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RIASSUNTO

Lo strato acellulare che ricopre le parti aeree delle piantohaais superiori € chiamato
cuticola. Quest’ultima funge da barriera protettiva ed ¢ un efficace rilevatore
d’inquinamento ambientale. Lo studio delle cuticole vegetali e in particolare degli apjpa
stomatici delle conifere, € estesamente utilizzato quale sttardi analisi ai fini della
comprensione delle caratteristiche ecologiche e paleoecolodi¢hi@teressante notare
che, sebbene siano numerosi gli studi inerenti le cuticole delle ppatte o niente € stato
fatto relativamente agli effetti prodotti sulle cuticole dgliante da parte dei gas vulcanici.
La Campania, con la presenza di numerose localita caratterdazamissioni di gas di
origine vulcanica (Pisciarelli, Solfatara, complesso del Somnsani@, ecc.), consente di
effettuare studi di questo tipo.
L’obiettivo di questa ricerca ¢ quello di contribuire a individuare le potenzialita delle
conifere e delle angiosperme (attuali e fossili) quali indicatori ecdlagfili per la
comprensione delle variazioni dei parametri ambientali. A tale ssopo state compiute
osservazioni macroscopiche e microscopiche di piante vascolari in relazione all’influenza
di fattori ambientali quali: aerosol vulcanici, intensita luminadigponibilita di acqua
salinita. Nel corso della ricerca sono state campionate numegesse aono state utilizzate
apparecchiature quali: microscopio ottico, SEM, TEM e EDS. La statistietacusitizzata
perl’analisi delle caratteristiche micromorfologiche.
Le osservazioni condotte su piante attuali hanno consentito di studiate,poena volta,
gli effetti dei gas vulcanici sull’ultrastruttura delle cuticole della conifera Pinus halepensis
[pino d’Aleppo; siti di raccolta: Pisciarell{presenza di gas vulcanici) e Cigliano (assenza
gas vulcanici)le dell’angiosperma Erica arborea [siti di raccolta: Solfatara di Pozzuoli e
Pisciarelli (presenza di gas vulcanici per entrambi) e Cigliano (assenzalgmsai)].
Le osservazioni al TEM effettuate su cuticole di P. halepensdiluenzate e non da gas
vulcanici, hanno evidenziato che lo spessore totale di CM (cuticol®W (parete
primaria) non subisce sostanziali variazioni di spessore. In particolacetitala degli
aghi influenzati da gas vulcanici mostra (a forti ingrandimenti: TEM)aumento dei
depositi di ossalato di calcio e un riarrangiamento delle fibrille sihelispongono
parallelamente alla superficie. Le osservazioni condotte al SEMT&M su aghi di P
halepensis attuali hanno permesso altresi di realizzare una didat@mica che consente
di identificare possibili alterazioni (dovute alla presenza di gaenp@imente tossici
come quelli vulcanici) anche in cuticole di pino sub-fossili o fossili.
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Le osservazioni condotte su & borea, hanno permesso di costatare che gli spessori totali

delle cuticole, “fumigated and not fumigated”, sono diversi. Comunque, in presenza di gas
vulcanici lo strato esterno A2 subisce un sensibile incremento di spessore. Quest’ultimo
aumenta quando la concentrazione di,G® atmosfera & elevata, mentre non subisce
sostanziali variazioni quando la quantita diZ&Dsuolo varia drasticamente. Cio confarm
che la cuticola e il mediatore principale negli scambi gadsasambiente interno ed
esterno.

Per entrambe le specie attuali studiate non € stata riscopteganza di zolfo nella
cuticola, nella parete cellulare o nel citoplasma. Cio conferma I’ipotesi che gli scambi
gassosi avvengono essenzialmente attraverso gli apparati istoenathe lo zolfo in
eccesso € metabolizzato nelle foglie.

Relativamente ai macroresti vegetali fossili, sono state stubiacuticole rinvenute nei
Fossil-Lagertatten cretacici di Cusano Mutri (Aptiano superiore) gaRog (Albiano
inferiore). Il primo sito fossilifero ha consentito di: 1) identificassariati taxa
riconducibili alle conifere; 2) descrivere una nuova specie di coniteetterizzata dalla
presenza di caratteri xeromorfici: Frenelopsis cusanensis Bartiroaho & rinvenire, per
la prima wlta al di fuori dei confini spagnoli, un’angiosperma ancestrale: Montsechia
vidalii. Lo studio tassonomico condotto sulle cuticole cretaciche di Cub&ua e
Pietraroja ha permesso di descrivere entita tipiche della PronecSiniana. Lo studio
sedimentologico e sistematico denota un clima tropkdigepicale piuttosto arido. E’
interessante notare come per il sito di Cusano Mutri, il rinvenimdntabbondanti
“fusain” sulle superfici di strato sia la prova che incendi naturali, frequentemente innescati
da fulmini, interessavano le terre emerse.

Questo studio (almeno per quanto riguarda le piante attuali) pud esserderaios
pionieristico proprio perché per la prima volta sono state studiate riezioai

dell’ultrastruttura della cuticola in presenza di gas vulcanici.
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RESUME

La couche qui recouvre les parties aériennes des plantes vasculaires supériappesaest
cuticule. Cette derniére agit comme une barriére protectricé eh eltecteur efficace de
la pollution de l'environement. L’étude de la cuticule des plantes, en particulier des
appareils stomatiques des coniferes, est largement utilisée comme un outil d’analyse pour
comprendre les caractéristiques écologiques et paléoécologiquesntéesstsant de noter
que, bien ge les études sur la cuticule des plantes soient nombreuses, peu ou rien n’a été
réalisé sur les effets sur la cuticule des plantes par les ganigples. La Campanie, avec
ses nombreux endroits caractérisés par des émissions de gaz d'odlgiarique
(Pisciarelli, Solfatara, complexe du SomiMésuve), permet d’effectuer ce type d’études.
L’objectif de cette recherche est donc de contribuer a individualiser les potentialités des
coniféres et angiospermes (actuelles et fossiles) comme indicatalogiques dans la
reconnaissance des variations de paramétres environnementaux. Pour eela, de
observations macroscopiques et microscopiques de plantes vasoodikts effectuées
par rapport a linfluence des facteurs environnementaux tels les aérokmsiques,
lintensité de la lumiéredisponibilité d’eau et la salinité. Au cours de la recherche un
certain nombre de localités ont été échantillonnées et on a dgséquipements comme
le microscope optique, le MEB, le MET et ’EDS. La statistique a été largement mise a
contribution, avec I’intervalle de confiance portant sur 30 mesures.
Les observations effectuées sur les plantes actuelles ont permis d’étudier, pour la premiere
fois, les effets des gaz volcaniques sur 'ultrastructure des cuticules du conifére Pinus
halepensisl§ pin d’Alep, sites de récolte: Pisciarelli (fumigét Cigliano (non fumigé)] et
de I’angiosperme Erica arborea [la bruyére arborescente, sites de récoltetcBalfet
Pisciarelli (fumigé) et Cigliano (non fumige)].
Les observations conduites au TEM sur les cuticules de P. halepefisendé et non
influencé par les gaz volcaniques, ont montré que I'épaisseur total€Ck (euticule) +
CW (paroi pectocellulosique) ne subit pas de variations significatiégmigseur. En
particulier, la cuticule des aiguilles influencée par les gazanaijcies montre (a fort
grossissement TEM) une accumulation d’oxalate de calcium ainsi qu’un réarrangement des
fibrilles disposées parallelement a la surface. Les observatiok €8ETEM sur des
aiguilles de P. halepensis actuelles ont permis égaleme@aliger une clé dichotomique
permettantd’identifier les altérations possibles (dues a la présence de gaz potentiellement
toxiques comme les gaz volcaniques) des cuticules de pins sub-fossiles os. fossile
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Les observations conduites sur E. arborea ont permis de constater cimitseurs
totales des cuticules, influencées ou non par les gaz, sont sitiméfiment différentedn
présence de gaz volcaniques la couche externe A2 subit un sensilbessaotent
d’épaisseur. Cette derniére augmente quand la concentration en CO, en atmosphere est
¢levée, alors qu’elle ne subit pas de variations substantielles quand la quantit¢ de CO, au
sol varie de maniere drastiqgue. Ceci démontre que la cuticule estdiateur principal
dans les échanges entre 1I’environnement interne et externe.

Grace a des analyses EDSuples deux espéces actuelles étudiés il n’a pas été trouvé de
présence de soufre dans la cuticule, dans la paroi cellulaire ou deytsglasme. Ceci
confirme que la cuticule est le principale médiateur des échaggzeux entre
I’environnement interne et externe.

Par rapport aux macro-restes végétaux fossiles, les cuticules di+LBgsstatten du
Crétacé de Cusano Mutri (Aptien sup.) et de Pietraroja (Albien inf.) ontudi@&és. Le
premicre site fossilifere a permis 1) d’identifier plusieurs taxa appartenant aux coniferes; 2)
de décrire une nouvelle espéce de conifére caractérisée par déacprée caracteres
xéromorphiques: Frenelopsis cusanensis Bartiromo et al.; 3) de trouver, pour ikrgorem
fois a I’extérieur de I’Espagne, une angiosperme ancestrale: Montsechia vidalii L’¢tude
taxonomique conduite sur des cuticules du Crétacé de Cusano Mutri et Rietrpesnis
de décrire entités typiques de la Province EHingenne. L’étude sédimentologique et
systématique montre une climat tropical-subtropical plutot sesst lintéressant de noter,
comme pour le site de Cusano Mutri, la présence des abondants fusains sur les surfaces des
couches rocheuses, montrant les incendies naturels fréquemment ampies @clairs
intéressant les terres émergées.

Cette étude (au moins en ce qui concerne les plantes actuellegjrpeconsidérée comme
pionniére car, pour la premiere fois, a été étudié les variations tlastuicture de la

cuticule en présence de gaz volcaniques.
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ABSTRACT

The leaves of many tracheophytes are covered avititicle, an extracellular membrane
covering aerial organs of plants. The gas exchanges between tharglahe surrounding
atmosphere are mediated by the cuticle; its acts as thebaaier to air pollutants. The
study of the plant cuticle, in particular the stomatal apparatfsesnifer, is largely used
asatool analysis revealing ecological and paleoecological featiinssworth noting that
little is known about the long-term response of micromorphology of natural viegetat
volcanic toxic gases. Fortunately, Campania Region with its numerowaniolocalities
(Pisciarelli, Solfatara, complexe du Somma-Vésuve) represemsatwral laboratory
allowing experiments involving plant-volcano interactions.

The object of this research is to study the conifer and angiospernmtigddies (extant
and fossil) as ecological indicators useful in the identification ef énvironmental
parameters variations. That is why, macroscopical and microscagisarvations in
vascular plants in relation to various environmental factors (volcasgsghght intensity,
water availability and salinity), have been analysed. A number afities have been
sampled and SEM, TEM and EDS equipments have been used together with statistic.
Observations made on extant plants allowed for the first time iy sf the effects of
volcanic gases on the cuticle ultrastructure of Pinus halepeXsigpp pine; Pisciarelli
(fumigated) and Cigliano (not fumigated) localities] and Erichoeea [tree heather
Sdfatara, Pisciarelli (fumigated) and Cigliano (not fumigated) localities].

TEM observations on P. halepensisicles fumigated or not by volcanic gases revealed
insignificant thickness variations of the cell wall plus cuticle among current- angidast
old needles of both fumigated and not fumigated trees. In particubanetdle cuticles
experiencing chronic fumigation display (TEM) a calcium oxalate raottion.
Moreover, in respect to the cell surface, fibrils are parallel dispdS3EM and TEM
observations allowedn identification key enabling distinction between not fumigated and
fumigated material with 9 characters, providing a good tool detettiegnfluence of
volcanism for extant and fossil plants.

In specimens of E. arborea fumigated or not by volcanic gases, thehiokmess of
cuticles varies significantly. In plant experiencing chronic fumigatienA2 layer records
an increase of its thickness. Within three localities, a good correlagbmneen the

atmospheric C@concentration and the thickness variation of A2 layer has been found.
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This fact confirms that the cuticle is the main mediator betwteenplant and the
atmosphere.

As for fossil plants, the cuticles of Cretaceous Fossil-Lagertaft€@usano Mutri (Late
Aptian) and Pietraroja (Lower Albian) have been studied. In the former: 1) nusniesa
belonging to conifers have been identified; 2) the new species Fraretyssinensis
Bartiromo et al. bearing xeromorphic features has been described; 3)ctireence of
Montsechia vidalii is recorded for the first time outside of Spaixomamical studies
carried out on Cretaceous cuticles from Cusano Mutri and Pietrargwedll the
description of typical Euro-Sinian fossil plants. Sedimegfical and taxonomical studies
suggest semi-arid or arid conditions in a subtropical or tropical clirtageworth noting
as for Cusano Mutri locality, evidence of wildfire (fusain) suggests adgiercombination
of arid periods, high temperatures and lightning strikes.

This study (at least for extant plants) can be considered pioneeraaysee for the first
time, the relationships between cuticle ultrastructure variationsvalednic gases have

been studied.
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GENERAL INTRODUCTION

The leaves, fruits, and primary stems of higher plants are covered hgwdacuhembrane
(CM), or cuticle, that occupies approximately the outer 10.1em of the aerial plant
surface (Stark and Tian, 2006). On leaves the cuticle is present indagihlaand abaxial
surfaces. The CM occupies the outer surfaces of epidermal cell walls angregnated
with an extracellular matrix (Dominguez et al., 2011). The cuticle has edfendalled the
“skin” of the primary parts of higher plants and has a very long history on the
palaeobiological timescale (Riederer, 2006). With exception of fossémpalhd spores,
cuticles represent the most widespread unaltered fossil plantnsearal are known from
the Devonian to the recent (Taylor et al., 1989). For this reason paleotsotniays
played an important role in the study of plant cuticles (Kerp, 1990). Thestadferences
to fossil cuticles are by Goppert (184B46), while Brongniart (1834) gave the name
“cuticula” to a superficial membrane isolated from the cabbage leaf epidermis by retting in
water. Later, Norris and Bukovac (1968) defined the limits of the cuticle as “all of the
layers that can be separated from the underlying cellulose cell wall”.

Cuticular membrane is a translucent film of polymeric lipids and solwbbes (Jeffree,
2006). The cuticle is usually

thicker above the anticlinal

ordinary outer chamber ordinary
epidermal

cell

epidermal cell walls (CW),

—

guard cell

often forming pegs or span-

drels by penetrating deeply

tic

e cuticular
between the anticlinal walls of e

adjacent epidermal cells (Jef- Fig. 1. Scheme showing the location of cuticle (= cuticu
free, 2006). The CM bears anmembrane in red) within the epidermis and in a stom
' apparatus context.

imprint (a “ghost”) of the epi-

dermal cell pattern of the plant organs on which it was formed (Fig. 1ghwmay survive
as the only remaining fossil evidence of multicellular structure efetirliest land plants
(Edwards et al., 1996).

In most plants the CM is not structurally or chemically homogeneousdooposed of a
number of layers, each of which is defined by its position and chemicetittition
(Holloway, 1982). As Taylor et al. (1989) claimed, the cuticle consistabus layers
which can be delimited based on the substances (e.g. waxes) embetiuadtive

polymeric matrix and various structural features (e.g. lamellae anda)rilGenerally
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speaking, TEM revealed that the cuticle of the cells of the uppeéeraps is made of an
outer stratum named cuticle proper (CP) and an inner one called cutaydar(CL).
According to the international terminology, the former (CP) can be constiyted Al
(lamellate) or/and an A2 (uniformly electron dense with areas of lacuryae$;ldhe latter
(CL) is constituted by a reticulate (B = B1) layer (see: Holloway, 1882hangelsky,
1991, Jeffree, 2006), in some rare cases an innermost B2 granular layer is present.
The outer surface of cuticle can be coated with epicuticular wakes wonfer water
repellency (Adam, 1963). Cuticular wax plays pivotal physiological antbgical roles in
the interactions between plants and their abiotic and biotic envaaismrespectively
(Jetter et al., 2006).

The cuticle performs numerous functions such as: transpiration control; cafrltyse$ and
uptake of polar solutes; control of the exchange of gases and vapours; interfiaiogic
interactions and so on. However, the primary function of the cuticle srraepbiliy
barrier against water vapour loss from tissues (Schreiber et al., 199&)eBerand other
reasons (see: Huttunen, 1984; Jeffree, 1986; Archangelsky et al., 1995; Garre¢hd.996)
cuticle can be considered as an “external skeleton” as it represents the interface between
the plant and the atmosphere (McElwain and Chaloner, 1996). As cuticle floems
interface between plants and atmospheric environment, it is thepfinst of contact
between plants and air pollutants and it presents an effective barrier to pollutant ent
During recent years considerable progress has been made for investipatimgote
external part of plants and its relations with external environment (Hollokg82; Hill
and Dilcher, 1990; McElwain and Chaloner, 1996; Newrath, 2006; Jeffree, 2006; @hephe
and Griffiths, 2006). However, few studies have been carried out in the studynof pla
volcanic gases interaction.

This doctoral thesis represents a contribution to the study of extant anglmsiscuticles

by means of optical and electronic (SEM and TEM) microscopy asasélDS analyses.

In particular, this research is pioneer in the study of ultrasctructure of qlgicle
submitted to the influence of volcanic gases representing the firstopahis thesis.
Similar researches are highly advisable in the Campania Regitma(lstand, Phlegrean
Fields, Roccamonfina and SomAwesuvio complex) where volcanic and not volcanic gas
emissions, give great opportunities in the analysis of plaitano interaction. However,
Campania Region represents also a “virgin reservoir” for the study of Cretaceous plants

that exactly make the object of the second part of this thesis (Fig. 2).
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The cuticle micromorphology of extant and fossil plants as indicator of environmental conditions.
A pioneer study on the influence of volcanic gases on the cuticle structure in extant plants

Organisms of the past, in the same ways as those of the presente l@tapted to their
environments. The distributions of plant and animal species, as weaibramunity

characteristics, are strongly in-

fluenced by climate (Wing and

*
BENEVENTO

Ca ®
\ Mp, ania
2 _NAPOLI

Greenwood, 1993). As a matter of
fact, thick cuticles and sunken sto-
mata of fossil leaves also suggest
lack of available water (Stewart
and Rothwell, 1999).

Therefore, the “ability” of cuticle

to register the environmental con-Fig. 2. Showing the location of the studied sites in Campe
o ) ) ) Region (the red asterisks). The dotted circle indicdates
ditions 1s herein used as “trait  area occupied by the volcanic area of Phlegrean Fields.

d’union” between the first (extant

plants) and second (fossil plants) part of this research as detector of enwvitalnme
conditions.

For extant plants, a representative of conifers (Pinus halepensiy il angiosperms
(Erica arborea L.) long-term fumigated by toxic volcanic gase® leeen studied. In
Pisciarelli area P. halepensis is the only conifer growing nearethie M Pisciarelli and
Solfatara localities, E. arborea represents the only xeromorphic spapase to grow in
the volcanic plume.

The present study, carried out over three years, rises from the collabordveerbé¢he
Université Claude Bernard Lyeh and the Universita degli Studi di Napoli Federico Il
and has as main goals the following:

1) analyze microscopical (essentially) and macroscopically featurebeokextant
species Pinus halepensis Mill. and Erica arborea L. submitthe iafluence of volcanic
gases;

2) use experiences and observations make in the first part of the poogactied out
in—depth studies of Cretaceous plants from Campania Region as to improve thedigeow
of these “virgin” fossil site.

For every chapter a dedicategatroduction and a “material and methods” section are
proposed, because different techniques have been used for extant and fossilticlast

analyzed and for every site studied.
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CHAPTER |

Influence of volcanic gases on the epidermis of Pinus halepensis Mill. in
Campi Flegrei, Southern ltaly: A possible tool detecting volcanism in

present and past floras

1.1. Introduction

Over the geological history of the planet, among chronic environmergak dactors
advocated as killing agents (Visscher et al., 2004), changes in atmosgamistry had
world-wide dramatic effects on plant life in land (e.g. Visscherl.et1896; Meyer and
Kump, 2008). For instance, among chemical contaminants that could lsawvptelil end-
Permian biota, volcanogenic $@Visscher et al., 2004) and biologicab3 (euxinia
mechanism: Kump et al., 2005; Berner and Ward, 2006) gases are favoured to explain
extinction. In particular, volcanism subsequently played a role in baihtaming and
perturbing the atmosphere chemistry and physics, with important impiisan terms of
the evolution of life (Mather, 2008). The development of large igneous provitieeand
continental flood basalt province (CFBP) (Courtillot and Renne, 2003; Jer@m 2205;
Keller, 2008; Bryan et al., 2010) commonly coincides with mass extinctiemtev
(Wignall, 2001, 2005; Rampino, 2010; Whiteside et al., 2010) and results inahseref
significant volumes of gases, such as,C®S and SQinto the atmosphere (Beerling and
Berner, 2002; Berner and Beerling, 2007; Hori et al., 2007). It is widely recogtiaed
volcanic sulfur dioxide (S and hydrogen sulfide @3) emissions are significant sources
of sulfur release to the atmosphere (Bates et al., 1992; Berner and Berner, 1996).

Gases emitted by volcanoes represent both a factor inhibitingatiegetlevelopment
(Whittaker et al., 1989) and could have been responsible of the decline of ieegetat
during periods of glohl-scale volcanism (Bond et al.,, 2010; Visscher et al., 2004;
Whiteside et al., 2010; McElwaend Punyasena, 2007). In particulagSHs often thought
to be a phytotoxin, being harmful to the growth and development of plants (kisgk
2010) especially when the quantities are higher than plant necessiyig$on and Kats,
1978; Lorenzini and Nali, 2005). Moreover, atmospheric pollutants produced by volcanic
activity and OAEs, such as $@nd HS, are said to be absorbed via the cuticle as well as

the stomata (Haworth and McElwain, 2008).
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Plants exposed to poisonous volcanic gases may show signs of sliseas#al
defoliation and death (e.g. Dickson, 1965; Clarkson and Clarkson, 1994; Delmelle et al.,
2002). However, plant damages are related to both gas concentratiorl{®ed®03) and
its persistence (Grattan et al., 1998) in the atmosphere. Under severempaiutditions,
the direct phytotoxic effects of gaseous pollutants as well as lomgé#ects of acid
washout (Grattan and Pyatt, 1994) can even be considered as potential esviabnm
mutagens disturbing plant growth and community structure (Visscher é086). As a
matter of fact, as Visscher et al. (2004) pointed out, variation in structdrecaposition
of leaf cuticles is a potential source of botanical evidence oratiooal effects of
environmental stress factors.

Therefore, leaves in natural environments are subjected to a rangesichppyocesses
which may damage their surfaces, leading to alterations in the structlnetegrity of the
cuticle, and consequently changes in the physical properties of theukates (van
Gardingen et al., 1991).

To this end, numerous articles have been published in relation to thes edfett
interactions of the volcanic activity products (e.g. tephra or ash fall) dnfossil (e.g.
Kovar-Eder et al., 2001; Garcia Massini and Jacobs, 2011) and extast(glmber and
Mooney, 1980bCook et al., 1981; Seymour et al., 1983; Dale et al., 2005). Moreover, in
extant plants the concentration of chemical elements in thedg@otcutt and Davies,
1989; Martin et al., 2009a and b) and the analysis of the log (Baillieviaimto, 1988;
Battipaglia et al., 2007) together with field studies led to sigmificadvances in
understanding the composition and dispersion of volcanic emissions at souyce (e
Kempter et al., 1996; Delmelle et al., 2002), including major “gas species” (Costa et al.,
2005; Chiodini, 2008; Chiodini et al., 2010a).

Leaves of plants act as passive and active collectors for n&tugalMartin et al.,
2009a) and anthropogenic (e.g. Baci¢ et al., 1999) airborne pollutants (e.g. gas, aerosols
and dusts) and are more sensitive to air quality than other plant ¢eggn®ots) (Landolt
et al., 1989; Casseles, 1998; Kabata-Pendias, 2001); the gas exchanges liedwplant
and the surrounding atmosphere are mediated by the cuticle; this non{Riedgrer,
2006) thin (<0.1FOum thick in extant plants) and heterogencous membrane (van
Gardingen et al.,, 1991) covers the epidermis of the aerial part of trasheophytes
(Guignard et al., 2004) and consists of a polymer matrix (cutin), polysaccharides a
associated solvent-soluble lipids which are synthesised by thermapideells and

deposited on their outer wall (Kirkwood, 1999; Riederer and Schreiber, 2001). The outer
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surface of the cuticle is coated with epicuticular waxes, argeterm (Jeffree, 2006)
designating very long chain hydrocarbons found embedded within the cutickdsanioh

the crystalline epicuticular wax layer (Bird and Gray, 2003). The mairiieumascribed to
waxes is to limit the diffusional flow of water and solutes acrossutiele (Heredia and
Dominguez, 2009), providing protection for the leaf cells (Turunen and Huttunen, 1990)
and acting as the main barrier to air pollutants (e.g. Jeffree, 1986). The dmmpasd
amount of waxes in the cuticle have been shown to vary depending to erestahm
conditions of the plant (Baker, 1982; Bird and Gray, 2003) and according to many authors
air pollution seems to increase the rate of wax tubules degradatiorH@tgnen and
Laine, 1983; Riding and Percy, 1985; Berg, 1987; Turunen and Huttunen, 1990, 1991,
Huttunen, 1994). In particular, wax load and structure can be used as anomdicat
pollution level (Hansell and Oppenheimer, 2006; Holroyd et al., 2002). The eplautic
wax of pine needles undergoes an ageing procedure during the needle [{fetnngen

and Huttunen, 1996; Baci¢ et al., 1999) and is disturbed by polluted air (Huttunen, 1994).

The literature is replete with references to structural changegicutieular waxes
following exposure to air pollutants (see Turunen and Huttunen, 1990), and as aofatter
fact, the erosion of epicuticular waxes is a relevant factor of thapheuforest declie
syndrome (Turunen and Huttunen, 1990).

Few paleobotanical works have been achieved on cuticular charactaesl riela
volcanic stress. Archangelsky et al. (1995) and Villar de Seoane (2Q@ilg¢dstEarly
Cretaceous plants from Patagonia (recovered in Baqueré and Springhill iBosnat
respectively) demonstrating that the volcanic ash fall playedmgortant role in the
formation of xeromorphic structures. As Haworth and McElwain (2008) claimed, the effect
of toxic atmospheric gases and volcanic dust would explain xeromorphic feafures
Pseudofrenelopsis parceramosa (Fontaine) Watson from the Early CretaicEagind.
Moreover, the relationship between ultrastructural characteristiceutifle and the
environment is still poorly understood for extinct as well as extantpl{&uignard et al.,
2001) and cuticular ultrastructure data are not numerous for fossil conifers (eygaK@ui
et al.,, 1998; Villar de Seoane, 1998; Yang et al., 2009) and seem tol lecktilg for
some species belonging to the genus Pinus (Jeffree, 2006).

However, to date, no studies have been carried out relatively to gpense of the
ultrastructural features of plant cuticle exposed to the persister@miolgases. Conifers
are well suited for studies of pollutant levels because they argrega and often have

long-lived foliage. Usually the needles have a life cycle ofregyears (Hellstrom, 2003).
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Therefore, the protective role of the epicuticular waxes is particulamportant for
conifers that have to ensure their investment in leaf tissue feradexears (Chabot and
Chabot, 1977). In the volcanic area of Pisciarelli (Campi Flegrei, Southey) e
gymnosperm Pinus halepensis Mill. (Aleppo pine) is the only conifer growirged;j to
the fumaroles, and much of the surrounding vegetation (under study) displays angicati
of damage caused by toxic gases. P. halepensis is the most abundapepies in the
western Mediterranean Basin, where it occupies 2.5 million ha (Qu&@)) and it is
considered as anpportunistic species (Nathan and Ne’eman, 2000) which is able to
regenerate either in the absence or as a result of fire. In addition,epemsis has an
elevated resistance to drought (Boddi et al., 2002), so much so that EM{d&3ge)
identifies it as being semiarid, and Oppenheimer (1968) considers it aso#tearid-
tolerant of all the Pinus species. As a matter of fact, the pregait aims to assess the
cuticular response of this conifer at a prolonged exposition to the volgases using both
SEM and TEM approaches. Moreover, to our knowledge, this is the first $tadiests
the cuticle ultrastructure behaviour during two subsequent years (current- and first-year-old
needles) in response to the fumigation of volcanic gases contaigfthg H

In particular, this research aimed to investigate: 1) response of arikanic gases
through different aspects: epicuticular and epistomatal waxes and ultrastructurasfefture
the cuticle; 2) potential implications of the conifer cuticle resp@tsess environmental
stress periods during the geological past; 3) a new method detdwtingfluence of

volcanism for extant and fossil plants.

1.2. Material and methods

The material was collected from two localities in the Phlegféalls (Campi Flegrei,
Campania Region), an active caldera which spans the last 50000 yesardaf&c et al.,
2010), characterized by significant recent ground deformation (Morhange et al., 2006) and
considered as one of the most dangerous volcanic areas in the world (Chtodini
2010a). In particular, pine needles were recovered from the famous fumaetdes fi
Pisciarelli locality (40°49°48.88°N, 14°08°46.95°’E) about 1 km SE of the Solfatara
volcano, both characterised by volcanic gas emissions (Fig. 1A,B)radCaample of
needles were collected from a volcanic quiescent area (Cigliano: 40°50°46.46°°N,
14°07°36.31°°E) about 2.5 km from Pisciarelli and characterised by the absence of volcanic

gas emissions and the presence of clean air. Both localities aeetehiged by the same
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soil features (Di Gennaro and Terribile, 1999; Di Gennaro, 2002) and sun exposition and

are far away from traffic and industries.

Solfatara

Solfatara crater.slope

Fig. 1. (A) Location of the Pisciarelli area in the CampaRégion. (B) Sketch map showing the locatic
of Solfatara crater and Pisciarelli localities. (G€& up view of Pisciarelli area with the main fumaro
Dotted line indicates the area of diffuse degassing.

The temperature reaches about 97°C at the Pisciarelli fumarolexl{@hat al., 2010a)
and the analysis of gaseous compositions (Caliro et al., 2007) reubatethe main
component of the fumaroles is® followed by CQ, H,S, N, H;, CH,, He, Ar, and CO.
The absence of acidic gases (SBCI, and HF) can be also noted (Chiodini et al., 2010a).
Natural high atmospheric concentration of sulphur gas may occur localleas aith
volcanic and geothermic activity (De Kok et al., 2007). As a maftéact, at Pisciarelli
volcanic vent, the high % air concentratiorequal to ca 600 um/mol) at source (Chiodini
et al., 2010a) is also testified by both typical smell (the odour threshold is >0.02 pum I'": De
Kok et al., 2007) of rotten eggs in the surrounding air and by indirect corrosioe att
this gas -well visible on the iron objects- which caused peoplbadan some buildings
in the area (Fig. 1C). Nevertheless, this extreme environment is irthdyiteery few
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angiosperm species providing xeromorphic features (e.g. Erica arborea) andititge boi
water of fumaroles retains the cyanidialean alga Galdieria phlegrea (Pahta2€07).

