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The monthly variation in biomass allocated to various anatomical fractions of Cymodocea nodo-
sa and the key environmental variables affecting it were studied in order that insight into this
seagrass growth dynamics be provided. Samplings were conducted throughout 2007 at the Gulf
of Thessaloniki, Greece. Plant biomass (annual mean: 248 ¢ DW m~2) was dominated by rhi-
zomes and roots (rhizome plus root/leaf biomass: 1.2-9.0). Leaf biomass (mean: 60 g DW m™2)
displayed a unimodal annual pattern. Biomass of main axis leaves (mean: 51 g DW m~) peaked
in July, while that of leaves on the additional branches (cumulative mean: 8.9 g DW m~2) in Au-
gust. Blades prevailed on sheaths during summer and autumn. Leaf biomass was significantly
correlated (positive correlation) with water temperature, indicating that temperature is a major
factor controlling leaf development. Rhizome biomass (mean: 123 ¢ DW m™2) accounted for
>50% of the total plant biomass during most of the year. Main axis biomass (mean: 96.0 g DW
m~2) increased sharply in October, indicating intense elongation. Biomass of various additional
branches (cumulative mean: 11.2 ¢ DW m2) peaked in October-December, suggesting intense
branching. Biomass of a category of additional horizontal rhizomes bearing roots was signifi-
cantly correlated (negative correlation) with water column phosphate concentrations (ranging
from 0 to 3.8 uM), revealing that C. nodosa allocates more biomass to the development of these
rhizomes possibly to increase phosphate aquisition from sediments during periods of low water
column phosphate concentrations. Biomass of vertical rhizomes with short internodes (mean:
9.7 ¢ DW m™) peaked in August, as leaf biomass did, while dead vertical shoots (mean: 5.6 g
DW m~?) reached their peak in October-November as a possible result of increased leaf decay.
Biomass of dead vertical shoots on a category of additional horizontal rhizomes was significant-
ly correlated (negative correlation) with phosphate concentrations, indicating increased decay
rates of these branch leaves during period of low phosphate concentrations. Root biomass
(mean: 65 g DW m2) peaked in August and October (max value: 123 g DW m2), while rhizome
/root biomass ratio varied from 1.3 to 6.1, showing the lowest values in summer. Roots on the
main axis prevailed over those of other rhizomes all year round (mean biomass: 44 and 21 g DW
m~2, respectively). Our findings improve the understanding of C. nodosa meadows growth dyna-
mics and might contribute to their effective protection.

Key words: Seagrass, growth dynamics, biomass allocation, plant compartments, abiotic factors,
temperature, nutrients.

INTRODUCTION

Seagrasses occur widely in coastal zones throughout
the world, playing a multifunctional key role. These
plants contribute to the productivity of the coastal zo-
ne and provide habitats and resources to rich inverte-
brate and fish assemblages (Guidetti ez al., 2002). On
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the other hand, seagrass decline is now a common
phenomenon world-wide, and in many cases, may be
attributed to anthropogenic factors (Short & Wyllie-
Echeverria, 1996; Hemminga & Duarte, 2000).

In the Mediterranean Sea, five seagrass species
occur, among which Posidonia oceanica (L.) Delile
and Cymodocea nodosa (Ucria) Ascherson are the
most important and widespread ones. Cymodocea no-
dosa extends to the Atlantic, northward of Portugal
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and southward of Senegal and it is also common in
the Canary islands (Den Hartog, 1970). It is distrib-
uted from the intertidal to depths of 33-35 m (Ver-
maat et al., 1993; Reyes et al., 1995; Canals & Balles-
teros, 1997) and can be found from coarse sand to
muddy substrates (Peduzzi & Vukonic, 1990; Pavon-
Salas et al., 2000). This seagrass species can colonize
different environmental types, such as open coastal wa-
ters, estuaries and coastal lagoons and forms mono-
specific and mixed stands (Terrados & Ros, 1992;
Cancemi et al., 2002). It is considered as a species
with great phenotypic plasticity and a high capacity to
adapt to environmental variability and thereby to col-
onize new substrates. This capacity may explain the
fact that C. nodosa replaces P. oceanica in areas whe-
re environmental conditions are unfavourable for the
latter seagrass species (Pergent-Martini, 1994; Cance-
mi et al., 2002). In addition, the fact that C. nodosa re-
sponds faster than P. oceanica to environmental chan-
ges (Olesen et al., 2002) suggests that according to the
terminology of the European Water Framework Di-
rective (EC, 2000) it is an ‘ideal’ response indicator or
a quality element for Mediterranean coastal habitats
(Orfanidis et al., 2010). Cymodocea nodosa has been
used as an indicator of metal accumulation (Malea &
Haritonidis, 1999), while recently Orfanidis et al. (2007,
2010) suggested that a quantitative expression of C.
nodosa leaf length asymmetry (CymoSkew index)
could be regarded as an early warning indicator of a
Cymodocea habitat degradation.

