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Abstract

The response ofPosidonia oceanica(Linnaeus) Delile to the warm-water episode of summer 1999 was studied by me
the technique of lepidochronology. Study sites include three sites affected by the mass mortality event of benthic inve
and one not affected. The results showed a significant decline in some parameters (number of leaves and/or rhizom
for the three sites affected by the mass mortality event for the year following the warm-water episode (1999–2000). A
decline was not observed for the unaffected site. The fact that high temperatures could have a negative impact on deepPosidonia
oceanicanear its cold limit of distribution is an unexpected result.To cite this article: N. Mayot et al., C. R. Biologies 328
(2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Réponse inattendue de la magnoliophyte marine Posidonia oceanica à un épisode chaud en Méditerranée nord oc-
cidentale. La réponse dePosidonia oceanica(Linnaeus) Delile à la période de réchauffement des eaux de l’été 1999
étudiée par lépidochronologie. Les sites d’études comprennent trois sites affectés par l’événement de mortalités mas
vertébrés benthiques et un site non affecté. Les résultats montrent une diminution de certains paramètres (nombre
et/ou croissance du rhizome) pour les trois sites touchés par les mortalités massives pour l’année suivant le réchauf
eaux (1999–2000). Une diminution similaire n’a pas été observée pour le site non affecté. Le fait que les hautes tem
pourraient avoir un effet négatif, en profondeur, surPosidonia oceanica, à proximité de sa limite froide de distribution, constit
un résultat inattendu.Pour citer cet article : N. Mayot et al., C. R. Biologies 328 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Posidonia oceanica(Linnaeus) Delile, a Mediter
ranean endemic marine Magnoliophyta, grows
tween the surface and 30–40-m depth and forms
tensive meadows[1]. These meadows constitute a k
ecosystem that plays a major ecological role[2,3]. Ex-
tensive meadows are restricted to warm waters, to
exclusion of colder areas such as the Gulf of Lio
and the northern Adriatic Sea. The Provence Co
(France) is localized near this range limit[1].

During the year 1999, exceptionally high seaw
ter temperatures occurred between the end of Au
and the beginning of October from Liguria (Ital
to Provence (France). They were consistently ab
24◦C at 20–30-m depth for almost two months[4].
These high temperatures were associated with a m
mortality event of sessile benthic invertebrates[5–10].
The western geographical limit of mass mortal
was located between Marseilles and the Camar
(Provence).

From in situ measurements, the upper lethal te
perature limit ofPosidonia oceanicais 29◦C [11].
In addition, it develops healthy and extensive me
ows in areas where summer temperatures usu
reach 24–25◦C (e.g., Thyrrenian Sea, Sardinia, Co
sica[12–14]), i.e. nearly the same temperature as t
observed in Provence during the 1999 warm-wa
episode. According to Short and Neckles[15], an in-
crease in temperature, associated with global clim
change, should have a positive effect on warm wa
seagrasses. Furthermore, Zupo et al.[16] established
a production model, in which the production rate
Posidonia oceanicais directly linked to the tempera
ture prevailing 3–4 months earlier. For these reas
a negative impact of the 1999 warm episode was
likely. In order to test this hypothesis, deepPosidonia
oceanicaoverlapping the geographic limit of the in
vertebrate mortality event[5–10] were analysed usin
the lepidochronological methods[17–19].
2. Materials and methods

Lepidochronological analysis is based upon
long term (up to centuries) persistence of leaf ba
(‘scales’), after leaf shedding, along thePosidonia
oceanicarhizomes. Cyclic variations of scale thic
ness along the rhizomes provide an annual signal
makes it possible to backdate biological paramet
e.g., the number of leaves produced per year and
annual rhizome growth[17–22]. Study sites were lo
cated between the east of Marseilles and the Cama
(Provence, France) at the lower depth range ofPosi-
donia oceanica, at (east to west) En-Vau(−31 m),
Niolon (−22 m), Sausset-les-Pins(−28 m), three ar-
eas affected by the 1999 invertebrates mass morta
and Carro(−23 m), an area not affected (Fig. 1). The
choice of these sites is due to their relative proxim
to each other, which limits the possible influence
parameters other than temperature. Sampling was
ried out at the deep limit of the meadows (22–31
since in this zone they usually do not undergo re
tively high temperatures for extended periods, and
seagrass is at the very limit of survival conditions, a
therefore more sensitive to stress.

At each site, 15 orthotropic (erect) and plagiotro
(creeping) shoots, with the underlying rhizomes, w
collected by SCUBA diving on 6 February 2003 f
Niolon, Sausset-les-Pins and Carro and on 1 J
2004 for En-Vau. According to Pergent[22], 15 shoots
are sufficient for lepidochronological analysis. For

Fig. 1. Location of study sites: En-Vau (1), Niolon (2), Sau
set-les-Pins (3), Carro (4). Black areas show coasts where exte
meadows ofPosidonia oceanicaare absent[1].
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shoot sampling, a plastic bar (1 m) was laid flat on
meadow. The shoot nearest to the extremity was
lected. The bar was then relocated with the near en
the sampling point, the direction of the bar being d
termined from a random table. Again, the shoot ne
est to the farthest extremity of the bar was collect
And so forth up to the last shoot. For each past y
(1998–1999 to 2000–2001), the number of leaves p
duced and the rhizome growth were noted. The ye
considered in this study, based upon the lepidochro
logical analysis are the years of leaf production (
biological cycle; from October to October of the ne
year). Statistical analysis involved ANOVA and po
hoc analysis (Newman–Keuls test) using Statistica

