than 24°C; mega-
mesothermal plants that require a MAT between 24 and 20°C; meso-
thermal plants that require a MAT between 20 and 14°C; Pinus plus
indeterminable Pinaceae devoid of thermal significance because of
their low level in botanical identification; meso-microthermal plants
that require a MAT between 14 and 12°C; microthermal plants that
require a MAT under 12°C; plants of no significance because of their
cosmopolitan status at the family or genus level; Cupressaceae p.p.
(Cupressus-Juniperus type); herbaceous plants. A complete list of the
identified taxa and additional details on the ecological groups of
plants are provided in Table S2.

Some reconstructed terrestrial palaeoclimate parameters taken
from pollen records are used to discuss our results. These data
come from the Climatic Amplitude Method (Fauquette et al., 1998),
which, based on comparison with >6000 present-day pollen re-
cords distributed worldwide, relies on the relationship between the
relative abundance of each taxon and the climate. To obtain more
refined estimates, this method accounts not only for the occur-
rence/absence criterion but also for pollen grain percentages. The

reconstructed climatic values concern the low-elevation vegetation,
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meso-microthermal and microthermal taxa being excluded from the
process. Pinus, which inhabits different vegetation belts, from the
lowest to the highest belts, especially in the Mediterranean region,
was also excluded from the calculation.

The advantage of applying this ‘Quaternary-Neogene’ palyno-
logical approach to the Palaeogene samples is that it not only pro-
vides reliable information on the palaeo-ecosystems but also helps
to establish robust homogeneous data.

Marine pollen records are reliable indicators of the occurrence of
mangrove vegetation along the shoreline whether they are supplied
by air or fluvial transport as demonstrated by studies on modern pol-
len sedimentation (Bengo, 1996; Caratini et al., 1987; Hooghiemstra
etal., 1986; Phuphumirat et al., 2016; Poumot, 1989; Somboon, 1990).
For some of the study areas, the distance travelled by mangrove pol-
len grains is more than a few kilometres, indeed even after several

dozen kilometres percentages can be 5%-10% of the pollen sum
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percentages are recorded in front of large mangroves, the lowest
percentages in front of weakened mangroves (Bengo, 1996; Caratini
et al., 1987; Hooghiemstra et al., 1986) or dwarf mangroves (Willard
etal., 2001). It will be recalled that in these modern records, Avicennia
pollen is usually under-represented in comparison with other man-
grove taxa, particularly Rhizophoraceae (e.g. Somboon, 1990).

3 | RESULTS

3.1 | Palaeocene-Eocene Thermal Maximum
Avicennia was the only mangrove taxon we recorded in the Arctic
pollen floras (locations 1-2; Figures 2 and 4). These floras were

also very poor in megathermal plants, as they are only represented

(Bengo, 1996; Caratini et al., 1987; Hooghiemstra et al., 1986). Such N°
A o + Synthetic pollen diagrams Mangrove taxa
data are of great importance for the reliability of our past mangrove Fig.2| L -
. . . Site MOO04A
records, all located relatively close to the land (Figures 2-3). In addi-
tion, some modern pollen records show high variability in mangrove
pollen percentages with respect to the whole pollen flora: the highest 1 |>78° Avicennia
N° . .
Fig.2| L Synthetic pollen diagrams Mangrove taxa Caribou Hills
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FIGURE 4 Synthetic diagrams of PETM pollen records arranged
according to their estimated palaeolatitude with listing of their
mangrove woody taxa. Site Number (No) refers to Figure 2. Detail
of taxa constituting the ecological groups of plants is given in Table
S2. For locations made of several samples, the thickness scale is
indicated to the left of the diagram

- Mescthermal plants l:l Herbaceous plants

FIGURE 5 Synthetic diagrams of EECO pollen records arranged
according to their estimated palaeolatitude with listing of their
mangrove woody taxa. Site Number (No) refers to Figure 2.

For locations made of several samples, the thickness scale is
indicated to the left of the diagram


https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/

POPESCU ET AL.

2776 W Journal of
ILEY Biogeography

N°
Fig.3| L Synthetic pollen diagrams Mangrove taxa
Gollersdorf
1 Avicennia
Chateauredon
4 |40.5° T | | |Avicennia
Bayanne
5 | 40° Avicennia
Estagel
Narbonne V. Hugo College
5| | // vicennia
La Rierussa
7 |37.5° Avicennia
som|
Alboran A1
9 |33 |, i | Avicennia
Laborde 1D
10 |40° |, m
Niger Delta well M1 o
12 2 Avicennia
20mi Rhizophoraceae
20 40 60 80 100%
L = estimated North palaeolatitude
Ecalagical groups of plants: [ Pinus + indeterminable Pinaceae
Bl Avicennia [ Meso-microthermal plants
|| other mangrove trees Il Vicrothermal plants
[l Cther megatharmal plants Elemants without significance
- Mega-mesothermal plants Cupressaceae p.p.
- Mesothermal plants l:l Herbaceous plants

FIGURE 6 Synthetic diagrams of some selected MMCO pollen
records arranged according to their estimated palaeolatitude with
listing of their mangrove woody taxa. Site Number (No) refers to
Figure 3. For locations made of several samples, the thickness scale
is indicated to the left of the diagram

by two taxa, both at very low percentages (Figure 4; Table S2).
In southern Greenland (location 5; Figure 2), larger quantities of
Avicennia were recorded than in Arctic samples, along with a small
number of other mangrove taxa (Rhizophoraceae, Xylocarpus
and Brownlowia) and small percentage of a few megathermal
plants (Figure 4; Table S2). At Noirmoutier (location 7; Figure 2),
Avicennia was rarely recorded but small percentages documented
three other mangrove trees (Rhizophoraceae, Xylocarpus and
Nypa) and megathermal plants (Figure 4; Table S2). In the North
Pyrenean Gulf (location 8; Figure 2), Avicennia pollen was found
in small quantities with high percentages of Nypa and moder-
ate amounts of a few megathermal plants (Figure 4; Table S2).
Offshore northwestern Africa (location 11; Figure 2), Avicennia
was found abundantly along with several other mangrove trees
(Rhizophoraceae, Excoecaria, Xylocarpus and possibly Sonneratia-
type—see comment in Supporting Information) in equal quantities

and with significant percentages of some megathermal plants
(Figure 4; Table S2).

3.2 | Early Eocene Climatic Optimum

As in the PETM, Avicennia was the only mangrove tree recorded in the
Arctic pollen floras during the EECO (locations 1 and 3; Figures 2 and 5).
These floras were also very poor in megathermal plants which were only
represented by very small percentages of six taxa (Figure 5; Table S2). We
found Avicennia pollen in significantly larger quantities with low percent-
ages of other mangrove taxa (Rhizophoraceae, Xylocarpus, Brownlowia,
Scyphiphora, Excoecaria, cf. Heritiera and possibly Sonneratia-type) off-
shore northwestern Europe and offshore southern Greenland (loca-
tions 4 and 5; Figures 2 and 5). A similar pollen flora characterised the
Belgium Basin (location 6; Figure 2) where Avicennia was accompanied
by Rhizophoraceae, Nypa and Sonneratia-type and an increasing number
of megathermal plants (Figure 5; Table S2). Small to moderate quantities
of Avicennia pollen were observed in the North Pyrenean Gulf (locations
9-10; Figure 2), along with a large quantity of Nypa and several other
woody mangrove taxa (Rhizophoraceae, Pelliciera, Xylocarpus, Aegialitis
and Sonneratia-type); the accompanying megathermal plants were abun-
dant and present at significant percentages (Figure 5; Table S2).

3.3 | Mid-Miocene Climatic Optimum

The northernmost known pollen flora consisting of only Avicennia
indicating mangrove vegetation, occurred together with very few
megathermal taxa, was located at 45°N palaeolatitude (location
1; Figures 3 and 6). Avicennia was commonly recorded south of
41°N (locations 4-7), usually at a low percentage except at loca-
tions 4 and 7, and with no other mangrove taxa (Figures 3 and 6;
Tables S1 and S2). Megathermal plants were diversified at loca-
tions 4 and 7 but at relatively low percentages (Figures 3 and 6;
Table S2). In contrast, location 10 (Figure 3) contained neither
Avicennia pollen nor megathermal plants, despite being at an al-
most similar palaeolatitude to locations 4-6 on the Atlantic side
(Figure 6; Table S2).

4 | DISCUSSION

Three thermal optima were chosen as periods during which cli-
matic conditions favoured maximum spreading of Avicennia, and
possibly other mangrove taxa accompanied by diverse megath-
ermal taxa, towards high latitudes. In addition, the distribution
and diversity of past mangroves during particularly warm periods
can be compared to the present-day context characterised by
climate warming. The results we obtained from our analyses of
pollen floras located along a latitudinal transect in the Northern
Hemisphere in both the Atlantic and Mediterranean regions pro-
vide new insights into several aspects including (1) the occurrence
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of latitudinal thresholds leading to successive steps in mangrove
development, (2) the spread of the latitudinal limit of Avicennia
in relation to other mangrove taxa, (3) the onset of the present
mangrove provinces and (4) location of mangrove refuges during
colder periods. But before interpreting our results, we review the
representativeness of the occurrence/absence of mangrove pollen

grains and the significance of their variations in abundance.

4.1 | Representativeness of mangrove pollen and
implications of its quantitative variations

The three past warm intervals studied correspond to episodes with
high global sea level characterised by major elevations (up to 80 m
in the PETM and 60 m in the EECO and MMCO; Miller et al., 2020).
During the longer climatic optima such as EECO and MMCO, the
global sea level fluctuated somewhat (50 m in the EECO, 40 m in the
MMCO) under the direct forcing of global temperature variations
(Miller et al., 2020). Variations in mangrove pollen in our long pollen
records in the EECO (Site MOOO04A, Caribou Hills, Kallo 027E148)
and MMCO (Gollersdorf, Narbonne V. Hugo College, La Rierussa)
may, according to their correlation with the oxygen isotope curve
(Figure S1), have been caused by these secondary changes in sea
level, which, in any case, resulted from global temperature changes.
The same interpretation could be applied to the other locations of
shorter duration.