Realization of the important role of the seagrasses
in coastal ecosystems had drawn considerable atten-
tion to the study of their growth dynamics and annu-
al productivity (Duarte et al., 1994). As regards C. no-
dosa, studies on the growth and primary production
have been conducted in various areas, mostly of the
Medirerranean coast, both in marine (Peduzzi & Vu-
konic, 1990; Cancemi et al., 2002; Terrados et al., 2006)
and lagoonal environments (Terrados & Ros, 1992;
Sfriso & Ghetti, 1998; Agostini et al., 2003; Cunha &
Duarte, 2007). However, studies on seagrass biomass
have paid little attention to the belowground com-
partment, especially to the root compartment (Duar-
te et al., 1998) and ignored partitioning of partial frac-
tions of the basic plant compartments. The study of
temporal changes in biomass allocated to several dif-
ferent plant fractions and of the key environmental
variables (e.g. temperature fluctuations, nutrient lim-
itation and excess) affecting these changes could pro-
vide a better understanding of seagrass meadow dy-
namics and, therefore, could contribute to the effec-

tive protection and the development of reliable tools
on the future status of these coastal ecosystems.

The main goal of this study is to provide new in-
sights into C. nodosa growth dynamics. A description,
all year long of the monthly variation in C. nodosa
biomass at the Gulf of Thessaloniki (Northern Ae-
gean Sea), emphasizing in biomass partitioning of va-
rious anatomical plant fractions, such as the various
rhizome types (e.g. main horizontal rhizome, lateral
horizontal rhizomes, vertical rhizomes with short in-
ternodes, vertical rhizomes with long internodes), the
leaves produced and the adventitious roots stemming
from them, is presented. The key environmental vari-
ables (e.g. temperature, nutrient concentration) af-
fecting the monthly variation in the biomass of the
various plant fractions are also investigated.

MATERIALS AND METHODS

Study area

The Gulf of Thermaikos is a water mass located in
northwestern Aegean Sea at approximately 40°30'N
and 23°55'E. The area, volume, maximum and mini-
mum depths of the investigated area are 518 km?,
11.33 km?, 36 and 21.8 m, respectively. To the north,
the Gulf becomes narrow and continues into the Gulf
of Thessaloniki (Fig. 1), on the northern coast of
which the city of Thessaloniki is located and which re-
ceives industrial, partially treated domestic and agri-
cultural effluents (Nikolaidis et al., 2006; Christopho-
ridis et al., 2009). In the Gulf of Thessaloniki, mead-
ows of Posidonia oceanica (at depths of 12 m), Cy-
modocea nodosa (at depths of 0.5-2 m) and Zostera
noltii (at depths of 0.5 m) have been recorded (Hari-
tonidis et al., 1990; Haritonidis, 1996; Lazaridou et al.,
1997; Orfanidis et al., 2010). The growth of C. nodosa
was studied at the eastern coast of the Gulf of Thes-
saloniki, at the sampling site V, in Viamyl area (x =
0413709, y = 4488799, EGSA 87 or 40°33'N, 22°58'E)
(Fig. 1). This coastal area receives local effluents of a
small wastewater treatment plant, direct urban dis-
charges and freshwater inputs from a stream (Athe-
muntas stream) and has been considered as a polluted
one (Haritonidis et al., 1990; Malea & Haritonidis,
1999; Orfanidis et al., 2010). At Viamyl area, C. no-
dosa grows from 0.4 m to often ~2 m depth, forming
a continuous monospecific meadow, in which some
benthic macroalgae (e.g. Ulva spp., Gracilaria verru-
cosa, Hypnea musciformis, Codium fragile, Cystoseira
barbata) or epiphytic macroalgae on the leaves of C.
nodosa (e.g. Ceramium diaphanum, C. strictum, Cla-
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FIG. 1. (A) Geographical location of the study site. (B) Map of Thessaloniki Gulf indicating the sampling site (V).

dorhora pellucida, Polisiphonia deusta) were present
(unpublished data). At a depth of 0.7-1 m, the sedi-
ment is fine sand, while the sediment’s organic mat-
ter content varied between 0.35 and 1.51% from Fe-
bruary to December 2007 (unpublished data). This C.
nodosa meadow has been regarded by Orfanidis ef al.
(2010) as highly degraded.

Sampling and laboratory treatment

Monthly samples of C. nodosa were collected from
February to December 2007 at 0.7-1 m depth at the
sampling site V. Each time, three random replicate
units were taken with a 20 cm diameter acrylic plastic
corer penetrated to a depth of 30 cm. Seagrasses were
kept in a ethylenglycol/seawater solution (40/60 v/v).
Water temperature and salinity were measured at the
site and water samples for the estimation of nutrient
concentrations were taken.

Macroalgal epiphytes and dead plant parts were
discarded in the laboratory. Plant material was sub-
sequently partitioned into rhizomes, leaves and roots.
Based on a description of the growth form of C. no-
dosa given by Terrados et al. (1997), rhizome material
was further partitioned into the following fraction
categories: (a) main horizontal rhizome or main axis,
(b) lateral horizontal rhizome (termed as branch A),
(c) vertical rhizome with long internodes (branch B),
(d) horizontal rhizome developed from branch B
(branch C), (e) vertical rhizome with short internodes
on main axis (rthizome V), on branch A (thizome VA),
on branch B (rhizome VB) and on branch C (rhizo-
me VC), and (f) dead vertical shoot on main axis (shoot
D), on branch A (shoot DA), on branch B (shoot
DB) and on branch C (shoot DC). Leaf material was
partitioned into leaves (a) on main axis, (b) on branch
A (c) on branch B and (d) on branch C and root ma-
terial into adventitious roots stemming (a) from the
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FIG. 2. A schematic depiction of the growth form of Cymodocea nodosa (from Terrados et al., 1997 modified). Main
axis: main horizontal rhizome; branch A: lateral horizontal rhizome; branch B: vertical rhizome with long internodes,
branch C: horizontal rhizome developed from branch B; V, VA, VB and VC: vertical rhizomes with short internodes
on main axis, on branch B and on branch C respectively; D, DB and DC: dead vertical shoots on main axis, on branch

B and on branch C, respectively.

main axis and (b) from the rhizomes as a total (Fig.
2). Each plant fraction was dried separately for at
least 3 days at 60°C to steady weight and weighed to
the nearest 0.1 mg.

