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Abstract

Pollen analysis of sections spanning the Middle Miocene (Langhian and Serravallian) from southern Spain to Switzerland has
been carried out with the aim of reconstructing the existing latitudinal environmental gradient.

Floral assemblages indicate a tropical—subtropical to warm—temperate climate for the entire area during the Middle Miocene.
The presence, in all pollen spectra, of taxa with high temperature requirements demonstrates that the latitudinal gradient in
temperature was relatively low. The development of a diverse subarid flora in southern Spain including Neurada, Lygeum, Pro-
sopis, Calligonum, Nitraria, Caesalpiniaceae, etc., points to a very dry climate with a marked seasonality. These features clearly
indicate that a very warm and dry climate (i.e. a steppe environment) was already present during the Langhian in the northwestern
Mediterranean area. On the other hand, milder conditions are progressively inferred towards the north as subdesertic elements
gradually disappeared and taxa with higher water requirements increased. The latter dominates the pollen assemblages in the
eastern central part of France and Switzerland, thus precipitations would have been evenly distributed throughout the year. We
interpret this gradient from subdesertic vegetation in the south to humidity-adapted plant environments in the north as the result of a
latitudinal gradient in precipitation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The modern distribution of plants in Southwestern
Europe is very complex (Quézel and Médail, 2003). It is
mainly controlled by the latitude, altitude, and the
influence of the Atlantic Ocean or the Mediterranean
Sea, as well as the position of the mountain ranges.
However, the temperature gradient, from the very south of
Spain and Italy, where summer drought and temperatures
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are more pronounced, to the north, mainly controls the
present-day latitudinal distribution of the vegetation. At
the same time, the mountainous character of the Iberian
and Italian peninsulas allows a marked southward
extension of “boreal” assemblages (Quézel and Médail,
2003).

The Miocene is a key period in Cainozoic climatic
and tectonic evolution. Indeed, the Middle Miocene
represents one of the last warm episodes of the Neogene
(Miocene Climatic Optimum, MCO) in a general
cooling trend and development of major permanent
Antarctic ice sheets (Flower and Kennett, 1994; Zachos
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etal., 2001). The continents finally evolved toward their
present-day configuration during Miocene—Pliocene
times due to the uplift of the Alpine Chain and changes
in sea-level (Meulenkamp and Sissingh, 2003).

Palynological studies carried out in order to understand
vegetation and climate history during the Neogene in
Europe are numerous. The most recent sediments are the
most studied, therefore, the past dynamics of Pliocene
vegetation and climate are well-known (Zagwijn, 1960;
Pons, 1964; Suc, 1976, 1984; Suc and Cravatte, 1982;
Diniz, 1984; Zheng and Cravatte, 1986; Bessais and
Cravatte, 1988; Drivaliari, 1993; Bertini, 1994; Suc et al.,
1995a,b; Popescu, 2001; Fauquette and Bertini, 2003).
These studies suggest that, at least during the Early
Pliocene (5.33-3.6 Ma), factors similar to those found
today already played an important role in the organisation
of the Mediterranean vegetation (Suc, 1989).

The Late Miocene is also well studied thanks to many
studies that aimed at clarifying the climate forcing on the
controversial Messinian Salinity Crisis (Suc and Bessais,
1990; Suc et al., 1995a,b; Bertini et al., 1998; Fauquette
et al., 2006; Popescu, 2006).

However, Middle Miocene palynological studies in
southwestern Europe are scarcer and have been
geographically restricted (Bessedik, 1984, 1985;
Zheng, 1990; Valle et al., 1995). These studies have
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proved beneficial by providing information mainly
about the vegetation and climate of the different sites
or relatively small areas (e.g. Catalonia and Southern
France by Bessedik, 1984, 1985).

In order to fill this gap, several pollen records of
Langhian and Serravallian ages from southern Spain to
Switzerland have been compared in this paper. This was
done to better understand the process and pattern of the
Middle to Late Miocene climatic evolution in Western
Europe.

2. Materials and methods

In this study, 74 samples of Langhian and Serraval-
lian ages from different sections, that are today
separated by about 11° in latitude (Spain, France and
Switzerland), have been analysed. Samples are located
in the north Mediterranean area, and originate from
several Neogene basins that formed as a consequence of
the African—Eurasian convergence (Meulenkamp and
Sissingh, 2003).

The first 10 sections (Fig. 1) were analysed by one of
the authors (G.J.-M.). They are (from south to north):
Andalucia G1 (Alboran Sea), borehole (from Late
Langhian to Early Tortonian; ELF, 1984); Alboran A1l
(Alboran Sea), borehole (from Late Langhian to Early
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Fig. 1. Geographic position of the considered pollen localities. Black dots: new pollen localities acquired in this work; white dots: pollen spectra from
Bessedik (1984, 1985). See text for a complete description of pollen localities and pollen records. (1) Andalucia G1; (2) Alboran Al; (3) Andalucia
Al; (4) Gor; (5) La Rierussa; (6) Farinole; (7) Estagel-Bayanne; (8) Les Mées; (9) Ecotet; (10) Le Locle (Combe Girard); (11) Sant Pau d’Ordal; (12)

Montady; (13) Poussan; (14) Issanka.
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Tortonian; Chevron, 1986); Andalucia Al (Alboran
Sea), borehole (from Late Langhian to Early Tortonian;
ELF, 1984; Rodriguez-Fernandez et al., 1999); Gor
(Spain), exposed section (Langhian; Martin Pérez and
Viseras, 1994); La Rierussa (Spain), exposed section
(Langhian; Magné, 1978; C. Miiller in Bessedik, 1985);
Farinole (France, Corsica), exposed section (Serraval-
lian; Ferrandini et al., 1998, 2003); Estagel and Bayanne
(France), exposed sections (Late Burdigalian and
Langhian; Maurel-Ferrandini, 1976; Besson et al.,
2002; Jiménez Moreno et al., 2002); Les Mées (France),
borehole (from Late Burdigalian to Early Serravallian;
Dubois and Curnelle, 1978); Ecotet (France), exposed
section (Serravallian; Aguilar et al., 2004); Le Locle
(Combe Girard locality) (Switzerland), exposed section
(Serravallian; Kélin et al., 2001).