The available reconstructed palaeoclimatic conditions indicate

that the annual rainfall was higher than 1,000 mm at many locations:

- In the PETM: Faddeevsky (Suan et al., 2017), Site MOOO4A
(Suc et al.,, 2020), Calavanté 1 (Fauquette, in progress);

- Inthe EECO: Caribou Hills (Salpin et al., 2019), Site MOOO4A (Suc
et al., 2020), Morlaas 1 and Gan (Fauquette, in progress);

- Inthe MMCO: Gollersdorf (Jiménez-Moreno et al., 2008), Estagel
(Fauquette et al., 2007), Narbonne V. Hugo College (Fauquette, in
progress).

Only the MMCO records from La Rierussa and Alboran Al indi-
cate annual precipitation slightly lower and significantly lower than
1,000 mm, respectively (Fauquette et al., 2007). This low precipi-
tation does not seem to have affected the abundance of Avicennia
pollen in La Rierussa. This can be compared to the modern distri-
bution of Avicennia in the sub-desertic Red Sea region. Conversely,
it could be the cause of the small quantity of Avicennia pollen in the
Alboran Al well. Accordingly, annual precipitation does not seem
to have played a critical role in the distribution and development
of mangroves during the three climatic optima considered here,
except at the southernmost location in the Mediterranean in the
MMCO.

The reconstructed mean temperature of the coldest month is
evidence for the absence of freezing episodes during the PETM
and EECO in the Arctic domain (Salpin et al., 2019; Suan et al.,
2017; Suc et al., 2020). In this region, the first appearance of
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ephemeral continental ice seems more recent than 38 Ma (see:
Suc et al., 2020). Similarly, the reconstructed mean temperature of
the coldest month for the northernmost Avicennia locations during
the MMCO suggests a lack of freezing episodes (Fauquette, un-
published data).

We conclude that, at the macroecological (geographical and
chronological) scales of our study, sea and land temperatures were
the main factors that controlled the development and diversity of
the mangrove forests during the Palaesogene and Neogene climatic

optima.

4.2 | Latitudinal thresholds in the Northern
Hemisphere separated diversified mangroves from
Avicennia-only mangroves
421 | PETMandEECO
The abundance of pollen records in the EECO allowed us to recon-
struct an almost continuous latitudinal gradient of mangrove distri-
bution in the North Atlantic region (Figures 2 and 5; Table S1). A
first palaeolatitudinal threshold was identified, at about 58-73°N,
delimiting the transition from a mangrove ecosystem with only
Avicennia (locations 1, 3) to a diversified mangrove ecosystem. A
second palaeolatitudinal threshold was identified at about 32-40°N
which separated pollen records where the abundance of the other
mangrove taxa was less than 5% with little diversity of megathermal
plants (locations 4-6) from pollen records where the abundance of
the other mangrove taxa was higher than 5% with a relatively high
diversity of megathermal flora (locations 9-10; Figure 5). The value
of 5% of other mangrove taxa allowed us to define a scrawny though
diversified mangrove between 32°N and 40°N and a well-developed
diversified mangrove below 32°N. The same palaeolatitude thresh-
olds were inferred for the PETM, at about 55-76°N and 32-35°N, re-
spectively (Figure 4). The large amount of Avicennia pollen recorded
at location 5 may be explained by the existence of a protected area
offshore southern Greenland (Figure 2).

Mangrove expansion depends on air temperatures but chiefly
on sea temperatures. Today, Avicennia species are generally lim-
ited to coastal areas characterised by a warm climate with sea
surface temperatures (SSTs) around 22.6°C (Quisthoudt et al.,
2012) and cannot tolerate extremely cold air temperatures (below
-4°C; Cavanaugh et al., 2014). However, thanks to warm marine
currents, Avicennia is the only mangrove plant that is not limited
to the tropics and can occur at SSTs as low as 15.6°C at its cold-
est limit in New Zealand and eastern Australia (Quisthoudt et al.,
2012). Rhizophora requires slightly higher SSTs, even at its coldest
limit (SSTs >20.8°C; Quisthoudt et al., 2012). Model simulations of
the sea surface (SSTs) and terrestrial MATs realised for the PETM
and EECO along Earth's latitudinal range give too low tempera-
ture estimates and do not provide any evidence for a significantly
reduced equator-to-pole temperature gradient (e.g. Hollis et al.,
2012; Huber & Caballero, 2011; Lunt et al., 2012; Zhu et al., 2020).
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The only one consistent with the palaeoclimate estimated through
tetraether lipids (Weijers et al., 2007) and pollen records (Suan
et al., 2017; Suc et al., 2020), although SSTs and MATs estimated
north of 70° are also too low, reveals a sharp drop in the SST curve
between palaeolatitude 65°N and 70°N (Figure 7; Sagoo et al,,
2013) that could limit the distribution of the more thermophilous
mangrove taxa such as Rhizophoraceae as evidenced in our pollen
data (Table 1). Moreover, the inversion of MATs and SSTs curves
at ~37°N (Sagoo et al., 2013) corresponds in our data to the tran-
sition from diversified but scrawny mangrove to diversified and
well-developed mangrove at about 35°N (Figure 7; Table 1). These
inflexions in the marine and atmospheric temperature curves may
record Early Eocene mangrove distribution and diversification
in the Northern Hemisphere. Evidence for a similar threshold is
shown in the Southern Hemisphere at palaeolatitude 65°S char-
acterised by the occurrence of an Early Eocene scrawny mangrove
with only Nypa in Tasmania (Table 1; Pole and Macphail, 1996).
These thresholds should be taken into account to review the so-
called Early Eocene ‘equable’ climate (Sloan & Barron, 1990).

Two challenging-correlating interpretations can be proposed:

1. Are the coupled climate models affected by insufficient per-
formance under greenhouse conditions? It is now generally
accepted (e.g. Sagoo et al., 2013);

2. Are temperature estimates from proxies exaggerated? Do tetra-
ether lipids over-estimate temperatures or are the temperature
requirements attributed to Avicennia in estimations based on pol-
len, too warm? This is possible, but the results based on kaolinite
content of sediments in New Siberia (Suan et al., 2017), by MAT
estimated in Antarctica (Pross et al., 2012) and TEX86-derived

Diversified and
well-developed mangrove

—>

404
__35. Diversified but
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S %0- <,
& 254 | T
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FIGURE 7 Seasurface temperature (SST) vs. land (air) mean
annual temperature (MAT) and mangrove distribution and
diversification in the North Hemisphere during the Early Eocene
(simulation E17 from: Sagoo et al., 2013)

TABLE 1 Latitudinal distribution and diversification of mangroves during three noteworthy thermal maxima compared to Present

Present

MMCO

PETM and EECO

Hemisphere

Mangrove type

Latitude

Mangrove type

Palaeolatitude

Mangrove type

Palaeolatitude

ZOx+ I

Avicennia-only mangrove

No data

70-80°N
60-70°N

Diversified but scrawny mangrove

35-60°N
<35°N

Avicennia-only mangrove

30-31.8°N
<30°N

Avicennia-only mangrove

No data

33-45°N
15-33°N
?7<20°N

Diversified and well-developed mangrove

Diversified and well-developed mangrove

Diversified and well-developed mangrove

S

Diversified and well-developed mangrove

<30°S

ODr T

Avicennia-only mangrove

30-39°S

Nypa

65°S
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SSTs in Tasmania (Bijl et al., 2009) are in line with pollen-based
estimates.To answer these questions, we need to understand
the process and magnitude of Arctic temperature amplification,
especially seasonality, which is observed in the present global
warming (Riboldi et al., 2020) and is believed to have been in-
tense during the PETM and EECO (Frieling et al., 2017; Huber &

Caballero, 2011; Lunt et al., 2012).

The inherent forcing of solar radiation should be examined as an
outcome. Indeed, studying the Mid-Holocene latitudinal variation of
insolation controlling the temperature gradient, Davis and Brewer
(2009) provide evidence for a threshold at 47°N delimiting increased
summer insolation at higher latitudes but reduced insolation at lower
latitudes and a threshold between 60 and 70°N of the June insola-
tion. Loutre et al. (2004) reconstruct global insolation for the Late
Quaternary and provide evidence for a phase reversal at 43-44°N
with prevalence of obliquity forcing over climate at higher latitudes
and eccentricity at lower latitudes, the difference in mean annual
irradiance being particularly marked above 70°N. An Early Eocene
latitudinal reconstruction of insolation with the respective effect of
winter vs. summer irradiance could allow to check if such thresholds
forced the progressive diversity of mangrove ecosystems and the

distribution of its major components.

422 | MMCO

A threshold at about 40°N seems to have existed during the MMCO
in the Mediterranean region, separating the Avicennia mangrove
based on the abundance of Avicennia pollen and/or megathermal
plants (Figure 6). The difference is particularly well expressed at lo-
cations 4 and 7 compared to location 1. Location 4 (Chateauredon)
probably benefited from protected environmental conditions at the
far end of a narrow gulf.