Nutrients (nitrates, ammonium and phosphates)
were measured using the method by Strickland &
Parson (1968), by means of M501 Single Beam Scan-
ning UV/Visible Spectrophotometry (Camspec).

Data analysis

The significance of the differences in biomass values
between different plant fractions was assessed by the
Wilcoxon test. The significance of the differences in
biomass values of a given plant fraction between two
months was tested with the Mann-Whitney U test.
Spearman’s rank correlation coefficient (r) was ap-
plied to identify correlations between biomass of
plant fractions and abiotic variables. Non-parametric
statistical tests were performed, since the sample size
was usually small, leading to statistics based on ranks
than on raw values (Zar, 1984).

RESULTS

Total plant biomass

Total biomass of C. nodosa in the study site showed
an annual mean value of 247.5 ¢ DW m~2 (Table 1).
The coefficient of monthly variation (CV) in the total
plant biomass had a value of 44.5%. This variation
was mainly characterized by (a) a significant increase
(p <0.05) from late spring (mean: 139.8 g Dm™) to
late summer (mean: 416.6 g DW m™2), (b) a signifi-
cant decline (p <0.05) in early autumn (mean: 158.8
g DW m2) followed by a significant increase (p < 0.05)
in mid autumn (mean: 410.9 g DW m™) and (c) a sig-
nificant decline (p <0.05) from mid autumn to early
winter (mean: 283.7 ¢ DW m~2) (Fig. 3). Plant bio-
mass was dominated by rhizome and root biomass,
which exceeded that of leaves (Fig. 4). The rhizome
plus root biomass:leaf biomass ratio varied between
1.23 and 9.00, being the lowest in July and the highest
in December.
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TABLE 1. Mean (* SE) and range of the plant biomass (g DW m~2) and the biomass of various anatomical fractions of C.

nodosa at the Gulf of Thessaloniki

Mean = SE Range
Total Plant Biomass 247.503 = 33.217 139.763-416.626
Total Leaf Biomass 60.053 = 13.467 22.318-151.051
Main axis Total 51.067 = 11.960 18.296-134.643
Blade 31.962 +£9.943 2.597-102.879
Sheath 19.105 =2.401 10.719-33.461
Branches A Total 2.972 +1.799 0-20.223
Blade 2.798 £1.799 0-20.223
Sheath 0.960 £0.417 0-4.414
Branches B Total 3.153 £1.157 0-11.054
Blade 1.782 +0.745 0-7613
Sheath 1.370 = 0.474 0-3.954
Branches C Total 2.886 = 1.001 0-8.543
Blade 1.732 +£0.622 0-5.630
Sheath 1.154 +0.408 0-3.761
Total Rhizome Biomass 122.536 +£15.632 72.257-224.474
Main axis 96.013 +10.476 55.506-160.328
Branches A 1.299 +0.394 0-3.957
Branches B 7.350 +£2.834 0.220-29.083
Branches C 2.545 +0.965 0-10.332
Rhizomes V 8.076 £0.911 3.148-14.076
Rhizomes VA 0.444+0.118 0-1.110
Rhizomes VB 0.524 +£0.200 0-2.054
Rhizomes VC 0.697 +£0.304 0-2.823
Shoots D 5.278 £0.694 2.184-9.514
Shoots DA 0.009 +0.006 0-57.3
Shoots DB 0.189 +0.079 0-0.860
Shoots DC 0.112 £0.041 0-0.432
Total Root Biomass 65.016 £11.431 14.517-123.267
Main axis 43.762 £ 6.554 11.234-78.833
Other rhizomes 21.255+£5.799 2.879-53.042

Main axis: main horizontal rhizome; branches A: lateral horizontal rhizome; branches B: vertical rhizome with long interno-
des; branches C: horizontal rhizome developed from of branch B; Rhizomes V: vertical rhizome with short internodes on
main axis; Rhizomes VA, VB or VC: vertical rhizome with short internodes on branch A, B or C; Shoots D: dead vertical
shoot on main axis; Shoots DA, DB or DC: dead vertical shoot on branch A, B or C.

Leaf biomass

Leaf biomass had an annual mean value of 60.1 DW
m~2 (Table 1) and showed the highest monthly vari-
ability (CV: 74.4%) among the basic plant compart-
ments (leaves, rhizomes, roots). In particular, leaf
biomass displayed an almost unimodal annual pattern
(Fig. 4). It significantly increased from March (mean:
22.3 ¢ DW m™) to August attaining a maximum mean
value of 151.1 g DW m2 (p <0.05) and, then, it signi-
ficantly decreased in September (p <0.05) and from
October to December (mean: 28.4 g DW m; p < 0.05)

(Fig. 4).