Distal volcanic impacts have shown that plants are geneeaiydensitive to eruptions
outside the growing season (Zobel and Antos, 1997; Hotes et al., 2004) angheasiith
Blackford (2008) pointed out, in winter, plants are senescent and higher raiajaierve
to remove rapidly volcanic pollutants. In case of Pinus halepensisyeagreen plant
permanently fumigated by volcanic gases, retaining leaves foraoyear, theséground
noises” do not exist.

The trees present diffuse damages along the North sides of the crown, wedilesne
show symptoms consisting in leaf-tip non-specific discoloration whichdugily
increasing shootward (terminology from Baskin et al., 2010). Current- and firstlgea
needles were collected from branches at heights over 1.5 m from thie€¢l&e20 years
old) at each site (Pisciarelli and Cigliano). Needles were carefiahdled to avoid
damaging the epicuticular waxes. Following Reed’s remarks (1982) and also Crang and
Klomparens’ ones (1988) about possible changes in epicuticular wax structures occurring
during sample preparation, in order to limit any chemical or physical damesgecially
for preserving and dehydrating samples for wax morphology studies (e.g. Turunen and
Huttunen, 1991; Tuomisto and Neuvonen, 1993), needles were air-dried for 1-week at mild
room temperatures. Among several hundreds of pine needles collected atiteach s
(fumigated and not fumigated), 60 were selected for scanning electron mie¢SEdy),
then 16 were carefully selected for transmission electron microscopd.(BEomata were
observed on 15 current- and first-year-old needles for each site. Anasiperformed
within two weeks from sampling. Taxonomical identification of Garkfearez et al.
(2009) approach has been uskidht microscope observations were made using a Leitz
microscope.

In order to quantify the quality of epicuticular and epistomatal waxedyl SE
observations were carried out. Untreated needle sections of approximately 5 mm irn length
obtained from the middle of each needle- were mounted on stubs using sideble-
adhesive tape; both abaxial and adaxial surfaces have been studiedspactroéns were
sputter-coated with gold using an AGAR Auto Sputter Coater, while thensges for
energy diffractive x-ray (EDX) analyses were coated with carbon imae&h K450,
observed and photographed with JEOL JSM-5310 SEM adapted with an Energy
Diffractive X-ray Oxford Inca X-act at the CISAG (Centro Interdipartiraéntdi servizi

per analisi Geomineralogiche) in the Dipartimento di Scienze deha, Universita degli
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Studi di Napoli “Federico II”. The operative conditions were as follows: 25-30 KV
accelerating voltage, 100 pA emission current, 15 um spot size, 20 mm microscope work
distance and 1 min spectra collection time. To quantify the wax changematal
chamber, the Nicolotti et al. (2005) needle damage classes have been used as a criterion for
the level of crystalline wax degradation.

Samples for TEM were dropped in paraformaldehyde solution mixed in a phosphate-
sodium buffer for 3 weeks using Lugardon's technique (1971), washed and postfixed in a
1% osmium tetroxide solution mixed in a phosphastelium buffer for 24 hours.
Dehydrated in graded ethanol series during 48 h, the samples were dropped/lenprop
oxide with an increasing percentage of Epon resin for 24 h. Transferred into pmme E
resin during 24 hours, they were embedded in fresh Epon resin using flat midwds.
preparations were subsequently treated for polymerization at 56 °C for 3 dagshiblt
(60-70 nm) sections were sectioned with a diamond knife, using a Reicheatutlt
microtome. Ultrathin sections were placed on uncoated 300 Mesh copseand stained
manually both with a methanol solution of 7% uranyl acetate for 15 min anguaious
leadcitrate solution for 20 min, then observed and photographed with a Philips CM 120
TEM at 80 kV, in the Centre de technologie des microstructures (CTp) of Lyon-1
University, Villeurbanne, France. Totally 16 pieces of material warbeeded in Epon
resin blocks. 90 uncoated mesh copper grids were prepared (80 as transveosal, secti
perpendicular to the leaf length; 10 as longitudinal sections, i&lgldo the leaf length).

In order to detect the presence of sulphur in the cuticle, 40 measurengeri® (heasures

for each current- and first-year-old needles, fumigated and not fumiggtelcanic
gases) with EDS microanalysis were carried out on different parts cutiode and also

on the cytoplasm remnants of the epidermal cells. The sulphur anasiserformed on

25 coated 300 Mesh grids with transmission electron microscope JEOL 1200EX coupled to
a microanalysis system EDS Si(Li) 30mm2 NORAN VOYAGER lItlwan acceleration
voltage = 80 kV and a spectres acquisition time = 60 s.

All the quantitative TEM measurements were made with tools inntiageJ program
(Abramoff et al. 2004). The terminology of Holloway (1982) and Archangelsky (1991)
was used for the ultrastructural analysis. All specimens and SEM atlt®used in the
Dipartimento di Scienze della Terra, Largo San Marcellino, 10, Napaly. The resin

blocks and TEM negatives are stored in the Lyon-1 University, Villeurbanne, France
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1.3. Results
1.3.1. Sulphur measures

Energy diffractive X-ray analysis with the SEM,
carried out on needles wundergone chroni l
fumigation, showed two different graphics
displaying typical volcanic products coming from l
Pisciarelli area (Valentino and Stanzione, 2004)

the leaves were covered with thin volcanic dust l

2A); they also displayed numerous CaSftystals || |
(Fig. 2B). 1l

EDS microanalyses, within fumigated and nok

coming from the main fumarole of Pisciarelli (Fig. | ‘
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fumigated needles, concerned 4 sets of 1S

measurements on outer, middle and inner part of
cuticle + cytoplasm remnants of the epidermaTI)
cells. The elements are largely homogeneous (Fig.
3A-D) and the absence of sulphur is clear in all
analysed parts. Extraneous elements detected by
means of TEM X-ray analyses are Cu, Os and ClI ]
derived from: the TEM-grids, chemical treatments
and polyvinyl formal (FORMVAR, the most ]

|

TEM electron energy-loss spectroscopy has proveq } [t

|
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that the cation calcium can be found in cuticle and-; NN e e i

widely film for TEM grids) respectively. However,

yl

FUl Scoake 937 e Cursor 11230 11 cA)

cytoplasm of epidermal cells, especially ingig. 2. Two different qualitative SEM

: X- iffract . A E le o
correspondence of low electron-density area\%:?gng'éﬁsctosggggzjm )B) )é?(r:r%[fleo(

related to calcium-oxala{€aG0,) deposit. CaSQ crystals spectrum. Current-yea
old needle. Abaxial side. Pisciarelli.

1.3.2. Scanning electron microscopy observations

Stomatal apparatuses together with epicuticular and epistomatal waxes otédanaige

not fumigated needles have been observed (Plate I).
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Fig. 3. Cuticle qualitative TEM X-ray diffractograms made on 70 nagi@ns sections, in three parts
the cuticle (outer, middle and inner parts) plus cell cygplaemnants, showing four examples amo
the elements content of: not fumigated, current- (g first-year-old (B) needles; fumigated, current (
and first-year-old (D) needles.

Current- and first-year-old needles which did not experience chronic fumigatiam r
quite well-preserved wax tubes in both abaxial and adaxial neddke (§tlate 1, Figs. 3,4).
The abaxial side of not fumigated current- and first-year-old neediplags the borders
of the epidermal cells making folds between them (Plate I, Fig. 1).

The abaxial sides, and to a lesser degree the adaxial ones, of camcefitst-year-old
needles experiencing chronic fumigation, have tubular wax crystals wigctoaverted
into scale-like crystalloid formations on epicuticular surface (R)atgy. 2) owing to the
wide wax fusion phenomena. Rare crystalloid structures have been preservedathderne
the epicuticular crusts (Plate I, Fig. 7, arrows). Epistomatal lobesnshow eroded and
fused crystalloids wax, clearly visible in transverse sectionge(RPlaFigs. 7,8) as a top
sheet distinct to waxes embedded in the cuticle. Crusts were ndly s®&n in samples
from Cigliano (not fumigated), where, apart from some scattered particdegranules the
surface was quite smooth, even relatively clean (Plate I, Fig. 13tCappear on most of
the samples from Pisciarelli and are clearly visible in tlea avhich surrounds stomatal
apparatuses.

The abaxial side of the needles fumigated by volcanic gases\wré¢ise most part of
stomatal apparatuses affected by crystalloids wax erosion and fusioonpéna in both
epistomatal chamber and cuticle surface (Plate I, Figs. 5,7,8). Oatliee hand, the
adaxial surface is less damaged and crystal tubules, even if eroddx saan (Plate |,
Fig. 9). For not fumigated needles epicuticular waxes are more owddispreserved in
both epistomatal chamber and cuticle surface (Plate I, Figs. 1,3,4,6).

The majority of the stomatal apparatuses in abaxial side of cuaedtfirst-year-old

needles from Pisciarelli (= fumigated) have fused tubules inside the epidtohzatders
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Plate I. Pinus halepensis, SEM of abaxial and adaxial cuticles, for totheh experiencing and nc
chronic fumigation by volcanic gases. Stomatal class gdferNicolotti et al. (2005) classification il
which: class 0 = stomatal structure displaying no signtefation, class 1 = for slight sign of alteratio
class 2 = for moderate sign of alteration, class & sévere alterations.

1. Abaxial side of not fumigated current-year-old needlewdy crystalline wax structure aroun
epistomatal rim and along the contact zones of epieo®ils. Photo MC3lonl. 2. Abaxial side ¢
fumigated current-year-old needle showing heavily meltpitugicular waxes partially occluding
epistomatal chambers. Numerous volcanic dust particlesrusbsstomatal apparatuses. Phao
PP1.2long4. 3. Transversal section of not fumigated absixialof current-year-old needle showing
stomatal apparatus with well-preserved crystalline wax in epa chamber (Class 0). Phot
MC3s.t.1.1. 4. Detail of Fig. 3, showing completely uninficed wax crystal in stomatal antechamt
(Class 0). Photo MC3s.t.1.2. 5. Transversal sectionrofgfated abaxial side of current-year-old nees
showing a stomatal apparatus displaying severe alteratibhshve formation of wax granules and

volcanic dust particle that totally obstruct the epistomat@mber; the network of microtubules

almost all melted (Class 3). Photo PP1.2s.t.3. 6. Abaidal sf not fumigated first-year-old need|
showing slightly influenced wax crystals in epistomatalneber (Class 1). Photo MC2.3long4. *
Transversal section of adaxial side of fumigated curreat-pld needle showing a stomatal appara
with its epistomatal chamber almost filled with a wannap, except a small area in the right part
which the wax tubes are visible (Class 2). The arrowsvstiystalloids structures underneath tl
epicuticular crusts. Photo PP.2.1s.t.2. 8. Transversdbseazt fumigated first-year-old adaxial side ¢
needle showing a rather flattened and deformed stbrapizaratus lacking in wax tubes in tF
epistomatal chamber, except for the base (arrow) in whiehwax is heavily fused (Class 2-3). Phc
PP2.2s.t.2. 9. Outer view of fumigated adaxial side of curreat-gld needle showing stomatal apertt
with more or less dense tuft of tubular wax structurebenupper part of epistomatal chamber. Myce
fungi are also visible (arrow) (Class 1). Photo PP1dgHon
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forming a flat and solid wax plug or amorphous crusts above the pore which was
completely or partially occluding the stomata in most casese(Plafig. 7). Instead,
current- and first-year-old needles that do not experience chronic fumnigeggardless of
the age of the needles sampled, present most of their stomatal epetiroccluded,
thereby remaining almost completely open, apart from some minor fusingsBldée |,
Fig. 3). On the abaxial side of current- and first-year-old needles erperg chronic
fumigation, crystalloid wax tubules rarely persisted and they oclioqited portion only
in epistomatal chambers (Plate |, Fig. 7 top right). It was noticadin current-year-old
needles from Pisciarelli the wax degradation was beginning very early and éisesre

Frequently, in abaxial side of some Pisciarelli stomatal apparamsesphous wax
and/or particles of other material -30-um width- filled the stomatal aperture, therefore
blocking the direct view into the chamber (Plate I, Figs. 5,7).

In abaxial side of not fumigated needles, the rim of stomatal @ppasaretains
crystalloid wax, whereas in fumigated needles the wax tubes are absent (Rigell,2).

Frequently, the abaxial side of needles experiencing chronic fumigation presents
deformed stomatal apparatuses so losing the typical funnel-like ¢&\éte 1, Fig. 8).
Stomatal damages are common and may include collapses (Prage 8), depression,
degradation of guard cells (Plate 1, Fig. 2), and occlusion with wax cl(fgde |, Figs.
2,7). Decay of the epistomatal chambers and empty cavities in staimatabers can also
be noted (Plate I, Figs. 5,8).

On both abaxial and adaxial surfaces of fumigated needles, a great avhalwst
occurred (Plate I, Figs. 2,9), while on the needles not fumigated by volgases non-
reactive dusts only mechanically disturb the wax structures (Rl&ig.11). Moreover,

most of Pisciarelli needles are affected by fungal infection (Plate I, Fig. 9).

1.3.3. Transmission electron microscopy observations

The ultrastructure (cuticle and cell wall) of abaxial epidermis deom fully grown
needles (current- and first-year-old needles) of both localities havedbedied in details.
Cuticular membranes (CM) of all ordinary epidermal cell are composadilofillar layer
B (CL) in which an outer, middle and inner zones can be distinguished (Plai&e
cuticle proper (CP = A) is absent. Differences between the cuticularusasiGre given
below. All the data given below are the means based on 30 measgeiinemercentages

of each component of the cuticle and of cell wall are also given (Tablel).
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In the current-year-old not fumigated needles (Plate Il, Figs. 1-5pthkthickness of
B1 + cell wall (CW) is 3.80 um (Plate II, Figs. 1,2). 58.7% is composed of the cuticular
membrane, which may be further divided into three fibrillous zones: B1 outer (13.%66;
pum), B1 middle (19%; 0.72 pm) and B1 inner (25.1%; 0.95 pm). In the first-year-old
needles (Plate Il, Figs. Bt) the total thickness of CM + CW is 4.09 um (Plate 11, Figs. 6-
7). 46.9% is composed of the cuticular membrane, which may be further dividedhinto a
outer fibrillous zone B1 (13.4%; 0.55 um), and middle zone (33.5%; 1.37 pum). The Bl
inner zone is lacking in this case.

In the current-year-old fumigated needles (Plate II, Figs. 12-16) taktihotkness of
CM + CW is 4.14 um (Plate II, Figs. 12,13). 74.4% of the CM + CW is composed of the
cuticular membrane, which may be further divided into three fibrillate zdEuter
(17.1%; 0.71 um), B1 middle (33.4%; 1.38 um) and B1 inner (23.9%; 0.99 um).

Table 1. Statistical values, made with 30 measurements for catiecnémbrane (CM) and cell wall (CW) of
the epidermal cells. Note: the cuticular membrane CWnégle up with cuticular layer CL (= B1 outer,
middle and inner layers). All the measurements are in um. min-max = minimum and maximum values
observed; % = percentage of each detailed part of tiedecand cell wall; st-d = standard deviation; var =
variance.

not fumigated (current year) not fumigated (first year)

mean | min-max % | st-d | var | mean | min-max % | std | var
Total CM+CW | 3.80 | 3.03-5.01 | 100 | 0.53 | 0.28 | 4.09 | 2.64-7.58 | 100 | 1.47 | 2.17
CM = B1 223 | 1.48-2.79 | 58.7 | 0.35 | 0.12 | 1.92 | 1.17-2.88 | 46.9 | 0.49 | 0.24
B1 outer 0.56 | 0.29-0.69 | 14.6 | 0.09 | 0.01 | 0.55 | 0.34-1.14 | 13.4 | 0.21 | 0.04
B1 middle 0.72 | 0.39-1.15 | 19.0 | 0.18 | 0.03 | 1.37 | 0.52-2.17 | 33.5 | 0.46 | 0.21
B1 inner 0.95 | 0.39-1.60 | 25.1 | 0.34 | 0.12 0
CwW 1.57 | 0.87-2.32 | 41.3 | 0.37 | 0.14 | 2.17 | 0.84-5.02 | 53.1 | 1.12 | 1.26
fumigated (current year) fumigated (first year)
Total CM+ CW | 4.14 | 3.40-5.86 | 100 | 0.70 | 0.49 | 3.92 | 3.25-5.52 | 100 | 0.50 | 0.25
CM = B1 3.08 | 2.27-429 | 744 | 0.56 | 0.31 | 2.30 | 1.93-3.46 | 58.7 | 0.48 | 0.23
B1 outer 0.71 | 0.37-1.27 | 17.1 | 0.28 | 0.08 | 0.38 | 0.22-0.80 | 9.7 | 0.16 | 0.03
B1 middle 1.38 | 0.94-1.94 | 33.4 | 0.24 | 0.06 | 0.86 | 0.44-1.60 | 21.9 | 0.29 | 0.08
B1 inner 0.99 | 0.36-1.53 | 23.9 | 0.28 | 0.08 | 1.06 | 0.40-1.61 | 27.1 | 0.27 | 0.07
CwW 1.06 | 0.66-2.40 | 25.6 | 0.37 | 0.14 | 1.62 | 0.22-2.15 | 41.3 | 0.52 | 0.27

In the first-year-old needles (Plate Il, Figs. 17-21) the total thickoe€M + CW is
3.92 um thick (Plate II, Figs. 17,18). 58.7% of the CM + CW is composed of the cuticular
membrane, which may be further divided into the fibrillous zones: B1 outer (9.3%;
um), B1 middle (21.9%; 0.86 um) and B1 inner (27.1%; 1.06 um).
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not fumigated current-year-old not fumigated first-year-old fumigated current-year-old fumigated first-year-old

iy , 1

Plate Il. Pinus halepensis, TEM of fumigated and not fumigated needles. dtibgiaphs were taket
from ordinary epidermal cells in transversal sectiorsept a longitudinal section of photograph 11. T
cuticle is made up with B1 fibrillous layer (= CL, cuticulayer) divided in three zones: o = outer zot
m = middle zone and i = inner zone.

1-5. Not fumigated current-year-old cuticle. 1. General viéwudicle and cell wall. Photo GGAB001¢
2. Magnification of cuticle and cell wall showing also theee B1 zones. Photo GGABOO0O7. 3. Detail
B1 outer zone showing slightly dense fibrils more or lesglom orientated. The upper part of midc
zone just appears in the bottom of the photo, more densahedt Photo GGAB0013. 4. Detail of B
middle zone of cuticle showing more dense and crowded fitaitslomly orientated and in variabl
densities. Photo GGAB0012. 5. Detail of B1 inner zone showsgdense and the random disposition
fibrils. Note the lower part of middle zone just at the tightrof the photo. Photo GGAB0011.
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6-11. Not fumigated first-year-old cuticle. 6. General viewcuaficle and cell wall. Photo GGAB0012. 7.
Magnification of cuticle and cell wall: the lack of B1 inreame can be noted. Photo GGAB00O06. 8. B1 outer
less dense zone showing a prevalent random orientatifibritcs. Photo GGAB0008. 9. B1 middle zone
more dense in parallel fibrils (especially visible downwards] eandomly orientated (upwards). Photo
GGABO0008. 10. B1 base part of middle zone showing fibrils obliqupasallel to the cell wall. Photo
GGABOO006. 11. B1 other middle zone of cuticle showing fibrilgppadicularly orientated, the upper part of
cell wall being at the bottom of the photo. Photo GGAB0009. 1Zdigated current-year-old cuticle. 12.
General view of cuticle and cell wall with numerous calcioxalate crystal deposits between middle and
inner zones of the cuticle. Photo GGAB0017. 13. Magnificatfazuticle and cell wall showing the three B1
zones and a big amount of calcium oxalate crystals ddgmween the B1 middle and B1 inner zones. Photo
GGABO0028. 14. B1 outer zone of cuticle showing a prevalent Iphm@iientation of fibrils and quite
numerous granules more or less aligned tending to simthlatAl polylamellate layer of the cuticle proper
A. Photo GGABO0042. 15. B1 middle zone more dense in fibrils stgptibrils orientated parallel. Photo
GGABO0019. 16. B1 inner zone of cuticle less dense showing a paliaflesition of fibrils, above the upper
part of cell wall at the bottom of the photo. Photo GGAB002021.7Fumigated first-year-old cuticle. 17.
General view of cuticle and cell wall with numerous and extensalcium oxalate crystal deposits,
especially at the anticlinal wall location between the tells. Photo GGAB0040. 18. Magnification of
cuticle and cell wall showing the three B1 zones andwalcixalate crystal deposits. Photo GGAB0016. 19.
B1 outer zone of cuticle showing the parallel orientatib fibrils tending to form dense clusters (arrow) and
quite numerous granules at the top part tending to simulate a cuticle proper “A”. Photo GGAB0027. 20. B1
middle zone with more dens and thicker fibrils showing fibrilore or less parallel orientated tending to
form clusters. Photo GGAB0010. 21. B1 inner zone showing thalgladisposition of fibrils, above the
upper part of cell wall at the bottom of the photo. Photo GGABOG¥ .= cell wall, o = outer, m = middle,

i = inner. All the microphotographs are presented with theesarientation, the top of each print
corresponding to the upper side of the cuticle, the bottomnesponding to the lower side of the cuticle.

For both fumigated and not fumigated needles a decrease of CM thidietesen
current- and first-year-old needles, has been observed.

A tendency to a reduction in the fibrillar structure followed by an incredsthe
granular component has been noted between not fumigated and fumigated. rideslles
feature is visible for all B1 zones but especially for B1 middle zonatgRI, Figs.
4,9,15,20). Moreover, it is worth noting the disposition of fibrils: they are moreser le
chaotic in the three B1 zones of not fumigated needles, while theyuate more parallel
to the cell surface in the B1 outer (Plate Il, Figs. 14,19) and inner (Pldigd. 16,21)
zones of influenced material. The cuticle of current- and first-year-alpteynatic
needles, in respect to control needles, exhibits a much higher number efomiass
rounded shaped areas of low electron-density; these areas represkmh cadalate
deposits, usually located between the middle and inner Bl zones (Plafggdl,
12,13,17,18).

1.4. Discussion
The present study based on 30 measurements is the most prease atalysis so far
done for extant plant cuticles. Similar statistic analyses wereda@\or fossil plants as

Pachypteris gradinarui from the Early Jurassic of Romania (Guignard et al., 2004) and the
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cheirolepidiacean Pseudofrenelopsis dalatziensis from the Cretaceous of Chinat(Yang
al., 2009). The relation among the different zones [cuticular membrane (CM) (B1 outer,

middle and inner) + cell wall (CW)] can be traced based on the confideeceaintalue

(Cl =x+ [var x 1.96. giving 95% a risk) among 6 characters (Fig. 4). It allows to estimate
n

the significance of the differences between the four types of studiestimhathe results
may be also summarised in the schemes representing differentdagleesepidermal cells
cuticle among the four types of studied material (Fig. 5).

Moreover, this multidisciplinary approach also allows to evaluate differi@anges, in
relation to the degree of epicuticular and epistomatal waxes degradativeebh«&M and
CW experiencing different environmental conditions and in the quantification of Ca-
oxalate crystals deposits and stomatal damage (Table 2). It stblposo trace these
changes not only between the two types of environment (not fumigated agateayibut
also during one year of needle growth. Exposition to volcanic environment teeeat
by gas emissions, causes an acceleration in needles ageing, and theoagalysis of the
degree of needles damage, one can clearly distinguish between &mmmad not
fumigated needles (Table 3). Comparing not fumigated to fumigated needkes sg#nhe
age, in the latter symptoms amplify (Table 2): an increase intepiar waxes fusion, a
degradation in epistomatal waxes and an increase in Ca-oxalate sleposiie observed.

All these syntheses allow to discuss several diverse environmental anddjosstsa
1.4.1. Environmental response of Pinus halepensis to volcanism
1.4.1.1. Epicuticular and epistomatal wax

Stomatal aperture
In conifers growing wild, like Pinus, the thin, fibrillar and netted epicilaic and

epistomatal waxes are well-developed especially in (with dense e@iftubular wax
structures) and around stomatal entrance (Hanover and Reicosky, 1971; Yosbakand
1985; Huttunen, 1994). The stomatal wax tubes forms in young leaves aboveittie g
cells, filling the stomatal pits and making appear stomata lise wlisks under a
microscope (Jeffree et al.,, 1971; Feild et al.,, 1998). In conifers, the genus i®inus
characterized by a type D Florin ring (Yoshie and Sakai, 1985) and, inupartic

according to the distributional pattern of epicuticular wax, P. halepemsisecascribed to
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the “Type I’ of the Yoshie and Sakai (1985) classification in which the wax crystals are
deposited in the epistomatal chambers and in the stomatal bands.

Usually the leaves from Pisciarelli display an overall wax deg@daboth on
epicuticular surface and in the epistomatal chamber (Plate I, Ej§s. Permanent
emissions of volcanic toxic gases affect needles already duringitiaégrowing season.
Wax tubes may start fusing early with a faster rate than am@eeas, and as Turunen and
Huttunen (1990) claimed in their overview of many conifers, it usually sfariag the
second year of needles growth. Probably, the waxes erosion is indirectly thes S
[that can originate B0, (Delmelle, 2003)] but, as Turunen and Huttunen (1990) point
out, the specificity of the symptoms in the wax structures to diffefierpalutants is
limited. In the present case of Aleppo pine the crystalloid waxes nobbfilgt-year-old
but also of current-year-old needles of not fumigated stomatal anteatsashiosv some
typical signs of ageing erosion (e.g. Turunen and Huttunen, 1996). However, comparing

the two sets of data (fumigated and not fumigated trees) it is obWiatishe degree of

Fig. 4. Mean and confidence interval Cl &t |var x 1.96. giving 95% a risk) for each component of
n

the cuticle and of cell wall (CW). Note: the values represeatmean + CIl. The cuticular membrai
(CM) is made up of cuticular layer CL (= B = B1 dividedbmter, middle and inner zones). The B1 inn
zone is lacking in not fumigated first-yeald needles. All the measurements are in pum.
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occlusion of suprastomatal chambers (with wax crusts) increased irgtoydag in the
polluted site in respect to the control site used in this study (Table 2). In normal conditions,
large amounts of wax occlude the epistomatal chambers and the Fiogs are
characterised by large opening size. Instead, in the needles unadludrece of volcanic
gases of Pisciarelli, the reduction of wax tubes in epistomatallbdrans associated to a
reduction of the stomatal aperture. Numerous stomatal apparatuses splan collapse

and decay of the epistomatal chambers (Plate 1, Fig. 8). On the abdeiaf Pisciarelli
needles, amorphous wax filling epistomatal chambers, as wéieasris, could probably
disturb normal gas exchange and, as Holroyd et al. (2002) claimed in ttieyr an
Arabidopsis mutant plantsalterations in wax composition could also affect stomatal

development.

Volcanic toxic compounds and wax alterations

After water and carbon, sulphur is the major constituent of the fumes ckroite
volcanoes (Le Guern et al.,, 1988) and as a matter of fact, amongréliséumarolic
effluents a relatively high quantity of hydrogen sulphidgSHs released (Chiodini et al.,
2010a). Brown (1982), Lorenzini and Nali (2005) and also Haworth et al. (2010) claimed
that the HS oxidizes rapidly in the atmosphere to form,Sis last rapidly converts into
H.SO, (Visscher et al., 2004) considered as an oxidation product p66BS (Mather et
al., 2003). In extant plants $@oncentrations between 0.1 and 1.0 ppm can cause rapid
changes in stomatal conductance for a wide range of plant species. Cinasigesatal
conductance during period of $@xposure are apparently associated with regulating the
extent to which foliar injury develops (Winner and Mooney, 1980b). Winner and Mooney
(1980a), studying the fumigation with $@f two Californian shrub chaparral species
(Diplacus aurantiacus and Heteromeles arbutifolia, angiosperms), absedecline in
both photosynthesis and transpiration during the fumigation periods and a tenaency t
close during fumigation for guard cells. They also state that the respbgserd cells
during periods of S@exposure may be one of the factors contributing to variationsin SO
resistance between plants. According to the same authors, owing to ttte effeplant
community structure and plant metabolism, the, 3@ay be considered as a chronic
environmental stress for vegetation. Actually, the impact of theghigwius gases on
plants is much more complex, since they may act as toxin or plamnmuipon foliar
deposition (De Kok et al., 2007). $@nd HS affect leaves causing also dwarfism

phenomena (Wood and Boorman, 1977). More precisely for conifers, in their study on
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Picea abies (Norway spruce) needles with a treatment simulatedegposition, Raddi et
al. (1994) showed that 80O, altered significantly both the epicuticular wax and fibrillar
wax structure in the epistomatal chamber. Rinallo et al. (1986) observedqtredus
sulphuric acid of pH 3.5 had greater effects on epistomatal waxes of gilyabigs alba
Mill.) and Norway spruce needles than aqueous nitric acid of the same concentration.

The present study of Pinus halepensis also contributes to the aradlysigphur
influence since, on control needles (Cigliano locality) no Ca&@stals were found on
needle surfaces. Conversely, in fumigated needles from Pisciarell,8@, action is
testified by the occurrence of CaGerystals on needle surface, the result of a reaction
between the calcium leached out of the needles as observed by Turahe(l@94) on
Pinus sylvestris and Picea abies needles, subjected to acitdeatiment, and the sulphur
deriving from both HSO, and/or from tephra (Smith et al., 1983) deposited on needle
surfaces.

As it was already shown that removal of waxes from cuticles resuits increase of
gas and water permeabilities of up to three orders of magnitude (aaralzil Kerstiens,
1991), the formation of wax crusts on needles epidermis of the present Alepmoyiliche
act as a protecting (closing) device against furth&, I5Q and HSO, attacks increasing
the boundary layer resistance. This was already noticed by Kayode aidé (X007) in
matured leaves of an angiosperm Newbouldia laevis. As Haworth and RoHR008)
claim, in extant plants resistance to fumigation with toxic gesefen associated with an
increase in the boundary layer resistance. The angiosperm Metrosideyo®rpbia
growing in the Kilauea crater region (Island of Hawaii) is residgtapersistent fumigation
with toxic volcanic gases (SO H,S, HCI, HF) while other species (e.g. Dodonaea
eriocarpa, an angiosperm) growing in the same region displays aattgicgamage
(Winner and Mooney, 1980b). M. polymorpha from the Kilauea crater region displays
heavily trichomous abaxial surfaces, while those in neighbouring regions, naeexpe
chronic fumigation, possess non-trichomous cuticles (Haworth, 2006). This pattern
suggests (Haworth, 2006) that the development of trichomes in the Kilauea Crater region is
an adaptation to increase boundary layer resistance, and consequently ssduced
toxic gases into the leaf. With present observations and measurementau®h&epensis
a sulphur reaction seems to exist too.