The remaining sections (11 to 14: Fig. 1) were studied
by Bessedik (1985) and have been used here to refine the
interpretations: Sant Pau d’Ordal (Spain), exposed section
(Langhian), Montady (France), exposed section (Serra-
vallian), Issanka (France), exposed section (Langhian),
Poussan (France), and exposed section (Langhian).

Only the exposed section La Rierussa [Spain,
Bessedik (1985)], was analysed again in order to refine
the pollen record.

The Mid-Miocene palacogeography is now relatively
well-known and was relatively similar to the modern one in
spite of the Late Miocene to Present change in latitude due
to the subduction of the African plate. The latitudinal range
between our two most distant localities (which is today a
difference of 11°) may be estimated to have been about 12—

13° in the Mid-Miocene (Rogl, 1998; Goncharova et al.,
2004; Ilyina et al., 2004; Harzhauser and Piller, 2007).

The sections studied (outcrops and boreholes) are
well dated by planktonic foraminifera or nannoplankton
and, in some cases, by mammals, all of which contain
taxa that indicate a Middle Miocene age (Langhian and
Serravallian stages; see references above and Fig. 2).

Sampling was done by taking ca. 150 g of sediment
per sample. In the chemical treatment only a part (20—
30 g of sediment) was used.

The samples were processed with cold HCI (35%) and
HF (70%), removing carbonates and silicates respec-
tively. Separation of the palynomophs from the rest of
the residue was carried out using ZnCl, (density >2).
Sieving was done using a 10 pm nylon sieve. The pollen
residue, together with glycerine, was prepared on slides.
A transmitted light microscope, using x250 and % 1000
(oil immersion) magnifications, was used for identifica-
tion and counting of palynomorphs.

Palynomorphs are abundant in the sediments, which
generally contain more than 2000 pollen grains/gram of
sediment and in some cases many dinoflagellate cysts
(concentrations were estimated according to the Cour’s
(1974) method). Spores have not been considered due to
their sparse representation. Many of the pollen grains
were identified by comparing them with published keys
and the modern pollen reference collection at the pollen
laboratory in Lyon, and also using the Photopal website
(http://medias.obs-mip.fr/photopal). A minimum of 150
pollen grains was counted in each analysed sample.
Generally samples were diverse, containing more than 30
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Fig. 2. Chronostratigraphic situation of the considered sections, according to the time-scale of Harzhauser and Piller, 2007. The sections are arranged
from South (left) to the North (right). Black sections: pollen analyses done by G. Jiménez-Moreno; grey sections: pollen analyses done by M.

Bessedik (1984, 1985).
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different taxa. A total of 172 taxa have been identified.
Pinus and Pinaceac and undetermined pollen grains
were counted but excluded from the pollen sum. Pinus
and Pinaceae are usually overrepresented because of their
prolific production and the advantage they have in air and
water transport, as well as in preservation.

Several studies (Turon, 1984; Hooghiemstra et al.,
1986; Cambon et al., 1997) confirm that pollen content
of modern coastal marine sediments, transported by air
or rivers, reflects the regional vegetation, and therefore,
environmental and climatic interpretations are possible
using comparable Miocene sediments.

Based on the results of the pollen spectra, detailed
pollen diagrams (Figs. 3—7; Table 1) and standard
synthetic diagrams (Suc, 1984) without Pinus and
Pinaceae have been constructed. In the synthetic pollen
diagrams, taxa have been grouped into 12 different

groups based on ecological criteria in order to clearly
visualise the composition of the past vegetation (see
Table 2).

Complete pollen data will be available on the web
from the “Cenozoic Pollen and Climatic values”
database (CPC) (http://cpc.mediasfrance.org).

3. Results

Changes in vegetation can be observed in some of the
sections covering a relatively long time frame, and they
are likely to have been produced by climatic changes
which occurred during the Mid-Miocene (e.g. the
Antarctic glaciation at ca. 14 Ma; see Kennett, 1977,
Miller et al., 1991; Flower and Kennett, 1994).
Nevertheless, these changes produced mainly quantita-
tive variations in the different taxa, and in only a few
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Fig. 3. Detailed pollen diagrams without Pinus and indeterminable Pinaceae of the boreholes Andalucia G-1 and Alboran A-1. Black dots mean

values lower than 1%.


http://cpc.mediasfrance.org

228

suresf a|qeulwLaiepu|
sureif syeuiwisispul
aesoesoy
aeaoe||fydofien
elauLY
aeaoruIbeqUINd

aeaoeipodausy-sesdeyiuesewy

BUBIIN

wniueien

2Ba0BIUBIDD)

Bjo4B) "J0 S1d0S0.o
nlobye.

m.cm::mw_

wnabA7

eydA ] -wnuebreds

uojebowejogq

geaoeydwAp

sea0eol]
eipayd3

BIsiwayy

aeade|WweT
9BA0E|NAIOAUOD

xawny

aeaornuedwen
wnaLgis sayuafjodoiod|ooll|
9BBIRISID

aeaoeoISselg

obeuel4

Bainelus)

2eapIoLIOYDI) SEadeIdlSY
oeaplola)sy aeadeIalSY
aeaoeod

seiqy

2aold

snupen

sAjidopes

eAeyie)

oeaoessaldny

aeaoea|0

snuyxeld

Xies

snuly

aeaoel|ojjuden)

xaj|
suannadwas snxng

SIIA

sieualo snuidien
onsay

BADYIBZ

s

eaisiad "jo mﬁ&mm

snbeqy

adAy snenpioap snaseny
BlojRIeD
eaifliiyg

B30

eojoidioyy
snssioouayed
EEERIN]
eipseyebusg
elieoAield
seaoep||sWeleH
wnyAisig
aeaoejodeg
2E90BIAIY
3BaoRISE|dD)
5000/dWAS
eoLApy

adAy wnipoxe|
BaLLIOYI)Y
2Ry
seaoeuIdiESaRD)
aeaoela)
aeadBUDed|
se90BIgNY
BILIUBIINY