Our data concern the northern shorelines of the Mediterranean
region where no other mangrove taxon was recorded. The lack of
coeval pollen data from the southern Mediterranean shorelines
does not allow us to hypothesise their occurrence a few latitudi-
nal degrees southward. In this direction (Figure 3), the first avail-
able pollen data are those from La Herradura (location 15: Palacios
Chavez & Rzedowski, 1993) and from the coastal area of Senegal
(location 11: Médus, 1975). Unfortunately, these pollen floras are
not really usable because of their chronological imprecision and
unavailable pollen data. However, their abundant pollen illustra-
tions support the occurrence of Nypa and Pelliciera at La Herradura
and that of Rhizophora at both locations. In addition, observation
of the pollen photographs published convinces us of the occur-
rence of Avicennia at the two locations (detailed in Supporting
Information). Close to the palaeo-equator, location 12 (well M1
from the Niger Delta; Durugbo & Olayiwola, 2017) shows evidence
of abundant Rhizophora and scarce Avicennia pollen grains during
a stratigraphical interval attributable to the Mid-Miocene, the re-
drawing of which is provided in Figure 6 for comparison with the
Mediterranean pollen floras. At location 16 (Lower Apaporis River;
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Figure 3), Hoorn (2006) documents the occurrence of Rhizophora
and Mauritia (Arecaceae). This comparison suggests that the diver-
sity of the AEP mangrove was already significantly impoverished in
the Mid-Miocene.

The MMCO has been modelled and sea surface and/or terres-
trial temperature simulations are available (e.g. Goldner et al., 2014;
Herold et al., 2011; You et al., 2009). Herold et al. (2011) recon-
structed terrestrial MATs that are characterised by strong dip vari-
ations between 30 and 35°N with a temperature gradient of 1.5°C
per degree in latitude, which is significantly higher than the modern
temperature gradient (0.6°C per degree in latitude) and very much
higher than the temperature gradient obtained for the MMCO from
pollen records in Western Europe (0.48°C per degree in latitude:
Fauquette et al., 2007). In addition, the proposed terrestrial MATs
for the latitudinal interval 30-42°N are significantly lower (11-
17°C) than those estimated from pollen data in the Mediterranean
domain (18.2-20.5°C, Fauquette et al., 2007; Jiménez-Moreno
etal., 2008). Accordingly, there is a marked discrepancy in the MATs
for the MMCO between the model simulation and pollen proxy, as
in the SSTs between the model simulation and biomarker proxy
(Salocchi et al., 2021), similarly to previous time periods. As hypoth-
esised above, it is possible that too much weight was attributed to
Avicennia and/or the few megathermal plants in the temperature
reconstructions based on pollen records. However, it is well known
that for the MMCO, like for the previous periods, climate mod-
els generally fail to reproduce the polar amplification and lead to
over-estimation of the equator to pole temperature gradient (e.g.
Goldner et al., 2014; You et al., 2009). It is also possible that, like
today, the Mediterranean Basin was a particular climatic region that
allowed Avicennia to survive in slightly lower thermal conditions and
to develop in some propitious contexts (locations 4 and 7; Figure 6;
Table S1). This assumption is supported by some evidence: (1) the
unexpected very rare presence of Avicennia pollen in the south-
ernmost pollen flora (location 9: Figures 3 and 6); (2) the absence
of Avicennia and of any megathermal taxon at location 10 on the
Atlantic shoreline at a northwestern Mediterranean palaeolatitude
(Figures 3 and 6; Table S1); and the absence of Avicennia and of any
megathermal taxon at the West Atlantic locations 13 and 14 corre-

sponding to southernmost Mediterranean palaeolatitudes.

4.3 | Northernmost latitudinal limit of Avicennia
distribution with respect to the diversified mangrove

Today, the northernmost distribution of Avicennia is limited to a
latitude range of 1.8° of the diversified mangrove (Figure 1; Table 1;
Quisthoudt et al., 2012). In the Middle Miocene (MMCO), this inter-
val may have reached latitude range of about 15°, an interval that
could be exaggerated considering the lack of data between palaeo-
latitudes 33°N (location 9) and 15°N (location 15; Figures 3 and 6-7,
Table 1). During the Early Eocene (PETM and EECO), this geographi-
cal difference in latitude would have been about 10-15° (Figures
2, 4-5 and 7; Table 1). Obviously, the size of the gap is linked with
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warmth, even if the temperature may have been somewhat higher
in the Mediterranean Basin, which was probably sheltered from
cold air masses. Today, there is a latitudinal difference of about
9° in Avicennia distribution between mangrove consisting only of
Avicennia and diversified mangrove in the South Hemisphere, illus-
trating the high potential thermal flexibility of the genus (Figure 1;
Table 1; Quisthoudt et al., 2012).

To summarise, the maximum latitudinal gap for Avicennia distri-
bution outside diversified mangrove could have been 15° during the
three Cenozoic thermal maxima, which matches the 9° observed
today and accounts for uncertainty in palaeolatitude estimates.

The simultaneous occurrence of several (PETM) and many
(EECO) megathermal plants including mangrove taxa (represented
by abundant pollen grains; Figures 4-5; Table S2) marks diversified
and well-developed mangrove. Considering the maximum latitudinal
expansion of this mangrove, there is no or little latitudinal differ-
ence between the Early Eocene and today, which would be feasible
in the case of an ‘equable’ climate during the Early Eocene (Figure 7;
Table 1). However, a buffer zone between 35 and 65-70°N, where
we recorded a diversified but scrawny mangrove with only few
megathermal companions for the Early Eocene (Figures 4-5 and 7;
Table 1; Table S2), questions the relative influence of a more ‘equa-
ble’ climate and the ability of some taxa to invade cooler areas in the
past. During the Middle Miocene, disregarding the probable peculiar
environmental context of the Mediterranean domain (Figure 3), the
moderate diversity in megathermal plants expressed by low pollen
percentages (Figure 6; Table S2) suggests a transition between the
buffer zone and the Avicennia mangrove, as witnessed during the
Early Eocene, and signals the gradual withdrawal of the mangrove
in Europe.

4.4 | Whatis the relationship between the past
Avicennia-only and diversified mangroves and the
present mangrove provinces?

Avicennia comprises eight modern species (The Plant List, 2013)
equally distributed in the AEP province (A. bicolor, A. germinans, A.
schaueriana and A. tonduzii) and IWP province (A. balanophora, A.
integra, A. marina and A. officinalis; Dahdouh-Guebas, 2020). Some
morphological characters make it possible to distinguish these spe-
cies by their pollen (Thanikaimoni, 1987), as supported by our own
observations (Figures S1-S3).

Precise observation of Early Eocene Avicennia pollen grains
from the Arctic indicates the occurrence of several species, some
specimens being very close to the modern species A. germinans,
A. marina and A. officinalis (Figures S1 and S2; Salpin et al., 2019;
Suan et al., 2017; Suc et al., 2020). The same variety in Avicennia
pollen morphology is observed in the other pollen records from
the Early Eocene Atlantic latitudinal transect (Figure 2: locations
4-11: Figures S6-59), suggesting similar specific diversity to that
considered at the higher palaeolatitudes. According to the pres-
ent geographical distribution of the three above-mentioned

Avicennia species, it appears that no mangrove provincialism ex-
isted during the Early Eocene, in agreement with evidence at lo-
cations 4-11 (Figures 2 and 4-5; Tables S1 and S2), in addition to
the Rhizophoraceae, of Nypa and Xylocarpus, currently restricted
to the IWP province (Figure 1; Tomlinson, 1986). Pelliciera, now
confined to the AEP province (Figure 1; Tomlinson, 1986), was al-
ready present in the Atlantic domain (location 9: Figures 2 and 5;
Tables S1 and S2). These data are robust and support a Tethyan or-
igin of mangroves, consequently, the regional taxonomic diversity
resulted from the continental drift and not from an Indo-Pacific
centre of origin (Ellison et al., 1999; Morley, 1999; Plaziat et al.,
2001; Srivastava & Prasad, 2019).

A cluster of probably two Avicennia species inhabited the
Mediterranean domain during the Middle Miocene with pollen indicat-
ing A. marina and A. officinalis (Figures S3 and S10; Bessedik, 1981b).
Today, these species belong to the IWP province, thereby contribut-
ing to the persistence of Avicennia in western Europe, favoured by
large marine connections to the east while, at the same time, the east-
ern Atlantic shoreline is devoid of this taxon at similar palaeolatitudes
(Figure 3). This could argue for provincial differentiation almost com-
pletely achieved during the Miocene, if not the ultimate occurrence
of Nypa along the western Atlantic shoreline (location 15: Figure 3;
Palacios Chavez & Rzedowski, 1993). The more restricted distribution
of Pelliciera in the AEP province is confirmed by pollen flora found at
location 15 (Figure 3; Palacios Chavez & Rzedowski, 1993).

These data lead us to conclude that mangrove provincialism
progressively established itself after the Early Eocene warm period,
probably forced by plate tectonics, the taxonomic impoverishment
of the AEP province probably being caused by successive global
colder periods (Plaziat et al., 2001; Srivastava & Prasad, 2019).

4.5 | Persistence of mangrove during cooler
periods between thermal optima

Our study focuses only on the three warmest episodes of the last
60 Ma but mangrove history obviously continued in the meantime.
Here, we only recall or complete some items of this history, which
was already summarised by Ellison et al. (1999), Plaziat et al. (2001)
and Srivastava and Prasad (2019).

Considering its high expansion up to the northernmost latitudes
during the PETM and EECO, logically Avicennia rarely occurred in
the Arctic region up to the Mid-Eocene Climatic Optimum (MECO:
40 Ma; Suc et al., 2020). This late occurrence in the Arctic region also
questions the potential ability of Avicennia to persist during cooler
periods and/or its possible latitudinal shifts between the EECO and
MECO, unless the thermal amplitude suggested by the §*80 curves is
over-estimated. Its southward retreat is illustrated by one last Early
Oligocene occurrence (with no other mangrove taxon) at Site 345
(NW Norway; study in progress). Only Avicennia was present in the
northwestern Mediterranean Oligocene (study in progress), where
it persisted up to the earliest Serravallian (Bessedik, 1984; Jiménez-
Moreno & Suc, 2007). The youngest record of Avicennia at similar
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palaeolatitude on the European side of the Atlantic belongs to the
early Burdigalian. Avicennia persisted in the southern Mediterranean
and Atlantic Morocco up to the late Messinian (Suc et al., 2018). The
ultimate reliable record of Avicennia concerns the Early Pliocene in
the southern Black Sea (Biltekin et al., 2015). Avicennia expansions
and retreats very closely mirror increases and decreases in tempera-
ture, respectively, and were driven by the opportune opening or per-
sistence of marine gateways.

