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SUMMARY

Posidonia oceanica, the dominant seagrass species in
the Mediterranean, appears to be experiencing wide-
spread loss. Efforts to conserve Posidonia oceanica are
increasing, as reflected in the increase in the number
of marine protected areas in the Mediterranean.
However, the effectiveness of these measures to
conserve seagrass meadows is unknown. In this study,
the present status of the Posidonia oceanica meadows in
the Cabrera National Park (Mediterranean), the only
marine national park in Spain, was assessed, and the
effectiveness of the conservation measures adopted
was tested. This was done by reconstruction of past
and present growth, quantification of the demo-
graphic status of the established meadows, and
quantification of patch formation and growth rates in
areas where recolonization is occurring. The meadows
extended from 1-43m deep at Santa Maria bay and
from 1-33m at Es Port. Leaf production rate of the
stands examined ranged between 6.5 and 7.8 leaves
shoot™! yr~1, with higher rates in Santa Maria than in
Es Port. Vertical rhizomes elongated at rates ranging
from 5.39-10.12mmyr !, annual vertical growth in
Santa Maria stands being larger than that in the
stands developing at Es Port. Horizontal rhizomes
elongated slowly (from 2.6—6.1 cm yr~!), and branching
was sparse (<0.25 branchesyr laxis™!), with
maximum elongation and branching rates in areas
where patches were actively colonizing. Flowering was
a rare event in all the stands (<<0.015 flowers
shoot !yr~!). Patch formation and patch growth rates
in active colonizing areas were slow, but they
increased after implementation of mooring regu-
lations in the Park. Similarly, the leaf production
tended to increase, and vertical rhizome growth to
decrease, in both bays following the onset of regulation
measures. However, the decrease in vertical growth
detected was greater at Santa Maria, where access is
prohibited to visitors, than at Es Port, where boats are
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allowed to moor, attached to permanent weights.
Shoot mortality rate was generally low (mean 0.10 =
0.02 In units yr!) but exceeded the recruitment rate
(<0.009 and 0.17 In units yr~') in 55% of the meadows
examined, indicative of negative net population
growth rates. Regulation of mooring activities has
improved the status of the P. oceanica meadows at
Cabrera National Park. The demographic analysis,
however, indicated that while P. oceanica meadows at
Santa Maria are in good shape, those at Es Port seem
to be compromised. The observed differences in
meadow status reflect the large differences in circu-
lation inside the bays (water residence time at Santa
Maria = 4 days, water residence time at Es Port = 11
days) and the anthropogenic pressure both bays
support.

Keywords: Posidonia oceanica, growth, flowering, demog-
raphy, colonization, water residence time

INTRODUCTION

Posidonia oceanica is the dominant seagrass species in the
Mediterranean Sea, where it covers about 50000 km?
(Bethoux & Copin-Montegut 1986), developing key ecosys-
tems affecting biological production and biogeochemical
processes in the Mediterranean littoral (see Bethoux &
Copin-Montegut 1986). P. oceanica appears to be experi-
encing a widespread loss in the Mediterranean (Peirano &
Bianchi 1995; Marba er al. 1996), derived from both anthro-
pogenic impacts and large-scale change (Delgado et al. 1997,
Marba & Duarte 1997; Cancemi e al. 2000). These losses
cannot be mitigated in the short term, since colonization of P.
oceanica meadows takes centuries (Duarte 1995), due to the
very slow growth (2 cm yr~!; Marba & Duarte 1998) and very
sparse sexual reproduction (Meinesz & Lefevre 1984; Buia &
Mazzella 1991) of this species.

Efforts to conserve Posidonia oceanica are increasing, as
reflected in the increase in Mediterranean marine protected
areas (MPAs), which presently number 122 (UNEP [United
Nations Environment Programme] 1999). The European
Agenda 21 programme involves the FEuropean Union
member states protecting up to 12.2% of the territory, which
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largely comprise P. oceanica meadows in the Mediterranean
countries. While the effectiveness of MPAs to conserve fish
fauna has been often demonstrated (Garcia-Rubies & Zabala
1990; Francour 1994), their effectiveness to conserve seagrass
meadows remains untested. Whereas MPAs can effectively
exclude proximal sources of stress to seagrass (such as anchor
damage and sewage inputs), the widespread loss of P.
oceanica appears to involve diffuse impacts, such as the tend-
ency towards erosion derived from sea-level rise (see Marba
& Duarte 1997; Duarte 2002).