adA) epusessnyy
aeaoeiquoydny
2eadeiny

BBaDBUId "18pUI '8 SNl
NOYIM WNS uajied

(w) uideg

AT 1
[ | L1 1
1 11 13 1
' N 1
- L
* 1
Q o o Qo Qo = (=]
"HOL- B195 | UB|||[BABIIOS
ETCANM | ERLE[EI]
I NI DDOIN

5%

10%

5%

Andalucia A-1

surelb a|qeulwIsIepY|
surelb ajeuiwia)apu|
eqiosinbues
9E80BSOY

eydA;

uoyabowelod
aeaoeladin

winur

geaoeldy

QBaE|T

2Ea0EOUT

BUBULY
aeaoe|Aydofien

‘podousyn-aesoeyIUBIBWY
eipayd3
BISIUSLY,
LT T
snyjuenuan
aejeIqe)
SNINAJOAUOD)
winiuows]
aaoeulbequin|d
aeaoe|nuedwe)
unwasyuersH
smisin
aeaels)
winiuesssy
wnpoig
aeadeluelar),
winabAq
seaoBOISSEIg
obejueld
BaInejusn

9BB8PIOLOYII) SESDRISISY

8EBapIcI)SY 9BaRIS)ISY|
2eade0d

G. Jiménez-Moreno, J.-P. Suc / Palaeogeography, Palaeoclimatology, Palaeoecology 253 (2007) 224-241

30%

L

u
5%

5%

10% 5%

4 uJ

selqy

©a0ld

snipan
edeyien
aeaoessaldny

seases|0
xjes

snuy
BIapaH
aeeoepesey
B189IUO]
Xuewe|

190y
siRD

snssjoouayued

snyy

snuidien
syejuaLo snuidieD
BAOY[SZ

BijlL

Jequepinbi

elien

adAy snonpioap snasany

BIUOIEIBD

adA} ei8j10000-X8)| SN2IEND
eajejdioyy
elpieyebug
elieohield
wnAisiq
epaoejodes
aeaoeoaly
s000/dWAg
QeBoeIpIRORUY
adAy wnipoxe|
xequog

BIoOEOY
aesoeIgny

adA) epL W

eaoeIqioydny

aeadeiny

8BaJBUId "18pUl '} m::_n.%.
INOUIM Wns usjjod &

# oiduesg 2

12 |169F

9 (182

159
7 |180F

179
5 |184fF
4 1621~
3 |160F

2 7

@ w©

11 202
1ofierf

ueiybuen

|

INIIO0IN I7aaln

Fig. 4. Detailed pollen diagrams without Pinus and indeterminable Pinaceae of the sections Andalucia A-1 and Gor. Black dots mean values lower than 1%.



G. Jiménez-Moreno, J.-P. Suc / Palaeogeography, Palaeoclimatology, Palaeoecology 253 (2007) 224-241

sutesb sjqeuiwsiapul
surelB ajeuiwalapu|
eydAj-wnuebieds
aeaoeuobAjod

8e80edls
eeaoe|fydolied

BLBULIY .
winuowry
aeaseuibEquIN|
winip:

2eedeIuels!
‘dousyD-eeadeyjuBIBWY
eipaydy
RISIWSLY
SieLnoiepy
BUBAIN
oeabesoy
8ea0BUBLB[EA
aeadenuedwe)
9BaoBAB[
8B80RION-8B30BIIUN
SNINAJOAUOD)
9BA0E|NA|OALOD)

aesoegIsselq

obejueld

2eapIoNoyaIY) 8BaoRIs)SY
9EapI0ISISY SEATRIBISY

2ea0B0d
WINaLIqIS Sejus|jodoladjool]

SNl
mb.s.o_om_um
edeyied
eeaoessaldnd)

SHABWEN
m,wnEEu,S?..
eojsied "jo BIJOLES
xirewe]

N._WU_EQ
E:E:n__
seaoe||ojude:

sijja:
suairedwas maham
eeplojucl|ded eeeoegey
SNssid)
m:m\m_m:.‘.
eAieD)
snbey
adA m,_.\.m.n_a:m‘.mmw‘mmr_mﬁmm
adA} snonpigap snajan,
adA) Big)loo0a-xeli snoiend)
eaidid

seaoeqnIew
elieafeld

oesoeplleWeWEH
wnyfysicq

m_mu
m:mﬂochmmm.mm

NU:N_:
2aBBoRIYIS|D-0Ra0R|[UAD

adA) wnipoxe]
BILUBOIAY
SBa0ESOUWI

aeaoeuidjesae))
aeagelapy
seaoeybidiely
xequwog
SEB0BYIUBDY
2Ba0B|BWIOISEIa |
SB30RIO|JISSE,
SMIOYDI0D-BIMBS
snyjjueiddely
seaseigny
adfy mhr.mmmu.ﬁe
eaoelgioydny
BaUIOYDJY
uojoID)
seadeiny

SBBOBUIG "18PUI P ST
NOYIIM WINS us||og

# edweg

159

158

160 |
154
150 |
158

@ ©
3 8 8

153
153

160

157

214

171179

16

15

13| 164

12
1
10

@ © ~ ©

5
4

1

uejybuen

INIOJOIN 37AddliN

JSSN) w
30%

u
5%

20% 5%

5%

La Rierussa

sulesB ejqeulLIB}apuU|

suresf ayeuILIBIBpU|

aeaoeldy

SEJIEINJUNUEY

apaorouy
‘dousyg-seaoeyjuelewy

2es0esoy

obejuel4
8eapIoLIOYOID) SE3JBIBISY

SEapI0IB)SY BSIBISISY

aea0E0y

2
Bk

10%

efeyien

aeades|Q

XIIeg

pojsiad “yo BljoLled

syeweweH

iequiepinbry

snuejeld

xajl

snuj
sieusLIo m::.ﬁ._.mw

snuidie;

SnLujy

BAOYEZ

seg

suasnledwas snxng

sepiouolidey aeaceqe

adf) sisdourjse-gaueise

adA) snonposp snasend

Ba|0

eipieyebug

snssioouayed

JeaoeplsWeweH
wnyAisig

BIUAJ

2E80BIUI8|D-0E808||UIAD

adAy wnipoxe|

xequiog
araoRIqNY

|

2BadEUld Jepul § SNUl4 w©
NOYIM WIS uajod 2

166

@
# 9jdueg o

Farinole

Fig. 5. Detailed pollen diagrams without Pinus and indeterminable Pinaceae of the La Rierussa and Farinole outcrops. Black dots mean values lower than 1%.