The almost total fusion of wax crystals in needles from Pisciar@liianic area is not
comparable to the mechanical injury under windy condition where lesavape against

each other. In her SEM study @dweer pseudoplatanus leaves under the effect of wind,
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Wilson (1984) showed different microscopic damages like dark and light brown lesions,
holes and deformations of the leaf. The wax degradation in specimens &oiardHli
presents different features in respect to the impact of wind blown partiele Gardingen

et al. (1991) studied Picea sitchensis and Pinus sylvestris ima tunnel showing
different diseases in respect to the present wax degradation in P. hislejpeparticular,

in P. sylvestrighe authors noticed that the most damage was on the cells surrouraling t
stomatal antechamber or on needle ridges. Moreover, needles damagebearelated to
the ozone exposition because the gaseous nature of these molecules shoaftebismee
the overall needles. The structural injuries observed in the stoaialatuses are not
correlated to the surfactant action. Usually this kind of damages agevethsn plants
growing 100 m far from the sea (because Pisciarelli is located far $e@)) near th
mouth of a river or stream, near the outlet of sewage canals and irhanygoastal areas
where the surface currents carry a surfactant load (Busotti et al., 18@fotiN et al.,
2005). Moreover, spraying with NaCl solutions can be excluded since it doaslnog

the occlusion of stomatal openings (Krause, 1982).

Other sulphur considerations

Although it is not directly the aim of this study, some EDS sueaments allow to
discuss about sulphur input. Cuticle and stomata are commonly involvedphus@and
other molecules absorption (Haworth and McElwain 2008; Haworth et al., 2010;
Kivimdenpéaa et al.,, 2010). In their article about various ecological anduleut
micromorphology aspects, Haworth and McElwain (2008) summarised data of various
authors on different taxa, sulphur (combined with oxygen or hydrogen) is said to be
“absorbed via the cuticle as well as the stomata”. In the present study of Pinus halepensis,
40 analyses of ultrathin sections (70 nm) of both fumigated and not fumigate@seed|
(Fig. 3A-D) have demonstrated the absence of sulphur within the oeetiale thickness
of epidermal cells and cytoplasm. Wide epicuticular and epistomatal fusion
phenomena can be also observed. The lacking of sulphur in the structure of tlee cutic
suggests that the uptake of volcanic toxic gases takes place via stomataliappafat Le
Guern et al. (1988) point out, the sulphur is metabolized because itssettial element
for plants, and it participates in physiological reactions and is reditexd accordingly.
Haworth and McElwain (2008) point out that cuticles of evergreens teidwve lower
permeability than those of deciduous species, possibly reflecting aolajgtispecies with

long-lived foliage to conserve water during periods of reduced water @igiléirsch et
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al., 1997; Gratani and Bombelli, 2000). With the present study we may think that
epicuticular and epistomatal wax degradation in P. halepensis nemdlesencing
chronic fumigation with volcanic gases from Pisciarelli could beedlto the HS and/or

H,SO, action and inputs.

Wettability of leaf surface

Wettability of plant surfaces is related to the composition, struetndecristallinity of
epicuticular waxes (Heredia and Dominguez, 2009). Airborne pollutants accelersitan
of cuticular waxes of conifers (Huttunen, 1994; Riederer, 2006; Shepherd and Griffiths,
2006) and thus may be responsible for forest decline in Europe and elsewhere (Riederer
2006). Erosion of the waxes can change needle wettability (Cape, 1983) anderginmet
(Turunen and Huttunen, 1990).

As seen above, needles from Pisciarelli experiencing chronic fumigatiaekiag of
well-preserved epicuticular wax crystalloids, therefore, the Lotus-eff@canti-adhesive
property against particulate contamination; see Barthlott and Neiri®9%; Neinhuis and
Barthlott, 1997) compromises the removal of contaminant particles.

An added point concerns dust particles. As Ots et al. (2010) claimededres, such
as conifer needles, can efficiently accumulate dusts, which arapartant stress factor.
Moreover, Cape et al. (1989) found that leaf wettability of the conifersaaRib&ées and
Pinus sylvestris rose with increasing amount of dust on leaf surfaces. As a matter of fact, i
the present study, although it is not directly the aim of this sthdygiteat amount of dust
covering needle surfaces (Plate I, Figs. 2,5,9) emitted by principal funwdrBisciarelli
and derived from volcanic airborne (Delmelle, 2003) together with degradation of wax
could determine an increase of wettability. As it is certainly affecting platdgyi it could
be one of the multiple reasons of the rarity of plant taxa in this extreme environment.

Additional observation is that a heavy fungal infection affects alrathsPisciarelli
needles (Plate 1, Fig. 9). This is probably related to several factdtsygnuamfavourable
abiotic conditions in these trees, and becoming then more susceptible to pathogens as
noticed by Sieber (2007) for conifesor instance, the particular topographic leaf surface
of P. halepensis together with the presence of hydrophobic epicuticular waaesre
frequently crystals-, may have considerable influence on all fungal siwesion and
retention (see Carver and Gurr, 2006). Moreover, the acidified aqueous environment on
needle surface (#$0,) could favour fungus proliferation as it was shown in Phyllosticta

ampelicida pycnidiospores which adhere firmly to hydrophobic artificial subsinaan
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acidified aqueous environment (Kuo and Hoch, 1996). Another factor is thisr w
collecting onneedle surfaces is essential for all fungal infections (Huttunen, 1984) and thus
related to wettablility. In their study of Picea pungens needi@siePand Berg (1994)
noticed that the epicuticular wax progressively deteriorated as fungue@ateld, so for

the present Pinus halepensis the degradation of epicuticular waxeBeandnsequent

increase in wettability could be also responsible of fungus proliferation.

Microenvironment

According to Nicolotti et al. (2005) stomatal damage classes, trdahlside of the
current- and first-year-old fumigated needles can be placed in tkeeGla and 3, namely
a “stomatal structure displaying moderate sign of alteration” and ‘“severe alteration”,
respectively (Plate 1 and Table 2). On the other hand, the adaxabfsictedles can be
ascribed to the Classes 0 and 1, namely a “stomatal structure displaying no sign of
alteration” and “slight sign of alteration”, respectively (Table 2). So, for one single needle,
the difference in adaxial and abaxial stomatal Class attribséems to be related to their
disposition on the two sides of needles. As a matter of fact, P. halepeiasis leaves
spreading by fascicular sheath which are coupled in pairs, therefordatkial sside of a
needle is more protected than the abaxial one, demonstrating adiffenentiated
microenvironmental influence of the epidermis of the leaves.

Another point is that the needles of Ralepensis experiencing chronic fumigation
(Pisciarelli) show another kind of sensibility to environment, as theedeaf epicuticular
wax tubule fusion decreases on the adaxial side (more protected) of neetllasfeases
towards the needle-tip (less protected). This fact leans towardS@&, Edion, probably
also in combination with }$ or SQ gases that would act less on the adaxial side of
needles. The present study adds another very sensible microenvironex@mgile to
those in plants; in conifers it seems to be a general case ap3dromand Kats (1978)
treated a number of plants (five angiosperms and two conifers) wittngouns fumigation
of H,S founding that Douglas fir (with free-leaves) was much more sensitive tha
Ponderosa pine (which has leaves in bundle of threes, occasionaily’s) to foliar

injury.
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1.4.1.2. Cuticular membrane (CM) + cell wall (CW)

Pinus halepensis cuticle type

The effect of volcanic gases on the epidermis in conifers has not beeauphe
studied by TEM, and no detailed ultrastructural studies have been made en the
cuticle of Pinus halepensis. As Guignhard et al. (2001) point out, accordingeto t
Achangelsky et al. (1986) terminology used commonly for both fossil and eptéants,
within cuticle thickness it is possible to distinguish a cutipteper (termed A, often
lamellate in its outermost part and granulous below) and cuticular (l@ymed B, mostly
fibrillous). The cuticle proper is absent in the studied species. Siaeaauticular material
of fumigated and not fumigated plants by volcanic gases is predomimaatlg up of
fibrils, P. halepensis cuticle can be attributed to cuticular |IByand divided into three
zones, respectively named in the present study Bl outer, middle and ittheugh
unfortunately to our knowledge previous statistical detailed studies ofutleéecdo not
exist, it has to be noticed a certain homogeneity in the cutitletgsre among species of
the genus Pinus, as the studied P. halepenside belongs to the type 4 (“All regions
reticulate”) of Holloways (1982) classification in which he included other species of
Pinus (P. sylvestris and P. nigra), as well as other coniferegFsitchensis and Abies
balsamea Besides of the identification to one of Holloway’s general types, the present
material seems to be a good example to conduct further statistrestructural studies of
the cuticle among Pinupecies in order to verify the Holloway’s (1982) remark: “Because
the CM (= cuticular membrane) of plants is so heterogeneous in stritcisigangerous
to oversimplify and generalize about its morphology and constructioere is no typical
plant cuticular membrane. Consequently, each species must be considered indaitlially
it should not be assumed that any structural features which mapdegved are of
universal occurrencé. However, taking into account a TEM photo of Picea sitchensis
type 4 cuticle (Holloway, 1982, fig. 16), it seems that there elestr differences with
Pinus halepensis, although in this latter genus the cuticle phoiselacking, but only B1

layer is present.

CM + CWthickness

Plants of the same species experiencing different environments hagponse at
histological level. In the studied material, the total thickr&fs€M + CW is roughly
constant with an averageit¢kness of 3.99 um (3.80-4.14 um, see Table 1) among the four
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types of studied cuticles. However, susceptible variations in the popart different
zones between needles experiencing- or- not chronic fumigation can deTalde 1). It

is worth noting that in both fumigated and not fumigated needles thevaklthickness

needles not experiencing chronic fumigation

13.4%
14.6%
33.5%
19.0%
25.1%
53.1% | ]
S
. 0
current - year first - year
¢ » Ca-oxalate deposits ‘
needles experiencing chronic fumigation
9.7%
17.1% 21.9%
33.4% 271%
23.9%
41.3%
25.6%

current - year first - year

Fig. 5. Three-dimensional reconstruction of both cuticle arbtlveall (CW) for needles experiencing
or- not chronic fumigation. Note: the cuticular membrane Chhasle up with cuticular layer CL (= E
= B1 divided in outer, middle and inner layers).

increases with needles ageing. In Pisciarelli area, P. halepensissimesgiend to volcanic
gases by producing a thicker cuticle membrane (CM = B1l) than thoserthatot
fumigated. However, the cuticular membrane (CM) is always greatercgibwall (CW)
except for first-year-old needles from Cigliano, not fumigated (see Tablehik).would

suggest that higher energy compounds are allocated to protection mecheamigras
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cuticular membrane, demonstrating once again that cuticle proteitddzddunctions. In
detail, the lacking of B1 inner zone in not fumigated first-year-old needles (Tabldel; Pla
Il, Fig. 7; Figs. 4,5) can be explained by an increase in fibril amoutfierinner zone
(usually characterized by a low density of fibrils), thus making tlysrlandistinguishable

from the middle zone (usually with a high density of fibrils).

CM + CW development

This multidisciplinary study clearly shows the sensitivity ohRlepensis to an extreme
environment, during needle ontogeny and therefore the CM and CW formatian I(Plat
For both fumigated and not fumigated current-year-old needles, the totahetbsc of
cuticle (CM) + cell wall (CW) is statistically comparable (Taldle Fig. 4), but the
percentage of each layer is different according to the age and expdsitjases (Fig. 5),
thus showing a diverse equilibrium among zones of the same needipasse to growth
and environmental factors. The needles seem to react early in onttmerlcanic
environment because the thickness of B1 or CW already differsistdlysbetween not
fumigated and fumigated current-year-old needles (15.7%). After one year of growth, these
differences are still maintained, although they slightly decreased (11.8%uctiom). To
sum up, the variations of the three zones of the cuticle betweenateshigand not
fumigated needles are statistically significant (Fig. 5) and féds mainly concerns Bl

outer and middle zones, while B1 inner zone does not change considerably.

CM and CW ageing

If the response of the plant starts early in the growth of cuticlebraama (CM) + cell
wall (CW), after one year Pinus halepensis responds more actively to wolcani
environment than to no-volcanic one (Table 1). Although the CM + CW thickness
current- and first-year-old needles does not record significant variatiainstically, an
equilibrium between CM and CW (i.e. a decrease of CM and an increase )o&xX3/é.
The rate of reduction is more pronounced for fumigated needles (15.7%) than for those that
are not fumigated (11.8%) inferring that the volcanic inputs have more important effects on
the outermost part of the cuticle. Comparing current- and first-ydanegdles, it was
observed that the B1 outer and middle zones of the cuticle decrease (Erslé %.7%
with a difference of 7.4% and a reduction of 57%; 33.4% versus 21.9% with a difference
of 11.5% and a reduction of 66% respectively, see Fig. 5), while the thicknessrofeB1

zone does not vary significantly.
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In current- and first-year-old needles experiencing chronic fumigation, thdepara
orientation of fibrils in respect to the cuticle surface in B1 oatef inner zones could be
interpreted as a further protection device which adds to wax fusion discissed &he
amount of parallel fibrils of Pinus halepensis from Pisciarelli is maddgted in B1 outer
and inner zones. The sum of the two latter zones (41% in current-year-old neggies
36.8% in those of first-year) is higher than B1 middle zone that mainlyiosrmandom
arranged fibrils (33.4% in current-year-old needles versus 21.9% in those okérkt-y
The parallel arrangement of fibrils could assume a ralealogous- like the outermost
polylamellae (layer Al) which are interpreted as the main bamighé diffusion in
Hedera helix L. (Viougeas et al., 1995), and the main cuticular peilitbedhrrier in

Agave americana (Jeffree, 2006).

Calcium-oxalate deposits

In fumigated and not fumigated needles areas of very low electronydehsth occur
between B1 middle and inner zones of the cuticle, represent calciuateox@aGO,)
crystals deposits. Additionally to morphological observations, Ca islcleaemically
identified with TEM X-ray analyses (Fig. 3A-D) in these arddss is already known in
living conifers which precipitate calcium in the apoplast as oxalatk,(E991b). This
latter author observed, in Picea abies needles, tiny Ca oxalatelscrysthetween
epidermal cell wall and proper cuticle as well as numerous snyatials within epidermal
cells walls, especially in the cuticular layer. Boddi et al. (2002, 10), thanks to TEM
observations, reported calcium oxalate-like crystals in the cuticleirafsFhalepensis.
Kivimaenpaa et al. (2010, Fig. 5), by TEM analysis, claim thatwalaxalate crystals are
typical of P. halepensis needle epidermis. Soda et al. (2000, Fig. 6@djing impacts
of urban levels of ozone on P. halepensis foliage with TEM, remarked syntigtoma
needles exhibit a great accumulation of calcium oxalate-likeatsys epidermal tissue.
Although the distribution of calcium oxalate in needles is not completely understood (Fink,
1991a and b), abnormal distribution pattern could be possibly associated withopolluti
effects such as acid precipitation (pH 2-5) and ozone fumigations (Fink, )199da
research demonstrates an increasing number of calcium oxalate degesitsng in
current- and first-year-old needles recovered from volcanic area oareifici(table 2,
Plate 2 and Fig. 5).
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1.4.2. Potential application for extant and fossil material

Environmental responses of fossil and extant plants, based on ultrastrecticis
studies, are deduced till now from three gymnosperms (latu seKsmlopteris
nordenskioeldii (Nathorst) Barbacka, a Jurassic pteridosperm, was usetgbpr@ et al.
(2001) to obtain numerical data by means of 10 measurements. In Ginkgaosisnaleou
and Zhang (the oldest Ginkgo in China), a Jurassic ginkgoalean species,thadxtant
Ginkgo biloba L., statistics were made on 20 measurements (Guignahand2005).
Finally in the present study statistics are based on 30 measiusefoe extant Pinus
halepensis Mill. (Aleppo pine, extant Pinaceae). Although data areehehgugh to have
a general view of the cuticle ultrastructure of gymnosperms, fas ©omments can be

done.

Table 2. Differences between needles experienciog- not volcanic fumigation. Characters - = r
changes, + = small changes, ++ = medium changes=+feat changes; CM = cuticular membrane, C
= cell wall; o = outer zone, m = middle zone, i = inpene of B1 layer.

statistically significant changes in thickness

total cuticle B1

CM + cw
oy | B ag B1 B1

outer | middle | inner

sulphur presence
epicuticular wax
epistomatal wax
Ca-oxalate
crystals
stomatal damage

o+tm+ij

not fumigated
current-year-old
Vs = + 5 ++ +++ + & + +
changes -or-not not fumigated
between same first-year-old
environment needles fumigated
current-year-old
Vs - ++ ++ ++ - ++ - ++ ++ ++ ++
fumigated first-
year-old
not fumigated
current-year-old
Vs - ++ + +++ . ++ - +++ +++ +++ +++
changes -or-not fumigated
between different current-year-old
environment needles not fumigated
first-year-old
Vs 2 + ++ ++ +++ + < +++ +++ +++ ++4+
fumigated first-
year-old

+

Firstly, two of those four taxa show a real sensibility to environmeotaditions with
an ultrastructural cuticle response. Solar radiation (sunny vs. sbades), wind and
rainfall (i.e. low or high exposure), are invoked as factors influencingeuticastructure
of K. nordenskioeldii leaves (Guignard et al., 2001). P. halepensis needles fylamcCi
are influenced by “standard” degree of solar radiation, wind and rainfall; those of

Pisciarelli are set under the volcanism effect.
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Secondly, cuticular responses seem to affect in a greater degree “simple” cuticles than
“complex” ones: in P. halepensis arld nordenskioeldii the cuticles are made of one layer,
Bl and A2 respectively. In both species Al polylamellate layeaggiig, this fact
reinforces the hypothesis that Al layer acts as a barrier (Viougeds &995; Jeffree,
2006), although without the Al barrier the cuticle seems to be more seastblvariable.
On the other hand, only slight differences were found among the cuticles ofitkgoG
species (G. biloba and G. yimaensis) as well as a poor cuticulaommental response

Table 3.Key obtained by means of both SEM and TEM observatioablig the identification of eact
of four types of cuticles observed in Pinus halepensis needferiexcing-or- not volcanic gas
fumigation. Cuticular membrane (CM = B1) and cell wallW) values are given as mean valu
(measurements) and percentage of total thickness. Stonlassl refers to Nicolotti et al. (2005
classification in which: class 0 = stomatal structuspldiying no sign of alteration, class 1 = for slig

sign of alteration, class 2 = for moderate sign tdration, class 3 = for severe alterations. B1 d&l=
outer zone, B1 md = B1 middle zone.

measurements proportion
fiob fused B1 inner zone cw 157 ym 41.3% not fumigated
e present 5 current-year-
epicuticular (0.95 pm) — B1 223 um 58.7% — Bid caticla
X 3 0,
wax 25 1% B1mz 0.72 ym 19% (B1 mz/CM+CWx100) Aeadie
stomatal _, notfumigated
class 0-1 cuticle needle
, CW  2A47pm 53.1% not fumigated
Ca'r‘;’;?ate 2 T = B1 1.02 ym 46.9% —  first-year-old
B1 mz 1.37 pm 33.5% (B1 mz/CM+CWx100) cuticle needle
e CW  1.06pm 25.6% fumigated
S —5 B1 3.08 ym 74.4% i current-year-
P s B1 0z 0.71 pm 17.1% (B1 0Z/ICM+CWx100) old cuticle
B1mz 1.38 ym 33.4% (B1 mz/CM+CWx100) needle
stomatal fumigated
class 2-3 —  cuticle needle
CWwW 1.62 ym 41.3% .
Ca-oxalate - B1  230um 56.7% s
abundant B1 oz 0.38 pm 9.7% (B1 0Z/CM+CWx100) cuticly:needle
Bimz 086um  21.9% (B1 mzCM+CWx100)

(Jurassic G. yimaensis is supposed to have lived in a high'génhouse” climate while
extant male and female G. biloba trees were planted in differembements in Nanjing,
China). The cuticle complexity of these two Ginkgo species (occurrence of A1, A2 and B1)
could explain their resistance.

Thirdly, the cuticle analysis can become a taxonomical tool oftaiceveight. It is a
fact that the layers retain their sequence and basic structure, but titererétlickness and
minor structural elements (fibrils and granules) may vary under changes of the
environmental conditions. Actually the A2 granular layer made with four typesaterial
(four types of cuticle: sun upper, sun lower, shade upper and shade lowkr) of
nordenskioeldii and B1 fibrillous layer divided in 2-3 zones variable icktl@ss of P.
halepensis can be influenced by the environment. Conversely, Al layertiognsisAl
upper and Al lower zones, A2 layer, and B1 layer, typically present bildba and G
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yimaensis, can be considered useful for taxa identification becauseldheot change
under different environmental conditions.

The fourth remark concerns further ultrastructural details, i.e. the progressiveaieduc
in the fibrillar structure and the corresponding increase in granular compfvoent
current- to first-year-old needles of Pinus halepensis (Plate I, 14-1%])1%hat can be
interpreted as a response to enhanced environmental stresses. Ogaittis\idar de
Seoane (2001) illustrates the alteration of the epidermal wall ultrasguat Otozamites
patagonicus from the Early Cretaceous Springhill Formation of Patagwhiere
multilamellate and reticulate-alveolate layers are transformagntwphous layers (Villar
de Seoane, 2001 sense) and interpreted as the result of high tempewahgeto
persistent volcanic ash fall. Del Fuejo and Archangelsky (2002) poinhauainorphous
areas in Araucaria grandifolia Feruglio from the Lower Cretaceous atdgénia
(Argentina) may be the result of poor preservation of the cuticular membrane.

Moreover deposits of calcium oxalate crystals in P. halepensis beulefjuivalent
structures to the electron lucent amorphous material of K. nordemski@alignard et al.,
2001, Plate ll, Fig. 4), although the role of this material is un¢@aignard et al., 2001).
Similar electron lucent areas are visible in the cuticle of twalfsgecies (Pseudoctenis
ornata and Restrepophyllum chiguoides) from the Early Cretaceous of Pat@pssalia
et al., 2010). It is noteworthy that this vegetation grew under environmsngalsful
conditions for persistent volcanic activity (Archangelsky et al., 188&hangelsky, 2001;
Del Fuejo and Archangelsky, 2002). The epidermal cells of P. ornata shasubilager
A2 with irregular isodiametric areas containing material of lekcti®n density
(Archangelsky et al., 1995, PI. V, Fig. 31). Cuticle degradation is recorded in R. chiguoides
(Passalia et al., 2010, PI. IV, Fig. 5). To sum up, the increase of Cdeoggjlstals could
be a key character to identify environmental stress in fossil and extant plants.

The last remark reveals a possible tool to identify current- verstiydims-old Pinus
needles in extant and fossil contexts and make inferences on gastiomdisease (van
de Schootbrugge et al., 2009 suppose 8© a probable cause of plant stress during
periods of global-scale volcanism). According to the present study ordistiaguish not
fumigated from fumigated needles (Table 3) by means of eight charagensticular and
epistomatal wax, Ca-oxalate, total B1, CW, B1 inner, outer and middle). Thetkére
degree of wax crystals degradation in stomatal antechamber andmegidrirface,
together with the amount of calcium-oxalate deposits in the cuticle, alfost distinction

between needles experiencing- or- not volcanic gas fumigation (Bableurthermore
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three characters (i.e. thickness of CW, B1 and B1 middle zone) allow toanthgtnction
between current- and first-year-old not fumigated cuticle needle¢e Whir characters
(i.e. thickness of CW, total B1, B1 outer and middle zones) enable ta dat@gated
needles. In particular the presence or absence of B1 inner zone (seeSfigan be used
to distinguish not fumigated current- from first-year-old needles. For tlokngss of
cuticular membrane (CM) + cell wall (CW) keeps constant in P. halspeesdles
regardless the age and environmental conditions, this character couddidigered as a

taxonomical one at species level.
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CHAPTER Il

The cuticle micromorphology of in situ Erica arborea L. exposed to long-

term volcanic gases in Phlegrean Fields, Campania, Italy

2.1. Introduction

Within plant organs, the leaf has been the target of many studies (see Beck, 2010) and is
the nost sensitive organ to pollution (Sant’ Anna-Santos et al., 2006). The leaves of many
tracheophytes (Guignard et al., 2004) are covered by the cuticle, anekui@ac
membrane (Graham, 1993) covering aerial organs of plants (Riederer, 2006). The bulk of
the cuticle in modern plants is composed of a solvent-insoluble xmatikes up the
framework of the cuticle (Tegelaar et al., 1991). This composite naikdes several
functions at the interface level that enable plants to thrive fiiereint habitats and
withstand adverse environmental conditions (Dominguez et al., 2011). The cuticle could be
considered arfexternal skeleton” as it represents the interface between the plant and the
atmosphere (McElwain and Chaloner, 1996). For these reasons, in thedasti¢bhades
numerous studies have been carried out on fossil and extant plant cuticlegei to
attempt paleoenvironmental reconstructions and evaluate the gaseoasplednt
composition. This latter composition varied consistently during geologioal (Berner,

1999) and major volcanism -e.g. Large Igneous Provinces formation (Courtillot and Renne,
2003)- is frequently invoked as a possible cause of mass extinctions (Ritbtéuber,

2005) by means of massive degassing (Scaillet, 2008; Sobolev et al., 2@hajI2011)

of CO,, H,S and S@ into the atmosphere (Beerling and Berner, 2002; Berner and
Beerling, 2007; Hori et al., 2007). The volumes of,3tgassed during large basaltic
eruptions are comparable in magnitude to those of (T@oardarson et al., 1996). For this
reason, volcanism played an important role in past plant communii@position
(Falcon-Lang and Cantrill, 2002) insomuch as, climatic fluctuations and prioxahcanic
eruptions probably contributed to the formation of disturbed habitats favourable for early
angiosperms (Herman, 2002).

Numerous researches spent their efforts onto the study of cuticle topograplme(rmim
stomata per unit area = stomatal density; number of stomata eetatithe number of
epidermal cells = stomatal index), at mesoscopic scale (see Gollt#99), and its
relationships with atmospheric GOconcentration ([Cg) in the geological past
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(Woodward, 1987; Beerling et al., 1998; Royer, 2001). It has been assumed that plants’
stomatal density adjust in response to changing atmosph€fe (Woodward, 1987).
However, little is known (Winner and Mooney, 1980) about the long-term response of
micromorphology of natural vegetation to volcanic toxic gases. Moreoveruitdlear if
small community experiments are capable of both reconstruct and asliatmospheric
composition because these experiments often lack the necessary afangdural
disturbances that occur in the long term (Woodward, 1992).

Because of the difficulties to simulate complex environmental gondiwithin plant-
volcano interactions, we studied the in situ angiosperm Erica ardarsubmitted to
volcanic gases in two solfataras (sulphur-emitting vents): SolfatarRozzuoli and
Pisciarelli. Solfataras are exciting habitats for studying wildéfiaptations to a very
peculiar but extreme environment (see Paoletti et al., 2005). The populationsrobEea
growing around the vents have a multiple-generation and a life-timeweptsvolcanic
gases, resulting in long-term adaptations of plants to these natemailpnments. The
occurrence of vents emitting volcanic gases provides a rare opportusitydiolong-term
response and microevolutionary adaptation (Bettarini et al., 1995) of natuethtieg to
volcanic gases.

Numerous studies have been carried out on in situ plants exposed to geyagEsc
(Bettarini et al., 1995; Bettarini et al., 1998; Tognetti et al., 26@mletti et al., 2005;
Pfanz et al., 2007; Haworth et al., 2010) but as far as we know, there atedres s
relatively to the response of the ultrastructural features of angiosgdens cuticle
exposed to the persistent volcanic gases.

Therefore, this study aims to try understand: 1) how plants respond tticeadi;emes
outdoor conditions; 2) what is the response of the cuticle micromorphology long-te
exposed to volcanic gases, 3) in particular, whether exposure and/or resistdince
volcanic gases is associated with a change in ultrastructure ticfecut) potential
implications of the angiosperm cuticle response across environmengal @réods during
the geological past.

Investigations on volcanic toxic gases-emitting vents offer opporttmistudy plant
physiological response to these extreme environments. The volcaag iar€ampania
Region (Roccamonfina, Phlegrean Fields and the complex of Somma-Vesuvio) are suitable
for studies of this type because they are historically monitored asily eacessible

representing natural laboratories allowing experiments to realistieneesr outdoor
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conditions. In the present study, E. arborea was chosen and X-rayearahgs SEM and

TEM observations were performed focusing on leaf cuticle micromorphology.

2.2. Material and methods

2.2.1. Plant material and sites description

Leaf samples were obtained from Erica arborea L., one of the common aisgreate
Mediterranean macchia shrub species belonging to the family Erecaudading species
that are efficient colonizers (Luteyn, 200E). arborea is characterized by hypostomatic
leaves with revolute margins protected by trichomes (Gratani and &/&2604).Samples
were collected from three localities in the Phlegrean Fields, tare aaldera which spans
the last 50000 years (Scandone et al., 2010), characterized by vertical groungenteve
locally called “Bradyseim” (Del Gaudio et al., 2010). This is a very dangerous volcanic
area because it includes part of the city of Napoli, the town of Pozamolinumerous
densely inhabited villages (Chiodini et al., 2011).

Samples long-term fumigated by volcanic gases were recovered fréataBolcrater,
ca. 30 m NNW from the Bocca Grande vent (40°49°38.91°°N, 14°08°32.98"’E), and ca. 10
m NE from the main fumarolén Pisciarelli locality (40°49°48.88°N, 14°08°46.95”°E)
about 750 m SE of the Solfatara volcano (Fig. 1A,B). These two volaesss, active for
centuries, are historically monitored (Gunther, 1897) and make thet abj@merous
studies.
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& ﬁ
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Pisciarelli
%
Phlegrean %>, ®. ' jSomma-Vesuvio \

Fields'l{> \.~ Complex Solfatara Bocta® ' |
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{_\Roccamonfina
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Fig. 1. (A) Location of the Phlegrean Fields and others gas-ewittolcanic areas (dotted circles)
Campania Region. (B) Sketch map showing the locati®otfatara crater and Pisciarelli locality. (C,C
Close up views of Pisciarelli and Solfatara localitigghwhe main fumaroles. Square brackets indic
sampling areas and white circlets show the locationf @easurements.

48



The cuticle micromorphology of in situ Erica arborea 1. exposed to long-term volcanic gases in Phlegrean Fields, Campania, Italy

Control sample of leaves were also collected in a volcanic gquescea (Cigliano:
40°50°46.46°°’N, 14°07°36.31’E) located about 2.5 km NNW from Pisciarelli, but
characterized by the absence of volcanic gas emissions. The tlalteekshare the same
soil features (Di Gennaro and Terribile, 1999; Di Gennaro, 2002) and sun exposition and
they are also far away from traffic and industries. The climatepisally Mediterranean,
with cool, wet winters and hot, dry summers.

The samples collected around the vents have a multiple-generasulting in long-
term adaptations of plants to volcanic gases. The outskirt of thesenextrevironments
(Pisciarelli and Solfatara) is inhabited by a Mediterranean vegetgbroviding
xeromorphic features. Erica arborea (and some grasses) is the uniqual typic
Mediterranean angiosperm shrub growing near the vents. Moreover, the bategok
Pisciarelli and Solfatara fumaroles retains the cyanidialean salGaddieria phlegrea
(Pinto et al., 2007) and Cyanidium caldarium (De Luca et al., 1979) respectively.