Posidonia oceanica, as any seagrass, is a rhizomatous plant
with a highly organized growth pattern, which is based on the
reiteration of modules (leaves, rhizome internodes, roots and
inflorescences). This architecture allows quantification of
growth and shoot population dynamics of P. oceanica meadows
during the lifespan of the shoots (up to 30 years) from single
visits using dating techniques (Duarte ez a/. 1994; Marba et al.
1996). Moreover, the length of the vertical rhizome internodes
is sensitive to seasonal forcing and sediment accretion, as their
length varies depending on the time of the year when they
were produced and sedimentation rate (Marba & Duarte
1997). The sensitivity of the plant to seasonal forcing and sedi-
ment accretion allows the identification of events of burial or
erosion, as deviations from the mean length of the internodes,
during the lifespan of the shoots (Marba & Duarte 1997). In
addition, the peduncle of P. oceanica inflorescences remains
attached to the vertical rhizome node where it was produced,
thereby providing a record of past flowering events along the
lifespan of the shoots (Pergent & Pergent-Martini 1990).

Here we assess the distribution and present status of the P.
oceanica meadows in Cabrera National Park (Western
Mediterranean), the only marine national park in Spain. We do
so by retrospectively quantifying the past plant growth dynamics
and the demographic status of the established meadows in two
bays with contrasting levels of protection (Es Port Bay and Santa
Maria Bay), as well as by quantifying the patch formation and
growth rates in areas where recolonization is occurring. This
assessment also helped to evaluate the effectiveness of the
conservation measures adopted since 1993 (i.e. regulation of the
daily number of visitors, restriction of public areas and exclusion
of military activity), and, in particular, to test whether the status
of the stands is compromised at Es Port Bay due toanthropogenic
stresses, such as sewage from visitors, which are absent from the
neighbouring Santa Maria Bay. We then examine, on the basis of
the examination of the circulation and anthropogenic pressure
inside both bays where the largest meadows of P. oceanica occur,
the reasons for the differences in status revealed by the results.

METHODS
Study site

The Cabrera Archipelago comprises 19 islands, from small
islets to the 38.6 km perimeter Cabrera Island, located 9 km
south-east of Mallorca Island (Fig. 1). Cabrera Island has
been inhabited since 1100 BC and was deforested in the early
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Figure 1 Location of Cabrera National Park, and extension of
Posidonia oceanica meadows in Santa Maria Bay and Es Port Bay.
Seafloor covered by sand and rock is also shown. The sampling
sites (stations) are indicated by numbers.



19th century (Frontera et al. 1993.). The Archipelago became
an army station in 1940, with a small group of soldiers
stationed there, and was subsequently declared a national
park in 1991, when conservation policies were implemented
to protect both the land and marine components.

Posidonia oceanica meadows have been reported to extend
from about 1m to about 37m depth in the clear waters of
Cabrera Island (mean light attenuation coefficient 0.063 m™";
Ballesteros & Zabala 1993). The largest meadows occur in the
Santa Maria Bay, followed by that in the bay known as Es Port
de Cabrera. They grow, in both bays, on carbonate-rich sedi-
ment (87-97% carbonates, M. Holmer et a/., unpublished data
2000) with very low iron content (Fe IT <5 wM, M. Holmer ez
al., unpublished data 2000). Es Port is a sheltered Bay tradition-
ally used as a natural harbour (Fig. 1), and presently hosting the
Park’s visitor centre and services. While Santa Maria Bay has
been closed to visitors, except scientists, since 1993, Es Port
receives up to 380 visitors per day in summer, accessing the Park
through a ferry service, and the occupants of up to 50 ships,
about 200 persons in total being allowed to moor in Es Port Bay
on any one day. Mooring of the ships has not represented a
direct mechanical impact to the underlying P. oceanica
meadows since 1993, when a set of 50 fixed mooring points were
deployed to prevent anchoring on P. oceanica meadows and to
limit the number of boats present at anyone time. In addition,
destructive military activities, which sporadically destroyed the
shallow areas of the meadow, were discontinued. Most of the
sewage produced by visitors in moored ships, few of which are
equipped with holding tanks, is discharged raw into the Es Port
waters. Moreover, the Es Port waters also receive the outflow of
the treated sewage produced by the visitors on land (Cabrera
National Park, unpublished data 1999).