The biomass of the main axis leaves (annual mean:
51.1 g DW m™) followed a unimodal annual model;
it increased significantly from early spring to mid
summer (mean: 134.6 g DW m™%; p <0.05) and de-
creased not significantly (p > 0.05) during late sum-
mer and significantly (p <0.05) from mid autumn to
early winter (Table 1, Fig. 5). It was dominated by
blade biomass on a yearly basis (Table 1). Blade bio-
mass was observed to prevail over sheath biomass
during late spring to late autumn, while its contribu-
tion percentage gradually increased from February
(10.0%) to July (76.4%) and then gradually decreased
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FIG. 3. Monthly variation in total plant biomass of Cymodocea nodosa at the Gulf of Thessaloniki. Each column represents
the mean value; bars represent standard error.
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FIG. 4. Monthly variation in leaf, rhizome and root biomass of Cymodocea nodosa at the Gulf of Thessaloniki. Each column
represents the mean value; bars represent standard error.
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FIG. 5. Monthly variation in leaf biomass of the main axis and in total leaf biomass of branches A, B and C of Cymodocea no-
dosa at the Gulf of Thessaloniki. Each column represents the mean value; bars represent standard error.
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FIG. 6. Monthly variation in percentage contribution of blade and sheath biomass to leaf biomass of the main axis (a), of
branch A (b), of branch B (c) and of branch C (d) of Cymodocea nodosa at the Gulf of Thessaloniki.

until December (46.2%) (Fig. 6a). The standing crop
of the main axis leaves was significantly higher than
the cumulative biomass of branches A, B and C lea-
ves (Wilcoxon test, Iz =3.015, N=11, p <0.01). It
comprised the entire or almost the entire leaf bio-
mass in late winter, early-mid summer and early au-
tumn (contribution percentage: 96.5-100.0%), while
it was assessed to be 78.9-86.9% of the total leaf bio-
mass in spring and late summer and 66.9-81.1% dur-
ing mid autumn to early winter.

The cumulative biomass of branches A-C leaves
showed its highest values in August (31.9 g DW m2)

and in October-November (17.9-20.1 g DW m~2) (Fig.
5). Branch A leaf biomass did not significantly differ
from branch B or C leaf biomass (Wilcoxon test, 1zI
=0.666, N=9 and Iz = 0.316, N = 10, respectively, p
>(.05) and biomass of branch B leaves did not sig-
nificantly differ from that of branch C leaves (IzI =0,
N=9,p>0.05).

Branch A leaves were essentially observed only in
April, May, August and November-December (Fig.
7). Their standing crop (annual mean: 2.9 ¢ DW m2)
(Table 1), peaked in August (mean: 20.2 g DW m2)
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FIG. 7. Monthly variation in leaf biomass of branches A, B and C of Cymodocea nodosa at the Gulf of Thessaloniki. Each column

represents the mean value; bars represent standard error.
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(Fig. 7) and contributed to about 13% of the total
leaf biomass in May and August and to 6.5-8.2% in
November-December. Biomass of branch A blades
prevailed over that of sheaths in August (contribution
percentage: 78.2%) and sheath biomass in December
(63.8%), while the biomass of branch A blades was
equal (contribution percentage: 50.0%) to that of the
sheaths, in May and November (Fig. 6b).

Branch B leaves were mainly observed in early-
mid spring, late summer and late-mid autumn (Fig.
7), showing a remarkable contribution percentage to
the total leaf biomass only in spring and autumn (13-
18.5%). Their biomass (annual mean 3.2 g DW m™)
peaked in October (mean: 11.1 g DW m™) (Table 1,
Fig. 7). Biomass of branch B sheaths prevailed over
blade biomass in late winter to mid-spring (57.0-
88.1%), while blade biomass prevailed in late summer
and late autumn (53.9-71.7%) (Fig. 6¢).

Branch C leaves were observed in summer and
mid autumn to early winter, contributing to the total
leaf biomass by 1.5-4.5% during the former period
and by about 14.0% during the latter one. Their stand-
ing crop (annual mean: 2.9 g DW m~2) peaked in mid
autumn (mean: 8.5 g DW m2) (Table 1, Fig. 7). Bio-
mass of branch C blades prevailed over that of sheaths
in summer and mid autumn (64.6-75.9%). The con-
tribution percentage of sheath biomass increased
from late autumn (50.7%) to early winter (54.0%)
(Fig. 6d).

Rhizome biomass

Rhizome biomass had an annual mean value of 122.5
g DW m~2(Table 1). It showed a less marked month-
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@ Branches A-C
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160 { O Dead vertical shoots
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ly variation (CV: 42.3%) than leaf biomass. This sea-
sonal variation was mainly characterized by a signifi-
cant increase from early spring (mean: 72.3 ¢ DW m™)
to late summer (mean: 148.2 ¢ DW m™) (p <0.05)
and a significant decline in early autumn (p < 0.05)
followed by a significant increase in mid autumn (p
< 0.05) and a significant decline from mid autumn to
early winter (p <0.05) (Fig. 4). Rhizome biomass at-
tained the highest mean values in October to Decem-
ber (159.6-224.5 g DW m~2) (Fig. 4). The standing crop
of this plant compartment was significantly higher
than that of leaves and roots (Wilcoxon test, Izl =
2,667, N=11,p<0.01 and Iz =2.934, N =11, p < 0.05,
respectively). Its percentage contribution to the total
plant biomass ranged between 50.8 and 56.6% during
most of the annual cycle. It was lowest in mid and late
summer (33.0-35.5%) and highest in mid and late
spring (59.5-63.0%).