The most recent evidence of a diversified and well-developed
mangrove in the northwestern Mediterranean Basin was in the
Bartonian (c. 40 Ma) with, in addition to Avicennia, Pelliciera,
Bronwlowia, Nypa, Heritiera and Aegiceras (Cavagnetto & Anadén,
1995). A scrawny mangrove was still present during the Oligocene
in northern Turkey, including Avicennia, Pelliciera and Nypa (Akgiin
et al., 2013). These data complete the information on the process
of disjunction of the modern mangrove biogeographical provinces,
which occurred during the Late Eocene and Oligocene and ended in
the earliest Neogene.

5 | CONCLUSION

A set of 11 pollen floras arranged along a North Atlantic latitudinal
transect were analysed using a botanical approach and provide in-
formation on mangrove distribution and diversity during the warm-
est Palaeogene phases (PETM and EECO). Evidence is provided for
two palaeolatitudinal thresholds, at, respectively, 65-70°N and
35°N, separating the Avicennia-only mangrove (which reached 80°N)
from a diversified but scrawny mangrove, and then from a diversified
and well-developed mangrove. These thresholds, which moderate
the so-called Early Eocene ‘equable’ climate hypothesis, were prob-
ably due to latitudinal changes in temperature and possibly in solar
irradiation. The latitudinal gap between the northward expansion of
Avicennia and diversified mangrove during the three Cenozoic ther-
mal maxima (10-15°) could have been almost similar to the south-
ward gap observed today in Australia (9°; Table 1). This mangrove
organisation once more reveals significant discrepancies between
models and proxies, unless the temperature estimates deduced from
Avicennia and some mangrove and other megathermal plants have
been somewhat exaggerated when these taxa only are represented
by a few pollen grains. A similar expansion event occurred during the
MMCO but chiefly concerned Avicennia, which benefited from pro-
pitious conditions in the Mediterranean Basin documented by nine
pollen records, also suggesting Avicennia's possibly greater adaptive
ability in the past.

Our results concerning the Early Eocene North Atlantic and
Arctic mangroves provide the missing link to robustly support
the Tethyan origin of mangroves, the provincialism of which
started in the Late Eocene probably forced by continental drift,
and ended in the Early Neogene. The subsequent global colder
periods probably played a key role impoverishing the Western

mangroves.
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Table S1.

Compiled mangrove pollen records at three thermal maxima (PETM, EECO, MMCO),
referring to locations (exposed sections and boreholes) in Figures 2 and 3, with
sources on bio- and chronostratigraphy and palaeolatitude estimates.

56 Ma Paleocene—Eocene thermal maximum (PETM): late Thanetian — early Ypresian.

Site Location Pr-esent Estimated N Mangrove pollen References
No | (studied interval for holes) | latitude - alacolatitude |  identified b Mangrove taxa
longitude P y Bio-chronostratigraphy Pollen data
Site MOO04A 87°51'59.76"N o S.-M. Popescu . .
1| (382.44 mbsf)’ 136°10'38.64'E >76 J.-P. Suc Avicennia Suc etal. (2020)
Faddeevsky Island 76°06'23.30"N o S.-M. Popescu . .
2| samples GS124-127 141°49'01.70°E 80 J-P. Suc Avicennia Suan et al. (2017)
Avicennia
. ] Jolley (1998) .
Site 918 hole D o o " S.-M. Popescu Rhizophoraceae This work
5 _ 63° 5'10.82"N ° i Larsen et al. (1994)
(1180.71-1180.49 mbsf) 38°39'35.30"W 55 J.-P. Suc Xy/ocaer§ Wei (1998)
Brownlowia
Avicennia
Noirmoutier o " S.-M. Popescu Rhizophoraceae Ters (1978) .
7 Samples 1-3 4Z 0,39'99, N 35° J.-P. Suc Xylocarpus Ollivier-Pierre (1980) This work
2°13'11.04"W Nypa
Calavanté 1 43°12'31.00"N N S.-M. Popescu Avicennia . This work
8 | (3350 m) 0°10'59.00"E 82 J-P. Suc Nypa Sztrakos et al. (1998)
Avicennia
. Rhizophoraceae
11 | Site 547 hole A 33°46'50.40"N . S-M. Popescu Sonneratia-type Hinz et al. (1984) This work
(279.53-279.31 mbsf) 9°20'58.80"W 19 J.-P. Suc Excoecaria
Xylocarpus
1Site Number (No) refers to Figure 2.
Depth is indicated in mbsf (metres below sea level) for offshore boreholes.
2 .
Samples are listed from base to top.
54-49 Ma Early Eocene climatic optimum (EECO): Ypresian.
Site Location Pr_esent Estimated N Mangrove pollen References
N tudied int | for hol latitude - lacolatitud identified b Mangrove taxa
° (studied interval for holes) longitude palaeolatituce identitied by Bio-chronostratigraphy Pollen data
Site MO004A 87°51'569.76"N o S.-M. Popescu . .
T | (318.86-282.05 mbsf) 136°10°38.64°E >78 J-P. Suc Avicennia Backman et al. (2006) (32‘6;8; al.
Caribou Hills 68°45'0.07"N N S.-M. Popescu . i .
3 | samples 12-18 134°14'0.00"W IS JP. Suc Avicennia Salpin et al. (2019)
Avicennia
. Rhizophoraceae .
Site 343 oqar " S.-M. Popescu Miiller (2007) .
4 68°43'13.07"N o Xylocarpus This work
(214.30-213.99 mbsf) 5°46'21 54"E 58 J.-P. Suc Scyphiphora Schrader et al. (2007)
Excoecaria
Avicennia
. Rhizophoraceae
5 81“16521281 hﬂ‘;& 1 mbsf 63° 5'10.82"N f"g"‘spwesc” Sonneratia-type Wr?eygg?'- (1994) This work
(1158.21-1156.71 mbsf) | 38:39:35 30" 55° -P. Suc Brownlowia ei (1998)
cf. Heritiera
Avicennia
6 Kallo 027E148 51°15'8.25"N S.-M. Popescu Rhizophoraceae Roche (1973) This work
(286.50-239 m) oA DG aan o J.-P. Suc Sonneratia-type Steurbaut (2006)
4°17'38.21"E 40 N
ypa
Avicennia
Rhizophoraceae
Morlaas 1 oqar " S.-M. Popescu Sonneratia-type N This work
9 | (1462-1083 m) ‘2131191‘;20%%'\7 300 1P Suc Nypa Sztrakos et al. (1998)
: Pelliciera
Xylocarpus
Avicennia
Rhizophoraceae
Gan S.-M. Popescu . . .
10 Samples 1-2 43°13'54.20'N - J-P. Suc jgng%?st/a-type Alimen et al. (1963) This work
0°23'45.80"W g
Nypa

Site Number (No) refers to Figure 2.



17-14 Ma Mid-Miocene climatic optimum (MMCO):

late Burdigalian — Langhian.

Site Location Present Estimated N Mangrove pollen References
N (studied interval for latitude - lacolatitud 'dg ifi gb Mangrove taxa
o boreholes) longitude palaeofatitude identitied by Bio-chronostratigraphy Pollen data
Gollersdorf 48°30°06.79"N 45° L . . Jiménez-Moreno et al.
1 Samples 1-8 16°07'32.44°E G. Jiménez-Moreno | Avicennia Roetzel et al. (1999) (2008)
Herend 46 47°07'58.43"N 43° ) .
2 (79-78 m) 17°45'15.99E J.-P. Suc Avicennia Nagy & Kokay (1991)
Balgarevo 43°26°01.78"N 41°
3 C136A 28°24'4512°E J.-P. Suc Avicennia Ivanov et al. (2007) Ivanov et al. (2007,
(300-270 m) 2015)
Les Mées 1 44°01°00.84” N Dubois & Curnell
(1420-1060 m) 5°59'14 50°E 405 - N oo & urmete Jiménez-Moreno &
4 G. Jiménez-Moreno | Avicennia (1978) Suc (2007)
Chateauredon 44°0117 42N Besson et al. (2005)
6°13'50.12"E
Estagel 43°31°06.61"N
5 Sampes 4-10 4°59'52.09’E 40° G. Jiménez-Moreno | Avicennia Besson et al. (2005) Jiménez-Moreno &
Bayanne 43°31'56.36"N . Suc (2007)
Samples 1-3 4°58'48.95"E
Narbonne V. Hugo
College
(23-11 m) from
Lespignan Il 43°11'34.75"N .
Montady 3°00'36.88"E égu"aerttg ?1891;0)
6 Saint-Génies to 39.5° M. Bessedik Avicennia M pz, 1978b Bessedik (1984, 1985)
Montagnac Meze 43°31'24.40°'N o :gseedi(k (198%)
Loupian 3°42'02.90E
Issanka
Poussan
Montbazin
Bessedik & Cabrera
LaRi 41°23'04.77'N G. Jiménez-Moreno (1985)
7 szmlil;sﬁ 6 1°48'41.96’E 37.5° Avicennia Magné (1978a) Jiménez-Moreno &
s tpP d'Ordal M. Bessedik Bessedik (1985) Suc (2007)
ant Fau dOrda 41°23'04.77'N Jiménez-Moreno et al.
1°48'04.42"E (2010)
8 Kultak g;cgggiggg 33 M.S. Kayseri-Ozer | Avicennia Kayseri-Ozer (2014)
Alboran A1 Jiménez- Jiménez-Moreno & Suc (2007)
9 36°38'00"N 33° G. Jiménez-Moreno | Avicennia Jiménez-Moreno et al. (2010)
(1193-1163 mbsf) 4°1323"W Moreno (2005)
10 Laborde 1D 43°55'48.825"N 40° S.-M. Popescu None Ortiz et al. This work
(180-160 m) 1°04'53.459"W J.-P. Suc (2020)
Bignona 12°46'41.39'N ]
11 (149-135 m) 16°15'26.54"W 8 J. Médus Rhizophora Médus (1975)
ca. 11°N, ca.
2B Avicennia
Well M1 h
12 (2091-2012 m) Rhizophora o .
E.U. Durugbo & urugoo
M.A. Olayiwola & Olayiwola
90 o (2017)
13 Site M0027 39°38'02.76’N 37° None Mountain et al. | Kotthoff et al. (2014)
(250-200 mbsf) 73°37'18.06"W (2010)
30°28'08"N 28.5° Bryant et al. Corbett (2004)
14 | Alum Bluff 84°59'10"W None (1992) Jarzen et al. (2010)
17°20'57.94’N 15° Rhizophora
15 La Herradura 93°33'18.96"W R. Palacios Chavez | Pelliciera Palacios Chavez & Rzedowski (1993)
Nypa
. 0°19'57.26"S -3.5° Rhizophora
16 Lower Apaporis River 70°07'04.82"W C. Hoorn Hoorn (2006)