229



230 G. Jiménez-Moreno, J.-P. Suc / Palaeogeography, Palaeoclimatology, Palaeoecology 253 (2007) 224-241

suieif QlgEUILLIOIGDUN I M
m_m_m._x nhmx_c: wm_r._w_
~LMIE)
4 :Em% 0,

B80BIL:
mmmum_iwﬁotmu "
eesoeUIbEqWN|g

ElLBULY

winipos3

‘douayy-eeeoeyjuRlEWY, n
BISILIEY)
m._‘_m.:an:m&
2eaogir
mwd UEL _m\
jocages
wnoLIgrs seyi o101
uwwomcowﬁm&

LR
Ly
aeaoR|NUEdLLE’

aeadenount r_mm

E0ERISSE

BJUE)
9B8pIOUOYDIY) SBAOBIBISY
aeaplosaisy mmwmm%auw«_
adA} uojAxo|dey m::_M.|||- o
salgy

2e),

sAydopeid,
ebins,
snipa;

mbm:w”ﬂ 1
aegopssaJdn
adAy eronbay

SN

B,

mm&m |

snjndo

xﬁm
sisuaAByes "jo suglbrr,
SSA|

ewbysn:

E_ewmmwﬁm@mﬁw

;J =
10%

0 BROLIE,
XLIBUWE]

SnuRoo *Jo SNy
whuingy
SBa0E)

SnL,
BAOY)S,

SH:
Eabm:mw
susiniediies snxii
2igpaf

S
.
[ mum H
2

eAieooss]d
adAy m._mno:m‘mwo.mn:ﬁm.m
)
dA} snonpioap snasan,
adA) Biaji0000-Xaji SN24aN
eaIAIyd

Buoe

B!
xefe) m...n.&._oa._‘m. I . .

SNSSI00UBYLES -
gEea0BqnIEW!
(ee|noo0)) araseULIEdSIUS|
oed0BIpJEJEU
edeodield
mmmu%mﬂmmtmmuum. 1 - L —
mﬁm«? 0;
SijaWBUIE,
WnyAjs|
Ble! Ew_.omE
w mm._.vn Y
8|0poy|
ST
EB0BLIEIO]
eeaoejode
mmmumum._%

5000 n.E&
9L
QBADBYIUEID)
m.w,...mm_r__u_u
EEERENT)
8aBUCPOT
adAy wripoxe; 1 .
aesoe)N!
mmmomﬂmEQmm_m
299083
Ey)(BIBLO:
ek M.a
9BIDEUIUEDY
SBIVRIO|JISSE
LBl
eadeign -
oy spanst
mmwo@n_ug%

Eauiol)
adf) sisuaweyeq m:_iw
SBA0BUI 1OPU B SN 1
noyim wns uajod 2

# eidwes %

[}
5%

Estagel & Bayanne

bR

taialaias
=TT T
SOTTROBOKY

83 U O

Fig. 6. Detailed pollen diagrams without Pinus and indeterminable Pinaceae of the Estagel and Bayanne outcrops. Black dots mean values lower than 1%.
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Fig. 7. (a) Detailed pollen diagrams without Pinus and indeterminable Pinaceae of the borehole Les Mées and (b) detailed pollen diagrams without
Pinus and indeterminable Pinaceae of the Ecotet outcrop. Black dots in both diagrams mean values lower than 1%.

cases, extinction of some of the taxa, such as Avicennia,
a mangrove element, from the northwestern Mediterra-
nean shorelines. In this study, general and detailed
pollen assemblages of each site are used to compare
different sites to each other.

The pollen content of the considered localities allows
the subdivision of the area into four flora-vegetation
domains from south to north. The same general features,
even if some changes occurred, are observed during the
Langhian and Serravallian stages.

1) Southern Spain. (localities: Andalucia G1, Alboran
Al, Andalucia A1, Gor; Figs. 3, 4 and 8).
Herbs and shrubs are clearly dominant in the pollen
spectra with Poaceae, and halophytes such as
Amaranthaceae—Chenopodiaceae, Plumbaginaceae
p-p., Caryophyllaceae p.p., as the most representa-
tive. The pollen spectra are also characterized by the
abundance of subdesertic elements since the Lan-

ghian, such as Nitraria, Lygeum, Prosopis, Neur-
ada, and Calligonum (see Fig. 9).

Thermophilous (i.e. tropical and subtropical) ele-
ments [Taxodium type', Engelhardia, Sapotaceae,
Mpyrica, Alchornea, Mussaenda type, Melastomata-
ceae, Rutaceae, Avicennia (which constituted an
impoverished mangrove in the coastal area) and
Sindora] and mesothermic (i.e. warm—temperate)
elements (such as Quercus deciduous type, Carya,
Zelkova, etc.) contribute to such a pollen assemblage.
Cathaya, a gymnosperm today restricted to some sub-
tropical mid-altitude forests of southeastern China, is
also present but generally in very low percentages.
Mid-altitude (Cedrus, Tsuga) and high-altitude
(Abies, Picea) elements appear only occasionally.

' A pollen type including the genera Taxodium and Glyptostrobus,
both being regularly recorded among the Neogene plant macro-
remains in Europe.
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Table 1
Pollen spectra of the Combe Girard (Le Locle) section

Combe Girard — Le Locle (Serravallian)

Taxodium type 1
Arecaceae 3
Myrica 52
Distylium 7
Hamamelis 1
Hamamelidaceae 7
Platycarya 1
Engelhardia 140
Olea 7
Quercus ilex-coccifera type 1
Quercus deciduous type 8
Carya 14
Pterocarya 4
Juglans 5
Juglans cf. cathayensis 25
Carpinus orientalis 47
Buxus sempervirens 1
Zelkova 3
Ulmus 2
Celtis 1
Carpinus 6
Alnus 7
Tilia 1
Parthenocissus 1
Acer 7
Tamarix 3
Liquidambar 8
Salix 21
Ligustrum 1
Oleaceae 4
Cupressaceae 4
Cathaya 1
Picea 2
Abies 1
Indeterminable Pinaceae 13
Pinus 22
Poaceae 7
Plantago 4
Geraniaceae 1
Fabaceae 2
Ericaceae 1
Potamogeton 2
Rosaceae 3
Indeterminable grains 12

The vegetation, according to the high percentage of
herbs in the pollen spectra, is typical of an open
environment. Percentages of the remaining groups
are very low. The mesothermic trees were probably
restricted to mid- to high-altitude environments.