®
(Statsoft ).
3. Results

For three out of the four sites (En-Vau, Niolo
Sausset-les-Pins), a significant decline of numbe
leaves and growth rate of both rhizome types was
served for the year of leaf production 1999–2000
comparison with the previous (1998–1999) and
following years (2000–2001) (Fig. 2, Table 1). In con-
trast, no significant variation between the year 199
2000, the previous year and the following year was
served at Carro. We compared these three years
records of the water column temperature were av
able[4], together with the geographical range of inv
tebrate mass mortality[6–8]. In addition, at the three

sites concerned by the warm-water episode, the growth
Fig. 2. Lepidochronological results for the orthotropic (erect) rhizomes at En-Vau, Niolon, Sausset-les-Pins and Carro. (") Mean number of
leaves produced and (2) mean growth of rhizomes (mm) per year of leaf production. Error bars are 95% confidence intervals.



294 N. Mayot et al. / C. R. Biologies 328 (2005) 291–296

ion
ber

and
are

uc-
for

tes

sig-
the
er
er-
ves

y-
this
the
thin
ing

ed
e

he
tion

res

e-
ar-

ata.

uld
in
tern
a
m

ters
-
ros

ext
its

-
ern
in

y ex-
tal-
99
e in

c-
hat
ble
ect.
re-
y

cted
ion

le
r-

m-
eirs
on-
Table 1
Analysis of variance (ANOVA) between the year of leaf product
1999–2000, the previous and the following years, for the num
of leaves and the rhizome growth (mm), for orthotropic (erect)
plagiotropic (creeping) rhizomes, at each site. Significant values
in bold. (F : ANOVA factor, p: probability)

Number of leaves

Rhizome type Orthotropic Plagiotropic

F p F p

En-Vau 7.731 0.011 7.000 0.007
Niolon 14.189 0.000 8.000 0.003
Sausset-les-Pins 5.087 0.013 15.187 0.001
Carro 1.713 0.200 0.118 0.890

Growth of rhizomes

Rhizome type Orthotropic Plagiotropic

F p F p

En-Vau 6.612 0.017 3.933 0.042
Niolon 10.581 0.001 3.909 0.039
Sausset-les-Pins 5.128 0.013 2.160 0.162
Carro 1.553 0.231 0.847 0.453

and leaf production values for the year of leaf prod
tion year 1999–2000 were among the lowest values
the 6-year study period (data not presented).

4. Discussion

At all sites concerned by the 1999 invertebra
mass mortality[6], Posidonia oceanicagrowth (num-
ber of leaves produced and rhizome growth) was
nificantly altered during the 1999–2000 year, i.e.
lepidochronological year following the warm-wat
episode. This decline could not be linked to a flow
ing event inducing a reduction of the number of lea
on the flowering shoots[23,24] since no floral stalks
(evidence of past flowering according to[22]) were
observed, a feature confirmed by divers. If we h
pothesize that high temperature is responsible for
weak growth, the reason could be the impact of
warm-water episode on carbohydrate storage wi
rhizomes. The warm-water episode took place dur
the period (only during summer months) whenPosido-
nia oceanicastocks carbohydrates (starch) produc
by photosynthesis for further utilization, i.e. for th
next biological cycle. During the rest of the year, t
carbon balance between production and consump
is negative[25].
The possibility that moderately high temperatu
could negatively affectPosidonia oceanicanear its
cold limit of distribution is a rather unexpected r
sult. It is interesting to note that, according to H
tog [26], the optimum temperature forPosidonia
oceanicagrowth lies between 17 and 20◦C, but this
assumption is not supported by experimental d
The fact thatPosidonia oceanicacould be sensitive
to high temperatures, at least at its deep limit, co
explain its relatively restricted distribution at depth
oligotrophic and transparent waters of some eas
Mediterranean regions[27] (e.g., 25 m at El Daba
(Egypt) in a region not influenced by turbidity fro
the Nile river [28]; 34 m at Ischia (Italy)[29]; 32 m
at Salina Island (Tyrrhenian Sea)[30]; see also[31,
32]). In contrast, in colder and less transparent wa
of the northern Mediterranean Sea,Posidonia ocean
ica reaches deeper bottoms (e.g., 38 m at Port-C
(France,[33]).

This result should be interpreted in the cont
of the general regression of the lower depth lim
of Posidonia oceanicameadows[34]. Interestingly,
the regression of the lower limit ofPosidonia ocean
ica meadows affects a large part of the northwest
Mediterranean, including regions where the decline
seawater transparency does not seem to be a likel
planation. Contrarily to the invertebrate mass mor
ity [9], our results do not allow us to state that the 19
high temperatures were the direct cause of a declin
Posidonia oceanicagrowth. Clearly, a sporadic redu
tion of leaf and rhizome growths does not mean t
it induces a regression of the lower limit. The possi
negative effect of high temperatures could be indir
This would be consistent with the steady upward
gression of the lower limit[34] and the present-da
warming trend of Mediterranean waters[10,15,35–
38]. Our results thus open up a new and unexpe
line of research to shed light on the current regress
of Posidonia oceanicameadows, and their possib
fate in the context of the warming up of the Medite
ranean Sea.
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