Site Number (No) refers to Figure 3.

Chronology

As indicated above, a relatively rough age model is provided by biostratigraphy (planktonic
foraminifera and/or calcareous nannofossils). A recent oxygen isotope curve is used as
reference of global climate variations (Fig. S1; Westerhold et al., 2020). This curve comes
from a Cenozoic global dataset based on benthic foraminifera with a sampling interval of 2 to
4.4 kyr. The blue curve is a smoothed curve over 20 kyr and the red curve over 1 Myr. They
respectively express different rhythms in temperature variability. The variations observed in
pollen records (Figs. 4—6) are mainly interpreted as variation in temperature for the PETM,
EECO and Gollersdorf during the MMCO because the pollen diagrams evidence humid
conditions (prevalent thermophilous plants, weakness of herbs). For the other MMCO
locations, the variations in pollen records are both interpreted as temperature and
precipitation variations (forest humid and warmer phases marked by abundant thermophilous

2



trees opposed to herbaceous drier and less warm phases marked by abundant herbs).
According to the time interval represented by each pollen record and according to the
number of samples studied within this interval (i.e., the time resolution of each record), we
tentatively correlate the pollen variations observed with either the blue curve either the red
curve (Fig. S1), following the principles of climatostratigraphy described by Suc (1984), Suc
et al. (2018) and Suc et al. (2020).

"0 (Westerhold et al., 2020)

Ma Epochs Stages
1 o Serravallian
1 € Alboran A11193-1163m) 1 =
151 @ | tanghian Laborde 1D — !
1 o Bayanne (sampies2- 1) | ~g0-160m) | —— |MMCO La Rierussa
b Estagel ampies-10)| Chateauredon - — | Narbonne V. Hugo College | ™"~ | Géllersdorf
(] = (23-11m) (samples 16 - 33)
] é Burdigalian
— = b
+3 2 +1 % PDB
Ma Epochs  Stages b e} (Westerhold et al., 2020)
]l o .
0 Morlaas 1 (1462 - 1083 m)-GaN camples 1-2) '(1@2‘?,%31 " <:
1 e - ) <
o Ypresian Kallo 027E148 EECO - Site 343 (214.230 - 213.99 m) g &
(286.50 - 239 m) . . Py
(&) Caribou Hills ©
(samples 12- 18) =2
{4 O nhe
55+ w .
Noirmoutier samples 1-3) - Calavanté 133som) - Site 547(27953-27931m) 1 S — =] PETM 1 S!te MOOO4A (8244 m) - Faddeevsky (samples Gs124 - Gs127)
Paleo- Site 918 (1180.71 - 1180.49 m)
] Thanetian
] cene a

T T
+1 0

T
-1 % PDB

Figure S1. Climatostratigraphic correlations of the studied pollen records with the reference
oxygen isotope curve: a, during the PETM and EECO; b, during the MMCO. Explanations are
given above.
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Table S2. Listing of taxa constituting the ecological groups of plants used for the synthetic
pollen diagrams, distributed by locations with respect to PETM, EECO and MMCO,
respectively.

The suffix ‘-type’ is used to indicate that the concerned pollen morphology exists in several
taxa (species or genera). The prefix ‘cf.” means that the selected taxon has the nearest
morphology with the fossil pollen after comparison with pollen of modern species or genera.

PETM locations| EECO locations | MMCO locations
1(2|5(7|8(11]1(3|4(5|6|9|10|1|4|5|6|7|9]10
Avicennia Avicennia XX [x [x ] x Px ] xx [xx]x]| x Ix[x|[x|x]x]|x
cf. Aegialitis X
Brownlowia X X
Excoecaria X X
cf. Heritiera X
Nypa X [ x X [x| x
Pelliciera X
Rhizophoraceae X | X X X[x[x|x]| x
Scyphiphora
Sonneratia type X X [x x| x
Xylocarpus X | X X X
Acanthaceae X X X X
Alchornea X X X
Amanoa X X
Bombax type X X X X |x
cf. Bridelia X
Buxus bahamensis type X | X X x| x| x X | X
Canthium type
cf. Corypha
Croton X X X |x
Dodonaea X X [x|x]| x X X
cf. Drypetes X
Euphorbiaceae X X | x X |x X x| x |x X |x|x|x
Fothergilla X X
cf. Gordonia X
Grewia-Corchorus X X
Icacinaceae X X
cf. Lasianthus
Leguminosae Caesalpinoideae X | x X | x
Leguminosae Mimosoideae X
Malpighiaceae
Mappianthus X
Melastomataceae
Meliaceae X
Morinda-Randia type
cf. Parsonsia
Passifloraceae X |x X X
Phyllostylon X X |x
Prosopis X
Sapindaceae X x| x
cf. Sapium X
Simaroubaceae X
Sindora x| x
Theaceae X X
Tiliaceae X
cf. Acanthopanax X
Agavaceae X
Alangium X
cf. Alfaroa X X |x[x| x Ix X [x [x
Arecaceae X x| x[x XXX [ x [x x| x Ix]x]x|{x|x|x]|x
cf. Beaumontia

Ecological groups of plants Taxa

Other mangrove trees and shrubs

Other megathermal plants

XX |X|X]|X|X

X [ X |Xx|x

Mega-mesothermal plants




PETM locations| EECO locations | MMCO locations

coton
cological groups of plants Taxa 1]2]5]7]8]11|1]3]4]5|6]9]10[1]4a|5]6]7]9]10

Castanopsis-Lithocarpus X [x|x|x Xx|x|x|x|[x x| [x]x[x X

Casuarina XX X IX X|X|X

Celastraceae X X X|X|X

Ceratonia

Chloranthaceae

Cissus X X | x X | x X

Cordyline X

Cornaceae X

cf. Corylopsis X

Craigia X | x

Cupressaceae (former Taxodiaceae type)| x [ x [x [x x| x |x |x|xx|x x| x |x|x|x|[x[x|x]| x

Cyrillaceae-Clethraceae X X

Dacrydium

Decodon X X x| x

Dicoryphe

Diplodiscus

Distylium X | x

Embolanthera

X [IX|X|x|Xx
x
x
x
x
x
x
x
x

Engelhardia X | X

X X |x|x

Eustigma

Hamamelidaceae X |x

X IX|X|X|X|XxX

Hamamelis

llex floribunda type X X X X

Ipomoea X

Itea X

Lauraceae X

Leea X X X [x[x X X

Liriodendron X

Loranthaceae

Mega-mesothermal plants Loropetalum X X | x

Ligustrum X X|x|x

cf. Lysidice X

Magnolia X

Matudaea X | x

Menispermaceae x| |x X X X

Microtropis fallax X

Mussaenda type

X [ X |x|x

Myrica X |x X X [x|x X [x ] x |x|x

Nolina X

NySSG X[X|X[X X[X|X|X|X X X X X

Nyssa cf. sinensis

Olea X X X |x

Phillyrea

Pistacia

Platycarya X [x]x X [ x x[x| x|x] [x

X X [ X |[X|Xx

Rhamnus

Rhodoleia X | x X |x X |x|x X X X

Rhoiptelea X X

x

Rhus cf. cotinus

cf. Ricinus X | x X X

Rubiaceae X|x|x x| x Ix

X [ X |x|x

Sapotaceae X XX X|X|X

X [X|x|x
x

Sciadopitys X X x[x[x[x

X[ X | X |X|X|X

Sequoia type

Styracaceae X

Symplocos X X X

x
x
x
x

Taxodium type XXX [X]x] x [x|x[x[x|[x|x]x |x]|x]|x X

cf. Trichocladus X

Uncaria type X X | x X [ x X
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Ecological groups of plants Taxa TT2151718111l113121516lol10l11al51617 10 10