The sediment properties at Santa Maria and Es Port Bays
reflect the differences in anthropogenic pressure to which
they are subject. The total sediment reducible-sulphur
concentration and sediment sulphate-reduction rate at Es
Port Bay are 500% and 40% higher than those at Santa Maria
Bay (M. Holmer et al., unpublished data 2000), and sedi-
mentation rates are 50% greater at Es Port Bay than at Santa
Maria Bay (M. Holmer et a/., unpublished data 2000).

Assessment of seagrass

The Posidonia oceanica meadows growing in Santa Maria and
Es Port Bays were mapped in December 2000, using acoustic
records obtained through a ship-mounted Biosonics DE-
4000 echosounder with a 200kHz transducer. The
first/second bottom echo ratio technique was applied to
identify the different bottom typologies, relying on esti-
mating the hardness signature by taking the integral of the
squared echo envelope of the second bottom echo (£2) and
the roughness signature derived from the integral of the
second part of the first bottom echo (£7) (Orlowski 1984;
Chivers et al. 1990). The resulting data were filtered, aver-
aged (1 output equals 20 pings average) and clustered in three
groups (Posidonia meadows, sandy and rocky bottoms)
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Figure 2 Relationships between (¢) mean shoot density (shoots
m~2), and () mean apex density (apices m~2), and water depth in
the Posidonia oceanica meadows studied. Bars represent the standard
error of the mean. See the Results for the fitted regression equations.

through calibrations performed on known bottom types in
the same area.

During autumn and winter 2000, the status of P. oceanica
populations was examined at four stations along a depth
gradient (7-26.5m depth) in Santa Maria Bay, and eight
stations in Es Port (Fig. 2). The eight Es Port stations were:
five stations along a depth gradient (5—25m), one adjacent to
a mooring weight (17 mdepth), one adjacent to the beach
(4 m depth), and one in an area with active patch dynamics
near the pier (2m depth). At each station two 20 m transects
were laid and apex and shoot density measured every second
and fourth metre, respectively, using 0.25m? quadrats. In
addition, 100 to 200 P. oceanica shoots were carefully
harvested at each station in order to maintain their connection
to the horizontal rhizomes. The plant material was trans-
ported to the laboratory, where the number and length of
horizontal rhizome internodes in between two consecutive
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shoots were measured, the total number of horizontal rhizome
internodes and branches were counted, the age of all shoots
harvested was estimated, the flowering events imprinted on
vertical rhizomes were recorded, and the sequences of vertical
internode length for the 3-5 oldest shoots in each sample
were measured under a dissecting microscope. These
measurements provided estimates of the number of leaves
annually produced by a shoot, vertical and horizontal rhizome
elongation rates, horizontal rhizome branching rate, flowering
frequency and the age structure of the shoot population.

The average number of leaves annually produced per shoot
in each population was estimated from the seasonal variability
in vertical internodal length. Identification of annual cycles in
the length of vertical internodes, requires short-term and
interannual variability to be filtered out to emphasize the
seasonal signal (Duarte er al. 1994; Short & Duarte 2001).
Therefore, we applied a high- and low- frequency filter to each
raw data series (i.e. running averages of 30% and 150% of the
expected number of internodes contained in a cycle). We then
subtracted the low-frequency filtered series (i.e. the interan-
nual component of vertical internodal length variability) from
the high-frequency filtered series, to extract the seasonal trend
of vertical internode length. Because of the 1:1 relationship
between leaf and vertical internode formation, the number of
vertical internodes between two consecutive minima equalled
the number of leaves produced that year by a short shoot
(Duarte et al. 1994). Knowledge of the mean number of leaves
produced annually per shoot in each meadow during the shoot
lifespan allowed calculation of the annual mean leaf plas-
tochron interval (PI, the time elapsed between the formation
of two consecutive leaves; Erickson & Michelini 1957), and the
translation of time in plastochron intervals units to chronolog-
ical time (i.e. days or years). The elongation rate of vertical
rhizomes for different years was assessed as the vertical
rhizome length between the two consecutive shortest intern-
odes identified on the sequences of vertical internode length.