Distal volcanic impacts revealed that plants are generaly $ensitive to eruptions
outside the growing season (Zobel and Antos, 1997; Hotes et al., 2004) anghasuith
Blackford (2008) pointed out, in winter, as plants are senescent, higher raiajaierve
to remove rapidly volcanic pollutants. For evergreen E. arborea, permahenifjated
by volcanic gases retaining leaves for over a yasg “ground noises” do not exist. The
plants do not present significant damages along the crown, but sawves lshow

symptoms consisting in leaf-tip non-specific discoloration.
2.2.2. Gas vent

At Pisciarelli, the fumarolic discharge temperature from 1999 to 2005lUcsated
around 95 °C, reaching 108 °C in October 2010, with the @@ from this pool
estimated at 15 ton/d to 20 ton/d (Chiodini et al., 2011). Measurements of ddiuE©s
fluxes in the Solfatara area (1.4 Rmvere carried out from 1998 to 2000 and gave a daily
amount of deeply derived GQlischarged at Solfatara of about 1500 tons (Caliro et al.,
2007). The analysis of gaseous compositions (Caliro et al., 2007) revedl¢adetinaain
component of the fumaroles is® followed by CQ, H,S, N, H,, CH,;, He, Ar, and CO.
The absence of acidic gases ¢SBCI, and HF) can be also noted (Chiodini et al., 2010a).
Natural high atmospheric concentration of sulphur gas may occur locadlse@as with
volcanic and geothermic activity (De Kok et al., 2007). As a maftéact, at Pisciarelli

and Solfatara, the high .8 air concentration igqual to ca 600 um/mol (at source;
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Chiodini et al., 2010a) and 3.20 ppm (Carapezza et al., 1984) respectively. Thid.§reat
air concentration is also testified by bogpical smell (the odour threshold is >0.02 pm 1™
De Kok et al., 2007) of rotten eggs in the surrounding air and by indirect corrosoe ac
of this gas that led to the destruction, around the vents and in few mintitasy

electronic device and to a relatively long-term corrosion of metalwork.

2.2.3. SEM, TEM and EDS preparations

Fumigated and not fumigated specimens were collected from braaicheghts over
75 cm from the ground at each site (Pisciarelli, Solfatara anda@iyl Leaves were
carefully handled to avoid damaging the epicuticular waxes. Following Reed’s (1982) and
Crang and Klomparens’ (1988) remarks about possible changes in epicuticular wax
structures occurring during sample preparation, in order to limit any cheonipalsical
damages, especially for preserving and dehydrating samples for wax morphaltigg,s
leaves were air-dried for 1-week at mild room temperature. Amoveyalehundreds of
leaves collected at each site (fumigated and not fumigated), 10G&leoted for scanning
electron microscope (SEM), then 60 were carefully selected for trsgiem electron
microscope (TEM)Light microscope observations were made using a Leitz microscope.

Both untreated and frozen leaves (in liquid nitrogen at -210 °C) were nsvéraally
and longitudinally. Subsequently they were mounted onto the stubs using daigale-si
adhesive tape then coated with gold using an AGAR Auto Sputter Coater and transferred to
the SEM for mesoscopic (Collinson, 1998bservations. Entire leaves were directly
mounted to observe abaxial and adaxial surfaces. The Barthlott(2998) classification
has been used to typify epicuticular wax.

SEM observations were done in two universities: 1) with a JEOL 33M- SEM
adapted with an Energy Diffractive X-ray Oxford Inca X-act at the AGSCentro
Interdipartimentale di servizi per analisi Geomineralogiche; Dipartio di Scienze della
Terra, Universita degli Studi di Napoli “Federico II”’). The operative conditions were as
follows: 2530 KV accelerating voltage, 100 pA emission current, 15 pm spot size, 20 mm
microscope work distance and 60 s spectra collection time; 2) witta@hHS800 coupled
to a microanalysis system EDS SiLi Samix (acceleration gelta 15 kV and a spectres
acquisition time = 60 s; in the Centre de technologie des microstructures (CTu) of Lyon-1
University, Villeurbanne, France). The specimens for energy diffractive XE&X)
analyses were then coated with carbon in an Emitech K450 at CISA@alfAf 100 EDS
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analyses were carried out on both leaf sections (cuticle andaleivith JEOL SEM) and
surfaces (crystals, hairs and epidermis with SEM Hitachi) expengrari not chronic
fumigation. It is worth noting that data generated by the X-ray michgseraare not as
accurate as other quantitative analyses, therefore they can be conatdeest as semi-
quantitative (Van Steveninck and Van Steveninck, 1991).

Samples for TEM were dropped in paraformaldehyde solution mixed in a phosphate-
sodium buffer for 3 weeks using Lugardon's technique (1971), washed and postfixed in a
1% osmium tetroxide solution mixed in a phosphastelium buffer for 24 hours.
Dehydrated in graded ethanol series during 48 h, the samples were dropped/lenprop
oxide with an increasing percentage of Epon resin for 24 h. Transferred into gmme E
resin during 24 hours, they were embedded in fresh Epon resin using flat micheds.
preparations were subsequently treated for polymerization at 56 °C for 3 dagshiblt
(60-70 nm) sections were sectioned with a diamond knife, using a Reicheatuilt
microtome. Ultrathin sections were placed on uncoated 300 Mesh copjseand stained
manually both with a methanol solution of 7% uranyl acetate for 15 min anguaious
leadcitrate solution for 20 min, then observed and photographed with a Philips CM 120
TEM at 80 kV, in the Centre de technologies daicrostructures (CTp) of Lyon-1
University, Villeurbanne, France. Totally 60 pieces of material warbeeded in Epon
resin blocks. 210 uncoated mesh copper grids were prepared (180 as transuersal sec
i.e. perpendicular to the leaf length; 30 as longitudinal sectiongparallel to the leaf
length).

All TEM measurements were performed with tools in the ImageJ prograrar(®ff et
al. 2004). The terminology of Holloway (1982) and Archangelsky (1991) was used for the
ultrastructural analysis. Ultrastructural measures have been iakéhe middle of
epidermal cells. No measures have been carried out in overlyingecbgtiveen two
adjacent epidermal cells where the cuticle is generally thigdeispecimens and SEM
stubs are housed in the Dipartimento di Scienze della Terra, LargdM8rcellino, 10,
Napoli, Italy. The resin blocks and TEM negatives are stored in tba-LyUniversity,

Villeurbanne, France.

2.2.4. Gas concentration measurements in air and soil

CO, measurements in the soil and in the air surrounding the vegetatiopevérmened

with a portable gas analyser (LICOR 800). Holes were drilled into theusili roots of
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Table 1. Soil and atmospheric (atm.) GO@oncentrations within bott
the rooting and crown zones of Erica arborea at fumarole:

Solfatara and Pisciarelli in Phlegrean Fields.

sampled E. arborea shrubs;

gas-probe was then inserted

Solfatara -Bocca Grande- and values recorded. In the
Site Lat. and lon. 9’"'2(/::5’)‘:02 €02 PPm) | - stydied areas the vents
1 pl i 676.05 1000-1300 | position has not changed for

2 i o 442.81 500600 | long time and gases fluxes

3 ;‘giggigg;?;:g 597.87 800 (in the soil) are rather

4 et call 62.93 600-700 | constant (Table 1). The site

Pisciarelli topography and constant
Lat. and lon. 9”“2(’323.’) £0z °°;t‘.,'2!’“" winds  disperse  these

1 6l 64.56 15003000 | emissions  in  plumes

& ‘1‘2332333:3232’ 57.09 1500-3000 | strongly directed to the

3 ?g:ggiggég 48.34 1500-3000 SSW (Pisciarell) and W

(Solfatara), id est. just on

sampled areas (see Fig. 1C,D). For this reason, gas measurements can be donesat all time
2.2.5. Statistical analysis

The present study is based on 30 measurements. Similar statistic analyses vigd prov
for fossil plants (Guignard et al., 2004; Yang et al., 2009). The relation among the different
layers {cuticular membrane (CM) = [(cuticle proper = CP =A2 + cuticlerlayéL = B1)]

+ cell wall (CW)} can be traced based on the confidence intervaevdll =x+ [var x
n

1.96. dving 95% a risk) among 5 characters (Fig. S)he Cl value allows to estimate the

significance of the differences between three types of studied material.
2.3. Results
2.3.1. Energy diffractive X-ray analysis with SEM
The cuticle surfaces of E. arborea leaves experiencing chronic fionigaé typically
covered by dust of volcanic origin. X-ray analyses have revealeditisatis composed

mainly of: crystals belonging to the Alunite Group (Fig. 2A), tgbiaggregates of both
minerals and glasses of solfataras (Fig. 2B) and ¢GaB6tals (Fig. 2C).
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Fig. 2. Qualitative X-ray diffractograms of particles commonlyaegring on fumigated leaves fror
Solfatara and Pisciarelli. (A) Example of crystal Iogiimg to Alunite Group. (B) A typical aggregate «
both minerals and volcanic glasses of solfataras.E@mple of CaS@spectrum. (D) Diffractogram
showing silicon traces in cluster of rodlets wax froiscRarelli.

The EDS microanalysis of cluster of rodlets wax from Pisciarelyj. (D) has revealed
siliceous traces (Fig. 2D). Within fumigated and not fumigated aegdbncerning 3 sets
of 10 measurements on cuticle and cell wall, the elements cositangely homogeneous
and the absence of sulphur can be noted. Extraneous elements [e.g. Au(aed Pd.

2A, D)] derive from metallization process.

2.3.2. Scanning electron microscopy observations

The leaves of E. arborea experiencing chronic fumigation (PiscianelliSolfatara
areas) have a more serrate revolute margin (Fig. 3A and B) and arectdy abundant
volcanic dust (especially in the adaxial side) (Fig. 3C, D, I,ri€l B). In not fumigated
leaves, the adaxial side becomes the site of dust accumulation.

In outer view, both adaxial and abaxial sides of leaves epidermis expagiehconic
fumigation (especially in Pisciarelli locality) bear numerous clusiéredlets wax 10-20
um in length by ca. 1 um in width (Fig. 3D).

In the the abaxial side of leaves experiencing chronic fumigation irhviliecmargin is
less revolute (Fig. 3E), a number of hairs and a high production can be noted (Fig. 3F). The
typically wax rodlets are circular in section and are longitudinally aggre dBig. 3G).

In outer view, the abaxial side of control leaves appear intactwellhdefined shape of
epidermal cells and glabrous surface (Fig. 3H). Conversely, fumigateekslsaow less
defined pattern of epidermal cells having both wax overproduction and degradation

forming crusts (Fig. 3I) especially in the adaxial side.
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Fig. 3. Erica arborea, SEM abaxial and adaxial cuticles, for bothbshexperiencing or not chreni
fumigation by volcanic gases.

A) Abaxial side of not fumigated (Cigliano) cryo-sectdnleaf showing not more serrate revolt
margins. The palisade layer (p), the spongy mesophyll (mjrenttichome crypt (c) can be seen. Phc
GGABO038. B) Abaxial side of fumigated (Pisciarelli) cryo-sectibieaf showing a serrate revolut
margin. The palisade layer (p), the spongy mesophyll (m)tlendreat trichome crypt (c) can be see
Photo GGABO043.
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C) Adaxial side of fumigated (Pisciarelli) leaf tip showinguadant volcanic dust and crystals (arrow)
covering epidermis. Photo GGAB039. D) Adaxial side of fumigatdc{arelli) leaf showing clusters of
rodlets wax Photo GGABO009. E) Adaxial side of fumigated (Pisciarelli) léaf/ing not more serrate
revolute margins showing a wax and trichomes overproduddboto GGAB002. F) Detail of E showing
projections-bear trichomes and adhering wax. Photo GGABO1Ab&jial side (detail) of fumigated leaf
(Pisciarelli) showing wax rodlets circular in sectioging longitudinally aggregatedPhoto GGAB012. H)
Abaxial side of not fumigated leaf (Cigliano) showing wagffined epidermal cells. Photo AB9.Abaxial
side of fumigated (Pisciarelli) leaf replete of volcadigst and crusts (arrow) originated from epicuticular
wax fusion Photo GGABO31. J) Adaxial side of fumigated leaf (Solfatanajwsng trichomes with a marked
ornamentation. In the middle of image a hollow hairvisible. Photo GGABO07. K) Adaxial side of
fumigated (Pisciarelli) leaf tip showing trichomes wiypical rupturesPhoto GGABO034. L) Adaxial side of
fumigated (Pisciarelli) leaf showing hairs with prayj@d and tough inflated basdzhoto GGAB005. M)
Adaxial side of not fumigated (Cigliano) leaf showing thinmechomes with not inflated baseBhoto
GGABO026. N) Abaxial side of not fumigated (Cigliano) leaf shmwvthree stomatal apparatPhoto
GGABO0O06. O) Abaxial side of fumigated (Pisciarelli) leaf showtiigee sunken stomatal apparatuses with
respect to the median level of epidermis. Photo GGAB0O6.

Both fumigated and not fumigated leaves have hairs distributed on th@feddaxial
side. The edge of abaxial side is devoid of hairs. In fumigated |elawdsairs display a
marked ornamentation (Fig. 3J). Fumigated leaves show their apex crowdeairby
presenting typically ruptures (Fig. 3K). In fumigated leaves, alongattexial side of
petiole, most of the hairs have prolonged and tough inflated bases (FigorBpaue with
not fumigated one (Fig. 3M).

Leaves not experiencing chronic fumigation bear stomata less protected3kbi
Leaves from volcanic sites display more sunken stomatal appatatB®) in respect to

the epidermal surface.

2.3.3. Trasmission electron microscope observations

The ultrastructure (cuticle and cell wall) of abaxial epidermis deom fully grown
leaves of three localities have been studied in details. Cutimdarbrane (CM) of all
ordinary epidermal cells is composed of cuticle proper (CP = A) representéte by
outermost granular A2 layer and innermost cuticular layer (CL = B) reprdsbytthe
fibrillar layer B1. Differences between the cuticular structures withree localities are
given below. All the data given below are the means based on 30 nmeestsethe
percentages of each component of the cuticle and of cell wall are also given (Table 2

In not fumigated leaves (Fig. 4A-E) the total thickness of CM (=+GIL) + cell wall
(CW) is 8.75 um (Fig. 4A). 72.3% (4.9% of A2 and 67.4% of B1) is composed of the CM.

In the fumigated leaves from Solfatara (Fig. 4F-J) the total thiskole€M + CW is 10.58
um (Fig. 4F). 78.4% (12% of A2 and 66.4% of B1) of the CM + CW is composed of the
CM. In leaves from Pisciarelli also experiencing chronic fumigation the totkingbss of
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Fig. 4. Erica arborea, TEM of fumigated and not fumigated leaves. Alloginaphs were taken fron
ordinary epidermal cells in transversal sections, exeefuingitudinal section of photograph N. Tt
cuticle (CM = Cuticular membrane) is made up with A2 arhous layer (= CP, cuticular proper) ar
B1 fibrillous layer (= CL, cuticular layer).

A-E. Not fumigated leaves from Cigliano.

A) General view of cuticle and cell wall. A transition eofarrow) probably deriving by a mixture ¢
cuticle and cell wall material can be seen. Photo GGAB0004. BjilD&E A2 outer layer clearly
showing the transition zone between A2 granular andiBilldite layers. Photo GGAB0021.
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C) Detail of Bl layer of cuticle showing more densal amowded fibrils (lower part) decreasing in
abundance toward the A2 granular region in which eledtrcemt areas can be seen. Photo GGABO0005. D)
Detall of cell wall showing four different stained zoresfollows: a less evident densely stained zone below
the cell wall; a more electron lucent zone; a dense fibeilzone and a densely stained fibrillate zone in
contact with B1 layer. Photo GGABO009. E) Trichomes prajastimade of folded A2 layer entrapping
small portions of fibrillar B1 layer. Photo GGAB0040. F-Jnfigated leaves from Solfatara. F) General
view of cuticle and cell wall showing a less markedgition zone (arrow). Photo GGABO0036. G) Detail of
A2 outer layer clearly showing the transition zone betwB1 fibrillate and A2 granular layer. The B1 layer
shows some mottling caused by dark staining of certairs.aRf@to GGAB0007. H) Detail of B1 layer of
cuticle showing less dense fibrils, a conspicuous gracolaponent and numerous small dark stained areas
causing mottling. Photo GGABO0O016. I) Detailed view of B1 layer ofctind cell wall showing small B1
fibrillate areas entrapped in cell wall network. Photo GGABO0O015.Thome showing numerous
projections made of A2 layer. Photo GGAB0027. K-O. Fumigateecetefrom Pisciarelli. K) General view

of cuticle and cell wall. The transition zone, less mdrkapproach two electron lucent areas (arrows)
delimited by a thin darkly stained layer. Photo GGABOO0O07. L) DethiA2 outer layer and part of B1
fibrillate layer. In the thickness of A2 granular laysnall dark regions can be seen. Photo GGAB005. M) B1
layer showing more or less parallel fibrillae and densedynst mottled areas decreasing in abundance
toward the A2 granular outer region. Photo GGAB0O05. N) Detailea sfecell wall fibrillae in connection
(arrow) with fibrillate network of cuticular layer. Photo @B002. O) Detail of trichome showing dome-
shaped structures made of A2 layer only. Photo GGAB0022.

CM + CW is 6.40 um (Fig. 4K-0). 88.9% (29.4% of A2 and 59.5% of B1) of the CM +
CW is composed of the CM.

The outermost A2 layer, or cuticle proper (CP), is composed of granular ahaiteri
fumigated leaves the A2 layer is thicker (1.27 um for Solfatara specimens and 1.88 um for
Pisciarelli one) in respect to not fumigate one (0.43 um) (Fig. 4B, G and L). In particular,
the specimens from Pisciarelli have the highest value with 29.4%eo0CM + CW
composed of A2 layer. In leaves experiencing or not chronic fumigation, théthte
layer is thicker than A2 and CW layers. From not fumigated to fumigated leaves asdecrea
of CW thickness has been observed (Cigliano: 2.42 um; Solfatara: 2.28; Pisciarelli: 0.71
um). However, a tendency to a reduction in the fibrillar structure followed by an increase
of the granular component has been noted between not fumigated and fumigatsd lea
The cuticular layer (CL = B1) of fumigated leaves retain numerougr@telticent areas,
the greatest of which are delimited by a thin darkly stained layer (Fig. 4K).

The B1 layer toward the outer surface (i.e. A2) is quite homogeneous with ness or
parallel fibrillae (Fig. 4C, H and M). However, cuticles display samottling caused by
dark staining of certain areas (Fig. 4G and M). These dark regionsasedneabundance
near the outer cuticle surface, but sometimes in A2 granular layéecseen (Fig. 4B and
L). In fumigated leaves the cell wall network shows less steanegls probably composed
of the same material of fibrillate B1 layer (Fig. 41). Below the GWdensely stained zone,
ca. 100-300 nm thick, can be seen especially in leaves experiencingcdumigation
(Fig. 4D, | and N). In the abaxial side of leaves, trichomes projectieigs 3J), more

elongated in not fumigated leaves (Fig. 4E), are made of folded y& &ometimes
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entrapping small portions of fibrillar B1 layer (Fig. 3E). In fumigated dsawairs bear
dome-shape structures made of A2 layer only (Fig. 30). Some plate-like nogyplod
the epicuticular wax may be present as a darkly staining residudeoatdhe A2 granular
layer (Fig. 4A, F and K).

Table 2. Statistical values, made with 30 measurements

cuticular membrane (CM) and cell wall (CW) of the epiddroedls . .

of three sites. Note: the cuticular membrane CM is madeitip 2.4. Discussion
cuticular proper CP (= A2) and cuticular layer CL (= BaJl

measurements are in um. min-max = minimum and maximun

values observed; % = percentage of each detailed pém cliticle The present study based on

and cell wall; st-d = standard deviation; var = variance.
zonesmeasured | mean | min-max | % [ std [ var 30 measurements (TEM) is

not fumigated (Cigliano) . L.
total CM + CW 875 | 7.52-10 | 100 | 0.67 | 0.45 the most precise statistic
cwW 242 | 123376 | 27.7 | 0.76 | 058 )
B1 590 | 485745 | 67.4 | 0.76 | 059 analysis so far done for extant
A2 0.43 0.09-0.87 4.9 0.23 | 0.05 . .
total CM=B1+A2 | 633 | 537763 | 723 | 062 | 0.39 angiosperm cuticles. All these
fumigated (Solfatara . )
total CM + CW 10.58 | 8.74-1562 | 100 | 2.22 | 4.94 observations allow to discuss
CcwW 2.28 0.90-4.11 216 | 1.00 | 1.00 . .
B1 7.03 559-11.29 | 664 | 1.87 | 3.48 several diverse environmental
A2 127 | 0.46237 | 120 | 059 | 0.35
total CM = B1 + A2 830 | 651-11.75 | 784 | 1.61 | 2.61 aspects.
fumigated (Pisciarelli)

total CM + CW 640 | 469-843 | 100 | 1.17 [ 1.38
CwW 0.71 0.15-1.43 11.1 | 0.27 | 0.07
B1 3.81 242558 | 595 | 0.92 | 0.85 2.4.1. Chemical and SEM
A2 188 | 124361 | 294 | 062 | 0.39
total CM = B1 + A2 5.69 4.17-7.68 889 | 1.03 | 1.07 considerations

Chemical considerations - Large part of dust covering leaves expageakionic
fumigation originates from solidification of chemical compounds of which tame is
loaded. Volcanic glasses, carried by wind, derive from neighbouring soil. EDS
microanalysis have revealed the absence of sulphur within the omatielé thickness of
epidermal cells and cytoplasm. The lacking of sulphur in the structutbeotuticle
suggests that the uptake of volcanic toxic gases takes placdemiatal apparatuses. The
presence of silicon in the cluster of rodlets from Pisciarelli (BR). is not surprising as
the environment in which a plants grows can affect epicuticular wexpagsition (see
Baker, 1982).

Wax overproduction and degradation - On leaves epidermis experienuiagicc
fumigation (especially in Pisciarelli locality) the presence atesilus in clusters of rodlets
(see Figs. 2D and 3D) could be the result of a “control device” avoiding the uptake of Si
deriving from solidification of volcanic compounds by the plume. In fumdatants the
wax overproduction (Fig. 3E-G) could be the effect of elevate, €@nhcentration.

Vanhatolo et al. (2001) found that elevated ,C&one and in combination with ;O
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increased wax coverage on the abaxial leaf of an inland clone of pabésch Betula
pubescens, but not in that of coastal clone. Among Solfatara and Pliséisngirolic
effluents a relatively high quantity of hydrogen sulphidgSHs released (Chiodini et al.,
2010; Caparezza et al., 1984). Brown (1982), Lorenzini and Nali (2005) and Haworth et al.
(2010) claimed that the J3 oxidizes rapidly in the atmosphere to form,S@is last
rapidly converts into k5O, (Visscher et al., 2004) considered as an oxidation product of
SO, or H:S (Mather et al., 2003). Therefore, the wax degradation noticed in asiabaadf
leaves experiencing volcanic gases fumigation (Fig. 31) could be due to one of the previous
listed chemical compounds.

Trichomes alteration - In fumigated leaves, the high density dfomes in the abaxial
side (Fig. 3B) together with hairs having prolonged and tough inflated iagesadaxial
side of petiole (Fig. 3L) represent a barrier against toxic volcgages diffusion
increasing boundary layer resistance (see Haworth and McElwain, 2008). ilar sim
example can be done with the angiosperm Metrosideros polymorpha grawiting i
Kilauea crater region (Island of Hawaii) which is resistant to gerdgisumigation with
toxic volcanic gases (SOH,S, HCI, HF) (Winner and Mooney, 1980b). M. polymorpha
from the Kilauea crater region displays heavily trichomous abaxial sarfabde those in
neighbouring regions, not experiencing chronic fumigation, possess non-trichomous
cuticles (Haworth, 2006). This pattern suggests (Haworth, 2006) that the deeatopf
trichomes in M. polymorphdrom Kilauea Crater region is an adaptation to increase
boundary layer resistance, and consequently reduces entry of toxic gases into the leaf.

Stomatal apparati - In fumigated leaves, the stomata areetbbaneath the medium
level of epidermis (Fig. 30). As stomata are the site of entrainca. 90% of atmospheric
pollutants into the plant (Black and Unsworth, 1979), it may be also hypmtigkat this
feature could be a further protection device against the uptake of volcaricgases.
These features stress more xeromorphic features already existing spehies. As E
arborea is the unique typical Mediterranean angiosperm shrub able of grosghclhe
vents it could be attributable to a more effective stomatakalothtan other species with

less effective stomatal control (see Haworth et al. 2011).

59



The cuticle micromorphology of in situ Erica arborea 1. exposed to long-term volcanic gases in Phlegrean Fields, Campania, Italy

2.4.2. TEM considerations

The effect of volcanic gases on the epidermis in angiosperms hasemopigiously
studied by TEM, and no detailed ultrastructural studies have been soafde on the
cuticle of E. arborea. According to Archangelsky et al. (1986), within cuticle thickness i

Table 2. Statistical values, made with 30 measurements for caticnémbrane (CM) and cell wall (CW
of the epidermal cells of three sites. Note: the cuticolambrane CM is made up with cuticular prog
CP (= A2) and cuticular layer CL (= Bl). All measurements are in pm. min-max = minimum and
maximum values observed; % = percentage of each detailedfpre cuticle and cell wall; st-d =
standard deviation; var = variance.
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and granulous below) and a cuticular layer (termed B, mostly fibrillous) ciifide of E
arboreaappears to correspond best with Holloway’s type three structure. This category
(Holloway, 1982) includes cuticles with “outer region amorphous, inner region mainly
reticulate”.

The cuticle of E. arborea shows a significant response to volcanigdtiom. It reacts
differently, increasing (Solfatara) or decreasing (Pisiciarelli) itskttéss. The CI reveals
(Fig. 5) that CM + CW, CM, B1 and A2 show significant variations. Converdatycell
wall thickness of Cigliano and Solfatara does not records significant variations.

CM and CW considerations - In fumigated leaves two types of CM +tiddness

responses to volcanic gases can be noted. In the specimens frorar&oHatexpected,
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high CM (= Bl + A2) + CW (10.58 um) and CM (8.30 um) thickness values can be
observed. Instead, the specimens from Pisciarelli both show lower CM + CW (6.40 um)

and CM (5.69 um) values. Passing from specimens experiencing or not chronic fumigation,

the CW thickness reduces of 3.4 times in Pisciarelli specimens. AsdlaRkt(2002)
claimed, vascular plants respond to high,@0ncentration by increasing the thickness of
their cuticles. However, even if the increase of cuticle thickneskl be the response to
high concentration of C{ as Paoletti et al. (2005) claim, other gases virtually

undetectable could have biological effects.

Cigliano Solfatara Pisciarelli
4.9% 20,
9.4%
67.4%
66.4%
59.5%
0,
27.7% 21.6%
1.1%
Leaves not experiencing Leaves experiencing chronic fumigation

chronic fumigation

- B1 layer - cell wall

Fig. 6. Three-dimensional reconstruction of both cuticle agltiwall (CW) for leaves experiencingi-
not chronic fumigation. Note: the cuticular membrane GNinade up with cuticular proper (= A2) ar
cuticular layer CL (= B1).

CM (B1 + A2) considerations - Within cuticle thickness of fumigatedds, for both
statistical values (Table 2) and percentages (Fig. 6) the B1 aritigkness layers vary
significantly. In cuticles from Solfatara, the B1 layer is 1.8 and 1.2gigreater than in
Pisciarelli and Cigliano specimens respectively. Very interesting is the “behaviour” of A2
layer as in Pisciarelli specimens it is 4.4 and 1.5 times thiokexspect to Cigliano (not

fumigated) and Solfatara cuticles respectively. In particular, witie cuticular
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membrane, the A2 layer responds more marked in respect to B1 ones. Asl sfmwe
data (Table 1 and 2; Figs. 5 and 6), a close relation between atmos@i@ric
concentration and the A2 layer thickness seems to exiswvtirth noting that, in Solfatara
and Pisciarelli localities, cuticles respond to atmospherig €&@centration and not to the
CO, soil concentration (Tables 1, 2 and Fig. 6). In specimens from Piscidhell
statistical reduction of the B1 layer thickness and the correspondingsimgred A2 layer
thickness in respect to those of Solfatara and Cigliano (Table 1) beulde result of a
carbon allocation from the inner layers to the outermost A2 layer. Therefare, t
differences in layers thickness could be due to a different allocatiararbbn-based
secondary or structural compounds (CBSSC). According to growth-differentiation balance
hypothesis (Hermes and Mattson, 1992), any environmental condition thats affect
photosynthesis (carbon source) and growth (carbon sink) with different intenkdjfect

the relative carbon pool available for allocation to carbon based compourfideléeand
Estiarte, 1998). The carbon allocation could represent a further cost f&r gkg@etriencing
chronic fumigation. In fumigated leaves the thickest A2 layer coulthbeesponse to
toxic volcanic gases or/and to an increase of €&hcentration (Table 1). However, in the
specimens from Solfatara and Pisciarelli, the increase in y& thickness is consistent
with Taylor et al. (1989) statement according to whom, amorphous remalms euticle

envelope are likely to represent the most resistant component of leaf.
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CHAPTER Il

An Early Cretaceous flora from Cusano Mutri, Benevento, southern Italy

3.1. Introduction

The distribution of fossil plants is one of the most reliable tools for gerbet
understanding of terrestrial climatic conditions through geologic time (Brand Frakes,
1993), and the addition of sedimentological context to species lists grefatlgs such
studies (DiMichele and Gastaldo, 2008).

This research represents a continuation of palaeobotanical studie=d cawti on
Cretaceous plant-bearing localities in the southern Apennines (Bartirbrab, €006,
2008, 2009). The aim of this research is to provide supplementary data tayai@ss of
subaerial Early Cretaceous Tethyan environments. A palaeontological survBguth
Apennine Mesozoic sediments of carbonate platform facies (Campania Region) revealed in
2005 a new Early Cretaceous (Late Aptian) fossil locality near tlageibf Cusano Mutri
(Benevento Province) (Fig. 1A). This new outcrop rivals in extent, abundande
preservation of the fossil material only the historical site ofréheia (early Albian) (Fig.
1A), the fossil flora of which has already been subjected to a prelinshaty (Bartiromo
et al., 2006, 2008). Several excavations were carried out at the site duriygattse
2005e2008, which provided hundreds of macro-remains among animal and plants
(Bartiromo et al., 2008). This locality (Fig. 1B) displays a more complete fossil record than
is usually found in the sedimentary successions of the Apenninic Carlpdatitem. The
richness, taxonomic diversity and type of preservation make this outcrop wafrthy
consideration as a Fossil-Lagerstatte (Seilacher, 1970; Seilddieri985). Following a
brief account of the invertebrate and vertebrate faunal assemblageugedn the fossil
flora to understand better the palaeoenvironment in which these ptentsig addition,

epidermal features were studied and interpreted palaeoecologically.