The seasonal pattern of total rhizome biomass (Fig.
4) mainly resulted from the monthly variation of that
of the main axis (Fig. 8). Main axis biomass showed
an annual mean value of 96.0 g DW m2 and it at-
tained its highest values during October-November
(142.2-160.3 ¢ DW m™) (Fig. 8). Main axis biomass
was significantly higher than cumulative biomass of
all the remaining rhizomes (Wilcoxon test, IzI = 3.015,
N =11, p <0.01). It comprised more than 70.0% of
the total rhizome biomass throughout the annual cy-
cle. Its contribution percentage was lower from Oc-
tober to December (71.4-75.7%) and higher from
April to July (81.8-88.4%).

Total biomass of additional branches (branches
A, B and C) had an annual mean value (* SE) of
11.1(%=3.9) ¢ DW m™ and displayed elevated values

J Au Se ' Oc No De

FIG. 8. Monthly variation in biomass of main axis, total biomass of branches A-C, total biomass of rhizomes V-VC and total
biomass of shoots D-DC of Cymodocea nodosa at the Gulf of Thessaloniki. Each column represents the mean value; bars re-

present standard error.
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FIG. 9. Monthly variation in percentage contribution of biomass of branches A, B and C to the total biomass of these branches
of Cymodocea nodosa at the Gulf of Thessaloniki (for more information, see Fig. 2).

mainly from October to December (20.9-38.4 g DW
m~2), contributing to 13-17% of the total rhizome bio-
mass (Fig. 8). Vertical rhizomes with long internodes
(branches B) showed the highest contribution to the
total biomass of additional branches during most of
the annual cycle (mean contribution: 66.1%), followed
by branches C (22.3%) and branches A (11.0%) (Ta-
ble 1, Fig. 9). Total biomass of additional branches
biomass did not significantly differed from that of rhi-
zomes V-VC and of dead vertical shoots (Wilcoxon
test, IzI =0 and 1zI =1.156, respectively, N=11, p
> 0.05).

Total biomass of vertical rhizomes with short in-
ternodes (rhizomes V-VC) showed a mean value +
SE of 9.7 = 1.3 g DW m2, contributing to 3-14.5% of

the total rhizome biomass all year long. This biomass
showed the highest values in August (mean: 16.4 g
DW m™) and October-November (mean: 14.3-15.2 g
DW m™) (Fig. 8). Vertical rhizomes with short inter-
nodes on the main axis (rhizomes V) comprised a
high fraction of the total rhizome V-VC biomass in
all months (mean contribution: 85.8%) (Table 1, Fig.
10), while those on additional branches (particularly
on branches C and B), mainly contributed in Octo-
ber-November (Fig. 10). Biomass of rhizomes V-VC
was significantly higher than that of dead vertical
shoots (Wilcoxon test: Iz =2.412, N =11, p <0.05).
Biomass of dead vertical shoots showed an annu-
al mean value + SE of 5.6 £0.8 ¢ DW m~2, reaching
3-6% of the total rhizome biomass during the annual
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FIG. 10. Monthly variation in percentage contribution of biomass of rhizomes V, VA, VB and VC to the total biomass of the-
se rhizomes of Cymodocea nodosa at the Gulf of Thessaloniki (for more information, see Fig. 2).
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FIG. 11. Monthly variation in percentage contribution of biomass of shoots D, DA, DB and DC to the total biomass of dead
vertical shoots of Cymodocea nodosa at the Gulf of Thessaloniki (for more information, see Fig. 2).

cycle. It displayed relatively remarkable values main-
ly from October to December, when it varied between
7.9 and 10.5 g DW m~2 (Fig. 8). Biomass of dead ver-
tical shoots on the main axis (shoots D) contributed
to 84.5-100.0% of the total dead vertical shoot bio-
mass all year long (Table 1, Fig. 11).

Root biomass

Total root biomass (mean: 65.0 g DW m~2) (Table 1)
widely changed with seasons (CV: 62.9%). It signifi-
cantly decreased during spring (p <0.01), while dur-
ing the remaining period of the annual cycle it exhib-
ited a seasonal pattern similar to that of the total rhi-
zome biomass, that is it significantly increased from
late spring to late summer (117.4 g DW m~2; p <0.05),
significantly decreased in early autumn (123.3 g DW

120 9 0O Roots on main axis roots

E Roots on other rhizomes
100
80

60

Biomass (g DW m?)
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i

m~2; p <0.05) and, then, significantly increased in mid
autumn (p <0.05) (Fig. 4). It was measured to be
10.8-14.8% of the total plant biomass in late-mid,
spring, 18.2-22.2% in early-mid-summer and 28.2-
33.7% during most of the sampling period, being low-
er than that of the rhizomes all year long (Fig. 4). The
rhizome/root biomass ratio varied between 1.3 and
6.1, showing the lowest value in August and the high-
est in May.