The rate of formation of horizontal rhizome internodes was
estimated by regressing the number of horizontal internodes
between pairs of shoots connected by a horizontal rhizome
piece against their age difference (Duarte ez a/. 1994). The slope
of the fitted regression equation represented the mean number
of horizontal rhizome internodes produced per leaf PI. The
product of this slope by the mean length of a horizontal rhizome
internode and the mean number of leaves produced annually
per shoot provided an estimate of the mean annual horizontal
rhizome elongation rate (Duarte ez al. 1994). Because the
annual leaf formation rate was not estimated for Station 6, the
mean leaf formation rate estimated for the other sites at Es Port,
which were relatively homogeneous, was used to calculate
annual horizontal rhizome extension at Station 6 (Fig. 1).

The horizontal branching rate (HBR, in branches
internode™!) was calculated as,

Number of branches in the sample
HBR = < )

Number of horizontal internodes in the sample

)

We multiplied the horizontal branching rate in branches
internode~! by the number of horizontal internodes produced
by an axis per year to calculate the annual horizontal
branching rate (branches yr~! axis™!).

Flowering intensity (F/, in inflorescences shoot™! leaf
PI™') was estimated as,

FI=
( Total number of inflorescence peduncles in the sample) )

Total number of leaves produced by the sample

We multiplied the flowering intensity (as inflorescences leaf
PI™') by the inverse of leaf PI (in years) to calculate flowering
intensity as inflorescences shoot™! yr~!. Moreover, the flow-
ering intensity of P. oceanica for particular years was
estimated as the per cent of flowering events observed in one
year relative to the total amount of living shoots in the sample
that year.

The population dynamics of the meadow were character-
ized by the age distribution of living shoots, and shoot
recruitment, shoot mortality and net population growth
rates. Shoot age (Age in days) was estimated as,

shoot®

Age . = (NStL + NLS¢) leaf PI 3)

shoot
where NStL was the number of standing leaves of the shoot
and NLSc¢ the number of leaf scars on the vertical rhizome
supporting the shoot. Shoot mortality rate (M, yr~!) was
derived from the exponential decline in the number of living
shoots (V) with time (z, in PIs) as,

N, = N, e (4)

where N, is the number of shoots with age equal to the mode,
and N, is the number of shoots older than the modal age at
time 7. M was estimated using a semi-logarithmic linear
regression model, where constant mortality over shoot age
classes and years was assumed. The annual gross shoot
recruitment rate (R yr~') was calculated following
Peterson and Fourqurean (2001) as,
k
Z oln nj + Mt))
j=1

Rgro:: N ( 5 )

where # is the number of living shoots in the jth age class, 7 is
the age of the jth age class, & is the oldest age class <lyr old,
M is the per caput mortality rate, and N is the total number
of living shoots in all age classes. The ratio between recruit-
ment and mortality rates (R/M) was used to indicate whether
populations were expanding (i.e. R/M > 1), declining (i.e.
R/M < 1) or in steady state (i.e. R/M = 1; Duarte & Sand-
Jensen 1990; Duarte et al. 1994).

In addition, patch dynamics were investigated at the
shallowest Es Port site, where a patchy Posidonia oceanica
extended over an area of about 0.8 ha. The size (as area)



of all Posidonia oceanica patches within this area was esti-
mated from measurements of the two major orthogonal
axes of the patches done in situ by scuba divers by
approximation to an ellipsoid. Then, the radius of the
equivalent circular area for each patch was calculated and
used to represent the characteristic linear dimension of
the patch. Patch age was estimated by dividing patch
radius by annual rhizome elongation rate at that site.
Patch age estimates, therefore, assumed constant rhizome
growth rate and no patch area losses during patch life and
represent, therefore, minimum estimates of the true patch
age. The net increase in the vegetation cover since the
oldest patch present was formed was calculated as the
percentage of the available area covered by the patches for
each year. Net temporal changes in density of patches
were assessed as the cumulative increase in the number of
patches with decreasing patch age (i.e. with increasing
chronological time). These estimates represent the net
rate of colonization in the area, which is expected to be
lower than the gross rate of colonization, since patch
mortality must have occurred during the colonization
process.