3.2. Geological setting

The outcrop (Fig. 1B) is located at “Peschera” (IGM Map at scale 1:25000 173 IV NO -
Cerreto Sannita, long.14° 32” 08.15’, lat. 41° 17 42. 89°’), about 5 kmsouth of the village

of Cusano Mutri (Campania Region, Benevento Province: Fig. 1A), on the eslefarof

63



An Early Cretaceous flora from Cusano Mutri, Benevento, southern Italy

the mountain Monaco di

E. Gioia, which is part of the
Cusano Mutri

oe'bpe sl southernmost border of the

aiiipoil 9 Matese Massif. From a

— structural point of view the
southern Apennine Arc (sen-
su Parotto and Praturlon,
2004), stretching from the
Central Apennines to Sicily,
is a fold-and-thrust belt struc-
ture that originated during the
late Tertiary deformation of
the continental margin of the
Adria Plate (Carannante et

al., 2006). The Campanias-

Region. B, sketch map showing the location of theilfisgte. The are ~5nig Apennine is a segment
occupied by the fossil-bearing strata is approximately markedhd

dotted line. of a chain of high complexity,
the most puzzling and tectonically complicated area of the whole Apeiaghrebian
mountain range (Parotto and Praturlon, 2004). In particular, the Campanian Apennines are
dominated by Mesozoic Carbonate Platform deposits and associated @Garepica and
Passeri, 1998). During the Early Cretaceous the Cusano Mutri area wad paldrge,
shallow-water carbonate domain known as the Apenninic Platform, which devefoped
tropicalsubtropical climatic conditions (D’ Argenio, 1976; Mostardini and Merlini, 1986).
The Matese Massif represents part of the platform. It comprises Uppssi€-Cretaceous
shelf limestones. Transgressive Lower Miocene limestones (Cusano tieorntelli,
1957) overlie the Mesozoic sequence. In this area three Aptlaan, “Plattenkalk”
intercalations bearing fossil fish and plant remains have been found (Kme, Civita
di Pietraroja and the present one: Bravi, 1996; Bravi and Garassino, 199%@rBawet al.,
2008).

The mountain of Monaco di Gioia is a carbonate monocline intercepted \Wy E-
trending faults and NW-SE border faults. The Cusano Mutri fossiliferous level, although of
wide extent, is tectonically disturbed and poorly exposed, because ittly ow&ered by

vegetation and soil. Locally, very thinly stratified small outcrops are present
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3.2.1. Stratigraphy

The Cusano Mutri Plattenkal

contains scarce index microfossils,
but samples collected just above and
below it have revealed assemblages
of chronostratigraphic value. A 50-

m-thick stratigraphic succession has
been sampled, including the thin-
stratified Plattenkalk (Fig. 2). The

succession can be subdivided in

three intervals as follows:
A, Basal interval: 5 m of slightly

dolomitized packstones and grain-

stones with Coptocampylodon fontis

Patrulius, abundant Salpingoporella

UPPER APTIAN

dinarica Raddaii¢, Thaumatoporella
sp., Aeolisaccus sp., Bacinella — ¥

iregularis  Radoici¢,  miliolids, : - @

textularids, valvulinids, Valvulineria
sp., Spiroloculina spp. among which 7
is S. cf. cretacea Reuss, Cuneolina ]
. BN
o
1289

spp., Sabaudia minuta (Hofker),

Debarina hahounerensis Fourcade,

Raoult and Vila, Praechrysalidina
E Thin stratified limestones and dolomitic limestones (Plattenkalk)

infracretacea Luperto-Sinni, Volo- Umes‘m m’&“ﬁ;ﬁi" - 2?;?533%1

shinoides murgensis Luperto-Sinni iE — etitmsie
. . Sabaudia minuta
and Masse, Pseudolituonella conica N Tivoporotsmarscana & ‘smal gasopocs
. . Pseudolituonella cf. conica

Luperto-Sinni and Masse, Nezzaza- O charophytes (9 Requienids
Debarina hahouronensis

tinella sp., Bolivinopsis sp., Pseudo- 7 cotocampyodon fonts o S osteias
Praechrysalidina infracretacea

f Cuneolina sp. Fish remains

nummoloculina sp., Glomospira sp.,

ostracods, requienid fragments,Fig. 2. Sedimentological log of the outcrop; see text
o . descriptions of the horizons.

micritized gastropods and solitary

corals (Fig. 3G, H, K). The rich and well differentiated microfauna dhe
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sedimentological features (prevailing packstones and grainstones) matefipgeted as

indicating to a moderately restricted lagoonal environment.

Fig. 3. Cusano Mutri, locality “La Peschera”, Late Aptian. A, typical thinly laminated strata of th
“Plattenkalk facies”. B, thin section SC3: mm-thick dolosmicritic undisturbed laminae in the “Plattenkalk
facies”. C, thin section 11: thinly laminated wackestone/packstones rich in ostracod tests in the
“Plattenkalk facies”. D, thin section FS8: slight cross lamination (upward in the photo) and fining-upwa
lamination (lower part of the photo) in the “Plattenkalk facies”. E, thin section C2: marly limestones
(packstones) full of charophyte gyrogonites and frustulespidafish scales (Lepidotes sp.) are al
visible. The level is located in the middle part of thetteinkalk. F, thin section C2: marly limestone rit
in charophyte gyrogonites and fish scales. It is worthngothe different orientation of the geopet
infilling of some gyrogonites, indicating a mass remobii@a of the material from the priman
depositional site. G, thin section Clc: Coptocampylodon fontis Patrulioswiackestones intraclast
contained in dolomitized packstones strata. H, thin @ed®ild: dolomitized grainstone/packstones w
Salpingoporella dinaricRadoi¢i¢ and miliolids. I, thin section SC2: Triploporella marsicana Rla
into packstones with micritized intraclasts. J, thictise SClc: Sabaudia minuta (Hofker). K, th
section C1b: Debarina hahounerensis Fourcade, Raoult & Vila. Sa@leepresent 2 mm in B-E; 1 mi
in F-I; 100um in J; 200um in K.

B, Plattenkalk interval: 35 m of limestones, calcareous dolomites arig-inaestone

beds varying in thickness from cm to dm, intercalated witls sétnm-thick, easily
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exfoliated laminae (Fig. 3A). Some plattenkalk strata contain chamglyyogonites and
frustules together with Lepidotes fish scales (Fig. 3E and F),dhesti of these occurring

in the middle of this plattenkalk interval, which consists of acBBthick marly stratum
(Fig. 2). Other beds and laminae sets bear fish, crustacean and phamisreLand,
freshwater, brackish and marine fossil remains mixed together may be edxplaine
sediment remobilization from surrounding inner landward areas in a channettcdiite
random orientation of the geopetal filling within the gyrogonites may supihdst
interpretation (Fig. 3F). The typical Plattenkalk facies consistdratasand laminae of
dolomicrite (Fig. 3B). Sometimes, in thin section cm-long fractui@s loe observed,
seemingly owing to local differential compaction. At a lategestahe sediment probably
underwent zone-mixing diagenesis, so that differential dolomitization afmelalong the
fractures. Close to the fractures, dolomitization appears sometimes morel rireken

the rest of the rock, and at times less marked. Finingupward structures (Fig. 3D),ngdicati
decantation of muddy sediments brought in by tides during the normal, calm,
environmental conditions, are also observed. The coarser sediment asehaf Eaminae
often consists of ostracods (Fig. 3C) and estherid valves; the tgpped by a thin
brownish layer, probably indicating the last phase of decantation of suspended org
matter. Irregular undulating laminae are also commonly observed. Somesefdhew
cracks and strain structures, probable desiccation voids and root moulds tyhiekeat
cannot be safely determined as subaerial exposure (Fig. 3D).

From an environmental point of view, the plattenkalk facies, which formed i
sheltered area of the carbonate platform, more or less close to land, sinfloghced the
sedimentation and palaeontological content. Sediments deposited landwiesh to
brackish ponds were sometimes removed and washed seaward.

C, Upper interval: 10mof grainstones, packstones and packstone wackstones. The
microflora is composed of Thaumathoporella sp., dasycladalean algae &such
Triploporella marsicana Praturlon anddtharica Raddii¢) and Cretacicladus minervini
Luperto-Sinni. Foraminifers are represented by milioliids, textulariidsulaids and
Ataxophragmidae. Most significant taxa are S. minuta (Hofker), D. hahounerensis
Fourcade, Raoult and Vila, P. infracretacea Lup8&mmi, Spiroloculina cf. cretacea
Reuss, and Cuneolina spp. Ostreids, requienid fragments, small micritizébarated
gastropods, and thin, smooth valves of ostracods are also present @fd. Bl This last
interval is broadly characterized by an increase in biodiversity, whigp testify the

return to marine conditions.
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The stratigraphical study has also revealed the presence of numerousramaias
throughout the plattenkalk sequence. Within the invertebrates: (1) smatkeliabei
gastropod shells (ca. 15 mm long, 5 mm wide) randomly sparse on bed surfacear{@ravi
Bartiromo, 2005); (2) small (ca. 2 mm long, 1.5 mm wide) connected valves bfdsiva
with concave surfaces facing upward; (3) complete and fragmented decapodeansta
and (4) disarticulated valves of spinicaudatan (conchostracan) branchiogtbésids) are
noted. With regards to fish: (5) disarticulated scales and completengpscbelonging to
the genus Lepidotes; (6) some Clupeiformes (Clupavus?) not exceeding 2.6ecigtim)

(7) a fragmented Pycnodontiform and (8) amHong specimen of Notagogus were also
found. Indeterminable worm traces are also common on the bejplding surfaces.

The upper Aptian (upper part of the “S. dinaricabiozone”; De Castro, 1991) microfossil
assemblage occurring throughout the whole succession allows us be d@serplattenkalk
interval to this age. The Cusano Mutri plattenkalk can be condisde®val with that of
Monte Cigno (Bravi and Mega, 1999), cropping out on the opposite side of the Titerno
River valley (Fig. 1B). Also, the “plattenkalk 1” from the “Civita di Pietraroja” (Fig. 1A)

(Bravi and Garassino, 1998) is possibly the same age as the two found previously, although
further stratigraphic study is needed to confirm this.

3.3. Material and methods

The material was collected during excavations carried out by orfee Giuthors (AB)
during the period 2005-2008. The specimens are labelled with the letters CM@Cusa
Mutri) followed by the identification number. Following Schopf’s (1975) classification, the
fossil plants described in this paper are impressions, poorly preservetbescund
carbonaceous compressions. Well preserved cuticle fragments belongxtiibefamily
Cheirolepidiaceae (e.g. Frenelopsis), but exquisite plant impressions shdtwang
epidermal structures are characteristic of the whole of the studied flora.

Low viscosity collodion was used to prepare casts showing fine epidehaidcters.

The collodion method is very useful (Walton, 1923), although Kouwenberg et al. (2007) do
not recommend it because it is extremely flammable and readily farmexplosive
mixture with air at relatively low temperatures. A tough film ofledion is formed from
the evaporation of the solvent; this can be stripped off and examined undnitrad
light or a Scanning Electron Microscope (SEM). Watson (1983) described thesspecie
Frenelopsis silfloana by means of casts made with low viscodibpne rubber.
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Microscopical details of some cuticles were difficult to obsexfter chemical treatment.
For this reason, some cuticle fragments were mounted directly onttubisefar the SEM
observation. Cuticle fragments were separated from the surface of thmy Imedans of
tweezers. They were cleaned in 37% hydrochloric acid (HCI) for 2 h. Adheriogosis
debris on the cuticle surfaces was removed by immersion in 40% hydrofluati¢HEi
for 1 h. Finally, they were macerated in Schulze’s reagent (HNO3 and KCIQ) for 2 h; the
duration of the latter depending on the degree of carbonization and preservatipn (K
1990). Parts of cuticle were directly mounted on glass slides for tightoscope
examination. Other cuticle fragments were directly mounted ontsttitxs for observation
under the SEM. Light microscope (LM) and Stereo-microscope (SM) observateras
made using Leitz microscopes. Specimens examined under an optoasaope were
photographed with a Nikon Coolpix 990 camera. The cuticles were examinedausing
JEOL JSM-5310 SEM at the CISAG (Centro Interdipartimentale di Zeper analisi
Geomineralogiche) and a FEI-QUANTAS 200 ESEM (Figs. 6G and 7G) atCI®IE
(Centro Interdipartimentale di servizi di Microscopia Elettronica).

The material is housed in the Museo di Paleontologia, “Centro Museale, Centro Musei

delle Scienze Naturali”, Universita degli Studi di Napoli Federico II (Italy).

3.4. Systematic palaeontology

Order Coniferales

Family incertae sedis

Genus Cupressinocladus Seward, 1919
Cupressinocladus sp.

Figs. 4A, 5A

Material examined. CM 21, 68

Description. Twig impressions, branched (CM 21: Figs. 4A and 5A) and unbranched.
The leaves are decussately arranged. They are heavily adpressedai®s and have a
rounded apex. The free part of the leaves arises from whole basal cushion. A poor
impression of a stomatal apparatus8f in diameter has been obtained by means of a
peel.

Discussion. The morphology of the shoots together with the arrangementleébe

lead us to ascribe the specimens to the genus Cupressinocladus 38d@rdijowever,
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the poor preservation of the
specimens and the lack of
cuticle do not allow deter-
mination of the specimens at

species level.

Genus Pagiophyllum Heer,
1881 emend. Harris, 1979
Pagiophyllum sp. 1

Fig. 5B

Fig. 4. Late Aptian fossil plants from Cusano Mutri: drawings
selected specimens. A, Cupressinocladus sp., CM 21: ¢
showing the leaves basal cushions. B, Araucarites $p.5&

stomatal apparatus with four subsidiary cells presenting Material examined. CM 104
annular thickening on the periclinal walls. Scale bars reprdse
mm in A; 50um in B. Description. Carbonaceous
compression of fragmented
and unbranched vegetative shoot, 14.5 mm in length with an almost comstinof ca.
3.3 mm (Fig. 5B). The leaves are helically arranged and measugenaan length by
1.5mm in width. They are closely adpressed to the axes forming witlarighe of ca. 20°
(26° at the base and 15° in the distal part). The free part of the iedweager than their
width. The upper surface of the leaves is difficult to elucidate. Therlswrface is fairly
convex with the basal part rounded; the leaf apex is rounded.
Discussion. The dimensions (leaf length is greater than its width) spdstion of the
leaves lead us to ascribe the specimen to the genus Pagiophyfiiemspdcimen differs
enormously from Pagiophyllum sp. 2 in shape and size, but the poor preservation does not

allow us to determine it to species level.

Pagiophyllum sp. 2
Fig. 5C, D

Material examined. CM 19, 30

Description. Distal parts of vegetative shoots (Fig. 5C), unbranched, 181 ramgth
by 5 mm in width (CM 19). The leaves are spirally arranged and faltaelongest
measures 2.9 mm in length by 1.9 mm in width (CM 19). The free part of thesleav
almost triangular in section. The upper surface of the leaves is dlattested. The lower

surface is fairly concave, keel shaped. The leaf apex curves upward @oidtexi. Small
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areas show epidermal cells that are polygonal in shape disposed in lovajitodis. The
anticlinal walls of the epidermal cells are frequently curved lmmetimes they are
straight. Periclinal walls display fine granulosity. The peel tepallowed us to observe
stomatal apparatuses pth in diameter, probably disposed in rows with ostioles showing a
rather good preferential orientation (Fig. 5D).

Discussion. The size and disposition of the leaves leads us to aberipgecimens to
the genus Pagiophyllum. The specimens resemble P. araucarinum PopogtajShut
differ by having smaller leaves. Unfortunately, the poor preservation op&wengens and
the lack of the cuticle leave the specimens unassigned at species level.

Fig. 5. Late Aptian fossil plants from Cusano Mutri. A, Cupiessladus sp., CM 21: branched sho
with leaf cushions preserved in the apical part. B, Pagiophyljumi sCM 104: carbonaceous sho
compression with leaves spirally arranged and heavily ssguie® the axis. CeD, Pagiophyllum sp.

CM 19. C, branch fragment with large leaves in spiraragement. D, stomatal apparatuses dispose
rows with ostioles (arrows) showing a probable prefeaéntientation (collodion peel). E-F, Araucarite
sp., CM 53. E, carbonaceous compression of a trianguladyvecale. F, polygonal epidermal cel
(detail of E; collodion peel). A-C, E: SM observaso®, F: LM observations. Scale bar represents 5

inA; 2 mmin B; 3mmin C, E; 54m in D; 100pm F.

Genus Araucarites Presl (in Sternberg, 1838)
Araucarites aff. pedreranus
Figs. 4B, 5E, F

Material examined. CM 53, 135
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Description. Woody scales (CM 53 probably a lower surface) 10.5 mm long by 10.1

mm wide, triangular in shape with entire margin. The base ddakes is 5 mm in width.
The apex is rounded (Fig. 5E). The epidermal features are visibles alisthl surface of
the scale (CM 53) and have been obtained by means of collodion peelspitermal
cells are polygonal and sometimes pentagonal and or hexagonal in(BlggpetB and
5F). The haplocheilic, monocyclic and incompletely amphycyclic st@nagipara-tuses
have a diameter of ca. 4im. They are composed of four subsidiary cells, the largest of
which is 28 um long and 12 pm wide. The periclinal surface of subsidiary cells seems to

present a coronal thickening around themstal rim 4 pm thick (Fig. 4B).

Discussion. The size and shape of the scales together with thenmegdideatures
indicate an affinity with Araucarites pedreranus described by 84t8i89) for the Early
Cretaceous lithographic limestones of Montsech (Spain, Pedrera and Cabrua)quarries
However, the scale apex is triangular in A pedreranus but rounded peitisnens from
Cusano Mutri. Although fragmentary, the Cusano Mutri scales share with tmesiSpa
material the same epidermal features. Unfortunately, the poorirsttite preservation of
the specimens and the incompleteness of the epidermal featuresitpaewspecific

assignment.

Family Cheirolepidiaceae Takhtajan, 1963

Genus Frenelopsis (Schenk, 1869) emend. Watson, 1977

Type species. Frenelopsis hoheneggeri (Ettingshausen, 1852) Schenk,

1869

Frenelopsis cusanensis sp. nov.

Figs. 6A-J, 7A-l

Holotype. CM 100, slide number 100v1, 100v2; stub number 100s1, 100s2. Figs. 6BeH, J,
TA-1.

Paratypes. CM 3, 8, 22, 66; stub number 3s, 8s, 22s, 66s.

Type locality. Cusano Mutri village, Benevento Province, southern Italy.

Derivation of name. Refers to the village of Cusano Mutri where the species was found.
Repository. Museo di Paleontologia, “Centro Museale, Centro Musei delle Scienze
Naturali”, Universita degli Studi di Napoli Federico II (Italy).

Stratigraphic range. Late Aptian
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Diagnosis. Articulated shoots attaining at least two orders of branchioge plane.
Branches arising at an angle of ca. 11° with internodes 4-10 mm long a@d} In8n
wide. Shoots bear whorls of three scale-like leaves 0.5-0.9 mm in lengteréd by
unicellular hairs up to 60 um in length. Internode cuticle is ca. 7 um thick. The stomatal
apparatuses have an average diameter of 40 pm and are arranged in well-defined rows (7-
10 per linear mm). Average stomatal density is 70-80 pef. fhe stomatal apparatuses,
randomly orientated, bear four subsidiary cells (rarely five), separated into lateral and pola
cells, each bearing one outer and one inner papilla. Papillae gquadrangmall,
sometimes elongated, arise from epidermal cells.

Description. The material consists of impressions and compressions offidnta(iv
22, 66), articulated cuticular segments (CM 8, 66, 100) and internode fragments (CM 65)
1.2 up to 11.1 cm long (Fig. 6A and B). The best preserved shoot (CM 100) as el a
holotype, measures 77 mm in length by 2.4 mm in width and is composed @ngdart
counterpart (Fig. 6B: part). The branches are produced alternately, in onegpldribe
specimens have one main axis. Branches arise at an angle of ca.litftefifede length
varies between 4 and 10 mm; the segment width is 1.3-2.4 mm, 1.8 mraraga At the
level of every node a whorl of three squamiform leaves, laterally fémed,a leaf sheath
developed along the internode length (Fig. 6C and D). At the extremity téahsheath,
three small teeth (Fig. 6F), related to the free leaf extreamgypresent. There are no
suture lines along the leaf sheath. The free parts of the laewadentical at each node:
they are triangular in shape and measure 0.9-0.5 mm in length with ageagéfa7 mm.
The leaves are bordered by marginal unicellular hairs up tan6@ length (Fig. 6D). The
cuticle of the internode is 7 um thick (Fig. 7B). In outer view, the epidermal cells bear one
papilla each; close to the stomatal apparatuses the papillae measure ca. 11 um in length and
10 um in width extending in the direction of the stomatal apparatuses itself (Figs. 61 and
7D). Elongated epidermal papillae transversally disposed can be frecoleselywed (Fig.
7D). Usually, the width of the papillae is greater than their lengththey are located
above the average surface of the epidermis; the papillae den3i6:80 per mMm(CM
100). There are no hairs on the epidermal surface (Fig. 6l1). Several epidefinare
polygonal in shape, but frequently rectangular cells cain3long by 15 um wide can be
observed. The epidermal cells are arranged in more or less welledefims running
parallel to the long axis of the internode (Fig. 7C). The anticlindlsveé the epidermal

cells are ca. 8 um thick. The stomatal apparatuses are arranged in well-defined longitudinal
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Fig. 6. Late Aptian fossil plants from Cusano Mutri: Frenelopsisamensis sp. nov. A, CM
impression of branched shoots. B-H, J, CM 100 (holotype):gmattcounterpart. B, shoot composed
eight internodes (part). C, impression of a distal phan internode showing a whorl of three scale-li
leaves. The upper part of the leaves is devoid of stormpparatuses (counterpart). D, impression ¢
distal part of an internode showing the marginal haiositerpart). E, typically exquisite impression
an internode area (part) with stomatal rows and two $tdrapparatuses directly connected without
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interposed epidermal cells (arrow). F, fragment of imtdencuticle (part) removed to demonstrate abaxial
and adaxial surfaces. The arrow indicates the positidetail in G. G, inner side of abaxial surface with two
stomatal rows (detail of F). The arrow indicates pasitid the detail in H. H, inner view of a dicyclic
stomatal apparatus composed by four subsidiary cells (ddta@). I, CM 3: external view of the abaxial
surface showing epidermal papillae and stomatal apparatrseged in rows (inverted image: negative). J,
internode cuticle showing two stomatal apparatuses. The agmgefocused on external papillae while the
lower one shows the four subsidiary cells distinct in ipatal lateral ones. C-E: SM observations; F-I: SEM
observations; J: LM observation. Scale bar represéhtam in A, B; 50Qum in C, D, F; 10Qum in E, G, [;

10 um in H; 50um in J.

rows (7-10 per mm) (Figs. 61 and 7C, E, I). The stomatal rows are separaled (st
times 3) epidermal cells. On the same stomatal row 1e2 (&t 8jnepidermal cells occur
between two stomatal apparatuses (Figs. 6G and 7C, I). Sometimssbsigiary cells of
two adjacent stomatal apparatuses on the same row can be irt gotitaat intervening
epidermal cells (Figs. 6E and 71). The stomatal density is 70-80 p&r Btomatal
apparatuses are 40 mm in diannete average (max. 62 um in CM66, min. 30 um in CM
22; 38 um in CM 100). The stomatal apparatuses are haplocheilic and normally
monocyclic (Fig. 6J); rarely, dicyclic stomatal apparatuses baea observed (Fig. 6H).
The stomatal apparatuses are composed of four (Figs. 61, J, 7A, C-E,dié}irses five
(Fig. 7G) subsidiary cells, more or less regularly disposed around thatatquit. The
stomatal apparatuses are randomly orientated. From a morphological puietvpft is
possible to distinguish two lateral and two polar subsidiary cells, lysuigh polar cells
greater than laterals ones (Figs. 6J and 7E). Each subsidiary cel{ljezmre outer papilla
protruding on the stomatal rim, partially covering the stomatal pit, and (2) one inner papilla
which conceals the stomatal pit (Fig. 7A, E and F). The fusion of oypdlagaresults in a
stomatal pit with a stellate outline and an aperture of ca. 14 um in length and 6 um in width
(Fig. 7A). Normally, the median level of epidermis is prominent witépeet to the
stomatal apparatuses (Figs. 61 and 7A, D). The subsidiary cells are more ortisgutac
in shape, being ca. 18 apparatuses (Figs. 61 and 7A, D). The subsidisrgreahore or
less rectangular in shape, being ca. 18 apparatuses (Figs. 61 and TAhe®ubsidiary
cells are more or less rectangular in shape, being caml®ng and 12 um wide. The
guard cells are sometimes preserved with well-cutinized dorsasplaiderneath the
stomatal pits (Fig. 7H). Occasionally, the inner cuticle surface is granulgs@fand F).
Discussion. The studied specimens are tygtcahelopsis shoots on the basis of macro-
morphological features such as the cyclic, decussate, leaf-whorl emang and the
absence of longitudinal sutures at the internodes. These charastedastiude the
attribution of the specimens to the genus Pseudofrenelopsis Nathorst,ed®9Rl.

Srinivasan, 1995. As Kunzmann et al. (2006) claimed, Frenelopsis consists of several

75



An Eatly Cretaceous flora from Cusano Mutri, Benevento, southern Italy
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Fig. 7. Late Aptian fossil plants from Cusano Mutri. A-l, Friapsis cusanensis sp. nov., CM 1(
(holotype). A, external view of the abaxial surface singwepidermal papillae and two stomat
apparatuses each composed of four subsidiary cells, datiese bearing one inner and one ou
papilla. B, section of the cuticle internode throughdepinal cells showing the thickness. C, interr
view of the cuticle showing randomly orientated stomatal rigbpses in well-defined rows. D, extern
view of abaxial cuticle surface showing elongated papiltekfaur stomatal apparatuses.
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E, internal view of the cuticle showing some stomaparatuses presenting fine granulosity (on the right).
The arrow indicates position of the detail figured in Fnkernal surface of a stomatal apparatus bearing four
inner papillae that are very closely linked (detail of E).iBernal view of a rare stomatal apparatus

composed of five subsidiary cells. H, internal view of sitahapparatus composed of four subsidiary cells
showing the dorsal plates of the guard cells. I, intevieal of cuticle showing three stomatal apparatuses
(each composed of four subsidiary cells) of a stomatalwith no epidermal cells on the left and one on the
right, between adjacent stomatal apparatuses. All figuelst @servations. Scale bar representqubin

A; 50 pm in D, E; 10um in B, F; 100um in C; 20pm in G, I; 10pm in H.

morphospecies typically bearing three leaves per whorl (Wat888; Kvacek, 2000).
Among the species attributed to Frenelopsis (Bartiromo et al., 200@utibkes from
Cusano Mutri are closest to Frenelopsis ugnaensis Gomez et al., 2002 froppéne

Barremian of Spain and Frenelopsis harrisii Doludenko and Reymandéwna, 1978 from the
Cenomanian of Tadjikistan (Table 1). However, F. ugnaensis is different froBuao
Mutri material in having longer (up to 3 mm) and wider (up to 2 mm) intesofea
microscopic level, Fugnaensis displays: (1) longer hairs in the upper margin of the leaf
(up to 100 vs. up to 60m); (2) a greater thickness of the cuticle (15-20 vs. 7 um); (3) ill-
defined stomatal rows; (4) a lower stomatal density pef @#®55 vs. 70-80); and (5)
greater size of stomatal apparatusesq®5s. 40 um). Moreover, F. ugnaensis has perfect
conicalhairs (up to 100 um long) on the outer cuticular surface, whereas the Cusano Mutri
specimens possess hemispherical papillae on the outer surface of eacimaspiad
without hairs. Fharrisii is different from the Cusano Mutri material in having: (1) great
internodes measuring 8-12 mm in length (vs. 4-10 mm) and 1-4mmin width (¥3.41.3
mm); (2) a longer free part of the leaves (1.5 vs. 0.5-0.9 mm); (3) a greakeregsoof
internode cuticle (up to 100 vs. 7 um); (4) stomatal apparatuses elliptical in shape; and (5)

a smooth cuticle surface. Moreover, it is interesting to note thasgkeimens from
Cusano Mutri display the smallest stomatal apparatuses of the gesneddpsis, with an
average diameter of 40 um as opposed to 107 um for Frenelopsis profetiensis Bartiromo et
al., 2009 from the lower-middle Aptian locality of Profeti, which is threrfelopsis with

the largest stomatal apparatuses (see Table 1). It is for tlzessmsethat the new species,
Frenelopsis cusanensis, is proposed for the material from Cusano Mutri.

Cheirolepidiaceae sp. 1
Fig. 8A-G

Material examined. CM 1
Description. Compression of branched stem 14 mm in length by 2mm inmadié by

nodes and internodes. The internode length is ca. 2.2 mm. The spedgeéAjFoears,

1



An Eatly Cretaceous flora from Cusano Mutri, Benevento, southern Italy

alternate and in one plane, three apparent buds probably representingebeteraion

r&m - oh v B §s 4 L TR gt NN

Fig. 8. Late Aptian fossil plants from Cusano Mutri. A-G, Chédgpidiaceae 1, CM 1. A, portion of shot
consisting of a succession of internodes, bearing tlateeal branches in the axils of their subtendi
leaves. B, C, buds possibly of lateral extensions shodt Briachyphyllum-like leaves (details of A
respectively focused in the central and right part (B)) iarthe central and left part (C). D, in respect
the dashed line, impression (on the left) and compregsinrthe right) of a leaf showing stomat:
apparatuses arranged in rows. E, internal view of cutickaishowing a fine striation of pericline
walls of the epidermal cells. F, internal view of cutisleowing a stomatal apparatus formed by fi
subsidiary cells, each one bearing one papilla (collogesl). G, two stomatal apparatuses compose:
four and six (above) subsidiary cells (with subsidiafisda contact) without interposed epidermal ce
(detail of D). H-J, Cheirolepidiaceae 2, CM 91. H, poorly @resd cuticle fragment showing stomat
apparatuses and epidermal cells arranged in well-defined rppmotly preserved stomatal apparatus
arranged in rows (collodion peel observed with the SEMwd stomatal apparatuses composed of
subsidiary cells with at least one interposed epidersial&-C, H: SM observations; D, E, G, |, J: SEI
observations; F: LM observation. Scale bar represents3nm#\; 0.5 mm in B, C, L; 2qum in E; 50um
in G, J; 30um in F; 300um in H; 100um in I.
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shoots (two on the left and one on the right). Each bud bears a number (perhaps at le
seven) of more or less Brachyphyllum-like leaves (sensu Alvin, 1983), which do not form a
complete sheath around the axis (Fig. 8B and C). Each node bears one subtahaing le
“close type” (seeWatson,1977) at the axil of the node (Fig. 8A and D). There are no suture
lines along the sheathing leaves. It was impossible to medsu@uticle thickness. The
few stomatal apparatuses observed seem to be haplocheilic, monaogtcheade by four
(Fig. 8D) or frequently five (Fig. 8F) or six (Fig. 8G) subsidiarys€llhey have an ovoid
to a rounded shape and measure on average 85 um along the major axis and 56 pm along
the minor one. The subsidiary cells measure on average 25 um in length and 35 um in
width. Inner papillae are present (Fig. 8F). In external view no stbrapparatuses have
been observed. The few preserved cuticle fragments show epidermal celiging size
having a polygonal (often isodiametric) morphology and disposition in more or léss we
defined rows (Fig. 8D). The anticlinal walls of the epidermal cells are ca. 10 um thick,
sometimes exceeding 15 um. The periclinal walls of the epidermal cells display a fine
parallel striation (Fig. 8E). By means of collodion casts the hypodermis can be seen.
Discussion. The specimen presents a macroscopical architecture mamd-
morphological characters that allow it to be placed within thalya@heirolepidiaceae
Takhtajan, 1963. The macroscopical and especially the microscopical $ediffee from
both F. cusanensis sp. nov. and Cheirolepidiaceae sp. 2. The gross morphology is
comparable with Pseudofrenelopsis parceramosa (Fontaine) Watson, 197thé&om
Wealden beds of the Isle of Wight (England), figured by Alvin and Hlustik (1979, fig.15)
and suggested again by Alvin (1983, Fig. 7H). The few observed stomatedtappa are
probably related to the adaxial surface of the cuticle, in agreemintatson (1977, p.
720): “Adaxial cuticle showing cells of variable shape and arrangement, often strongly
papillate; few, scattered stomata, often abortive”. The micro- and macroscopic features
together with the Brachyphyllum-type foliage are reminiscenjueénile forms of P.
parceramosa (Alvin, 1977, 1983; Watson, 1977). However, extensive morphological
variation has been historically documented within and between blsggs of P.
parceramosa (Axsmith, 2006). Unfortunately, the lack of well-defined noimposal
features makes it difficult to identify it to genus levelhiitthe family Cheirolepidiaceae
which, as Taylor et al. (2009) and others have claimed, certainly rereserdral

different types of plants based on habit and ecology.
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Table 1. Comparisons of the species described to date belonging teettus Frenelopsis (updated and modified from Bartiromo (20819)).