Biomass of roots stemming from the main axis
showed a mean value of 43.8 ¢ DW m~ (Table 1). It
significantly prevailed over that of roots on other rhi-
zomes (mean: 21.3 g DW m2) (Table 1) (Wilcoxon
test, IzZI =3.015, N=11, p <0.01). Both displayed a
similar seasonal trend and showed their highest mean
values in December (78.8 ¢ DW m2) and August
(53.0 g DW m™2), respectively (Fig. 12). Biomass val-
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FIG. 12. Monthly variation in biomass of roots stemming from the main axis and from other rhizomes of Cymodocea nodosa
at the Gulf of Thessaloniki. Each column represents the mean value; bars represent standard error.
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ues of roots on the main axis varied from 54.5 to
87.8% of the total root biomass during the sampling
period.

Associated environmental variables

Water temperature ranged from 10.9°C in February
to 27.1°C in August; it was highly correlated with wa-
ter salinity, which varied from 33.2 psu in February to
36.9 psu in August (r =0.827, n=11, p <0.01). Nutri-
ent concentrations were in the range of 0.10-25.69
uM for the nitrates, 0.22-9.47 uM for the ammonium
and 0-3.81 uM for the phosphates. Nitrate concentra-
tions showed the lowest value in September and the
highest one in February, while ammonium concen-
trations presented the lowest values in February, A-
pril and December and the highest in March. Phos-
phate concentrations were below detectable limit
during June-July and from September to December,
and peaked in March. The mean nitrate concentra-
tion was 4.48 uM, the mean ammonium concentra-
tion 1.19 uM and the mean phosphate one 0.36 uM.
Mean nitrate concentration value was higher, that of
ammonium was lower and that of phosphate was sim-
ilar to the average water column nitrate, ammonium
and phosphate concentrations in seagrass beds (2.7
uM, 3.1 uM and 0.35 uM, respectively, according to
Hemminga & Duarte, 2000). The correlation values
between the biomass of the various examined plant
fractions (Table 1) and the environmental variables
(water temperature, water column nitrate, ammoni-
um and phosphate concentrations) were examined;
significant correlations were found only with temper-
ature and phosphate concentrations (Table 2).

DISCUSSION

Leaf biomass of C. nodosa in Gulf of Thessaloniki
showed a unimodal annual model with higher values
in summer, similar to that described for the species by

other authors at various coastal Mediterranean loca-
tions (Peduzzi & Vukovi¢, 1990; Terrados & Ros,
1992; Pérez & Romero, 1994; Rismondo et al., 1997,
Sfriso & Ghetti, 1998; Cancemi et al., 2002; Zharova
et al., 2008). The seasonal variability observed reflects
changes both in leaf size and leaf density (unpub-
lished data; Marba et al., 1996), while in larger sea-
grass species, seasonal variability in leaf biomass
mainly reflects changes in leaf size (Marba et al.,
1996). This variability was mainly derived from the
seasonal fluctuation in the biomass of the leaves on
the main horizontal rhizome (main axis), which ac-
counted for a large fraction of the total leaf biomass
in all seasons. The biomass of leaves on the addition-
al branches contributed to some extent mainly in late
summer as well as in autumn, when the biomass of
these branches reached its peak. The observation that
blades mainly contributed to the total leaf biomass
from late spring to late autumn, most probably was
due both to the high occurrence of undifferentiated
leaves (Cunha & Duarte, 2007) and the comparative-
ly large size of the adult leaf blades (Agostini et al.,
2003). On the other hand, sheath biomass was domi-
nant during winter and early spring, since sheaths re-
main attached to the rhizome for a long time even af-
ter blade falling (Hemminga & Duarte, 2000).

Our results indicate that water temperature is a
major factor controlling annual variability in C. no-
dosa leaf biomass, particularly in that of the main ax-
is leaves (see Table 2). Increasing temperature during
spring possibly triggered growth, high late summer
temperatures (27°C) caused rapid biomass drop and
reduced temperatures in autumn and winter con-
tributed to biomass decline (Pérez & Romero, 1992;
Rismondo et al., 1997; Cancemi et al., 2002; Zharova
et al.,2008). According to Marba et al. (1996), among
the seagrass species growing in western Mediterra-
nean, C. nodosa is the most sensitive to seasonal fluc-
tuations, while P. oceanica the least one. The season-

TABLE 2. Significant Spearman’s (r) coefficient values, showing correlations between biomass of Cymodocea nodosa anatom-
ical fractions and the corresponding environmental factors (n=11)

Temperature Phosphate concentrations
Total leaf biomass 0.811°" _
Main axis leaf biomass 0.811°" -
Main axis Blade biomass -

0.866"
Branches C biomass -
Shoot DC biomass -

-0.657"
-0.828"

“p<0.05,"p<0.01
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al growth pattern of C. nodosa is primarily associated
with temperature changes, reflecting the tropical ori-
gin of the genus Cymodocea (Marba et al., 1996). A
reduction in light availability, at least partly resulted
from shelf-shading and shading by macroalgae, possi-
bly contributed along with thermal stress in late sum-
mer-early autumn to growth depression (e.g. Rismon-
do et al., 1997; Cunha & Duarte, 2005; Zharova et al.,
2008; Orfanidis et al., 2010).