Statistical analysis

Analysis of variance (ANOVA) was used to statistically test
for differences between the P. oceanica populations
studied. The effectiveness of P. oceanica protection in the
Cabrera Archipelago was evaluated by using t-tests to
compare leaf production, flowering intensity and vertical
elongation rate, proxies of growth conditions and sedimen-
tation rate (Marba & Duarte 1997), before and after
implementation of conservation policies. The degree of
correlation between variables was quantified with Pearson
correlation coefficients.

Water residence time in Santa Maria and Es Port bays was
estimated with a numerical model using finite element
solution of the three-dimensional shallow water equations
with conventional hydrostatic and Boussinesq approxima-
tions and eddy viscosity closure in the vertical, as described
in Lynch and Werner (1987).
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RESULTS
Seagrass status

The Posidonia oceanica meadows extended between 1 m and
43 m deep at Santa Maria Bay and between 1 m and 33 m at
Es Port (Table 1). The calculated water residence times
under the most common wind conditions (i.e. # = —1ms™,
v = 5ms~!, module 5ms™!, and direction 348°) were about
11 days for Es Port and 4 days for the larger basin of Santa
Maria. P. oceanica covered 41.7% of the bottom of Santa
Maria Bay and 35.5 % of the bottom of Es Port Bay (Table 1;
Fig. 1). Shoot density varied >20-fold among the sites
(Table 2), and it declined significantly with increasing depth
as described by the regression equation,

Shoot density (shoots m™?) =
674 — 24.4 (=6.9) water depth (m)
(? =053, 2=11,p<0.01)

following a similar pattern in both bays (Fig. 24). The density
of rhizome apices also varied about ten-fold (Table 2; Fig.
2b), and declined with depth in addition, as described by the
fitted regression equation,

Apex density (apices m~2) =
19.5-0.67 (+0.16) water depth (m)
(2 = 0.61,n = 11, p < 0.005)

The density of rhizome apices was strongly correlated with
that of shoots (r = 0.91, p < 0.01), with the apices repre-
senting, on average, 3.4 * 0.4% of the shoots.

The average leaf production rate was relatively uniform
among stands (Table 2). Vertical growth varied among
stands, ranging from 5.4 mm year~' to 10.1 mm year~! (Table
2). Annual vertical growth in Santa Maria stands tended to be
larger than that in the stands developing at Es Port. The
vertical rhizome growth significantly (r = —0.74, p < 0.05)
declined with increasing depth, except for the shallowest
stand at Es Port (Table 2). The horizontal rhizome growth
was slow, ranging from 2.6—6.1 cmyr~!, and it was signifi-
cantly faster (t-test, p < 0.05) at the area where patches were

Table 1 Extent of sea floor and percentage of Posidonia oceanica cover (mean * SE) at different depth intervals in Santa Maria and Es Port
Bays at Cabrera Island. Surface planar, P. oceanica maximum depth limit and % cover for both bays are also provided.

Water depth (m) Surface (m?) % Posidonia oceanica % Sand % Rock
Santa Maria Es Port Santa Maria Es Port Santa Maria Es Port Santa Maria Es Port

0-10 165 418 178 400 89.1 = 3.9 47 +3 10.5 + 3.8 479 =3 04+0.8 44+12
10-20 133 589 179 467 86.2+2.3 369+ 1.9 122 +22 63.0£1.9 1.5+08 0.1 0.1

20-30 177 270 135903 624+ 2.1 409 £2.3 36.3+2.1 50.1 = 2.3 1.3+£0.5 0

30-40 190 294 86 568 13+1.3 9.6 +1.6 86.1 = 1.3 904+ 1.6 09 +0.3 0

40-50 163 589 22 157 6.9 +0.9 93.1 09 100 0 0

50-60 117 866 100 0

>60 31515 100 0

Total 979 541 602 495 41.8 35.5 57.5 60.9 0.7 1.3




514 N. Marba et al.

Table 2 Average values of shoot and apex density, plant growth and flowering frequency in Posidonia oceanica stands at Cabrera Island
(Mallorca, Spain). Standard error of the mean is shown within brackets. nd = no data.