F. hohenneggeri

. L F. harrisii (Ettingshausen) Schenk Lo
Characters/Taxa F. alata (Feistmantel) F ?hoshlensm F. elegans Doludenko & emend. F. kaneviensis Barale &
Knobloch Kimura et al. Chow & Tsao . . Doludenko
Reymanéwna Reymanéwna & Watson
(type species)
Branching moderate moderate rare moderate moderate profuse
Internode length (mm) upto15 4-4.5 up to 23 8-12 8 8-10
Internode width (mm) upto5 1.5-2 2-3 1-4 3 1.7-3.5
Leaf number per node alternating whorls of 3 2 opposite and decussate alternating whorls of 3 alternating whorls of 3 alternating whorls of 3 alternating whorls of 3
Outer surface ridge number ”
per leaf 12-13 ? absent 15 absent
Maximum length of free leaf _ -
(mm) 1 0.5 1 upto 1.5 1.5 1-0.7
Depth of sheathing base > s
(mm) up to 1 ? ? 1 up to 1
Leaf upper margin fringe of hairs hairs up to 4 ym ? ? scarious short halrlsogg {020 ym
Internode and abaxial leaf
- ? 5
cuticles thickness (um) 30-40 20 ? up to 100pm 40 15-20
Stomatal arrangement lll-defined rows ill-defined rows well-defined rows well-defined rows well-defined rows ill-defined rows
Density of stomatal rows
per mm 10-12 8-10 9-10 10-12 12-16
Density of stomata per mm* 90-100 200 90-100
Diameter of stomatal o
apparatus (um) 52-77 45-75 100 45x20 (elliptical) 60-70 35-50
Number of subsidiary cells 4-5, occasionally 6 4-6, usually 4 4-6 4-5 4-6, usually 4 4-6, usually 4
Orientation of stomatal ? random horizontal transverse or oblique ? transverse ?
aperture i q i i
Surface around pit grooved thickened ring
Papillae in throat of resent resent resent resent resent resent
stomatal pit p P p p p P
Cuticle surface Irregularly ribbed smooth smooth smooth smooth smooth
Rim of stomatal pit stellate with lobed rim elliptical stellate, Iargle pouch-like stellate, Iarge pouch-like circular
papillae papillae
Distribution Czech Republic; France, Japan East China Tajikistan Poland, Czech Republic Ukraine
Portugal, USA

Stratigraphic range Aptian, Senonian Barremian Aptian Cenomanian Hauterivian Albian

Feistmantel (1881);

Knobloch (1971); Hlustik Ettingshausen (1852);

o7, s, 17, 7 oo 1079y | SRS | s coaerko
Selected references Kimura et al. (1985). Chow &Tsao (1977). Doludenko & 4 ' (1985); Doludenko & Pons

(1976a,b); Alvin (1977);
Watson(1977); Alvin &
HIustik (1979); Pons

(1979); Kvacek (2000).

Reymanowna (1978).

Reymanéwna & Watson
(1976); Hiustik (1979);
Purkynova (1983).

(1986).
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F. occidentalis

F. oligostomata

F. pombetsuensis

F. ramosissima

F. rubiesensis Barale

Characters/Taxa Heer emend. Alvin Romariz emend. Alvin Saiki Fonts\llgc:sirrr:end. emend. Gomez et al. F. sifloana Watson
Branching sparse moderate ? profuse profuse ?
Internode length (mm) up to16 9 at least 10 up to 20 6-13 up to 10
Internode width (mm) up to 4 3-4.7 1.4 up to 20 3-5 1-3
Leaf number per node alternating whorls of 3 alternating whorls of 3 2 alternating whorls of 3 alternating whorls of 3 3 (sometimes probably 2)
Outer surface ridge number ” n 2
per leaf } 59 ' 45 '
Maximum length of free leaf

?
(mm) ? up to 0.9 1.5 2 0.9 1
Depth of sheathing base ” 2 05 ” 2
(mm)
Leaf upper margin ? small unicellular hairs hairs up to 100 um %5 upper part scarious entire
Internode and abaxial leaf up to 60 30 10 ~30 30 2

cuticles thickness (um)

Stomatal arrangement

well-defined rows

ill-defined rows

ill-defined rows

ill-defined rows

well-defined rows

ill-defined rows

Density of stomatal rows

per mm 10-12 10-13 7-9 10-12 (sometimes less) 10-11 12-14
Density of stomata per mm* 30-40 70-100
aD")ap’;‘f:fJ s°(fpf;‘)”"ata' 75 75 65-80 50-75 70-75 80
Number of subsidiary cells 5-6 4-6, usually 5 4-5 4-6, usually 5 4-6, usually 4 4-5
Orientation of stomatal ° > o
aperture ? transverse transverse transverse ? ?
Surface around pit thickened ring
:ta‘)pr:!:tzllgi:hroat of massive papillae short wide papillae short wide papillae no present large rounded
Cuticle surface smooth smooth smooth hairs up to 120 ym smooth papillae up to 10um
Rim of stomatal pit polygonilr;:;gg or star- lobed rectangular or polygonal round: lobed or papillate lobed circular
Distribution Portugal, Germany Portugal, Spain Japan Marylan(duaérgj)ngmla Spain Sudan
Stratigraphic range Berrasian -~ Aptian - Senonian Albian Barremian—Lower Albian Upper Berr'asmn- Lower Cretaceous
Albian Barremian
Romariz (1946); Broutin &
Pons (1976); Alvin (1977); .
h . Berry (1910, 1911); .
CArs . Lauverjat & Pons (1978); ! . Edwards (1926); Watson &

Selected references Heer (1881); Alvin (1977); | 55158 Broutin (1978); Saiki (1997). Thompson (1912); Barale (1973); Gomez et | »\iy (1976); Watson

Watson & Alvin (1999).

Alvarez-Ramis (1981);
Alvarez-Ramis et al.
(1987).

Watson (1977); Upchurch
& Doyle (1981).

al. (2002a)

(1983)
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F. teixeirae Alvin & Pais

F. turolensis Gomez et

Characters/Taxa F. ugnaensis Gomez et F. veneta Gomez ot al F. profetiensis F. cusanensis
emend. Mendes et al. al. al. ' ' Bartiromo et al. Bartiromo et al. sp. nov.
Branching moderate moderate rare moderate ? moderate
Internode length (mm) 2.5-6 up to 42 up to 13 ? 4-10
Internode width (mm) 1.5-2 upto 3.6 upto?2 up to 4 2-5 1.3-24
Leaf number per node 2 opposlgzvdeescussate alternating whorls of 3 alternating whorls of 3 alternating whorls of 3 alternating whorls of 3 alternating whorls of 3
Outer surface ridge number 5 ” 5 n
per leaf absent ? ? ? ?
Maximum length of free leaf - - 2 g
(mm) 0,7 up to 1.8 1 ? 1 0.9-0.5
Depth of sheathing base 5 2 2 ”
(mm) ? ? ? ?
Leaf upper margin scarious strip of hairs (20-40 ym) hairs up to 100 ym ? hairs up to 100 ym hairs up to 60 pm
Internode and abaxial leaf
cuticles thickness (um) 50 20-30 15-20 20-30 10-20 7
Stomatal arrangement ill-defined rows ill-defined rows il-defined rows ill-defined rows well-defined rows well-defined rows
Density of stomatal rows 10 11-13 79 8-11 6-7, at times 8 7-10
per mm
Density of stomata per mm” 140-200 40-55 70-90 60 70-80
Diameter of stomatal
apparatus (um) 75 55-75 50-60 60-90 107 40
Number of subsidiary cells 5-6 usually 4 usually 4 4-5, usually 4 4, rarely 5 4, rarely 5
Orientation of stomatal ? ? ? variable transverse random
aperture ) ) )
Surface around pit slightly raised slightly raised slightly raised papillate papillate papillate
Papillae in throat of | ive resent resent n resent
stomatal pit arge mass prese prese o p
Cuticle surface smooth smooth hairs up to 100 pm narrov;g;%?av:s with papillae
Rim of stomatal pit stellate or polygonal stellate stellate stellate stellate stellate
Distribution Portugal Spain Spain Italy Italy Italy
Stratigraphic range Hautervian or Barremian Lower-Middle Albian Upper Barremian Cenomanian-Turonian Middle Aptian Late Aptian
Alvin & Pais (1978); . .
Selected references Mendes et al. (2010). Gomez et al. (2002a). Gomez et al. (2002a). Gomez et al. (2002b). Bartiromo et al. (2009). herein
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Cheirolepidiaceae sp. 2
Fig. 8H-J

Material examined. CM 91

Description. Fragmented specimen composed of one segment 9 mm |8ng oyn
wide (Fig. 8H). Leaves not preserved. The haplocheilic stomatal &ypgpesaapparently
monocyclic, have a diameter ad. 94 um and are more or less round in shape; a few are
elliptical with the main axis running parallel to the stomatavs (Fig. 8J). The stomatal
apparatuses are disposed in well-defined, longitudinal rows (Fig. 8H) amdl lthey are
separated by 5-6 ell-defined rows of epidermal cells and rectangular in shape (Fig. 8H).
No stomatal apparatuses in between consecutive stomatal rows eavebserved. It is
difficult to quantify the number of the epidermal cells between adjastamatal
apparatuses within the same stomatal row. The specimen disgtyaatal density of 35
per mnf. There are always more than six subsidiary cells, which are moresowddis
disposed around the stomatal pit.

Discussion. Cuticular features allow us to include the specimen infaimdy
Cheirolepidiaceae. The specimen differs from those found in the Cusanosiageission
and assigned to the genus Frenelopsis in the following characteger Istomatal
apparatuses, a higher number of rows of epidermal cells in between two stomatal rows, and
a greater number of subsidiary cells. However, its fragmentary natureharidck of
clearly visible macroscopical characters (e.g. leaves and sutmadee it difficult to

identify the specimen to genus level.
Parallel veined leaves

In the plant-bearing strata of Cusano Mutri, several parallel veirzegdehave been
found. Four representatives with different morphologies (CM 27, 76, 82, 85) are discussed
briefly below: their macroscopical and microscopical features are sunachamisTable 2.
Specimens CM 76 (Fig. 9A) and CM 85 (Fig. 9E) are especially worth mentioning.

The former displays some poorly preserved epidermal features (Fig. lB}xtdmatal
apparatuses show elongate stomatal pits. Subsidiary cells (number not clear) (Fig. 9C) have
polar appendages extending outside the external rim. The anticlinaloiveiks guard cells
present wide cutinization. Papillae protruding from the subsidiary paftsglly obstruct

the stomatal pit (Fig. 9D). In the latter (CM 85), two small, damagedsz symmetrically
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disposed on the left and right sides of the lamina (Fig. 9F) can be fbied.size and
morphology are in agreement with the damage caused by insect®@ignd can be
attributed to the Superfamily Coccoidea (C. C. Labandeira, pers. comm).t&petimen

CM 76 presents macroscopical (see Florin, 1936; Lundblad, 1957; Bose and Manum,
1990) and microscopical (see Florin, 1936; Watson and Harrison, 1998; Kiritchkova and
Nosova, 2009) features reminiscent of the genus Pseudotorellia Florin, 1668. 8ose

and Manum, 1990.

Fig. 9. Late Aptian fossil plants from Cusano Mutri. A-D, CM 76.lanceolate leaf which demonstratt
10 veins. B, CM 76s: detail of leaf impression showing stahagiparatuses (arrows). C, impressions
stomatal apparatuses (arrows) (inverted image: negativeMO68: stomatal apparatus showing dors
(Dc) and ventral (Vc) cutinization of guard cells, papillap)(Bnd polar appendages of the guard ct
(Pa) (collodion peel). E-G, CM 85: part and counterparie&f, with 15 veins and rounded apex. Tl
arrow indicates the position of the detail figured imB & (part). F, leaf base showing two bits of ins
damage (counterpart). G, one of two bits of insect damadeibasal part of the leaf (detail of F). |
CM 82: entire petiolate leaf with five veins and rounded ape@M 27: impression of lanceolate le:
showing ten veins, rounded apex and veins converging to tixe tyeepetiole is lacking. The arrov
indicates a cluster of Lepidotes fish scales. A, E, HM:dBservations; B, C: SEM observations; D: LI
observations. Scale bar represents 5 mm in A, End@ B; 100pum in C; 10um in D; 1 mm in F; 250
umin G;2mminH; Lcmin .

The overall shape of specimens CM 82 (Fig. 9E) and CM 85 (Fig. 9Hh&ogeith their
morphology and venation are comparable to those of the genus Nageiopsis Fontaine, 1889.
Nageiopsis differs from Podozamites and Lindleycladus in having less genveeins in

the apical region of the lamina (Seward, 1919). By contrast, specimen CM 2@ihsss

that converge to the apex (Fig. 9l), which is reminiscent of Podoznaitel
Lindleycladus. The major differeaqKnobloch and Kvacéek, 1997) between these two

genera is in the orientation of their stomata (Harris, 1979). Lindleycladustdmaata that

are orientated longitudinal to the leaf margin, whereas in Podozamites theyaversaly
orientated (cf. Harris, 1935).
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Ultimately, the poor state of preservation prevents precise assigofitbetspecimens;
however, the publication of these leaves is noteworthy because it deatesighe

variability of gymnospermous remains at Cusano Mutri.

Table 2. Summary of macro- and micro-morphological featureparhllel veined leale from Cusan
Mutri.

CM 27 CM 76 CM 82 CM 85
Dimension (length per width in mm) 55x 9 36x 6.6 TI%22 38.5x 9.1
Number of veins 10 10? 5 15
Veins converge or not to the apex Yes No No No
Apex Rounded Acute Rounded Rounded
Petiole present or not Absent Absent Present Absent
Length-width ratio of leaf 6.1 5.5 3.5 42
Dimension of epidermal cells (length per width in um) 42 x 32 - - 30 x 23
Dimension of stomatal apparatuses (length per widthin mm) 81x 57 45 x 30 -
Orientation of stomatal apparatuses Longitudinally? -

Reproductive structures and conifer woods

The flora includes other coniferous remains such as cones and pieces of wood.
Associated with Frenelopsis shoots, poorly preserved microsporangiate con28,(6F/|
80) have been found. These are ovoid in shape, 4.5-5.4 mm in length and 3-5wdth.in
They bear helically arranged sporophylls (0.8-1.3 mm long by 1-1.5 mm wile)) are
deltoid in shape and have a rounded apex (Fig. 10A). In the basal partiofesp€ivl 67
the sporophylls probably continue into the sterile part of the shoot witkdepossibly
helically disposed. The single stomatal apparatus observed has d@ediafmea. 100um
and is composed of six subsidiary cells. The epidermal cellsleadycvisible: they are
rectangular in shape and elongated with an average dimension (lengibtk3.of 25-69
um by 11.8-23.6 um, with anticlinal walls 2.6-5.8 um thick (Fig. 10B). The sporophylls
differ from those found at the Profeti fossil site (see Bartiromo et al., 2008)h were
assigned to the species F. profetiensis Bartiromo et al. The lacklopbli¢n-sacs and
Classopollis pollen (see Alvin et al., 1978 diagnosis) does not alldw assign them to
the genus Classostrobus.

Numerous bedding surfaces are replete with dispersed fusainised tracbstdsosely
related to Araucarioxylon. They can be observed along a radial pdahave circular
areolate pits (12-14m in diameter) on the tangential surfaces, disposed in vertical series
(uniseriate pits) and more or less regularly spaced (Fig. 10C). Accordingwe n a
transverse plane, no tracheids have been observed. Araucarian-like caitemas a
dominant, cosmopolitan element (Philippe et al., 2004) and in Europe it hatirsem
been found to be associated with Cheirolepidiaceae. The material fromoCMgari
resembles Araucarioxylorfrom the AptianeAlbian “Fucoid Marls” of the Umbro-
Marchigiano Apennine (Biondi, 1976).
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Angiospermae

Family incertae sedis

Genus Montsechia Teixeira, 1954
Montsechia vidalii (Zeiller) Teixeira, 1954
Fig. 10D-H

Material examined. CM 9, 98, 106, 107, 145

Description. The material consists of fragmented compressions aidigpressions
of vegetative apparatuses. Hitherto only five specimens have beendoGudano Mutri.
The best preserved specimen (CM 145) is composed of part and counterpart measuring 21
mm in length (measured along the main axis) by 11.6 mm in width (Fig. T®@2 main
axis is 0.7 mm thick at the base. This gradually narrows towards takmhst where it is
0.3 mm wide. The specimens consist of a succession of sub-oppositeeferited to as
“bouquets” by Blanc-Louvel and Barale (1983) (Fig. 10E). The branches of the last order
depart from the area of bouquet-leaves (Fig. 10D and F). The leawearmawtire margin
and a rounded apex; their length does not exceed 1.5 mm. The leaves curve upward and are
a little narrower at the base. Owing to the poor preservation andriz#sief the cuticle,
some pieces were directly mounted onto the stubs without chemidahdrdéafor SEM
observation, and peels were also taken to determine thoroughly the epideasimres.
Two morphological types of epidermal cells in the leaves can begilished: (1) more or
less isodiametric polygonal cells of no particular orientation. (Fiid); and (2) elongate
cells disposed in longitudinal rows (Fig. 10G). The former have an avéiageter of 15
um, while the latter are on average 34 um long and 15 um wide. The anticlinal walls of the
elongate epidermal cells are ca. 1.2 um (max. 1.8 pum) thick. The rectangular cells are
located in the central part of the leaves; the polygonal onesitaeted in the apex. No
veins or stomatal apparatuses were observed.

Discussion. The macro- and micro-morphology together with the size aitow
attribute the specimens from Cusano Mutri to M. vidalii (Zeillerx&iea, 1954. M. vidalii
IS an intriguing plant macrofossil from Barremian lithographic limestaméise Pyrenean
Basin (“El Montsec de Rubi¢s”) and the Eastern Iberian Basin (“Las Hoyas”) (Daviero-
Gomez et al., 2006) where it occurs abundantly (Diéguez et al., 2010). Crane and
Upchurch (1987) and Crane (1988) suggested that its morphology bears some resemblance
to Drewria potomacensis from the Early Cretaceous (cf. Aptian) Potomac Group of
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Fig. 10. Late Aptian fossil plants from Cusano Mutri. A, B, refuotive remains of conifers. A, CM 67
complete microsporangiate cone with sporophylls probajiyirmuing into the sterile part of the shoot. |
CM 28: probably abaxial surface of a sporophyll showing theogison of the epidermal cells. C, C\
108: fusainised tracheid showing circular areolate pitsigala radial plane (collodion peel). D-F
Montsechia vidalii. DeF, CM 145. D, compression of vegetative apsardhe arrow indicates thi
position of detail in E. E, “bouquet” (tuft) of leaves (detail of D). F, branches merging from the bouqut
area (detail of D). G, CM 107:elongate epidermal cellseéncéntral part of a leaf. H, CM 106: polygon
epidermal cells without a particular orientation lodatethe apex of a leaf (collodion peel of an undul
surface). A, D-F: SM observations; B, G: SEM observati@ndd: LM observations. Scale bar represel
2mmin A, D, F;3um in C; 1 mm in E; 10@um in H.

Virginia (Crane and Upchurch, 1987) and Eoantha zherikhnii described by Bvassil
(1986) from Barremian-Aptian sediments in Mongolia and thus may alsogmatalean
affinities (Osborn et al., 1993).

Although the specimens from Cusano Mutri display epidermal charactershsbace
of stomatal apparatuses is worth noting. According to Daviero-Gomdz (@086), the
slender axes, thin cuticles, and scarce stomata suggest thadali. wias linked to an
aquatic habitat. The occurrence of Montsechia at Cusano Mutri is of gezatsirbecause

(1) freshwater angiosperms are among the first angiosperms reported fromithedoss
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(Martin-Closas, 2003) and (2) angiosperm-like fossils become fewer and harfiled t
below the Albian and seem to disappear below the Barremian or upper Hauterivian (Cornet
and Habib, 1992). The oldest aquatic angiosperm assemblage is known from tis& Spani
Barremian with the species Ranunculus ferreri, M. vidalii afelvaspecimens related to

the genus Proteaphyllum (Martin-Closas, 2003). This is the first Itakandref M. vidalii

so far and the second oldest angiosperm found in Italy after those from thenaaly

Aptian locality of Profeti (Bartiromo et al., 2009). Moreover, an SEM imageiokeemal

cells belonging to M. vidalii is published herein for the first time.

3.5. Taphonomic and palaeoecological remarks

Late Aptian Cusano Mutri plant remains occur in marly and calcareous strata. The marls
contain impressions almost exclusively. The calcareous beds ritBqueveal cuticle

fragments, but these are poorly preserved.

3.5.1. Taphonomy

Plant macro-remains are usually of cm size. The absence of biataghatiows us to
suppose that the fragmentation is probably related to a highly dynamideppsitional
environment and not to post-depositional reworking events. Throughout the gtratgra
column all macro-remains are set parallel to the bedding plane. libaddimarl deposits
they are mainly isooriented, while they are sparse and randomly disposiedsé of
limestones. During episodes of freshwater influx (marl levels) the &ieetergy would
have been raised, thus transporting and fragmenting the material prior to deposition. On the
other hand, evidence of low energy phases is testified by the occurrenaaedoimr
arrangement, sometimes associated with abundant small bivalvesehstill articulated
and mainly preserved as internal moulds with the concave surfacesupuiagd (Fig. 3B
and C).

Frenelopsis specimens are the best preserved plant remains. Brapebedess
together with articulated and disarticulated internodes still tt#cles. The other taxa are
represented by isolated or fragmented leaves with poorly preserved remaitisle. The
poor preservation of the cuticles could be explained by (1) prolonged flotationnof pla
remains before their final burial or (2) the slow sediment accumulatieracabmpanied

by bacterial and saprophagous degradation prior to burial. Differencesuticie
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preservation may also be explained as an intrinsic response to theirndifgséematic
affinity (see Mdosle et al., 1998). It is not clear if shoot detachnmefirenelopsiss the
result of a biotic (e.g. physiological) process or abiotic (e.g. storm gineaigin, or is
owing to a combination of the two as suggested by Martin-Closas amz5(2004).
However, Martin (1999) pointed out that in temperate climates condiedsto shed more
foliage in the autumn. The type and the state of preservation of the Cusam@lshts
(see above) allow us to infer the distance between the sedimentaryabdshe source
area. Since only Frenelopsis is preserved as branched specimens and has theivest pres
cuticle, it is considered to have suffered a minimum amount of transpoG@seez et al.,
2001, 2002a) and, therefore, possibly lived close to the sedimentary basin.

The surfaces of the marly strata frequently display many charred conifewmd
fragments (fusain) that vary from randomly arranged to orientated tracheidnesethig.
8C). The more or less constant lengths of the fusain fragments (on averagm)15
seemingly are the result of sorting by wind (at least initiallgubaerial environment) and
water (e.g. marine currents) or both. The fusain probably derived from a neighbouring
forest that was subjected to wildfires. The occurrence of fusain and fbssdoal is
accepted as a reliable indicator of the occurrence of wildfire (Watson and Alvin, 1996; Van
Konijnenburg-Van Cittert, 2002), in most cases triggered by lighteninw(®e and
Price, 1993). The Wealden Cretaceous climate was characterized by fregjostarms
leading to flash floods and lightning-generated wildfires (Haywood e2@D4). During
Jurassic and Cretaceous periods wildfires were increasingly important g8€6tt,Pausas
and Keeley, 2009) to the extent that many taphofloras are explained byctieence of
frequent wildfires (Martin-Closas and Gomez, 2004). The large amount of fusain
throughout the whole Cusano Mutri succession, especially in marls, indicatesldfires

were rather frequent events.

3.5.2. Palaeoecology of the Cusano Mutri sedimentary basin

Freshwater influence on the Cusano Mutri Basin is testified by delees of
evidence. (1) The aquatic angiosperm M. vidalii is recorded in lithogrdiphéstones
deposited in freshwater lakes (Coiffard et al., 2007) and is considerecatbyoEophyte
angiosperm (Teixeira, 1954; Martin-Closas, 2003). (2) Charophytes (Fig. 3E and F) are
essentially freshwater algae (e.g. Martin-Closas, 2003). (3) The ostracod ifauna

composed of strongly oligotypic to nearly monospecific associations, whmimgstent
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with a freshwater to brackish palaeoenvironment by comparison with esterhlages
(Giuseppe Aiello and Diana Barra, pers. comm. to AB: taxonomic study in pyoté®
highest numbers occur in light-grey and red-brown marlstones, whereasdtggnarally
scarce in grey and reddish limestones. (4) Several surfaces areydaoseled with
disarticulated valves of estherids (conchostracans/ spinicaudatangy thede usually
inhabit ephemeral freshwater ponds, but they may also occur in brackish efatesstal
lagoons and tidally-influenced zones (Cunha Lana and de Souza Carvalho, 2002}t The fa
that extant spinacaudatans can withstand brackish water and manplagesnhave been
found associated with salt-water faunas led Webb (1979) to assume thatfassihe
counterparts inhabited at least brackish and possibly marine environmesuas. (T861)
attributed the association of spinicaudatan with marine fauna existence of temporary
pools or lagoons affected by episodic seawater influx producing faunal mixing. (5)
Lepidotes is the most abundant fish in Cusano Mutri; it is representedchble vand
uncrushed skeletons suggesting parautochthonous conditions of deposition. Most species
of this genus are supposed to have lived in freshwater, and, in Europe, thegamgsn
alluvial and lacustrine deposits (Buscalioni et al., 2008).

These sedimentological and taphonomic considerations lead us to the iconttas
the whole plattenkalk sequence is not the result of a “snapshot” of a mass mortality
phenomenon (sensu Martin, 1999), but a continuous, long-lasting sedimentary datantati
affected by tidal influx. The succession may correspond, therefore, to ahamiatel that
was periodically influenced by freshwater with the constant supply of terrigenous material.

3.5.3. Xeromorphic adaptations of the plants

Most of the examined plants display, at both macroscopical and micrcaclgvels,
xeromorphic adaptations, i.e. any plant structural feature reducing transpifdtion
1998). Haworth and McElwain (2008, 20089te that the presence of “xeromorphic”
features in fossil plants is often used to infer aridity, although in extiamnts these
characters are not specifically restricted to plants growing th emvironments. They
commonly occur also in environments with high precipitation as wetl #sse with high
water availability. Retallack (2009) stated that xeromorphism isdaptation related to
dry climate and implies that in the past scleromorphic features Kécl. duticle) were
induced by dry climate. However, scleromorphy is also a resulthefr @nvironmental

hardships, such as nutrient shortage (e.g. soil poor in phosphorous; see Hill, 1998) and high
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salinity. Therefore, there is no general consensus on the environmental meaning of the high
frequery of “xeromorphic features” and, as Watson and Alvin (1996) suggested, the
unavailability of water is probably related to soil loaded with aalwell as to an arid or
semi-arid climate.

F. cusanensisiov. sp. displays a set of characters that are “classically” considered
xeromorphic (sensu Watson and Alvin, 1996) such as (1) small leaves, (2)iktynto
be photosynthetic, (3) thick cuticle, (4) sunken stomata, and (5) papillate sybsaliar
In addition this species shows marginal hairs and papillate epideett&a The marginal
hairs present in Frenelopsis alata Knoblock (Feistmantell) hae @empared (Pons,
1979; see also Watson and Alvin, 1996) with the extant North African conifiexcliais
articulata (Vahl) Masters where, in a seamid climate, the reduced leaves show similar
marginal hairs that are used to capture condensing atmospheric mdisingethe night.
Moreover, the papillate epidermal cells serve to block sunlight and redutrartbgiration
(Watson and Alvin, 1996). The massive presence of epidermal papillae exténeal
surface of F. cusanensis would have the effect of reducing the eveedgemperature
and hence decreasing the rate of metabolic reactions associdtesnots harmful gases
in and around leaves (Sharma, 1977). Jordan et al. (2005) claimed that trichomes or
papillae create a glaucous surface to reduce the light reachingesapohyll. Finally, the
thick cuticle with the sunken guard cells may have provided suffigetection under
xeric conditions (Van der Ham et al., 2003).

Aside from stratigraphic and physiognomic indicators (Greb et al., 2006), isotopi
studies on Cretaceous European fossil plant assemblages using 12C/13C imolatpdes
that Frenelopsis in marginal marine facies had elevated 13C relative to otbs oe

more distal facies. This would suggest stress and possible saluenio€lin salt-water

marshes (Nguyen Tu et al., 2002) or lagoons (Nguyen Tu et al., 1999).

3.5.4. Palaeoclimate and floral comparison

The specimens assigned to Cupressinocladus have diamond shapedkesdaseis
partially covering one another. The leaves are small, inserted atwie angle and
adpressed against the axis. These features offer less surface expcsules tadiation
(Thévenard et al., 2005). The leaves spread wide apart, displayed pdtienens
assigned to the genus Pagiophyllum, are similar to the relatargig, flattened, spreading

leaves of Brachyphyllum patens from the Maastrichtian of Belgiuan (8er Ham et al.,
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2003), which might indicate a humid habitat. This would tie in with theegomee of
hydrophylous M. vidalii in the Cusano Mutri assemblage. On the other tr@ndProfeti

flora (Bartiromo et al., 2009) is characterised by (1) a lower variabilityyainosperm
remains, (2) the absence of hydrophilous plants and (3) a significant lack emaraht
features that reflect moist conditions. These differences could bedétathe progressive
cooling trend that had been initiated during the Aptian (Srinivasan, 19949rdhog to
Coiffard et al. (2007), the drought phases ended at about the middle Aptian, afteawhich
wetter, cooler (by 5 °C) climate is evident from the occurrence of detrital quartz deposits in
the Vocontian Trough (Wortmann et al., 2004).