2) NE Spain and Corsica. (Localities: La Rierussa and
Farinole; Figs. 5 and 8).
In this area, pollen spectra are rich in herbs and shrubs,
mainly made up of Poaceae, Asteraceae, and halophytes
such as Amaranthaceae—Chenopodiaceae, Plumbagi-
naceae p.p. Thermophilous elements are abundant in all

the samples and Avicennia still plays a very important
role in this area, representing the impoverished
mangrove in the coastal area. However, many of the
subdesertic elements are not present in the pollen spectra
and Caesalpiniaceae and Acacia were recorded in very
low percentages. The rest of the assemblage is
characterized by temperate elements (Carya, Zelkova,
Buxus sempervirens type, etc.). Mid- and high-altitude
elements are very scarce in these samples.
This is in agreement with the pollen data of Bessedik
(1985) for the same area (La Rierussa and Sant Pau
d’Ordal sections).
Such pollen spectra suggest scattered forests developing
at a low altitude along humid places (rivers, lakes) or at
mid-altitude, but in general, not as open as in southern
Spain.

3) Southern France (localities: Estagel, Bayanne, Les
Mg¢es; Figs. 6, 7a, and 8).
This domain is characterized by the dominance of
thermophilous elements (Sapotaceae, Myrica, Engel-
hardia, Taxodium type, Hamamelidaceae, Simaruba-
ceae, Chloranthaceae, Avicennia, etc.) as well as
mesothermic elements such as Carya, Buxus semper-
virens type, Zelkova, Quercus deciduous type, Olea-
ceae, Liquidambar, etc. Percentages of herbs and
shrubs are sometimes important; however they do not
dominate the pollen spectra. This group is mainly
made up of Poaceae, Amaranthaceae—Chenopodia-
ceae, Plumbaginaceae, Geraniaceae, Ericaceae, etc.
Very low percentages of semiarid taxa such as Acacia,
Caesalpiniaceae or Prosopis are noted (see Fig. 9).
The same results were obtained by Bessedik (1985)
within the same area of study (Montady, Poussan and
Issanka sections) during the Middle Miocene and
suggest more developed forest vegetation in this area.

4) Eastern-central part of France and Switzerland.
(Localities: Ecotet and Le Locle; Figs. 7b and §; Table 1).

In this region, the pollen flora is characterized by the
high abundance of thermophilous elements and pre-
dominantly by Taxodium type and Engelhardia and by
high percentages of mesothermic elements mainly made
up of Quercus deciduous type. Avicennia has not been
recorded in this area and percentages of herbs and
shrubs and other groups are very low.

This kind of pollen assemblage is very similar to the one
which characterized the Middle Miocene in the Pannonian
basin and the Middle Miocene environment of Central
Europe (Gregor et al., 1989; Ashraf and Mosbrugger,
1996; Jiménez-Moreno et al., 2005) and even though some
species of Caesalpiniaceae or Mimosaceae were observed,
they occur in small proportions and would appear to
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Table 2
List of the taxa identified in this study grouped by ecological
requirements in order to plot the synthetic diagrams

Thermophilous elements
Rutaceae
Croton
Alchornea
Mussaenda type
Mappianthus
Grewia—Corchorus
Passifloraceae
Melastomataceae
Acanthaceae
Bombax
Icacinaceae
Malpighiaceae
Avicennia
Meliaceae
Fothergilla
Simarubaceae
Buxus bahamensis type
Dodonaea
Myrica
Symplocos
Arecaceae
Sapotaceae
Loranthaceae
Engelhardia
Platycarya
Parthenocissus
Leea
Cornus
Microtropis fallax
Celastracea
Rhoiptelea
Restio
Anacardiaceae
Taxodiaceae
Taxodium type
Cyrillaceae—Clethrac.
Theaceae
Distylium
Embolanthera
Rhodoleia
Loropetalum
cf. Corylopsis
Hamamelidaceae
Menispermaceae
Agavaceae
Chloranthaceae
Ricinus

Cathaya

Mesothermic elements

Fagus
Quercus — deciduous type
Castanea—Castanopsis type
Pterocarya
Carya
Juglans cf. cathayensis
Juglans

Table 2 (continued)
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Cathaya
Mesothermic elements
Nyssa
Betula
Alnus
Carpinus
Carpinus orientalis
Sequoia
Tamarix
Fabaceae—Papilion.
Buxus sempervirens
Restio
Celtis
Zelkova
Ulmus
Cissus
Vitis
Ilex
Oleaceae
Ligustrum
Fraxinus
Caprifoliaceae
Lonicera
Viburnum
Rhus cf. cotinus
Rhus
Salix
Eucommia
Populus
Rhamnaceae
Sequoia type
Hedera
Hamamelis
Parrotia
Parrotia cf. persica
Eustigma
Platanus
Liquidambar
Hamamelis
Tilia
Acer
Moraceae
Resedaceae
Meso-microthermic elements
Cedrus
Sciadopitys
Tsuga
Microthermic elements
Abies
Picea
Non-significant elements
Indet. grains
Indeterminable grains
Rosaceae
Ranunculaceae
Euphorbiacea
Rubiaceae
Myrtaceae

(continued on next page)
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Table 2 (continued) Table 2 (continued )
Solanaceae Halophytes
Cupressaceae Amaranthaceae—Chenopodiaceae
Mediterranean xerophytes Plumbaginaceae
Olea Limonium
Phillyrea Armeria
Ceratonia

Quercus ilex—coccifera type
Herbs and shrubs

Poaceae
Asteraceac—Aster.
Asteraceae—Cichor.

represent small patches of dry adapted subtropical taxa. In
general, the pattern record points to a forest vegetation.

Convolvulaceae 4. Discussion

Convolvulus

Plantago 4.1. Flora and vegetation

Cistaceae

Helianthemun . .