Bay Station Water Shoot Apex Leaf Vertical Rhizome Horizontal  Flowering
depth (m) density density production elongation elongation branching [frequency
(shoots m™?) (apices m™?)  (number of  rate rate rate (flowers
leaves shoot = (mm yr~')  (emyr™') (horizontal  shoot ' yr~!)
) branches yr~!)
Santa Maria 1 7 478.14 (154.31) 12.38(2.50)  7.36(0.20) 9.43(0.46)  3.84(0.57) 0.025 0.0118
2 13.1 287.63(51.17)  13.71(3.29)  7.86(0.27) 10.13 (0.42)  3.37(0.61) 0.030 0.0009
3 18 287.00 (46.29) 5.82(1.54) 7.64 (0.13) 5.73(0.23)  4.92(0.27) 0.052 0.0026
4 26.5 187.20 (20.15) 3.37(0.96)  7.34(0.18) 5.40(0.19)  4.19(0.61) 0.038 0.0020
Es Port 5 2 1019.20 (60.43)  26.85(4.96)  7.02(0.33) 6.25(0.49)  3.71(0.58) 0.028 0.0007
6 4 nd nd nd nd 6.11 (0.19) 0.212 nd
7 5 307.33(86.29) 10.57(4.92)  7.11(0.33) 9.35(0.53)  2.98(0.50) 0.045 0.0021
8 10 341.71 (31.09) 8.53(1.70)  6.64(0.33) 8.67 (0.71)  3.13(0.59) 0.069 0.0145
9 15 220.00 (14.91) 8.91(1.32)  6.50(0.41) 6.54 (0.30)  2.60 (0.49) 0.045 0.0010
10 17 162.00 (14.90) 9.90 (2.89)  6.93(0.50) 7.71(0.48)  3.89(0.77) 0.045 0.0008
11 20 157.71 (13.23) 4.73(1.33)  7.20(0.25) 7.73(0.30)  4.04(0.71) 0.062 0.0007
12 25 85.00 (14.69) 4.00(1.13)  6.76 (0.35) 7.35(0.69)  4.61(0.71) 0.030 0.0010

actively colonizing (station 6, Table 2). Branching of the
horizontal rhizomes was sparse (<0.25 branches yr~' axis™;
Table 2), and it was highest at the area with active patch
dynamics (Table 2). Flowering was also a rare event in all the
stands (<0.015 flowers shoot ! yr~!; Table 2), and the events
were too few to make a comparison among the populations.

Leaf production and vertical rhizome growth showed
important interannual variation (Fig. 3). The interannual
variability in leaf production rate and vertical growth were
positively correlated with each other (r = 0.43, p < 0.0001).
The interannual patterns in leaf production and vertical
growth showed some similarity across stands. Flowering
events, assessed for all stands pooled together showed
considerable interannual differences, with peaks of flowering
in the late-1970s, mid-1980s and early-1990s (Fig. 4).

Shoots 2.5-11 years old dominated the meadows,
although a few shoots exceeded 25 years of age in most stands
(Fig. 5). The rate of shoot recruitment during the year 2000
varied between <0.009 and 0.17 In units yr~! (Table 3) and
tended to decline with increasing depth (r = —0.60, p <
0.05; Table 3). The mortality rate was low (mean 0.10 = 0.02
In units yr~'; Table 3), but generally exceeded the recruit-
ment rate (Table 3), indicative of negative net population
growth rates. Negative net population growth rates were
detected in 55% of the sites examined (Table 3).

The patches developing near the pier of Es Port showed a
log-normal size distribution, with a median and modal size of
0.091 m? and 0.062 m? respectively, and 90% of the patches
were smaller than 2 m?. Assuming that patch expansion rate
has been constant since patch establishment, and that patch
expansion rate equalled rhizome elongation rate in the popu-
lation (Table 2), patch size structure indicates that 66% of
the patches were already present before the implementation
of conservation measures in the Park (Fig. 6). The oldest
existing patch originated at the end of 19th century, and since
then until 1980 no new patches, surviving to the present,

settled in the area (Fig. 6). The results indicated an exponen-
tial increase in the area occupied by P. oceanica during the
last century described by the fitted equation (Fig. 6),

Area colonized (%) = 107396 0.008) 5 Time (years) 206 (- 0.004)
2 =099 n = 109

Changes since protection

By pooling all estimates from each of the two sites, the annual
leaf production rates in Es Port and Santa Maria stands
tended to increase, albeit not significantly (t-test, p > 0.05),
by <4% following regulation of mooring in 1993 in Es Port,
when compared with the average leaves annually produced
before 1993 (Fig. 7). The vertical growth rate tended to
decrease by 8% in Es Port stands, and declined significantly
(t-test, p < 0.05; Fig. 7) by 20% in Santa Maria stands after
regulation of mooring in the bays. Moreover, flowering has
been rare since 1993, being detected in the data only once
over this period. The number of patches in the area where
recolonization was occurring increased exponentially after

1993 (Fig. 6).