Sedimentological and palaeoecological evidence (e.g. the frequentdtesinfluence)
together with the characters of the Cusano Mutri flora, would indicate, rihathgof the
vegetation in the region was influenced by a semi-arid clinsatesonally punctuated/b
wet phases on a regional to local scale. The wildfires sieggbstabundant fusain in the
Cusano Mutri plattenkalk succession could have been engendered by periodbtyf ari
combined with high temperatures and lightning without accompanying(eaj. Watson
and Alvin, 1996).

The Cusano Mutri and Profeti floras have in common the genera Araascarit
Frenelopsis. Although strictly not coeval, the resemblance betwe&utano Mutri flora
and that of the Montsech (Spain) lithographic limestones (Barale et al. 1&&#a and
Martinez, 1986; Selden, 1989, 1990; Barale, 1991) is remarkable in that Pagiophyllum,
Araucarites, Frenelopsis and Montsechia occur in both. Such an assemshiggcal of
Euro-Sinian Province (Vakhrameev, 1991) and no Gondwanian representatives are
recorded. It is suggested, therefore, that the Cusano Mutri and Profeti suscestect
relatively long, spatially limited exposed episodes of the Apenr@aidonate Platform
during the Aptian, providing further evidence that the Cretaceous climatdéess stable

than it was previously thought (Francis and Frakes, 1993).
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CHAPTER IV

Plant remains from the Early Cretaceous Fossil-Lagerstatte of

Pietraroja, Southern Italy, Benevento

4.4.1. Introduction

In Italy Cretaceous beds bearing plant macroremains have been knowrhsiric#h
Century. However, with the exception of some recent contributes in whidpitiermal
features have been treated (Gomez et al., 2002a; Bartiromo2§Gida, 2008b, 2009 and
other works in progress), few palaeobotanical studies have been carrsettidbhese have
been scattered over a wide area. A summary of previous paleobotanicat sitidihe
Italian Cretaceous has been made by Gomez et al. (2002a, tab. 1, p. 674). Ahhbegh
Campania Region Mesozoic rocks are exposed quite extensively, they onfyhasel
well-preserved compression floras (e.g. Bartiromo et al., 2009). Therefore, the purpose of
this work is to contribute to the knowledge of the fossil plants and possilohfer some
palaeoecological considerations of the famous (Capasso, 2007) Early Cret@dtambus
Albian) locality of Pietraroja (Fig. 1(1)). This fossil site can be considered a “classic
Konzentrat und Konservat” Fossil-Lagerstéatte (Seilacher, 1970; Seilacher et al., 1985) for
its numerous and exceptionally well-preserved animal (see below) amd(partiromo et
al., 2006a and b; Bartiromo et al., 2008a and 2008b) remains yielded. This “taphonomic
window” (sensu Briggs, 2003) yields an extremely rich assemblage of invertebrate fauna
(Costa, 1853864; D’Argenio, 1963; Bravi, 1996; Bravi and Garassino, 1998).
Dasycladalean algae are also present (Bravi and Garassino, 1988; Carahaan006).
Moreover, this fossil site is extraordinary for its findings of several-prelserved fossil
vertebrates such as fish (Costa 18884; Bassani, 1882, 1885; D’Erasmo, 1914-1915),
amphibians (McGowan, 2002; McGowan and Evans, 1995) and reptiles (Costa, 1864;
Estes, 1983; Evans, 2002; Evans et al., 2004; Barbera and Macuglia, 1988gEahns
2004, 2006), with at least two specimens that can be ascribed to Mesasudhisl worth
mentioning the finding of a theropod dinosaur (Leonardi and Teruzzi, 1993), Scipionyx
samniticus Dal Sasso and Signore, remarkable for its exceptionallpresérved internal
organs (Dal Sasso and Signore, 1998; Dal Sasso and Maganuco, 2011).

As for Pietraroja fossil plants Costa (1865) mentioned “Quattro specie innominate”

(Four nameless species). Some fossil plants collected from thiwesiéeassigned to the
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genera Zamites and Brachyphyllum (Bravi and Garassino, 1998). Bartiromq22G8a)

pointed out to the presence of the genus Frenelopsis and later, Baritra@ahq2006b)

discovered an impression of a matoniaceous fern assigned to the genus Phlebopteris.
The identification of fossil plants in the Pietraroja locality igrgaresting result, as it:

1) represents the first most complete study of vegetal remains agsnoé epidermal

features so far; 2) enriches the comphrension of palaeoecology of thissftessind 3)

enlarges the phytotaxonomic knowledge of the Appenninic Carbonate Platform thering t

Early Cretaceous.

4.2. Geological setting

Mesozoic carbonates are widely represented in the Campania-Lucaeinifes
(Bosellini, 2004), the most shortened segment of the Southern Apennine ArcaRaubtt
Praturlon, 2004). Peculiar terrains of this segment are the pelagicssooseof the
Lagonegro-Molise  Basin, originally interposed between two  carbonate
platform/slope/basin systems. One corresponds to the future Apulian foreland and the
other, more internal, corresponds to the Apennine Carbonate Platform unit, Latac¥ria
Tertiary in age (Parotto and Praturlon, 2004). The latter includes theevMtamtains in
which the Pietraroja Fossil-Lagerstatte is located at itstega edge. The Matese
Mountains are part of the central southern Apennines, a thrust and fold belttedgina
during the Late Tertiary Period from the deformation of the continental mafgihe
Adria Plate (Carannante et al., 2006). This latter is interpretedres an independent
Cretaceous unit or as a part of the African Plate (Channel et al., 1979). Dwikaris

Cretaceous the Matese Mountains was the site of shallow-water darlsedanentation

Pietraroja %

A
0_50 100 150
Km

Fig. 1. 1. Map showing the location of the Pietraroja villagethe Campania Region. 2. Sketch m
showing the location of the exposure studied (***).
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(Bosellini, 2004) characterized by an erosive mid Cretaceous gap, markezlxied
cropping out in the northsestern area of the southern Apennine (D’Argenio et al., 1987).

The plant-ichtyolithic, organic-rich beds of Pietraroja formed during OAEehs(s
Arthur and Schlanger, 1979) probably along

the NE margin of the Apenninic Carbonate

Platform (Ciarapica and Passeri, 2008) in a =

high energy marginal environments (sensu éé Qf@

Ciarapica and Passeri, 2008). The Pietraroja %§ @

locality (Fig. 1(2)) crops out at the top of a il @@

faulted monocline named “Civita di éﬁ 2,

Pietraroja”, at “Le Cavere” quarry [[.G.M. . % o0 «

(Italian Military Geographic Institute) map I é'&

162 Il SW — Cusano Mutri sheet] and

includes two plattenkalk levels (Catenacci g . &

and Manfredini, 1963; Bravi and Garassino, 8 I : I :l : I :I

1998; Carannante et al., 2006). Freels (1975) : 525 : ! : ': ! : ‘: é&

reported three Plattenkalk intervals. E E é&
The famous Lower (basal) Albian o gzo @&

“Ichthyolitic level of Pietraroja”, yielding 54

plant remains (Plattenkalk 2, sensu Bravi e c;) i @@&

Garassino, 1998) is about 8 m thick and its T ———

age assignement is controlled by i '2..:_‘%;;_.:—'% @@@

foraminiferal data (Bravi and Garassino, Py gy ®

1998; Carannante et al., 2006) below and ; —%_%:_:i—é é

above the plant-bearing sequence (Fig. 2). g EEsEn

The two Plattenkalks are overcome in

Detritic limestones

paraconformity by trasgressive Miocene@mmmvwa

Land plants

Fish and other vertebrate
remains (reptiles, amphibians)

Detritic and micritic Ovalveolina reichel

belonging to the Cusano Formation (Selli,@"mes«msinm'nstrata

Paracoskinolina tunesiana

Cribellopsis cf. arnaudae

Lithographic limestones

1957) with ostreids, bryozoans and EEle

Briozoans

QLGOS

Lithographic limestones with Ostreids

lithothamnes (Bravi and Garassino, 1998). Izt musiones snichert @ e igae (iotramion)
(2]

levels (Plattenkalk 2)
Small valves of bivalves
e~ Subaerial erosive surface %

the “Le Cavere” quarry, the rocks are well

Gastropods
==y Miocenic transgressive surface ﬁ Crustaceans

stratified, occurring in flat and even layers

g. 2. Sedimentological stratigraphic section
e outcrop (modified from Bravi (1996)). Th

and 10 cm. They mainly consist of more ofoW indicates the levels studied.

with an average thickness ranging between?
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less markedly micritic, avana to hazel or grey-coloured limestones (wackstones, naidstone
and packstones). These are intercalated by frequent lenses, nodules and dregsoof
blackish cherts and marly-calcareous and sometimes clay and thimatedh horizons
(Bravi and Garassino, 1998). Strata bearing plant remains are situatedoas#heart of

the “Le Cavere” quarry and they generally consist of packstones gradually turning into

wackstones and mudstones.

4.3. Material and methods

The studied plant remains come from “Le Cavere”, a protected locality included in the
“Geopaleontological Park™ of Pietraroja, considered the depocentre area (Freels, 1975) of
the outcrop. The cormaterial of this study is represented by specimens labelled with “M”,
the result of an excavation effected in 1982 by the Museo Civico Sekmze Naturali of
Turin and the former Istituto di Paleontologia (actually incorporated in the “Dipartimento
di Scienze della Terra™) of the “Federico II” University in Naples.

The marl and bituminous strata containing fossil plants led teett@ery of hundreds
of specimens in a short time. The fossil plants are mostly impressionsiost specimens
are carbonaceous compressions without epidermal features. Even after thenamelim
chemical treatments, observation of microscopical details wasdsfidult on most
specimens. Not all of the adhering carbonaceous material was removadsebéang
processing times destroyed the cuticle. That is why some cilitadenents have been
mounted directly on the stubs for SEM (scanning electron microscope) observations
Cuticle fragments available were separated from the sedinuefsice with a pair of
tweezers. They were cleaned in 37% hydrochloric acid (HCI), subsequentlysethie
40% hydrofluoric acid (HF) to remove adhering siliceous debris, and finallgnatad in
Schulze’s reagent (HN@+KCIO3): the duration of the latter process depended on the
degree of carbonization and preservation (Kerp, 1990). Some cuticle fragmentselea
immersed in ammonia for one hour. Subsequently, part of them was mountedeimglyc
jelly on glass slides for light microscope (LM) examination. Somgnients were
coloured with safranine before mounting. Treated and untreated cuticfgesamere
mounted on the stubs for SEM observations. Light microscope and stereocoperos
(SM) observations were made by using Leitz microscopes. Photomicrographlgiit
microscope were taken with a Nikon Coolpix 990 camera. The cuticles wanened
using a JEOL JSM-5310 SEM at the CISAG (Centro Interdipartimentalerdiisper
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Analisi Geomineralogiche). All the quantitative measurements meuwe with tools in the
ImageJ program (Abramoff et al., 2004). The leaf physiognomy of an angiogarmas
described using the terminology of the Leaf Architecture Working Group (A€l.,et
1999). Studied fossiplants come from: 1) a collection named “Fossili del giacimento di
Pietraroja”, catalogued as “vegetali indeterminati” (unclassified vegetables) and stored in
the Museo di Paleontologia of the Universita degli Studi di Napoli “Federico II” (M and
MPUN seres); 2) those gathered by the author outside the protected area of the “Le
Cavere” allowing the recovery of two specimens (PI 1-Pl 2) actually housed in the
“Dipartimento di Scienze della Terra, Universita degli Studi di Napoli “Federico 1I”’; 3) a
private collection (PV 1); 4) a collection stored in the Museo Civico ohtigfalcone in
Valfortore (MF).

4.4, Systematic Palaeontology

Order CAYTONIALES

Genus Sagenopteris Presl in Sternberg, 1838
Sagenopteris? sp.

Figs. 3(1), 4(1-3)

Material examined M 20802.

Description— Part and counterpart of a complete, rounded, petiolated and detached
leaflet, with constricted base and entire margin. The specimasumes 13 mm in length
and 11 mm in width. The lamina is symmetrical. The petiole isrrBwide. The leaflet
shows a more or less distinct midrib -~ 0.2 mm in width at the lohegmrting from the
petiole and disappearing shortly in the middle part. Secondary veins ang \hsitlle and
arise from the rachis with an angle of ~ 30° (Figs. 3(1), 4(1)). Along the leaf margin and on
the petiole area, poorly preserved epidermal features are visibleufitie is ~ 0.6 pm
thick (Fig. 4(2)). The epidermal cells are more or less rounded. Numerous circulater ov
structures of ~ 50 um in diameter of unknown function can be observed (Fig. 4(3)). No
stomatal apparatuses have been found.

Discussion- Morphology and venation of the specimen resemble Sagenopteris Presl,
1838. In particular, the morphology and the length-width ratio (1.1) are compardhle to
williamsii described by Berry (1956, Pl. XXXIV, Fig. 1) from the Lowe@retaceous of
Canada. At the microscopical level, observed circular-ovate structuremdag 8 those
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Fig. 3. Early Albian fossil plants from Pietraroja. Line drags of selected specimens.Shgenopterid

sp.. Showing primary and secondary veins (M 20802)Brachyphyllum sp. 1. Showing branche
specimen and poorly preserved leaf-scars in its basa(Ma20908). 3 Brachyphyllum sp. 2. Showinc
two-order branches and leaves tightly adpressed to théN28765). 4 Brachyphyllum sp. 2. Showinc
three-order branches (M 20909). Brenelopsis sp.. Large branched specimen showing two-
branches and the central vascular bundle (M 20569). Giospermae 1. Showing the well-visibl
primary and secondary -in the basal part- veins (MF 1269hcértae sedis. Leaf showing three lob
and a distinct petiole (M 20796).

reported by Barbacka et al. (2006) for the Hettangian S. pualensis and ietbtpydhe
authors as possibly glands or hair bases. However, the poor state of psaivéte
specimen together with the unclear venation pattern, do not allow gm aksi specimen
with confidence to the genus Sagenopteris. In addition, the taxonomy of s ge

Sagenopteris is still confused (Zaton et al.,, 2006) and a specific detéominst
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impossible judging from the macromorphology alone and needs to be supported by a

cuticular study (Harris, 1964).

Class CONIFEROPSIDA (Endlicher, 1847)

Family incertae sedis

Genus Brachyphyllum Lindley and Hutton ex Brongniart, 1828 emend. Harris, 1979
Brachyphyllum sp. 1

Figs. 3(2), 4(4)

Material examined- M 20908.
Description— Part and counterpart of a branched shoot, 47 mm long and 3 mm wide at
the base, gradually narrowing to the apex where it reaches 1.8 muitin Whe specimen
is preserved as impression and presents fragments of organic matea $hoot with
opposite branches disposed to one plane and having a fixed distance of 3.5 mm (Fig. 3(2)).
Branchlets are well visible in the distal and proximal parts ofsgeximen, while in the
middle part, only their proximal parts are present. The inclination of ¢tendary
branches in respect to the main shoot varies between 60 and 70°. The twdrardea
more or less constant width -~ 1 mm- along the whole length. Inabea part of the main
shoot leaves are helically arranged and the leaf-base cushionsible (#ig. 4(4)). The
leaves are more or less rhomboidal in shape, but the bad preservationpefciheea does
not allow to establish their phyllotaxis. No epidermal details have been preserved.
Discussion- Large leaf-base cushions helically disposed on the shoot and small fre
parts of the leaves allow to assign the specimen to the genusyBhgitum Lindley and
Hutton ex Brongniart, 1828 emend. Harris, 1979. The studied specimen resembles
Brachyphyllum obesum Heer, 1881 described from the Lower Cretaceous, Kitadani
Formation, Tetori Group, Japan (Yabe and Kubota, 2004) and B. obesum described by
Teixeira (1948) in his study concerning the Portuguese Mesozoic flora. Thenspeci
coming from Pietraroja shares with. Bbesum general morphology, dimension and
branching modality. However, owing to the incomplete macroscopicallynolstig
features and to the lack of the microscopical ones, it is impossib&signahe specimen

specifically.
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Brachyphyllum sp. 2
Fig. 3(3, 4), 4(5)

Material examined- M 20765, M 20909, M 20924, M 20925.

Description— Impressions of single (M 20924, M 20925: both part and counterpart) and
branched (M 20765, M 20909) shoots (Figs. 3(3, 4)). The biggest specimen (M 20909; Fig.
3(4)) is 34 mm long and 2.3 mm wide. The smallest specimen (M 20925) is 11.8ngm |
and 1.9 mm wide. The specimens bear leaf-base cushions and smalldeage 1 mm
long and 1 mm wide. The leaves have rounded apex and are tightly adpcetse axes
(Fig. 4(5)). No epidermal features have been preserved.

Fig. 4. Early Albian fossil plants from Pietraroja-3 Sagenopteris? sp.. (M 20802). 1. Single leafie!
Detail of transversal view of cuticle showing its thicksie3 Detail of inner? view of cuticle showin
circular-ovate structures of unknown function. 4. Bratiyflum sp. 1. Carbonaceous compression ¢
branched stem: its basal part retains badly preservéddaes and leaves (M 20908). Brachyphyllum
sp. 2. Branched shoot showing leaves helically arranged ginttlytadpressed to the stems (M 2076

Figs. 1, 4, 5: SM observations. Figs. 2, 3: SEM observations
Discussion— The specimens are typical Brachyphyllum shoots with large lesf-ba
cushions and a small free part of the leaf. Thasphogenus refers to the Mesozoic conifer
foliage with short and helically arranged leaves (e.g. Harris, 1979). Theeserved
leaves can be observed in the apical part of the shoot (M 20765). Withigetius
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Brachyphyllum, they are the smallest leaves observed from the Epstgceous plant
localities of the Campania Region (Bartiromo et al., 2008b, 2009). The lackicdlar

details makes it impossible to determine the specimens at the speeles lev

Family CHEIROLEPIDIACEAE Takhtajan, 1963

Genus Frenelopsis (Schenk, 1869) emend. Watson, 1977
Frenelopsis sp.

Figs. 3(5), 5(1-7), 6(1-13)

Material examined- M 20563, M 20564, M 20566, M 20568, M 20569, M 20599, M
20762, M 20793, M 20798, M 20913, Pl 1, PV 1, MF 1342.

Description— The material consists of impressions and compressions of articataded
disarticulated shoots. Large [from 220 mm (PV 1) to 550 mm (MF 1342)] profusely-
branched shoots present a remarkable curvature (Figs. 3(5), 5(1, 2)). The branchlets,
alternate and aligned, are disposed in one plane and are branclamustyi The angle
between the branchlets and the main axes varies between ~ 23° on @relstd&® on the
other ones. The specimens show two orders of branching. The distance of tidetsanc
between two branching points is of 25-30 mm (Figs. 3(5), 5(2)). The shoots amensegm
and the internodes measure on average 16 mm in length and 4 mm ir{Fagdt&(3)).
There are no suture lines along the leaf sheath. The shoots showah\@sdular bundle
(Fig. 5(2)). The internodes bear whorls of two (opposite and decussate; S8 ) or
three (Fig. 5(3)) triangular free tips. The free part of the leavesarggtriar in shape and
measure ~ 1 mm in length. They have an acute apex and are adprebsedxes (Fig
5(1, 3)). The cuticle of the internode measures 11.54118.& thickness, on average 15.7
pum (Fig. 6(1)). In outer view, the abaxial side of the internodes is densely covered by
relatively long hairs (about 538 um in length and 25-35 pum in width at the base) that
tend to mask stomatal apparatuses. They depart from the epidermmahrmetlhave an
obtuse apex (Fig. 6(2, 3). Sometimes, epidermal papillae can be obserye® (8
arrow). In the middle part of the internodes hairs have not a preferentiatatioa (Fig.
6(2)), while tend to be oriented towards the distal part, especially ifedicarea (Fig.
6(4)). Sometimes, some less dense hairs areas within stomatallmwsoaobserve hairs
extending in the direction of the stomatal apparatus itself (Fig. 6(5)). Almnnternode,
epidermal cells of the sheathing leaves are hardly visibledanmof LM and SEM due to
the constant occurrence of hypodermis in the studied specimen (Figs. 5(6), 6(9, 18)). The
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Fig. 5. Early Albian fossil plants from Pietraroja. 1+Hrenelopsis sp. 1. Compression of the specir
showing two-order branches and leaves (arrows) in ofgodecussate pairs (M 20913). 2. Thre
dimensional preservation (impression) of a large brahdi®ot showing two-order branches anc
central vascular bundle (M 20569). 3. Compression of acheth specimen (detail) showing &
internode (square bracket) with a whorl of three leatwes leaves are visible (PI 1). 4. Detall of tt
upper part of an isolated internode with a whorl of twoosip leaves (M 20762). 5. Detail of internot
cuticle showing stomatal apparatuses disposed in well-defings separated by two rows of epidern
cells (M 20913 4). 6. Detail of internode cuticle showing twamatal apparatuses composed of fc
subsidiary cells bearing hypodermis. The dorsal platefeofytiard cells are visible in the middle
stomatal apparatuses. 978 (M 20913 2). 7. Detail of internodeecsticlwing stomatal apparatus:
composed of four inner papillae (M 20913 2). Figs. 1-4: SM obsiens. Figs. 5-7: LM observations.
are arranged in more or less well-defined rows running parallel toftigedxis of the
internode. They are rectangular and sometimes polygonal in shape measarwegage ~
55 pum in length by 29 pum in width. The anticlinal walls of the epidermal cells are on
average 8-7 um thick, usually more than 10 pm and sometimes attain 25 pm. The
anticlinal walls, parallel to the long axes of the specimen, amngh than the
perpendicular ones (Fig. 6(6)). When the hairs are degraded, ordinary cell$ickti t
cutinized anticlinal walls form a ribbed irregular surface of the @ufielg. 6(7)). Stomatal
apparatuses are arranged in well-defined longitudinal rows (11-12 per inear) (Figs.

5(5), 6(8, 9, 13)) and are transversally oriented to the main axes of thergedffig.

102



Plant remains from the Early Cretaceous Fossil-Lagerst tte of Pietraroja, Southern Italy, Benevento

6(9)). On the same stomatal row, one to two epidermal cells occur betmeastotnatal
apparatuses. It is not unusual to find two stomatal apparatuses on theosameontact
without interposed epidermal cells (Fig. 5(5)). Rarely, some stomapalatuses occupy
an intermediate position within stomatal rows, thereby disturbingribarlty of adjacent
rows (Fig. 6(9)). Stomatal rows are separated by 1 (sometimes 2) eglideth{Fig. 5(5,
7)); sometimes stomatal rows are tightly in contact between theonder to mask the
interposed epidermal cells. The mean stomatal density is ~ 130/fa haplocheilic
stomatal apparatuses are slightly elliptical in shape (probabiygote the diagenesis)
measuring on average 80 by 69 um. Measured from external view, stomatal apparatuses
have a stomatal aperture of 196 um? on average. The stomatal apparatuses are monocyclic
and composed of four (Fig. 6(11)) and five (Fig. 6(10)) subsidiary cells, each cifi whi
bears one outer papilla on the rim of the stomatal pit, and one inner papil&throat of
the stomatal pit. Stomatal apparatuses composed of four (equidimensisnakyliary
cells (on average 46 pm long and 24 um wide) are prevalent. Papillae give to the rim of the
stomatal pit a stellate (Fig. 6(11)) or a polygonal (Fig. 6(8)) appearandac& around
stomatal pit is slightly raised (Fig. 6(12)) and stomatal apparatmedtanked by massive
papillae protruding by encircling epidermal cells (Fig. 6(11)). On the isndace of
cuticle, well cutinized dorsal plates (31 (26y um long and 15 (11-25) um wide) of the
guard cells which frequently mask inner papillae can be observed (Fig)).6{1®
hypodermis is cutinized, the cells being polygonal or rectangular pesbhatween 37-67
um long and 1425 um wide (Fig. 6(9, 13)).

Discussion— The presence of a whorl of two or three leaves and the absence of
longitudinal sutures along the internodes allow to ascribe the spectmahg genus
Frenelopsis Schenk, 1869 emend. Watson, 1977. These characteristics dkelude
attribution of the specimens to the genus Pseudofrenelopsis Nathorst, H&98. e
Srinivasan, 1995.

The studied specimens do not well clarify the branching pattern, asex ofdiact it is
difficult to understand if the branching points depart from the nodal or internodah.reg
Moreover, in the specimens from Pietraroja the number of leaf per node isrumoldais
end, an inconsistency in the leaf number per node was described ynVeats Alvin
(1999), Alvin and Hlgtik (1979) and Mendes et al. (2010) for Frenelopsis occidentalis
Heer emend. Alvin, F. alata (K. Feistmantel) Knobloch (Daviero .et2@01) and F
teixeirae Alvin and Pais emend. Mendes et al. 2010 respectivelyatson and Alvin

(1999) claimed, it is quite conceivable that at least some Frenelgpsicies will
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eventually prove to have had varied morphology and leaf number in differestopdine
plant. As for the microscopical features, the specimens from Pietrarsgmble F.
teixeirae in: 1) the presence of hairs on the margin of the leavds 2apaxial internode
cuticle thickness; 3) the diameter of the stomatal apparauisdse presence of hairs and
papillae on the outer cuticle surface; 5) the morphology of the rim of stbrpit
Moreover, the Italian material resembles F. silfloana Watson iteldlénsity of stomatal
rows; 2) the diameter of stomatal apparatuses; 3) the number of subsedigrylr the
presence of papillae in the throat of stomatal pit. However, at prebentinclear
phyllotaxy at the nodes and the few and more or less poorly preserved fratithents do
not allow to understand well the epidermal architecture, and preveassiggnment of the
specimens in a given species already described or their attritboittonew taxon and the

analysis of further specimens is needed.

Cheirolepidiacean 1
Fig. 7(1-5)

Material examined M 20914.

Description— Fragmented shoot of 20 mm long and 6 mm wide. It has short leaves of
open-type arranged in a simple spiral that do not completely enttiecktem (Fig. 7(1)).

A small cuticular fragment in inner view (Fig. 7(2)) allowed to obsdeve monocyclic
stomatal apparatuses and partially to elucidate the thickness of poesgrved cuticler

25 um (Fig. 7(3)). The stomatal apparatuses are more or less rounded; they are 66 um (61-

71 um) in diameter and are arranged in well-defined rows (Fig. 7(2)). Stomatal apparatuses
are composed of six subsidiary cells (Fig. 7(4)). Some of them -espeb@sky visible in
the right part of the fragment shown in Fig. 7(2)- have preserved the gelsd The
subsidiary cells have anticlinal walls ~ 3 pm thick. The anticlinal walls of ordinary
epidermal cells are ~ 6 um thick. From the inner view, outer papillae are visible (Fig. 7(5)).
The epidermal cells are difficult to observe but form one or two longitudovas in
between the stomatal rows.

Discussion- The features listed above are comparable to some members of thye fami
Cheirolepidiaceae, in particular to the genus Pseudofrenelopsis Nathorst, m8&88. e
Srinivasan, 1995. The two genera Pseudofrenelopsis Nathorst (1893) and Frenelopsis
Schenk (1869) which have similar segmented shoots, differ mainly inaheumber and

phyllotaxis (Srinivasan, 1995). In Pseudofrenelopsis there are one (Watson, 1977) and two
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Fig. 6. Early Albian fossil plants from Pietraroja. 1-13. Frepsis sp. 1. Section of internode cuticle (
20913). 2. Detail of outer view of internode cuticle showingweted hairs without a preferentie
orientation (M 20913). 3. Detail of 2 showing hairs and epidépapillae (M 20913). 4. Detail of oute
view of leaf apex showing hairs oriented towards its disaal. The arrow indicates a stomatal appara
composed of four subsidiary cells (M 20913). 5. Detail of oview of internode cuticle showing hair
extending in the direction of the stomatal apparatusegpoeed of four (the right one) and five (the fir
two on the left side) subsidiary cells (M 20913). 6. Dethinoer view of abaxial? side of internod
cuticle showing epidermal cells with thick anticlinal wglld 20793). 7. Cuticle in outer view showin
articlinal walls forming a ribbed irregular surface of thaicle (M 20793). 8. Cuticle in external vie\
showing stomatal apparatuses which are disposed in well-defoves and with polygonal pits (v
20793). 9. Inner view of cuticle showing transversally dispatethatal apparatuses arranged in we
defined longitudinal rows (M 20913). 10. Outer view of cuticle shgwivo stomatal apparatuses ma
of five subsidiary cells showing stellate stomatal apes (M 20793). 11. Detail of outer view of cutic
showing a stomatal apparatus with papillae borning fronmélighbouring subsidiary cells and extendil
in direction of the stomatal apparatus itself (M 20793) Citer view of cuticle showing the surface
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around stomatal pit which is slightly raised (M 20793). 13. dnnew of cuticle showing two rows of
stomatal apparatuses, the hypodermal cells undercoverimgorépidermal cells and dorsal plates of guard
cells (M 20913). All figures are made by means of SEM.

(Srinivasan (1995), for the species Pseudofrenelopsis nathorstiana Srinit/89&h,
leaves per node spirally arranged and occasionally showing cyclingamant
(Srinivasan, 1995). In Frenelopsis, the internodes have two or three leavexipen an
opposite decussate/cyclic arrangement and the internodes are only obskd tipe
(Srinivasan, 1995). However, the specimen from Pietraroja shows similarity to
Pseudofrenelopsis varians (Fontaine) Watson, 1977 at both macroscopically (&hgothe
morphology) and microscopically (e.g. stomatal apparatuses) levelsmdter of fact,

the material from Pietraroja is comparable to the specimens figpyr&datson (1977, PI.

88, figs. 2, 4; the fig. 2 of the PI. 2 is also suggested again iroWdai988, fig. 9.19D).

The specimen from Pietraroja differs from the species P. intermedia (CGltbWsao) in
having the thinnest cuticle and from the species P. nathorstiana Srinid@8&nn having

the greatest internode width. Moreover, the specimen is different fr@d792 by having

1) spirally arranged leaves and 2) greater stomatal apparatuses. Unétyfuthatlack of
well-defined macro- and micro-features does not allow an identdicat the genus level.
However, the co-occurrence of Frenelopsis and Pseudofrenelopsis is notirgurpris
because they are sometimes mixed in the same bed (Watson, 1977, 1983; Srinivasan, 1992;
Yang et al., 2009).

Long parallel veined leaves

Material examined M 20761, PI 2.