Acer X X IX([X]X]X X| X |X X|X|X|X]| X

X
Aesculus X
Alnus X |x

Anacardiaceae X

Araliaceae

Betula X | x x| x X [ x X

Buxus sempervirens type X X [x

x

Caprifoliaceae

Carpinus X [x|x X[ x|x X

Carya X|X|X[X[X]| X IX|X[X]|X]|X]|X XX

X [IX|X|x]|Xx

Celtis X | x

Corylus

X | X |X|X|Xx

Ericaceae X X X [x|x|x]|x X [x

Erica cf. terminalis

Eucommia XX XX XX X XX

Fraxinus X X

Hedera X X

llex X

Juglans X

X X |x|x

Liquidambar X X Ix[x]x|x X | x

X X |X|x

Lonicera

Nothapodytes X

Mesothermal plants Oleaceae X |x [x[x|x

Ostrya X X [x

Parrotia cf. persica X [x X 1x

Parrotiopsis cf. jacquemontiana

Parthenocissus X X

X |X|X|x|Xx
x

Parthenocissus cf. henryana X X | X

Phelline X

Platanus

Populus X

Pterocarya

X | X [X|Xx
x
x
x
x
x

Quercus X

Quercus ilex type

XX |X|[X|Xx
x
x
x

Rhamnaceae X X[X|X[X

Rhus X X X | x

XX |X|X|X|X]|Xx

Salix X | x X Ix[x|x]|x]|x X | x[x

x
x

Sambucus

Tamarix X

x

Tilia X X | x X|x|x X

Ulmus X|X|X[X|X] X IX|X[X[X]|X]|X] X

x
X | X [X|Xx
x

Ulmus-Zelkova

Viburnum

Vitis

Zelkova X

diplostellate type

X X x|
x
x
x
x

X X |X|[|X|Xx
x

x

Pinus + indeterminable Pinaceae | haplostellate type

haploxylon type

x

Cathaya X |x[x[x] x

Cedrus

Meso-microthermal plants Fagus

X X |x|x

Podocarpus X x| x

X | X |X|X|Xx

Tsuga X

Abies

x
x
x

X | X |IX|X|X
x
x

Microthermal plants -
Picea X X X |x
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Aglaoreidia X

cf. Alyxia X [ x X | X

Apocynaceae

Convolvulaceae X

cf. Cucurbitaceae X

Dolichandrone X

Normapolles X X [x X [x

Elements without significance Ranunculaceae X X | x X | x|x

Rosaceae

X | X | X [|Xx
x
x

Rutaceae X X X

Sanguisorba type X

Solanaceae

Tricolporopollenites sibiricum X X X

Unidentified pollen grains X[ x[x[x]|x XX [x[x|x|x] x X[ x[x|x| x

Vitaceae

Cupressaceae p.p. Cupressus-Juniperus type X[x[x[x]x] x Ix|x[x[x]x]|x] x |x X [x[x X

Alisma X I x[x]x

Amaranthaceae X X x| x [x]x[x]x

Apiaceae X X|x|x

Aquilegia type X

Artemisia X |x X X X X

Asphodelus X

Boraginaceae

Brassicaceae X X

Bupleurum X

Calligonum

Campanulaceae XX X| X X X| X X

Caryophyllaceae X | x X [x

Cephalanthus X X

Cistaceae X

Cistus

Compositae Asteroideaae X [x X X |x|x

Compositae Cichorioideae X X |x

XX |X|[x|Xx
x
x

Convolvulus X X X

Crassulaceae X

Cuphea X

Cyperaceae x| |x X [x X X X | x X

Herbaceous plants Diodia type

Ephedra X X [x

Erodium X X

Euphorbia X X

Filipendula

Galium

Gentianaceae X X

Geraniaceae X X

Geranium X

Gunnera X

Helianthemum X X X

Hyoscyamus

Leguminosae Papilionideae X X X X[ x[x[x

Liliaceae X X X |x

Linum X X

cf. Lobelia X

Lygeum X

Lythraceae X

Malvaceae XX

Melilotus type

Menyanthaceae X [x x Ix|x| |x

Mercurialis X X X X X

Aquatic monocotyledon X X
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PETM locations| EECO locations | MMCO locations
1(2(5(7|8|11]1|3|4|5|6(9|10]1(4(5(6(7|9|10
Myriophyllum X X X
Nitraria X X
Nympheaceae X
Oenotheraceae X X X X
Papaveraceae X x| x Ix]|x X X
Plantago X X | x
Plumbaginaceae
Poaceae X x| x X | x X | x
Polygonaceae X
Polygonum X
Polygonum aviculare type
Herbaceous plants Potamogeton X [x X X X [x
Primulaceae X
Resedaceae X X[ x[x|x|x X
Restionaceae X | x[x X X |x x| x X
Restio X [ x X | x
Rumex X X | x|x X X [x[x
Saxifragaceae X
Sparganium X x| x X
Thalictrum X
Typha
Urticaceae X X X[x|x|x]|x X [x|x
Valerianaceae X X

Ecological groups of plants Taxa

XX |x|x
x
X [ X |x|x

X |X|X|Xx

The pollen data used for the PETM and EECO result from recent analyses because of a
noteworthy evolution in Paleogene palynology. The pollen records used for MMCO are
relatively recent and homogenous enough in terms of botanical identifications.

Botanical identification of pollen grains

The rarely used technique of mounting the residue in glycerol allows some mobility of the
pollen grains so their different sides can be examined, thus facilitating their botanical
identification. Analyses were made using a light microscope at 200x magnification, and each
pollen grain was identified at 1,000x magnification.

Aiming to optimize reliability of pollen analysis, we perform appropriate techniques (see
the chapter ‘Material and methods’ of the main text and we follow an accurate nomenclature
in pollen morphology (Punt et al., 2007) for understanding shape, structure, aperture(s) and
ornamentation, according to the LO-analysis (Lux = light vs. Obscuritas = darkness)
technique of observation at the transmitted light microscope (TLM) (Erdtman, 1952).
Scanning electronic microscope (SEM) has also been used to check some of the pollen
characters, particularly those perceptible in surface, such as shape and ornamentation.
Information on the present-day accepted botanical taxa and synonymies comes from The
Plant List (2013). Most of the pollen photographs come from specimens from the ISEM
collection (website: data.oreme.org), some others come from the GeoBioStratData private
collection.

Below, we provide an accurate description, illustrated by photographs, of some critical
pollen grains benefiting from a botanical identification, which belong to plants of the
mangrove ecosystem. This approach challenges for elevating pollen floras at the same step
of botanical relevance than macrofloras, at least at the genus level. In this context, the genus
appears to be the most relevant taxonomic entity because (1) most of genera existed from
the earliest Paleogene, and (2) its bioclimatic significance is generally well delimited (Harris
et al., 2017). The limited identification at the genus level replaces the so-called species, we
believe imagined, in most of the previous Paleogene studies.
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Avicennia (Acanthaceae)

Because the Early Eocene and Mid-Miocene recorded pollen grains ascribed to Avicennia
show some morphological variety, we present hereafter three figures with photographs from
pollen grains of six modern species (among the eight accepted species by The Plant List,
2013), four from the Western province (A. bicolor, A. germinans, A. schaueriana, A. tonduzii
Figures S2-S3), two from the Eastern province (A. marina, A. officinalis; Fig. S4).
Comparisons can be done with ten photographs of Avicennia pollen from PETM (Figure S7),
thirty-one photographs of Avicennia pollen from EECO (Figures S8-S10), sixteen
photographs of Avicennia pollen from MMCO (Figure S11).

Avicennia shows prolate to spheroidal tricolpate or tricolporate pollen grains characterised
by long and largely opened colpi (with or without costae) that makes the polar area
(apocolpium) very small and the pollen close to be syncolp(or)ate. Tricolporate pollen grains
show a slightly elongated endoaperture along the polar axis, which does not pass the edges
of colpus at the pollen equator. A homobrochate semitectate reticulum constitutes the exine
sculpture with dense muri, larger than luminae, which are characterised by a polygonal and
slightly elongated outline. Thickness of muri somewhat increases toward the poles that
reduces the size of luminae. Colpi are bordered by a thin margo where reticulum is smaller.
The structure of the semi-tectate ectexine shows dense columellae with large head
constituting the tectum overlying a thinner endexine. At SEM, general shape and exine
sculpture can be observed in finer detail showing, in particular, the smooth surface of the
tectum somewhat prominent above the columellae. These characters, whatever the pollen is
colpate or colporate, are those of the modern Avicennia pollen (also supported by an almost
similar size), which unique morphology has been extensively described and documented by
many photographs at TLM and SEM (Thanikaimoni, 1987; Mao et al., 2012).

Three modern Avicennia species display pollen morphologies (with a colpate or colporate
apertural system) very close to the Avicennia pollen grains of the Early Eocene Arctic—
Atlantic: A. germinans (L.) L., A. marina (Forssl.) Vierh., and A. officinalis L. Two of these
species (A. marina and A. officinalis) have pollen grains very close to those recorded in the
Mid-Miocene sediments from the Mediterranean region.
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Figure S2. Photographs at TLM and SEM of pollen grains of the modern species Avicennia
bicolor Standl. (slide n° 10887 from the ISEM collection, plant specimen collected in
Panama), A. africana P.Beauv. = A. germinans (L.)L. (slide 875 of the GeoBioStratData
collection, plant specimen 14273 from the Herbarium of the University C. Bernard Lyon,
France, plant specimen collected in Africa), and A. tomentosa Jacq. = A. germinans (L.)L.
(slide 874 of the GeoBioStratData collection, plant specimen 5 from the Herbarium of the
University C. Bernard Lyon, France, plant specimen collected in India) (shots by J.-P. Suc &
S.-M. Popescu).

Scale bar =5 ym.

A. Avicennia bicolor.
A1-A4, LO-analysis of equatorial view (aperture facing): A1, reticulate ornamentation; A2,
focus at base of columellae; A3, ecto- and endo-apertures; A4, optical section.
A5-A8, LO-analysis of polar view: A5, reticulate ornamentation; A6, focus at base of
columellae; A7, apocolpium; A8, optical section.