Cistus According to pollen data, numerous Mediterranean
Thymelaceae Middle Miocene taxa (mostly identified at the genus
Brassicaceae level) show close affinities to modern species nowadays
Centaurea growing in:

Geraniaceae

Erodium . . . . . )
Geranium 1. Eastern Asia (Avicennia, Distylium, Engelhardia,

Campanulaceae
Tricolpor. sibiricum
Rumex

Platycarya, Cathaya, Symplocos, Eucommia, etc.),
2. Central America (Avicennia, Engelhardia, Symplo-
cos, etc.),

Mercurialis . . . . R .

. 3. Tropical Asia, Africa and America (Avicennia, Al-
Knautia ?
Nymphaceae chornea, Bombax, Celastraceae, Meliaceae, Icacina-
Potamogeton ceac, Arecaceae, etc.),

Sparganium—Typha
Boraginaceae

4. Persian Gulf and the Red Sea coastlines (Avicennia
marina which represents here the closest present-day

LG;ZZM occurrence to Europe, Neurada, Prosopis, etc.)
Lamiaceae under subtropical climates.

Centranthus

Valerianaceae As has been shown, Middle Miocene pollen assem-
Artemisia blages denote the juxtaposition of greatly contrasted
Ephedra . . . .
Caryophyllaceae environments. The presence of subdesertic taxa (Nitraria,
Urticaceae Lygeum, Prosopis, Neurada, Calligonum, Caesalpinia-
Malvaceae ceae, etc.), which grow conditioned by a long dry season,
Cyperaceae together with others showing very high water require-
Potamogeton ments (like Engelhardia, Platycarya, Taxodium type,
Liliaceae . .

Apiaceae Sapotaceae, Myrica, etc.), needing constant water, has
Thalictrum two possible explanations. This could be due to the
Polygonaceae structure of the vegetation in altitudinal belts and the effect
Ericaceae of humid cloud masses, which cling to the mountains at an
Sanguisorba altitude of ca. 400—500 m (Bessedik, 1984), similar to the
Filipendula

Subdesertic elements

Canary Islands today (Rivas-Martinez, 1987). Secondly,
there may have been significant availability of water

Lygeum
Neurada sources along the rivers or around the lakes, as has been
Calligonum interpreted as the cause of such a floral assemblage in the

Caesalpiniaceae
Prosopis cf. farcta

Rubielos de Mora (Burdigalian) lacustrine basin in Spain
(Jiménez-Moreno, 2005) and which frequently occurs in

Mimosaceae - : . .
Acacia subtropical and tropical Africa, for instance around Lake
Nitraria Tanganyika. In both situations water availability clearly

controls the vegetation and would compensate for the lack
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| Legend for synthetic pollen diagrams
[l Thermophilous elements

[Icathaya
[ Mesothermic elements

I Middle altitude trees
Il High altitude trees
[TT)Non-significant elements

E-Cupressaceae

m Mediterranean xerophytes
[ JHerbs and shrubs

[ Subdesertic elements
[ JHalophytes
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Fig. 8. Synthetic pollen diagrams of the new pollen localities acquired in this work (sites 1 to 10: see Fig. 1) and of the pollen localities already studied
by Bessedik (1984, 1985) (sites 11 to 14; see Fig. 1), according to their geographic distribution on the palinspastic map of Harzhauser and Piller (2007)
for the Mid-Miocene (Serravallian). Four distinct flora and vegetation latitudinal domains have been identified, from the South to the North: Domain A,
dominated by herbs and shrubs, subdesertic elements such as Nitraria, Calligonum, Lygeum, Prosopis, Neurada, etc., denoting warm and dry
conditions with a marked seasonality; Domain B, characterized by a strong decrease in herbs and shrubs and the absence of subdesertic elements except
for Caesalpiniaceae, also by an important increase in elements with high-water requirements, indicative of a less pronounced seasonality; Domain C,
where plants with high-water requirements dominate the pollen spectra with very small percentages of elements still indicating some seasonality;
Domain D, characterized by prevalent plants with heavy water requirements, and by the absence of taxa suggesting some seasonality.

of precipitations in the summer time. This compensation
would result from the duality of the gradual disappearance
of a humid climate with summer rainfall (“Asian” climate
type), which prevailed during the Paleogene in this area,
and the episodic appearance of a subtropical climate with
a dry season which progressively became established,
responsible for the semiarid zone in the lowlands during
the Miocene (Bessedik, 1984).

As a large number of taxa have been identified in this
study, they can also be compared to the organisation of the
present-day plant ecosystems in altitudinal belts. Recon-
structions are mainly done by comparing data to the
present-day forest of southeastern China (Wang, 1961),
the closest living analogue for the Mid-Miocene South
European flora (Suc, 1984; Axelrod et al., 1996). Vegeta-
tion along the Red Sea (presence of the mangrove of
Avicennia marina for example) (White, 1983; Audruetal.,

1987) and from the Canary Islands (Rivas-Martinez, 1987),
is very informative for such a reconstruction, in the latter
because of the proximity of the laurel forest and xeric belts.

Therefore, the vegetation can be grouped into
ecologically different environments, arranged mostly
from the coastal area to higher elevation, but also
according to the presence of humid places at low
altitudes (evergreen broad-leaved forest within our
latitudinal domain A, evergreen and deciduous mixed
forest within our latitudinal domain B):