The plant-bearing strata of Pietraroja are full of leaves showingedarahation which
are difficult to determine. Herein, two representatives are presentedspElecenen M
20761 is a compression of an isolated and petiolate leaf 18 mmndrigmm wide (Fig.
7(6)). The apex is rounded and the petiole measures 2 mm in length reaching the maximum
width (2 mm) at the base. The veins converge to the apex (Fig. 7(7)). Structures resembling
stomatal apparatuses (Fig. 7(8)) and transversally? oriented in respleetiong axes of
the leaf can be seen. The general morphology, dimension and venation pedtern a
comparable to the genera Lindleycladus and Podozamites. Harris (1978} d¢heat
Lindleycladus is distinguished from Podozamites for its longitudinallyeratthan
transversally orientated stomata, which are placed in longitudinal rows. Unfortunately
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Fig. 7. Early Albian fossil plants from Pietraroja. 1-5. Ch&pidiacean 1 (M 20914). 1. Fragmentt
shoot showing leaves in an open-type arrangement. 2. @utfcagment in inner view showing rows ¢
stomatal apparatuses. 3. The section of cuticle interriomeisg its thickness. 4. Detail of inner view ¢
cuticle showing a stomatal apparatus composed of six satys@klls. 5. Detail of inner view of cuticle
showing a stomatal apparatus composed of six subsididgyeaeh bearing one outer papilla. Guard ce
have not been preserved. 6-8. Long parallel veined lea2q®61). 6. Complete leaf showing a we
developed petiole. 7. Detail of 6 showing the veins cornngrp the apex. 8. Possible stomatal appare
(impression), transversally orientated, with encirclirggdermal cells? (arrows). 9-11ong parallel
veined leaf (P1 2). 9. Fragmented leaf with paralléhsel10. Counterpart: magnification of the shc
stalk. 11. Inner view of the cuticle showing epidermal agitposed in rows with their anticlinal walls ¢
a sinusoidal outline. Arrow indicates a structure resemblirrgdiomatal apparatus. 12-17. Sterile axe
conifer. 12-13. Conifer shoot (M 20752). 12. Stem showing a longitudinateul3. Detail of outer
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view of cuticle showing two stomatal apparatuses differgmidgerved with their interposed epidermal cells
(square bracket). The stomatal apparatus on the right pepillae overhanging the stomatal pit. 14-17.
Conifer shoot (M 20906). 14. Branched shoot. The arrow inditlagesmall branch. 15. Leaf-scares spirally
arranged. 16. Detail of inner view of cuticle showing epidegal$ occurring in pairs (arrow). 17. Detail of
inner view of cuticle showing a possible stomatal apparda®20. Remains of conifer reproductive organs.
18-19. Cone (M 20754). 19. Detail of 18 (upper part) showing ambeaimem20. Carbonaceous
compression of a cone (MPUN). 21. Obovate leaf with niiddeparting from the petiole and reaching the
leaf apex. Secondary veins are also visible. (seeFidsd3(6)) for the relative drawing. 22. Incertae sedis
Narrowly wedge-shaped petiolated leaf showing three lobe20(@6). Figs. 1, 6-10, 12, 14-15, 18-22: SM
observations. Figs. 2-5, 11, 13, 16-17: SEM observations.

poorly preserved epidermal features are scanty to place the specirhecomfilence in
either of two previously mentioned genera.

The specimen PI 2 (Fig. 7(9-11)) is made by part and counterpart aflatedsleaf, 20
mm long by 5 mm wide with a more or less deltoidal shape anchténe enargin (Fig.
7(9)). In the proximal part of the leaf a short stalk is present (Fig. 7(10)). The leaf lamina is
symmetric in relation to an ideal line joining the basal pathéoapex. The leaf increases
in width progressively from the stalk, reaching the maximum in the migloiigon and
then narrowing again towards the apex. There are 8? veins, unbranched, arisitigefrom
base and parallel to the whole lamina length. The veins are dagsrgent toward the
apex. There are no visible dichotomies. The epidermal cells occur B aod present
anticlinal walls straight or slightly undulating, as a possibleceftéd diagenesis (Fig.
7(11)). The epidermal cells are 35 (0 um long and 27 (18-37) um wide. The average
thickness of the anticlinal walls of epidermal cells is moréess egular (~ 2 um) from
both longitudinally and latitudinally walls. A structure of ~ 50 pm long and 30 um wide
resembling a stomatal apparatus has been observed (Fig. 7(11) arrowyeldieshape
of the specimen, its morphology and venation, are comparable to the form-genus
Nageiopsis Fontaine, 1889. This genus was established for vegetative aboodantly
represented in the Potomac flora (Seward, 1919). Nageiopsis differs from Podobgmites
having less convergent veins in the apical region of the laminaa(8e 1919). The
venation pattern and their number together with the length-width ratio (3I3W) a
comparison with some Profeti specimens (Bartiromo et al., 2009). Unfortundtely, t
poorly preserved epidermal features do not allow a precise attribution to the genus level

Sterile axes of Conifers

Material examined- M 20752, M 20906.
In marl strata, vegetal debris is rich in sterile axes of corffeme of them present

features comparable to the family Cheirolepidiaceae. The specimen M Z0862h an
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example. It is represented by an unbranched and fragmented shoot, 13.8 mydonmb
wide with a longitudinal suture (Fig. 7(12)). SEM observations of a sisghall and
poorly preserved cuticle fragment, 2 mm long per 1.1 mm wide, allow taovebsgo
stomatal apparatuses in outer view. They are ~ 50 um in diameter; the right one in Fig.
7(13) presents only two papillae preserved. These are 7 pum long, each one steming from
one subsidiary cell (Fig. 7(13). The epidermal cells are squared off ongelarin shape
and are disposed in ilefined rows. They are on average ~ 30 um long and 27 um wide.
The anticlinal walls are 2.4 pm thick. The presence of a longitudinal suture along the shoot
together with the papillate stomatal apparatuses are comparablthetogenera
Cupressinocladus Seward, 1919 and Watsoniocladus Srinivasan, 1995. However, the poor
state of preservation does not allow to place the specimen syisadipjaMoreover, the
absence of the Classopollis pollen makes it difficult to place thenspedn the family
Cheirolepidiaceae.

The specimen M 20906 is a branched shoot measuring 59 mm in length amah in9
width at the base. It gradually narrows towards the central part where it reacmésiarmi
width of 1.3 mm (Fig. 7(14)). In the distal part it reaches the maximvigth of 2.7 mm.
The specimen retains few small fragments of poorly preserved cutiedlgmeénts of
organic matter are also present. In the basal part of the shoot, a braneh itk base
measures 3.4 mm in length and 1.5 mm in width, departs from the maiataesangle of
~ 60°. In the proximal and central parts of the shoot, spirally arranged and mess or
rounded leaf scares have been preserved. They are ~ 0.4 mm in didfAget&(15)).
Because of the bad preservation of the specimen it is difficulttablesh the phyllotaxis.
The epidermal cells are disposed in longitudinal rows. They are redaragud measure
on average 22 um in length by 18 um in width. The ordinary epidermal cells sometimes
occur in pairs usually longitudinally (Fig. 7(16)). The anticlinal wallshe epidermal
cells are on average 2 pm thick. A structure resembling a stomatal apparatus (58 pum long
and 39 pm wide) has been preserved (Fig. 7(17)). The small dimension of the shoot could
be related to the juvenile nature of the plant. Epidermal cells gronpeirs are similar to
the so-called "packets of cells" described and figured by Watson (1969,figl. ®) in
English specimens of Pseudotorellia leaves and recognised in setleeal species
(Watson and Harrison, 1998); each pair would represent a cell which underveent lat
division. However, bad preservation of the specimen does not alloade iplin a specific

taxon.
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Remains of conifers reproductive organs

Material examined M 20754, MPUN.

Two small, isolated and egg-shaped poorly preserved cones. They measgite fler
width) 10 by 9.4 mm (M 20754) (Fig. 7(18, 19) and 16.2 by 15.2 mm (MPUN) (Fig.
7(20)). Their small sizes suggest their microsporangiate nature. The beaesan
uncertain number of spirally-arranged sporophylls. The cones are positioned on a short (1.3
mm in M 20754) and relative long (9.1 mm in MPUN) leafy axis. Smaljrfrents of
amber remains have been found (Fig. 7(19); no pollen grains were found. Poor
preservation of the cones does not allow to define in detail their morphdlogseby it is

not possible to place them in any specific taxon.

Angiospermae 1
Fig. 3(6), 7(21)

Material examined MF 1265.

Description— Impression of a leaf (nanophyll) or leaflet, thick, obovate, and marginally
petiolate. The size (length per width) is 14 per 4.7 mm. Thenkamisymmetrical with an
entire margin and an acute apex (Figs. 3(6), 7(21)). The base is decurrent laihyg slig
asymmetrical, the basal angle is acute. The midvein departs tlienbase of the
fragmented petiole and reaches the leaf apex. The primary vein isepamthtuns more or
less straight along the lamina length. There are three secondasywable in the basal
part of the lamina. The angle of divergence is more or less aeut22%). The epidermal
features are not preserved. Some additional specimens coming from te latklity of
Pietraroja have a poorly preserved primary vein and are characterisadilay shape and
dimension.

Discussion — The Pietraroja specimen resembles those belonging to the genus
Sagenopteris. However, this latter is characterized in having lanceolatesegthed main
vein somewhat distal to the mid-line (Harris, 1969). In the material f@traroja, the
lamina is obovate and the primary vein reaches the leaf apex. The specimen presgnts st
resemblance to the leaves named Angiosperm 1 found in the earlyerjolithn locality
of Profeti (Bartiromo et al., 2009: Plate V, Figs. 3, 6) and with Dicothylopmypusillum
described for the Barremian-Aptian? of Northwestern Transbaikalia (\faklesa and

Kotova, 1977). Unfortunately, the poor state of preservation of the materialhand t
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absence of epidermal features does not allow an assignment of thalni@tany known

species.

Incertae sedis
Figs. 3(7), 7(22)

Material examined M 20796.

Description— Carbonaceous compression of a petiolated leaf that enlarges abruptly at
its top to form lamina. The leaf measures 21 mm in length and 12 mm in width. The lamina
is divided into 3 lobes (Figs. 3(7), 7(22)). The width of the lobes measuresl midbhaft
varies from 1.9 to 2.5 mm. The petiole is 8.8 mm long and 2 mm wide metkan
portion; it narrows towards the base where it reaches 1.1 mm in width. Teeftoin a
basal acute angle that varies from 37.5° (between the first two lokiée deft) to 19.8°
(between the central and the right lobe), with an average inolnafi 28.6°. The lobes
measure (length per width in mm) 12 x 1.7 (lobe on the left), 10.8 x 2.6 (central lobe), 10.8
x 2.3 (lobe on the right). The lobe apices are rounded. A single venatimibig v the
central lobe, while two? venations are visible in left ones.

Discussion — The description made above is reminiscent of some Ginkgoales.
Twentysix genera have been erected for Mesozoic and Cenozoic ginkgtedeas and
shoots worldwide (Zhou, 2009), but the four most widely used, and in some ways well-
defined, leaf-genera are Ginkgo L., Ginkgoites Seward, Baiera F. Bral8phenobaiera
Florin (Watson et al., 1999). The specimen from Pietraroja resemblesgerntea Ginkgo
or Baiera (see Harris et al., 1974) but bad preservation of the matetithelacking of
cuticular features do not allow to assign the specimen with cowfddn addition the
attribution is difficult since, how Harris et al. (1974) claimed, leavk$sinkgoalean

species vary in form.

4.5. Taphonomic and palaeoecological implications

4.5.1. Taphonomy

The Early Cretaceous (Early Albian) plant remains of Pietraroja occur pneiothyiin

the marlyealcareous strata of the “interval D” (sensu Bravi and Garassino, 1998).

Bituminous mudstones strata bear plant remains randomly orientated,inviie clay-
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marly interlayers evidence of isorientation have been noted. The dehplant-fossils on
marl strata surfaces and especially in the bituminous layersryshigh. Plant remains
consist of either large specimens or isolated fragments, sometw®&sring as
compressions, more commonly as impressions, but often as carbonaceous camsptass
calcareous beds plant remains are generally preserved as imprassibied, sometimes,
epidermal features can be seen. In marl beds impressions to comprespianssafan be
found, but cuticles are poorly preserved. Bituminous beds are full of carlbosace
compressions. The best preserved cuticles belong to Frenelopsis. di&edisconifer
reproductive organs are also found. Large Frenelopsis branches are presemetlgom
as impressions both in the calcareous and marl strata, and branches fannthef
compression are common in marly layers. These conditions of preservatidrbeaiue to
a long-lasting flotation before burial, to a subaerial exposure ired#iditter (Gomez et al.,
2002b) or, in general, may be evidence of prolonged exposure to oxic environment before
deposition in an anoxic environment. The different degree of preservation and a number of
articles (e.g. Frenelopsis) of studied fossil plants would seeminglgsuggelative wide
source area. Organic debris was supplied to the sedimentary basin feathethe
surrounding emerged lands or possibly from floating vegetation mats.

Most of specimens, especially Frenelopsis ones, have their originamhegreserved,
with segments of the thick and fleshy cylindrical leafy part @itigi 9 mm in diameter.
Probably, this feature is very close to the life value and coulduketo their fast burial
from the enclosing sediments after their detachment (e.g. Fig. 5éphomomic evidence
from Frenelopsis of the Early Cretaceous of Spain (Gomez et al., 2001, 2002b)&@nd Lat
Cretaceous of Italy (Gomez et al., 2002a), suggests that large branchees)aobhve
endured long time under high energy transport without the shoots being fragmented. This
species might have grown near the place of deposition and thus its hadstairobably
under a brackish influence of a hypothesized lagoon (D’Argenio, 1963; Bravi and
Garassino, 1998). In the Pietraroja Fossil-Lagerstatte, the largenel@taanches (Figs.
4(5), 5(1, 2)) are likely the result of mechanical (e.g. storms) or physiologicassex:
Actually, Gomez et al. (2002a) argue that shoots of the extant cdDifgstomeria
japonica (L.f.) D. Don are naturally shed during periods of drought. Alvin (1983)
reconstructed one of the dominant conifers of the Wealden, Pseudofrenelopsis
parceramosa, as a medium to large-sized tree with whorled branciingeeomorphic

shoots that might have been shed during times of water stress.
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Limestone and marly-limestone strata-surfaces of Plattenka{keBsu Bravi and
Garassino, 1988) are full of connected small valves of bivalves, whosevitprisaset
upward, co-occurring with plant remains, especially large branches oflésise Bravi
and Garassino (1988) and Carannante et al. (2006) relate this mass mortalitygrteanom
to an overheating of a very thin water layer, or to water anoxia owing to the preservation of
ligaments, respectively. As hypothesized for the plant fragments fourideirCrato
Formation (Matrtill et al., 2007), storm events could have detached theecl&jsis
branches found at Pietraroja. Moreover, storm events would have mixed anoxiccor toxi
bottom water with the surface as proposed for the Early Cretaceous Romuald@iMem
(Martill et al., 2008, Santana Fm., Brazil). These events could rewsed the bivalve
mass-mortality registered in the sedimentary basin. Actually, jumplant remains
suggest deposition under stormy conditions (Watson and Alvin, 1996). It is wontig noti
that Baush and Bravi (1999) reconstructing Pietraroja palaeoenvironmentecevial
sedimentary evidence of occasional storms. At “Le Cavere” no evaporite and no halite
pseudomorph have been found, so it seems unlikely that hypersalinity faatoa of
bivalve mass mortality. On the other hand, hyposalinity could be ébfsandidate in
case of oversupply of fresh-water to the sedimentary basin owing stotimes. However,
mass mortality could be the result of multiple factors.

The exceptional degree of preservation of Pietraroja fossils (espesdtyvertebrates)
could be due to their fast burial, with high sedimentation rate iedigefor the plant-
bearing strata, as is testified by preservation in volume of sevardlngimains (e.g. Fig.
5(2)). This could explain the paucity of the benthic invertebrates registered in the fessil si
of Pietraroja.

In the Early Cretaceous of Pietraroja, Frenelopsis is the dominanfyriesstved and
well articulated plant. Sparse disarticulated internodes (Fig. 4(4hpwuti a preferential
orientation are also present, but it is impossible to use them asyant indicators (e.g.
Riera et al., 2010). The occurrence of large branches of this genus togethtrewwvell
preserved terrestrial fauna allow to hypothesize a parautochthonous conditi@nfamal
terrestrial animal remains so that a sedimentary basin waschexy to the source area.
Frenelopsis were probably not transported for a long distance for they livadhgiein
the surrounding land areas close to the sedimentary basin.

In contrast with what previously thought (Bravi and Garassino, 1998), during the
Jurassic and Cretaceous the Apenninic Carbonate Platform was separateontinental

areas (Ciarapica and Passeri, 2008). In particular, during the Albian an extensive regressive
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event involved the Apennine Carbonate Platform (Carannante et al., 2009), thehefore, t
source areas of the plant debris were probably exposed portions of the Apennine Carbonate
Platform with the formation of small and relatively ephemeral eetelgnds surrounding

the Pietraroja sedimentary basin.

4.5.2. Palaeoecology of the sedimentary basin

The paleoenvironmental interpretation of the Pietraroja plattenkal& led to
controversy hypotheses. The lagoonal (D’Argenio, 1963; Bravi and Garassino, 1998;
Bausch and Bravi, 1999) versus slope/shallow basin paleoenvironmental (Catemi
Manfredini, 1963; Freels, 1975) models have long been debated (Carannant2086l.,
According to Carannante et al. (2006), both models are inadequate as thetatal itto
account all sedimentological features of the Pietraroja Platten€ansequently they
interpret it as abandon deposits of a submarine channel of a not specified water depth.

Moreover, according to Carannante et(aD06,p. 573), “...the faunal assemblage of
Pietraroja represents a mixture of organisms from differguastyf environments - but
certainly not from a lagoonal environment at.’allActually palacobotanical and
palaeozoological data contradict thereof. The most representativgefigina recorded at
Le Cavere have been interpreted characteristic of reef to lagoon (Coedmdus
Palaeobalistum: Kriwet and Schmitz, 2005; Nursall, 1996), non-marine h@lapatlotes
and Clupavus: Matrtill et al., 2007; Gallo, 2005; Buscalioni et al., 200&eyia2000) and
of back-reef lagoon and non-marine environments (Belonostdviaisey, 2000; Estes and
Berberian, 1970 Moreover, a stratified water column could explain the reduced and the
restricted benthos and the general lack of bioturbation advocated by Carartnahte e
(2006). To sum upthe considerations made above, do not exclude a shallow-water

hypothesis, e.g. a lagoon (see also 5.1, Taphopnomy

4.5.3. Palaeoclimate and comparison with other Albian florae

In the Albian of Pietraroja majority of plant remains are relatifglgmentary and it is
difficult to identify them at the species level. However, it is Warbting that numerous
plants display xeromorphic adaptations (see Thevenard et al., 2005; Watsdtvin,
1996). The specimens assigned to the Family Cheirolepidiaceae (Frenedops
Cheirolepidiacean 1) show: 1) a probably photosynthetic stem, 2) smalk laade3)
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epidermal papillae that are indicative of true xerophytism (Mau$888) together with ¥

a thick cuticle, 5) papillae protecting stomatal apparatuses andurkers stomata
indicating water stress (Wolfe and Upchurch, 1987) or being considered as extreme
xeromorphic characters (e.g. Spicer et al., 1993). Xeromorphy can indicate either dry
conditions or physiological difficulties to uptake or transport water intgr(datson and

Alvin, 1996). Haworth and McElwain (2008) claim that xeromorphic features oaocur i
plants growing both in arid and high water availability environments,estigg that their
ecological function may not be purely anti-transpirant. Retallack (2009) pointhatut
xeromorphism is an adaptation attributed to dry climate and it imiblegsscleromorphic
features (e.g. thick cuticle) were induced by dry climate. Howeveretivdonmental
significance of a high frequency of xeromorphic features in vegetatifar fsom being
clarified (Watson and Alvin, 1996). As Wing and Sues (1992) point out, the strongly
xeromorphic attributes of many cheirolepidiaceous conifers and their world-wide
abundance at low paleolatitude sites (<40 degree) with sedimentagzgtordi of aridity
suggest they were dominant in dry-climate vegetation (Vakhrameev, W@¢urch and
Doyle, 1981; Alvin et al., 1978; Francis, 1983). According to Barale (1990) in the
Coniferales two types of series can be distinguished: a wet series, aRitész
Elatocladus; and a hot and dry series Pagiophyllum-Brachyphyllum-Cypamssand
Cupressinocladus-Pseudofrenelopsis-Frenelopsis. The genus Frenelopsis sitfall
leaves is suspected to hold a photosynthetic stem (Watson, 1988; Alvin, 1882)eiera
Frenelopsis and Pseudofrenelopsis exhibit extreme xeromorphism (Spicet @93) and
morphological and anatomical features of Frenelopsis and Tomaxi@lanéifrom the

Crato Formation are considered to be an adaptation to a warm and seabkgnaliiyate
(Kunzmann et al., 2006). The apparent succulence, resembles that of some sterte
succulent xeromorphic angiosperms (Watson, 1988). In large branches of Frenelopsis from
Pietraroja, wide zones of parenchymatous tissue between the wood andigdmnispcan

be noted (Fig. 5(2)) and possibly indicates succulence (e.g. Axsmithaaobs,) 2005;
Kunzmann et al., 2006). As claimed by numerous authors (Watson, 1977, 1988; Alvin,
1982; Gomez et al., 2001, 2002b), frenelopsids were probably adapted to aridity. The
middle Aptian flora of Profeti, with the species F. profetiensis, probatdw ginder a
tropical-subtropical, somewhat arid climate (Bartiromo et al., 2009). Haw&wunzmann

et al. (2006) maintain that a high percentage and a large morphologiety wd pollen

within pollen spectra (Spicer et al., 1994) indicate that frenelopsidgpiecca variety of
ecological niches as also affirmed by Watson (1988) and Axsmith and J@&ails.
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Some Frenelopsis species favour costal habitats (Doludenko and Reymad®&w8a
Pons and Broutin, 1978; Pons, 1979).

Therefore, it is possible that Frenelopsis grew in an arid or sénclanate. Locally,
the deposition of the fossiliferous Upper Plattenkalk deposits (the Pldkehksensu
Bravi and Garassino, 1988) preceded the Albian regressive event assodthtdbe
formation of bauxites in the adjacent areas (e.g. Regia Piana, locaye?l kml West of
Pietraroja area) (Carannante et al.,, 2006). The broad climatic requirements for
bauxitization are in general satisfied by consistently warm temysesaand high amounts
of precipitation (Price et al., 1997). According to the palaeogeographic map (Dertourt
al., 1993; Schettino e Turco, 2011), between the Lower Aptian and the Late Cesmomani
the Apennine Carbonate Platform was located at 20-23° of latitude troffieal belt to
the north of equator.

According to Coiffard et al. (2007), the Lower Albian of Europe was a drier and semi-
aride climate with a marked seasonality. As claimed by Vakhean(iE991), during the
Early Cretaceous extensive aride zones prevailed in both the NorthériBauthern
Hemispheres.

The flora of Pietraroja shows some similarities to that from treudds Formation,
Spain (Gomez et al., 1999; Sender et al., 2005, 2008) and with the late Adibeanffthe
Ukraine (Doludenko and Teslenko, 1987) by sharing the genera Brachyphyllum and
Frenelopsis.

Moreover, except for the genus Brachyphyllum (that occupies an ill-defyséehsatic
position with some species included within the family Araucariaaedeothers within the
Cheirolepidiaceae: Gomez et al., 2002c) reported from the Tataouine Regj@nsouth
of Tunisie (Barale and Ouaja, 2002), it is worth noting that the Pietroogadoes not
present similarities with the Early Cretaceous Gondwanian florasBatgle and Ouaja,
2001). The Euro-Sinian character (Vakrameev, 1991) of the Pietraroja florsdesch

proximity with Gondwanan continent as was previously thought (e.g. Evans et al., 2004).
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GENERAL CONCLUSIONS

The first part of this research represents a dmuion to the knowledge of biotic effect of
volcanism on plant cuticular features permaneniiyifated by toxic volcanic gases in a hostile
environment.

The exposure of Aleppo pine to volcanic gases (Qapduces an acceleration of needles ageing
and produces changes in both epicuticular and cepi&ial waxes. The change in tubular wax
structure probably affects wettability favouringetlageing process by pollution. The injuries
observed on the abaxial side of needle in cuticulafase and epistomatal chamber represent the
effects of volcanic toxic compounds, directly,@) or indirectly (S@or/and BSO, formation)
affecting P halepensis. This would explain the deflection ofetation succession in Pisciarelli
area, where close to the main fumarole only Errt#oeea grows in. The research shows that under
the influence of volcanic gases: 1) the epicuticalad epistomatal waxes undergo degradation as
fusion; 2) the thickness of cuticle membrane oh&lepensis increases; 3) the number of oxalate
crystals deposits increases; 4) a different graawth equilibrium among the zones of the cuticle
occur and 5) the fibrils of both B1 inner and BXeswones become more parallel to cell surface.
All these features are interpreted as protectioficds against volcanic gases and/or acids action.
Moreover, fungal hyphae infection and reduction ibfilfar component -as well as the granular
ones- have been noted in needles experiencing ichftonigation.

The micro- and ultrastructural responses of P.galsis to HS fumigation provide important
insights into plant adaptation. However, furtherkgoare needed to confirm our results since this
procedure (leaf cuticular ultrastructure using TEM)fossil and extant plants should be extended
to a higher number of taxa as it is still only ifimiently developed (Archangelsky and Taylor,
1986; Jeffree, 2006).

The main interest of this research sets in 1) mbie comparison between not fumigated and
fumigated needles in an extreme environment andevdiience that variations in cuticle
ultrastructure in the extant conifer Pinus halepease environment-dependant and represent a
sketch of how some fossil plants probably resportdeglobal environmental change during LIP,
CFBP and euxinic interval or however during charigegmospheric chemistry.

The results could be applied: 1) to use extant fosdil plants as bioindicators through an
intraspecific comparison of ultrastructural featud plant cuticles during periods of normal vs.
volcanic activity; 2) to discriminate those sitwets of palaeoenvironmental misinterpretation in
which the effects of volcanism mimic those of agidqHarris and Van Couvering, 2005).

The exposure oE. arborea to volcanic fumigation (Cap. Il) revealdterations detectable with
SEM and TEM approach. In outer view, on both adaxia abaxial sides of leaves epidermis both

wax degradation and overproduction have been foespectively together with numerous clusters
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of rodlets. Wax overproduction could be linked te thigh air and soil C©concentration, while
wax degradation could be the direct,@) or indirect (S@ or/and HSO, formation) effect of
volcanic toxic compounds. At ultrastructural levidle cuticle showed an outer A2 granular layer
and a beneath B1 reticulate layer. The prevalericthe granular -amorphous- component in
respect to the fibrillar ones can be noted. Underdffect of persistent fumigation the A2 layer
undergoes a remarkable increase of thickening.apsrhin presence of volcanic toxic gases, the
cuticle undergoes a carbon-based compound allocaiihin the cuticle thickness.

This study shows that the cuticle responds to agvenvironmental conditions varying both in
total thickness and in A2 and B1 layers. In palticua good correlation between atmospherig CO
concentration and the variation in A2 thicknesstean found.

However, the alterations noticed in Pisciarelli 8udfatara samples could be the result of different
volcanic chemical compounds action (e.g. .C&@/and volcanic sulphurous compounds) also
because as Paoletti et al. (2005) ckdhother gases virtually undetectable could havéobioal
effects. For this reason it is herein bettespgeak of “volcanic gases action”, avoiding to attribute
meso- and ultrastructural variations to a specifidcanic chemical compound, and further
experiments with different plants will be necessargliscover the exact effect of rising [gJ®@n
leaf surface structures (Paoletti et al., 1998).

Therefore, these observations could be useful terstand the behaviour and the adaptability of
plants in ancient ecosystems characterized by mmcgas emissions. The micromorphological
variations noticed in Earborea could be an example of what plants expegieiiring long term
volcanic degassing. However, the volcanic degassiagt-derived Pisciarelli and Solfatara
populations of Earborea shows adaptive resistance to toxic vologases. The present study on
the cuticle ultrastructure of E. arborea finds agpion in the determination of changes in
atmospheric chemistry in present and past flonasesias Taylor et al. (1989) claimed, diagenetic
factor do not disrupt the structural identity o$$d cuticles.

However, it is important that future assessments. afrborea responses to volcanic gases consider
better the physiological factors involved.

Fortunately, further similar researches are higtdyisable in Campania Region because, with its
numerous volcanic (e.g. Frondini et al., 2004; @hib et al., 2010a) and not volcanic (e.qg.
Chiodini et al., 2010b) localities emitting gasegpresents a natural laboratory allowing
experiments involving plant-volcano interactions.

The second part of this research represents ailmatitn to the knowledge of Cretaceous fossil
plants found in the Fossil-Lagerstatten of CusandriMind Pietraroja.

The late Aptian flora of Cusano Mutri (Cap. lll)deminated by conifers, with a rare angiosperm,
Montsechia vidalii, in association. The lack of qtephytes is noteworthy. The conifer shoots
recovered belong to the genera Cupressinoclalagiophyllum Araucarites, and Frenelopsis

Coniferous cones are occasionally encountered. Mbshe cuticle remains belong to a new
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cheirolepidiacean species, Eusanensis sp. nov., which has been erected obatie of both
macroscopic (e.g. the internode dimension) andeepidl (e.g. disposition, morphology and
dimension of stomatal apparatuses) features. g small stomatal apparatuses have not been
recorded previously in Frenelopsis. The occurrentethis new species in addition to. F
profetiensis in the early-middle Aptian flora ofoRati testify to the importance of the family
Cheirolepidiaceae in this part of the Tethys regioming the late Early Cretaceous. Most of the
conifer taxa are poorly preserved.dasanensis is the only well-preserved species.otherrence

of M. vidalii in the southern Apennines extends its gapfical distribution beyond the Iberian
peninsula. Palaeobotanical and sedimentologicatrebtions of the plant bearing strata indicate
that the sediments were probably deposited undempécal to subtropical climate in arid to semi-
arid conditions, possibly with wet phases on aaegi to local scale. Evidence of wildfire (fusain)
suggests a periodic combination of arid periodsh bkémperatures and lightning strikes.

Early Cretaceous (Early Albian) plants from Piegfar(Cap. 1V) are known for a long time, but
never studied systematically. The assemblage redemldominance of conifers, in particular the
Cheirolepidiaceae, and the occurrence of rare apgins. The following floristic entities were
documented: Sagenopteris? sp., Brachyphyllum spBrachyphyllum sp. 2, Frenelopsis sp.,
Cheirolepidiacean 1, and Angiospermae 1. A specibrdonging to the genus Phlebopteris was
previously found (Bartiromo et al., 2006b). Howevéhe finding of numerous specimens
belonging to the genus Frenelopsis is noteworttoabee it demonstrates the importance of the
Cheirolepidiaceae remains in this sector of théy®Ocean. Frenelopsis might have grown near
Pietraroja lagoon under brackish influence. Theodllypsis of small and transient emerged lands
herein proposed for the Appenninic Carbonate Riatfawould be confirmed by the terrestrial fauna
composed by animals of small size.

Previous sedimentological, palaeontological anégxadeographical data provided from Pietraroja
Fossil-Lagerstatte together with the palaeobotaniteservations presented in this paper are
reminiscent of a tropical-subtropical climate, pably exposed to relative long periods of aridity.
Pietraroja taxa are typical of the Euro-Sinian Rroe (Vakhrameev, 1991) and no affinity with
Gondwanan floras has been noted. After more tham twndred years (Breislak, 1798) of
researches we are far from a common consensusequatheoecological setting for the Pietraroja

Fossil-Lagerstatte which needs a more integratpdoagh.
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