B, Avicennia africana = A. germinans.
B1-B4, LO-analysis of equatorial view (intercolpium): B1, reticulate ornamentation; B2,
focus at base of columellae; B3, colpi; B4, optical section.
B5-B6, LO-analysis of polar view: B5, reticulate ornamentation; B6, optical section.
B7, Equatorial overview (aperture facing).
B8, Polar overview.

C, Avicennia tomentosa = A. germinans.
C1-C4, LO-analysis of equatorial view (aperture facing): C1, reticulate ornamentation; C2,
focus at base of heads of columellae, ectoaperture; C3, focus at base of columellae; C4,
optical section.
C5-C6, LO-analysis of polar view: C5, reticulate ornamentation and focus at base of
columellae; C6, optical section.
C7, equatorial overview (intercolpium).
C8, polar overview.
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Figure S3. Photographs at TLM of pollen grains of the modern species Avicennia
Schaueriana Stapf & Leechm. ex Moldenke (slide 10886 from the ISEM collection, plant
specimen collected in the West Indies) and A. tonduzii Moldenke (slide 10885 from the ISEM
collection, plant specimen collected at Costa Rica) (shots by J.-P. Suc & S.-M. Popescu).
Scale bar =5 pm.

A. Avicennia schaueriana.
A1-A3, LO-analysis of equatorial view (aperture facing): A1, reticulate ornamentation; A2,
focus at base of columellae; A3, optical section.
A4—-A6, LO-analysis of polar view: A4, reticulate ornamentation; A5, focus at base of
columellae; A6, optical section.

B. Avicennia tonduzii.
B1-B3, LO-analysis of equatorial view (aperture facing): B1, reticulate ornamentation; B2,
focus at base of columellae; B3, optical section.
B4-B6, LO-analysis of polar view: B4, reticulate ornamentation; B5, focus at base of
columellae; B6, optical section.
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Figure S4. Photographs at TLM and SEM of pollen grains of the modern species Avicennia
alba Blume = A. marina (Forssk.) Vierh. and A. officinalis L. (shots by J.-P. Suc & S.-M.
Popescu).

Scale bar =5 ym.

A, Avicennia alba = A. marina.
A1-A4, LO-analysis of equatorial view (intercolpium): A1, reticulate ornamentation; A2,
focus at base of columellae; A3, colpori; A3, optical section.
A5-A6, LO-analysis of polar view: A5, reticulate ornamentation and focus at base of
columellae; A6, optical section.
A7, Equatorial overview (aperture facing).
A8, Polar overview.

B, Avicennia officinalis.
B1-B4, LO-analysis of equatorial view (intercolpium): B1, reticulate ornamentation; B2,
focus at base of columellae; B3, colpi; B4, optical section.
B5-B7, LO-analysis of equatorial view (aperture facing): B5, reticulate ornamentation; B6,
focus at base of columellae; B7, optical section.
B8-B11, LO-analysis of polar view: B8, reticulate ornamentation; B9, focus at base of
columellae; B10, apocolpium; B11, optical section.
B12, Equatorial overview (intercolpium).
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B10
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Figure S5. Photographs at TLM of pollen grains of the modern species Pelliciera rhizophorae
Planch. & Triana

(Tetrameristaceae) (slide 38826 from the ISEM collection) and Rhizophoraceae: Rhizophora
candelaria DC. = R. apiculata Blume (slide 34256 from the ISEM collection, plant specimen
collected in India), R. mucronata Lam. (slide 10833 from the ISEM collection), Bruguiera
parviflora (Roxb.) Wright & Arn. ex Griff. (slide 40409 from the ISEM collection), Ceriops
roxburghiana Arn. = C. decandra (Griff.) W.Theob. (slide 15072 from the ISEM collection,
plant specimen collected in India) (shots by J.-P. Suc & S.-M. Popescu).

Scale bar =5 ym.

A, Pelliciera rhizophorae.
A1, Equatorial view (aperture facing), optical section.
A2, Polar view, optical section.

B, Rhizophora candelaria = R. apiculata.
B1-B2, LO-analysis of equatorial view (aperture facing): B1, microreticulate ornamentation;
B2, optical section.
B3-B4, LO-analysis of equatorial view (intercolpium): B3, microreticulate ornamentation;
B4, optical section.
B5-B6, LO-analysis of polar view: B5, microreticulate ornamentation; B6, optical section.

C, Rhizophora mucronata.
C1-C2, LO-analysis of equatorial view (aperture facing): C1, scabrate ornamentation; C2,
optical section.
C3—C4, LO-analysis of polar view: C3, scabrate ornamentation; C4, optical section.

D, Bruguiera parviflora.
D1-D2, LO-analysis of equatorial view (aperture facing): D1, scabrate ornamentation; D2,
optical section.
D3-D4, LO-analysis of polar view: D3, scabrate ornamentation; D4, optical section.

E, Ceriops roxburghiana = C. decandra.
E1-E2, LO-analysis of equatorial view (aperture facing): E1, scabrate ornamentation; E2,
optical section.
E3, Polar view, optical section.

Pelliciera rhizophorae Planch. & Triana (Tetrameristaceae) (Figure S5, A1-A2).
The great-sized spheroidal pollen of this species is tricolporate with thin and relatively short
colpi as ectoapertures that confers a large apocolpial field in polar view. The endoapertures
are perpendicular to the ectoapertures delimited by slightly marked costae discontinuous at
the equator. The pollen is tectate with relatively thick endexine and ectexine, which shows a
foveolate-fossulate to verrucate-rugulate ornamentation. This pollen morphology is described
and illustrated by Thanikaimoni (1887).

Rhizophoraceae (Figure S5, B1-E2).

The mangrove genera of Rhizophoraceae show an almost similar pollen morphology.

Slightly prolate to spheroidal, the pollen is tricolporate, sometimes tetracolporate, with long
ectoapertures and perpendicular long endoapertures bordered by prominent costae.
Rounded triangular polar view shows vestibula. Ectexine, thicker than endexine, shows a
variable ornamentation, scabrate to microreticulate or foveolate. In addition to variability in
pollen size, such a homogenous morphology makes very difficult the identification of genera
according to pollen.
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Figure S6. Photographs at TLM of pollen grains of the modern species Nypa fruticans
Wurmb (Arecaceae) (slide 34258 from the ISEM collection, plant specimen collected in
India), Tarrietia perakensis King = Heritiera sumatrana (Miq.) Kosterm. (Malvaceae) (slide
17929 from the ISEM collection, plant specimen collected in Malaysia), Scyphiphora
hydrophylacea C.F.Gaertn. (Rubiaceae) (slide 21266 from the ISEM collection, plant
specimen collected at Singapore), Brownlowia argentata Kurz (Malvaceae) (slide 20764 from
the ISEM collection, plant specimen collected in Indonesia), Brownlowia elata Roxb.
(Malvaceae) (slide 19839 from the ISEM collection, plant specimen collected in Burma),
Xylocarpus mekongensis Pierre (Meliaceae) (slide 11310 from the ISEM collection, plant
specimen collected in India), Sonneratia caseolaris (L.)Engl. (Lythraceae) (slide 653 of the
GeoBioStratData collection), Excoecaria agallocha L. (Euphorbiaceae) (slide 11306 from the
ISEM collection, plant specimen collected in Vietnam) (shots by J.-P. Suc & S.-M. Popescu).
Scale bar =5 pym.
A, Nypa fruticans.
A1, Equatorial view (aperture facing), optical section.
B, Tarrietia perakensis = Heritiera sumatrana.
B1-B2, LO-analysis of equatorial view (aperture facing): B1, reticulate ornamentation; B2,
optical section.
C, Scyphiphora hydrophylacea.
C1-C2, LO-analysis of equatorial view (aperture facing): C1, reticulate ornamentation; C2,
focus at base of columellae and colporus.
C3—C4, LO-analysis of polar view: C3, reticulate ornamentation; C4, optical section.
D, Brownlowia.
D1-D2, Brownlowia argentata, LO-analysis of polar view: D1, reticulate ornamentation; D2,
optical section.
D3-D4, Brownlowia elata, LO-analysis of polar view: D3, reticulate ornamentation; D4,
optical section.
E, Xylocarpus mekongensis.
E1, Polar view of a tetracolporate pollen, optical section.
E2, Polar view of a tricolporate pollen, optical section.
F, Sonneratia caseolaris.
F1-F2, LO-analysis of equatorial view (aperture facing): F1, verrucate ornamentation; F2,
optical section.
G, Excoecaria agallocha.
G1-G4, LO-analysis of equatorial view (aperture facing): G1, finely reticulate
ornamentation; G2, focus at base of columellae; G3, colporus; G4, optical section.
G5, polar view, optical section.

Nypa fruticans Wurmb (Aceraceae) (Figure S6, A1).

Large spheroidal to elliptical pollen, monocolpate, with long spines, finely reticulate in
between spines.

Tarrietia perakensis King = Heritiera sumatrana (Miq.) Kosterm. (Malvaceae) (Figure S6,
B1-B2).

Small prolate spheroidal pollen, tricolporate, finely reticulate. Ectoapertures (colpi) are long
with thin costae, endoapertures (pori) are small and weakly annulate.

Scyphiphora hydrophylacea C.F.Gaertn. (Rubiaceae) (Figure S6, C1-C4).

Large spheroidal pollen, tricolporate, with reticulate ornamentation. Endoapertures (pori) are
bordered by a thick annulus.

Brownlowia argentata Kurz and Brownlowia elata Roxb. (Malvaceae) (Figure S6, D1-D4).

Oblate pollen, tricolporate, interaperturate with marked costae along the short ectoapertures,
reticulate ornamentation of the thick ectexine.