1. Coastal environments were represented by the impov-
erished mangrove (Avicennia) and saline bearing
elements such as Amaranthaceae—Chenopodiaceae,
Ephedra, Plumbaginaceae, Plantago and Tamarix.
Today, this kind of impoverished mangrove vegeta-
tion represents the high latitude limit of mangroves
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Fig. 9. Photographs of various pollen grains from the Mid-Miocene of the studied area. The presence of these plants implies warm and dry conditions
and a marked seasonality in dryness. 1, Lygeum (Poaceae), monoporate pollen grain from the Andalucia Al borehole, at 1340 m depth: a, surface
scabrate ornamentation; b, view of the typical pore with a thick annulus. 2, Prosopis (Caesalpiniaceae), tricolporate pollen grain from the Andalucia
Al borehole, at 1340 m depth: ato d, L.O. analysis of the ovoid equatorial view: a and b, verrucate surface with perforations and a psilate margo, front
views of the meridionally lengthened ectoaperture bordered by thick costae and of the circular endoaperture; ¢ and d, profile views of the ecto- and
endoaperutres; ¢, optical section; ¢ and f, L.O. analysis of the triangular polar view of the same grain: e, verrucate sculpture with perforations; f,
optical section. 3, Neurada (Rosaceae), tricolporate—syncolpate pollen grain from the Andalucia A1 borehole, at 1070 m depth: a to e, L.O. analysis
of the subtriangular polar view of this heteropolar pollen: a, finely reticulate sculpture; b to d, successive views showing the three syncolpate apertures
and the exine structure; e, optical section. 4, Caesalpiniaceae, tricolporate pollen grain from the Bayanne section (sample 7); a to e, L.O. analysis of
the elliptical equatorial view; a, reticulate sculpture with a wide margo; b and c, front views of the meridionally lengthened ectoaperture bordered by
thick costae and of the diffuse endoaperture, L.O. analysis of the exine structure; d, optical section; e, profile view of the ecto- and encoapertures. 5,
Nitraria (Zygophyllaceae), tricolporate pollen grain from the Alboran A1 borehole, at 1193 m depth; a to f, L.O. analysis of the elliptical equatorial
view; a, rugulate sculpture with a psilate margo; b to d, front views of the meridionally lengthened ectoaperture bordered by thick costae and of the
elliptical equatorially lengthened endoaperture, L.O. analysis of the exine structure; e, optical section (note the thick endexine); g, profile view of the
ecto- and endoapertures.

and can occur under arid or semiarid conditions as 2. An open vegetation with subdesertic plants such as
in the Red Sea and Persian Gulf (White, 1983; Audru Nitraria, Neurada, Ephedra, Convolvulus, Lygeum,
et al., 1987). Prosopis, Caesalpiniaceae, Acacia, etc., which are
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representative of a steppe or a wood—shrub vegeta-
tion, characterized the lowlands. Similar modern
assemblages are present on the Red Sea coasts, on the
shorelines of the Arabian Peninsula, and in North
Africa (Quézel, 1965; Quézel and Médail, 2003).

3. An evergreen broad-leaved forest existed, character-
ized by the presence of Theaceae, Clethraceae,
Bombax, Sapotaceae, Rutaceae, Moraceae, lacacina-
ceae, Simarubaceae, Meliaceae, Melastomataceae,
Arecaceae, llex, Hedera, Olea, Ligustrum, Jasmi-
num, Hamamelidaceae, Rhoiptelea, etc. This forest is
known as the “Oak-Laurel” forest in eastern Asia
(Wang, 1961) and constitutes the “palaeo-origin” of
the present-day residual laurel forest in the Canary
Islands (Quézel and Médail, 2003).

4. Evergreen and deciduous mixed forest developed at a
higher altitude, mainly composed of Quercus decid-
uous type, Engelhardia, Platycarya, Carya, Ptero-
carya, Fagus, Distylium, Liquidambar, Parrotia,
Hamamelidaceae, Carpinus, Celtis and Acer. Within
this vegetational belt, a riparian plant association has
been identified with Salix, Alnus, etc. The shrub level
was dominated by Ericaceae, llex, Caprifoliaceae,
Rhamnaceae, etc. This kind of mesophytic forest
today appears above 700—800 m in altitude in eastern
China (at 30° N latitude) (Wang, 1961).

5. Mid-high altitude forest attested by small amounts of
pollen grains of gymnoperms such as Cathaya,
Sciadopitys, Cedrus and Tsuga, and Abies and Pi-
cea. The small percentages of mid-high altitude taxa
represented in the pollen records during the Middle
Miocene in the entire area can be interpreted as due to
the low altitude of the surrounding mountains. This is
normal as the Alpine Chain was still not well
developed therefore high relief cannot be expected
during that time.

4.2. Climate

In the global context of the late Early Miocene and
Middle Miocene (Burdigalian, Langhian and Serraval-
lian stages; Woodruff and Savin, 1989; Flower and
Kennett, 1994; Zachos et al., 2001), the climate in the
European mid-latitudes was mainly subtropical (Besse-
dik, 1985; Lécuyer et al., 1996; Utescher et al., 2000;
Agusti and Anton, 2002; Bohme, 2003). This is
supported at the South European scale by the abundance
of thermophilous elements with high temperature
requirements in the pollen spectra. The same interpreta-
tions were made by other authors working on palynol-
ogy (Ivanov et al., 2002), macrofloras (Sanz de Siria
Catalan, 1993), corals (Bessedik and Cabrera, 1985;

Braga et al., 1996; Saint-Martin et al., 2000) or molluscs
(Harzhauser et al., 2003) from equivalent latitudes.

4.3. Latitudinal gradient

The absence of several thermophilous indicators (i.e.
Bombax, Buxus bahamensis type or Croton) northward
from southern Spain and the coeval lower percentage of
the thermophilous group indicate that a latitudinal
temperature gradient existed over the studied area during
the Mid-Miocene. However, the presence, in the entire
area, of several taxa with similar temperature require-
ments such as Engelhardia, Myrica, Taxodium type,
Mussaenda type, Avicennia, etc., suggests that this
temperature gradient was relatively low. This is consistent
with the presence of some thermophilous taxa during the
same time-span, very high in latitude in the European area
(Jiménez-Moreno, unpublished data) and Asia (i.e.
occurrence of Taxodiaceae, Pterocarya or Hamamelis in
Kamchatka; Brattseva, 1993). This phenomenon was also
observed in North America by Liu and Leopold (1994)
who estimated a value of just 0.3 °C per degree in latitude
for North America and China (between 35°N—65°N)
during the Middle Miocene.

Important differences in vegetation in terms of
precipitation requirement have been observed in this
study from south to northwestern Europe. An increase in
rainfall gradually occurred between southern Spain and
Switzerland over about 12-13° of past latitudinal
difference. The lowland vegetation in southern Spain
was dominated by herbs and shrubs, and within this group
a high presence of subdesertic taxa such as Nitraria,
Neurada, Prosopis, Caesalpiniaceae, Acacia, Ephedra,
Convolvulus, Lygeum, etc. has been found. On the
contrary, a gradual disappearance of these elements going
northward can be observed. They have not been found in
the eastern-central part of France or Switzerland. This fact
has been interpreted as the consequence of a strong
latitudinal gradient in precipitation. The Mid-Miocene
latitudinal gradient between southern Spain and Switzer-
land would have been stronger than the present-day
gradient moving from a Saharan-like climate to a very
humid situation in only 12—13° in latitude.