DISCUSSION

The Posidonia oceanica meadow was much more developed
and reached deeper in Santa Maria Bay than in Es Port. The
depth limit at Santa Maria Bay (43 m) is the deepest yet
reported for this species, indicative of the exceptional trans-
parency of the waters in this bay. The growth of P. oceanica
in the stands studied showed substantial interannual vari-
ability in both Santa Maria Bay and Es Port, which was not in
phase among stations, pointing to local, rather than climatic
factors, as the main drivers of the variability observed.
Previous research in P. oceanica meadows along the Spanish
mainland has also demonstrated considerable interannual
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yr~1) and vertical rhizome growth rate (mm shoot ! yr~1) in the
Posidonia oceanica meadows studied for the last three decades.

growth variability, which was only partially linked to climatic
variability (Marba & Duarte 1997). Flowering of P. oceanica
was rather sparse (<3% of shoots year™!), consistent with
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Figure 4 Flowering intensity (inflorescences shoot ™! yr™!) in
Posidonia oceanica at Cabrera Island for the last three decades.

previous reports for this species (cf. Pergent & Pergent-
Martini 1990), and occurred in events separated by about
7-10 years.

The leaf production of P. oceanica shoots tended to
increase in both bays following the onset of regulation
measures, with this increase being modest (<5%) and not
statistically significantly. In contrast, the vertical growth of
the rhizomes tended to decrease following regulation, with
this decrease being greater, and statistically significant, at
Santa Maria Bay, where access to visitors is restricted, than at
Es Port, where boats are allowed to moor to permanent
weights. The reduction in P. oceanica vertical growth rate is
generally associated with reduced sediment disturbance
(Marba & Duarte 1997; Manzanera et al. 1998), suggesting
that regulation measures have been more effective in
preventing sediment disturbance at Santa Maria Bay than at
Es Port.

Further evidence of the effectiveness of regulation in
improving the status of the P. oceanica meadows at Cabrera
National Park was the accelerated horizontal growth rate and
patch formation rate near the pier at Es Port, where P.
oceanica was subject to considerable disturbance prior to
regulation. Despite the evidence of recovery, the slow hori-
zontal elongation and parsimonious patch formation rates
indicate that full recovery of the meadow near the pier will
require more than six centuries, consistent with modelling
predictions of slow space recolonization by P. oceanica
(Duarte 1995).

The age structure of the P. oceanica meadows revealed
important differences in population dynamics among the
stands examined, with the median age ranging between 2.5
and 11 years. Indeed, this variability reflected the population
dynamics of the species, which showed an important differ-
ence between the meadows at Santa Maria Bay and Es Port.
While the shallower stands (<18 m depth) at Santa Maria
Bay were in expansion (i.e. shoot recruitment > mortality),
deeper stations tended to be in moderate decline (Table 3). In
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Figure 5 Cumulative age structure of Posidonia oceanica living
shoots in the meadows studied at («, ) Es Port and (¢) Santa Maria
Bay in Cabrera National Park.

contrast, 60% of the stands studied below 18 m depth at Es
Port were in decline (Table 3), which was particularly abrupt
(net population decline = 0.27yr™') at the shallow station
located near the submarine outlet of the treatment plant
processing the sewage produced by visitors to the Park. Our
results predict that the shoot density at this shallow station
will be reduced to half its present level in only three years,
consistent with the observation of a substantial area of dead
P. oceanica matte (i.e. rhizome network) in the periphery of
the meadow. Indeed, the P. oceanica stands at Es Port seem
to be compromised, and were tending to show a very low

shoot recruitment rate, suggesting damage to the sensitive
meristems responsible for the clonal growth of the species
(Hemminga & Duarte 2000).