Xylocarpus mekongensis Pierre (Meliaceae) (Figure S6, E1-E2).
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Oblate pollen, tricolporate to tetracolporate, scabrate. Ectoapertures (colpi) are very short,
endoapertures (pori) are bordered by a thick discontinuous annulus.

Sonneratia caseolaris (L.)Engl. (Lythraceae) (Figure S6, F1-F2).

Large prolate pollen, triporate, granulate to verrucate ornamentation. Apertures (pori) are
circular, prominently protruding and bordered by a thin annulus.

Excoecaria agallocha L. (Euphorbiaceae) (Figure S6, G1-G5).

Prolate to oblate pollen, tricolporate, finely reticulate ornamentation. Ectoapertures are long,
endoapertures narrowly elliptic.

G1 - G2 - G3 - G4 - G5
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Fossil pollen flora

Figures S6-S10 display photographs of fossil pollen grains ascribed to mangrove taxa from
PETM, EECO and MMCO samples.

To complete our iconography of Avicennia fossil pollen grains, it is to be specified that the
pollen grains published as Gunnera by Palacios Chavez & Rzedowski (1993: Plate XXIV, Fig.
479) and as Retitricolpites sp. by Médus (1975: Plate XIV, Figs. 27-28) probably belong to
Avicennia.

Comment about the Sonneratia-type pollen. Only seven pollen grains (from Gan, Kallo,
Morlaas 1, Site 547 and Site 918) have been recorded showing a morphology evoking that of
Sonneratia. The best preserved pollen of this group is shown in Figure S9 (C1-C2). These
pollen grains, similar to that published by Gruas-Cavagnetto et al. (1988) from Thanetian of
Southern France, are characterised by mesocolpal ridges, a verrucate equatorial belt, and no
distinctive polar caps: according to Mao and Foong (2013), they are possibly assignable to
the fossil genus Florschuetzia, a potential precursor of the extant Sonneratia genus. Waiting
for more records of such pollen grains, we chose to group them within the term Sonneratia-

type.

Figure S7. Photographs at TLM of fossil pollen grains from PETM sediments — location
number refer to Figure 2 (shots by J.-P. Suc & S.-M. Popescu).
Scale bar =5 pym.

A, Avicennia.
A1-A2, Site MOOO4A (location 1), 382.44 mbsf: A1, cluster of pollen grains; A2, polar view.
A3, Faddeevsky Island (location 2), sample GS127, polar view.
A4-A6, Site 918 (location 5), 1180.49 mbsf: A4—A5, equatorial view (aperture facing); A6,
polar view.
A7, Site 918 (location 5), 1180.71 m, equatorial view (aperture facing).
A8-A10, Site 547 (location 11), equatorial views (aperture facing): A8, 279.31 mbsf; A9—
A10, 279.53 mbsf.
B, Brownlowia.
B1-B2, Site 918 (location 5), 1180.49 mbsf, LO-analysis polar view: B1, reticulate
ornamentation; B2, optical section.
C, Rhizophoraceae.
C1, Site 918 (location 5), 1180,49 mbsf, equatorial view (aperture facing).
C2, Site 547 (location 11), 279.31 mbsf, equatorial view (aperture facing).
C3-C4, Site 547 (location 11), 279.53 mbsf, equatorial view (aperture facing).
D, Xylocarpus.
D1, Noirmoutier (location 7), sample 2, equatorial view (intercolpium).
D2, Site 547 (location 11), 279.31 mbsf, polar view.
E, Nypa.
E1, Noirmoutier (location 7), sample 2, optical section.
E2, Calavanté 1 (location 8), 3402 m, optical section.
F, Excoecaria.
F1-F2, Site 547 (location 11), 279.53 mbsf, LO-analysis of equatorial view (intercolpium):
F1, reticulate ornamentation; F2, optical section.
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Figure S8. Photographs at TLM and SEM of fossil pollen grains from EECO sediments —
location numbers refer to Figure 2 (shots by J.-P. Suc & S.-M. Popescu).
Scale bar =5 ym.

A, Avicennia.
A1-A2, Site MOOO4A (location 1), 318.86 mbsf, LO-analysis of equatorial view (aperture
facing): A1, reticulate ornamentation; A2, aperture.
A3, Site MOOO4A (location 1), 313.41 mbsf, equatorial view (aperture facing).
A4-A5, Site MOO04A (location 1), 297.72 mbsf, equatorial view: A4, intercolpium; A5,
aperture facing.
A6, MOOO4A (location 1, 301.53 mbsf, equatorial view (intercolpium).
A7, MOOO4A (location 1), 318.86 mbsf, equatorial view (intercolpium).
A8-A9, MOOO04A (location 1), 287.395 mbsf, equatorial view (intercolpium), reticulate
ornamentation.
A10-A12, Caribou Hills (location 3), sample 18, polar view: A10, optical section; A11,
reticulate ornamentation; A12, reticulate ornamentation.
A13, Caribou Hills (location 3), sample 12, polar view, reticulate ornamentation.
A14, Caribou Hills (location 3), sample 18, equatorial view (aperture facing), optical section.
A15-A16, Caribou Hills (location 3), sample 18, equatorial overview (intercolpium).
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Figure S9. Photographs at TLM of fossil pollen grains from EECO sediments — location
numbers refer to Figure 2 (shots by J.-P. Suc & S.-M. Popescu).
Scale bar =5 ym.

A, Avicennia.
A1-AB, Site 343 (location 4).
A1-A3, 213.995 mbsf, equatorial view: A1, intercolpium, reticulate ornamentation; A2—A3,
aperture facing, reticulate ornamentation.
A4-AB, 214.30 mbsf, equatorial view (intercolpium): A4—AS5, reticulate ornamentation; A,
optical section.
A7-A12, Site 918 (location 5).
A7, 1157.21 mbsf: polar view, reticulate ornamentation.
A8-A9, 1156.71 mbsf, LO-analysis of polar view: A8, reticulate ornamentation; A9, optical
section.
A10, 1157.71 mbsf: polar view, optical section.
A11-A12, 1158.21 mbsf: A11, polar view, optical section; A12, equatorial view (aperture
facing), reticulate ornamentation.
B, Excoecatria.
B1-B3, Site 343 (location 4), 213.995 mbsf, LO-analysis of equatorial view (intercolpium):
B1, microreticulate ornamentation; B2, optical section; B3, aperture.
C, Rhizophoraceae.
C1-C2, Site 343 (location 4), 214.3 mbsf, equatorial view (aperture facing): C1,
ornamentation; C2, aperture.
C3-C5, Site 343 (location 4), 213.995 mbsf, LO-analysis of equatorial view (aperture
facing): C3, ornamentation, aperture; C4, aperture; C5, optical section.
C6-C7, Site 918, 1158.21 mbsf, LO-analysis of equatorial view (aperture facing): C6,
ornamentation and aperture; C7, optical section.
D, Xylocarpus.
D1-D3, Site 343 (location 4), 214.3 mbsf, LO-analysis of polar view: D1, finely reticulate
ornamentation; D2, aperture; D3, optical section.
E, Scyphiphora.
E1-E2, Site 343 (location 4), 213.995 mbsf, LO-analysis of polar view: E1, ornamentation
and apertures; E2, optical section.
F, Brownlowia.
F1-F2, Site 918 (location 5), 1158.21 mbsf, polar view: F1, ornamentation; F2, optical
section.
G, Heritiera.
G1, Site 918 (location 5), 1158.21 mbsf, polar view.
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Figure S10. Photographs at TLM and SEM of fossil pollen grains from EECO sediments —
location numbers refer to Figure 2 (shots by J.-P. Suc & S.-M. Popescu).
Scale bar =5 ym.

A, Avicennia.
A1-A3, Kallo 027E148 (location 6).
A1-A2, 239 m, LO-analysis of equatorial view (aperture facing): A1, reticulate
ornamentation; A2, optical section.
A3, 265 m, equatorial view (intercolpium), reticulate ornamentation.
A4, Morlaas 1 (location 9), 1282 m, equatorial view (intercolpium), reticulate ornamentation.
B, Nypa.
B1, Kallo 027E148 (location 6), 286.5 m, reticulate ornamentation and optical section.
B2-B3, Gan (location 10), sample 1: B2, overview; B3, optical section.
C, Sonneratia-type.
C1-C2, Kallo 027E148 (location 6) 286.5 m, LO-analysis of equatorial view (intercolpium):
C1, verrucate ornamentation; C2, aperture and optical section.
D, Xylocarpus.
D1, Morlaas 1 (location 9), 1462 m, polar view, optical section.
E, Pelliciera.
E1, Morlaas 1 (location 9), 1462 m, polar view, apertures and optical section.
F, Rhizophoraceae.
F1, Morlaas 1 (location 9), 1462 m, equatorial view (aperture facing), ornamentation.
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Figure S11. Photographs at TLM and SEM of fossil pollen grains from MMCO sediments —
location numbers refer to Figure 3 (shots by J.-P. Suc & S.-M. Popescu).
Scale bar =5 ym.

A, Avicennia.
A1-A2, La Rierussa (location 7), sample 1, equatorial view (aperture facing): A1, reticulate
ornamentation; A2, optical section.
A3, Saint-Geniés (location 6), equatorial view (intercolpium), overview.
A4—-A13, Estagel (location 5), sample 8.
A4—A5, equatorial view (intercolpium): A4, reticulate ornamentation; A5, focus at base of
columellae and optical section.
A6-A7, polar view: A6, reticulate ornamentation; A7, optical section.
A8-A10, polar view: A8, reticulate ornamentation; A9, focus at base of columellae; A10,
optical section.
A11-A13, equatorial view (aperture facing): A11, reticulate ornamentation; A12, focus at
base of columellae; A13, optical section.
A14-A16, Gdllersdorf (location 1), sample 22, equatorial view (intercolpium): A14, reticulate
ornamentation; A15, optical section; A16, apertures.
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