Previous palynological studies have shown that
subdesertic plants already existed in southwestern
Europe and North Africa during the Messinian or
previously (Suc and Bessais, 1990; Chikhi, 1992;
Bertini et al., 1998; Bachiri Taoufiq et al., 2001;
Fauquette et al., 2006) and, later on, during the Pliocene
(Bessais and Cravatte, 1988; Suc, 1989; Suc et al.,
1995a). Modern floras show that these subdesertic
elements grow in North Africa, including the Sahara
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Desert (Quézel, 1965). In this study we show that these
taxa, and therefore a Saharan type of climate, already
existed in the south of the northern Mediterranean area
during at least the Langhian (Middle Miocene). The
gradual disappearance of most of these elements from
the northern Mediterranecan area towards the south,
during the late Miocene and Pliocene, was due to a
climatic cooling and the beginning of an Atlantic
climatic influence (Bessedik, 1985; Suc et al., 2004).

As mentioned previously, four different domains
have been differentiated with respect to the pollen
assemblages (Fig. 8). Because climate controls vegeta-
tion organisation, four climatic zones can be estimated
for the study area:

1) Zone A, Southern and central Spain: southern Spain is
characterized by the high presence of herbs and
shrubs and the remarkably high presence of sub-
desertic taxa (Fig. 9). Very dry conditions are inferred
for this area with a marked seasonality in a subtropical
climate. Present-day climate in southern Spain is in
some areas very arid (i.e. the Almeria area), however
most of the subdesertic taxa previously mentioned,
such as Prosopis, Neurada or Acacia, are not growing
in this area today. Therefore, the climate inferred for
the Middle Miocene in southern Spain would be more
arid than the present-day situation.

2) Zone B, Northeastern Spain: herbs and shrubs are
abundant; however, there is a lack of most of the
subdesertic taxa. The occurrence of Caesalpiniaceae
and Acacia (Mimosaceae) is interpreted as the result
of high seasonality. Wetter and/or cooler conditions
during the summer time are inferred for this region,
preventing the development of subdesertic taxa.

3) Zone C, Southern France: Even though a very few
semiarid taxa have been found in this study by
Bessedik (1984, 1985), the vegetation was dominat-
ed by thermophilous elements requiring high humid-
ity all year (Engelhardia, Platycarya, Taxodium
type, Myrica, etc.). Therefore seasonality in terms
of precipitation is less marked in this area.

4) Zone D, central-eastern part of France and Switzer-
land: in this area the vegetation characterized a climate
with high precipitations, well distributed throughout
the year, as high percentages of high-humidity
indicators are recorded and no taxa indicating
precipitation seasonality have been observed.

The presence of a subdesertic vegetation, already
containing C4 grasses (such as Lygeum) in southern
Spain during the Middle Miocene, supports the proposal
for subdesertic conditions for this area.

The development of C4-rich grasslands has tradi-
tionally been associated with late Cainozoic climate
change, decreasing temperatures, increase in aridity and
increase in seasonality of temperature and/or precipita-
tion (Axelrod, 1985; Cerling et al., 1997; Fox and Koch,
2004). However, such a subdesertic vegetation is not
expected to be found in this area until the late Middle
Miocene or Late Miocene, when the development of the
East Antarctic Ice Sheet around 14 Ma and the lowering
of the atmospheric concentration of CO,, produced
mainly by the increase in weathering of the recently
uplifted Himalayan—Tibetan region, have been shown to
have a global impact on the Middle Miocene ecosystems
(Flower and Kennett, 1994; Cerling et al., 1997; Fox
and Koch, 2004). In addition, this event strengthened
existing climatic belts and triggered a global mid-
latitude desertification and increasing seasonality
(Flower and Kennett, 1994). This study shows that
increasing xericity in southern Spain during the
Miocene may have occurred before it occurred in the
rest of the northern latitudes (Axelrod, 1985; Cerling et
al., 1997; Fox and Koch, 2004).

The observed latitudinal climatic gradient is consis-
tent with a recent study on the distribution of air-
breathing fish which are limited by the amount of
summer precipitation (they are found where summer
rainfall exceeds 150 mm) (Bohme, 2004). This study
shows that their Mid-Miocene spatial distribution did
not reach the southern parts of western Eurasia (i.e.
Spain). This would imply an arid climate with dry
summers in this area. Conversely, they were present in
France and central Europe, reflecting wetter summers
there. This pattern of distribution of summer precipita-
tions in the European area closely matches the results
presented here.

5. Conclusions

The Middle Miocene pollen records considered for
the present study allow us to document the presence of a
latitudinal climatic gradient from southern Spain to
Switzerland.

The results demonstrate that, in a general European
subtropical frame, taxa such as Calligonum, Neurada,
Nitraria, Prosopis and Lygeum, that are linked to a very
dry climate, were already present during the Middle
Miocene in the northwestern Mediterranean area.

The gradual loss of these subdesertic elements and the
progressive increase in taxa with higher water require-
ments, from the very south of Spain to Switzerland, is
interpreted as reflecting a strong latitudinal gradient in
precipitation. Consequently, four different types of
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pollen assemblages corresponding to four climatic
domains have been differentiated. It is nevertheless
noteworthy that the presence of similar thermophilous
taxa in the pollen spectra from all the localities shows
that the latitudinal gradient in terms of temperature was
not very large.

Middle Miocene pollen assemblages evidence,
therefore, the juxtaposition of very contrasted environ-
ments; the presence of subdesertic taxa, which grew in
lowlands characterized by a long dry season, together
with others with very high water requirements through-
out the year, can be explained by the presence of coastal
ranges and of humid environments such as rivers or
lakes providing local conditions for developing riparian
forests in the lowlands. In both cases, vegetation was
controlled by water availability under a subtropical and
dry-seasonal climate.
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