Leaf biomass values of C. nodosa in the sampling
site of Thessaloniki Gulf were comparable to those
reported for the same seagrass species in other, mari-
ne and lagoonal Mediterranean environments (Table
3). However, both lower and higher values have been
also recorded (Table 3), probably in relation to diffe-
rent local environmental factors (e.g. water tempera-
ture, light, depth, hydrodynamic force, nutrient load,
competition) (Cancemi et al., 2002; Olesen et al.,
2002; Terrados et al., 2006) and the patchy (mosaic)
distribution of the species (Barbera et al., 2005; Or-
fanidis et al., 2010). Low leaf biomass values were ob-
served in a low nutrient habitat, the Mar Memor, SE
Mediterranean coast of Spain (Terrados & Ros, 1992),
while the high ones found in the Bay of Piran, the
Gulf of Trieste and in the Venice lagoon (Peduzzi &
Vukoni¢, 1990; Rismondo et al., 1997) were associat-
ed with the high nutrient availability in these habitats
(Cunha & Duarte, 2007). Increased nutrient inputs in
the Ria Formosa Lagoon, S Portugal, have been shown
to enhance C. nodosa shoot length, shoot biomass (up
to 945 ¢ DW m~2) and leaf production, but were also
associated with increased shoot mortality and low
horizontal rhizome elongation rate. The latter were
attributed to both direct nutrient effects and indirect
effects because of shelf-shading, shading by fast-
growing algae and sediment anoxia (Cunha & Duar-
te, 2005; 2007).

The fact that the rhizome-root compartment of C.
nodosa in the study area represented the largest part
of the total biomass all year long (with the lowest
contribution in summer when leaf development was
at its maximum), is consistent with the findings by
other authors in various plant stands (Pérez & Rome-
ro, 1994; Rismondo et al., 1997; Cancemi et al., 2002;
Guidetti ez al., 2002). This reveals that the rhizome-
root compartment is well developed and plays an im-
portant structural role by anchoring the plant to the
substrate and, thereby, by accounting for its stability
and persistence (Sfriso & Ghetti, 1998; Guidetti et al.,
2002). The rhizome plus root/leaf biomass ratio in
our stand was comparable to those reported for C.

nodosa at some other locations (Pérez & Romero,
1994; Rismondo et al., 1997), possibly reflecting sim-
ilar environmental conditions particularly those (de-
gree of hydrodynamism and nature of the sediment
or its nutritional capacity) that have been linked with
this ratio values (Zieman & Wetzel, 1980; Peduzzi &
Vukovi¢, 1990). On the other hand, both higher and
lower ratio values have been also observed in other C.
nodosa stands (Sfriso & Ghetti, 1998; Guidetti et al.,
2002).

Rhizome biomass of C. nodosa in the study area
showed values which were similar to those reported
for this species at some other Mediterranean coastal
environments (Table 3). It displayed a clear seasonal
trend, although the monthly variation of rhizome bio-
mass was less marked than that of the root and of the
leaf biomass. In general, C. nodosa shows seasonal
fluctuations both in above- and belowground mod-
ules growth, while larger seagrass species (e.g. P. o-
ceanica) exhibit seasonal fluctuation mainly in shoot
growth (Marba et al., 1996). The seasonal pattern of
the rhizome biomass in the study site was generally
similar to that observed for the same species in other
coastal Mediterranean environments (Rismondo et
al., 1997; Cancemi et al., 2002). An increase in bio-
mass values during spring and summer was followed
by a reduction in late summer-early autumn and a
second increase in autumn. On the other hand, more
or less different seasonal patterns have been also re-
ported by other authors. For instance, no seasonality
has been observed by Terrados & Ros (1992), while
an almost unimodal annual model with the highest
values in summer has been described by Agostini et
al. (2003). This variability is most probably related to
different local environmental factors, thus confirming
reports by other authors that this seagrass is a species
with phenotypic plasticity and a great capability of
adapting to environmental changes (Pergent-Martini,
1994; Cancemi et al., 2002).

The observation that the increase in the rhizome
biomass of C. nodosa during spring and summer co-
incided with an increase in the leaf biomass is consis-
tent with the findings reported by other authors (Dua-
rte & Sand-Jensen, 1990). The increase in the below-
ground biomass of this seagrass species has been as-
sumed to be proportional to the aboveground produ-
ction biomass (Duarte & Sand-Jensen, 1990; Zharo-
va et al., 2008), since the organic carbon fixed by the
leaves is translocated, in part, to the belowground
compartment (Zharova et al., 2008). The fact that the
rhizome biomass peaked in autumn when the leaf
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biomass decreased, could be explained by a more in-
tense translocation of the fixed organic carbon from
the old parts of the leaves to the belowground com-
partment (Zharova et al., 2008).