The sediments under the P. oceanica meadows at Es Port
have been shown to be enriched in organic matter compared
to those at Santa Maria (M. Holmer ef a/., unpublished data
2000), and this organic enrichment has been associated with
a reduced oxygen penetration and an increase in the produc-
tion of sulphides, which are potentially toxic to the plants
(Terrados et al. 1999; M. Holmer et al., unpublished data
2000). These results suggest that the anthropogenic organic
loading at Es Port is excessive at present. These inputs
should derive from sewage produced by the visitors on land
(summer average 380 visitors day~!), and in particular from
the visitors staying on the 50 ships moored daily in the bay
(about 200 persons day™'); these ships release their raw
sewage directly to the bay waters. In addition to the anthro-
pogenic loading to Es Port Bay, the results from the
modelling of water circulation in the bays indicates that the
retention rate of materials in Es Port is much higher than that
at Santa Maria Bay. The estimated water residence time at Es
Port of 11 days in summer compared to 4 days in Santa Maria
Bay is sufficient to allow the deposition of all of the particle
load onto the sediments, assuming an average depth at Es
Port of 15m and an average sedimentation velocity of 10 m
day™! (Mann & Lazier 1991). The increased particle reten-
tion associated with the comparatively long water residence
time at Es Port compared to Santa Maria, together with the
much higher organic loading at Es Port, point to organic
enrichment, and the associated oxygen demand and accumu-
lation of phytotoxins in the sediments (M. Holmer ez al.,
unpublished data 2000), as the reason for the fragile status of
the P. oceanica meadow at Es Port.

In conclusion, the results presented provide evidence of
an improved status of P. oceanica meadows in response to the
implementation of conservation strategies at Cabrera
National Park. Whereas the stands protected by quasi-total
restriction of visitors show excellent health, those in the area
where visitors concentrate could be described as delicate,
showing a tendency to decline. This conclusion is particu-
larly of concern given the very slow recolonization rate of P.
oceanica. The results suggest that the sustainability of public
use and the achievement of the conservation of the ecosys-
tems sought by the National Park requires the
implementation of alternative strategies directed at either
reducing the number of visitors, redistributing the pressure
over the islands, or implementing technologies to reduce the
organic load to the littoral waters. Hence, the conservation of
seagrass meadows through protection measures can only be
effective if accompanied by efforts to reduce organic and
nutrient inputs to the waters.
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Table 3 Mean values of shoot demography in Posidonia oceanica stands at Cabrera Island (Mallorca, Spain). Standard error of mean values
is shown within brackets.

Bay Station Water depth  Median Maximum Shoot Shoot Net Meadow
(m) shoot age shoot age recruitment — mortality recruitment  status
(yr) (yr) rate rate rate
(r") Or") or")
Santa Maria 1 7 2.58 34.38 0.167 0.065 (0.014) 0.10 Expansion
2 13.1 7.83 34.11 0.119 0.043 (0.011) 0.08 Expansion
3 18 5.24 25.41 0.020 0.111(0.015)  —0.09 Decline
4 26.5 6.71 16.00 0.016 0.153 (0.060)  —0.14 Decline
Es Port 5 2 9.63 20.33 0.057 0.331(0.034) —0.27 Decline
7 5 3.09 25.30 0.155 0.122 (0.022) 0 Steady state
8 10 6.25 43.66 0.031 0.047 (0.016) 0 Steady state
9 15 4.77 34.15 0.021 0.099 (0.016)  —0.08 Decline
10 17 9.74 31.73 <0.010 0.054 (0.015) <—0.04 Decline
11 20 11.18 38.60 0.039 0.034 (0.011) 0 Steady state
12 25 6.51 33.57 <0.009 0.107 (0.018) <—0.10 Decline
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Figure 6 Recovery of a Posidonia oceanica meadow within a
0.08 ha area of Es Port (Cabrera National Park) where active Figure 7 Mean (a) annual leaf production (number of leaves
seagrass colonization is occurring. (¢) Estimated temporal changes shoot ™! yr~1) and (b) rhizome vertical growth rate (mm shoot !
in the number of Posidonia oceanica patches since 1970 (and yr~ 1) before and after the 1993 implementation of conservation
sincel880 in the small panel); the arrow indicates the year when policies in Santa Maria Bay and Es Port at Cabrera National Park.
mooring in the Park was regulated. () Time course, as percentage Bars represent the standard error of the mean. Significant

occupation of the area covered by Posidonia oceanica in 2000. differences (t test, p < 0.05) are indicated (*).
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