The observed seasonal pattern of the total rhizo-
me biomass mainly resulted from the variation in the
main horizontal rhizome biomass, which represented
a large fraction of the total rhizome biomass all year
long. The fact that the biomass of the additional bran-
ches (vertical rhizomes with long internodes and less
of the lateral horizontal rhizomes) showed relatively
high values during autumn, indicates a comparatively
intense branching. In addition, this possibly suggests
that a marked part of the fixed organic carbon is trans-
located from the old leaves to these plant fractions
(Zharova et al., 2008). The finding that the biomass of
the C branches is negatively correlated (Table 2) with
the water column phosphate concentrations (ranging
between 0 and 3.8 uM) suggests that C. nodosa allo-
cates more biomass to the development of these
bearing roots horizontal rhizomes during periods of
low phosphate concentrations possibly in order to in-
crease phosphate acquisition from the sediment pool
(Peréz et al., 1994). The seasonal fluctuation in the
biomass of the vertical rhizomes with short intern-
odes should reflect changes both in rhizome size and
rhizome density (Marba et al., 1996). Thereby, the low
biomass values recorded in spring and summer were
mainly due to the small rhizome size, the peak value
in late summer both to the large size and the high
density, while the relatively high or moderate values
in autumn and winter to the large rhizome size. The
C. nodosa vertical axes grow approximately 13 mm
yr~!, while the horizontal rhizomes from a few cen-
timeters per year in dense beds to 2 m yr~! in low den-
sity beds (Caye & Meinesz, 1985). Horizontal rhizo-
me growth permits a vegetative expansion, while ver-
tical axes assure the occurrence of sexual reproduc-
tion (Caye & Meinesz, 1985). The observed variabil-
ity in the biomass of the dead vertical shoots mainly
found on the main axis in late summer, autumn and
winter with very low biomass values, should reflect
the seasonal variability in the decay rates of seagrass
leaves. The finding that the biomass of the dead ver-
tical shoots on branches C is significantly correlated
(negative correlation) with water column phosphate
concentrations (Table 2), indicates increased decay
rates of those branch leaves during periods of low
phosphate concentrations.

The root biomass of C. nodosa in the study area
displayed values in the range of those recorded for

this seagrass species at some other coastal Mediterra-
nean locations (Table 3). The finding that the total
root biomass in our stand was lower than that of rhi-
zomes all year round but accounted for a remarkable
fraction of the total plant biomass, is consistent with
those by other authors (Rismondo et al., 1997; Cance-
mi et al., 2002). Duarte ef al. (1998) found that the
root production of C. nodosa from the W Mediterra-
nean represents a marked component (20%) of the
total plant production. Seagrass root growth may re-
ceive a sizeable amount of the carbon fixed by the
plants to maintain their ability to acquire nutrients,
particularly when production is nutrient-limited (Pé-
rez et al., 1994).

Roots stemming from the main axis prevailed o-
ver those stemming from other rhizomes probably as
a result of higher density and larger size. Duarte et al.
(1998) observed that the average length as well as the
average number and weight per node of roots pro-
duced at nodes of horizontal rhizomes exceeded tho-
se of roots of vertical rhizomes. The total root bio-
mass of C. nodosa in the study site displayed a seaso-
nal model similar to that observed for this species in
some other coastal Mediterranean environments (Ris-
mondo et al., 1997; Cancemi et al., 2002). Adventi-
tious roots stemming from both the main axis and the
other rhizomes showed an identical seasonal trend,
which was coupled with that of the rhizome biomass,
indicating that the variability in rhizome elongation
and branching induces changes in root biomass. The
reduction in root biomass during spring, when rhi-
zome biomass increased, may reflect a partial death
of roots (Agostini et al., 2003; Zharova et al., 2008).
The highest root biomass and the lowest rhizome /
root biomass ratio occurred in summer (the period of
greatest nutrient demands), indicating that C. nodosa
allocates more biomass for root development in order
to increase the capacity of roots to acquire nutrients
from the sediment (Pérez et al., 1994).

In conclusion, the biomass of C. nodosa is gener-
ally dominated by rhizome and root material all year
long. Leaf biomass shows a unimodal annual pattern
with the highest values in summer. In the study site,
leaves on the main axis accounted for a large fraction
of the total leaf biomass during all seasons, while lea-
ves on the additional branches mainly contributed
during late summer and autumn. Blades prevailed
over sheaths mainly during summer and autumn.
Leaf biomass is significantly correlated (positive cor-
relation) with water temperature, suggesting that tem-
perature is a major factor controlling leaf develop-
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ment. Cymodocea nodosa generally displays a variabi-
lity in rhizome biomass seasonality. The main axis
biomass greatly exceeded the cumulative biomass of
the remaining rhizomes all year long. It increased
during spring and summer and sharply in mid au-
tumn, indicating an intense elongation, while additio-
nal branches contributed to mainly in autumn, result-
ing in intense branching. Branches C biomass is sig-
nificantly correlated (negative correlation) with water
column phosphate concentrations, indicating that the
seagrass allocates more biomass for the development
of these horizontal rhizomes during low phosphate
periods possibly in order to increase phosphate ac-
quisition from the sediment. Biomass of vertical rhi-
zomes with short internodes peaked in August (as
leaf biomass did), while dead vertical shoots mainly in
October-November as a possible result of increased
leaf decay. Rhizome biomass of C. nodosa generally
exceeds that of roots. Roots on the main axis prevail-
ed over those stemming from other rhizomes, while
both types of roots showed an identical seasonal
trend in biomass values, which was generally coupled
with that of rhizome biomass. Our findings improve
the understanding of C. nodosa meadows growth dy-
namics and along with those of future comperative
studies and controlled experiments could be utilized
for the monitoring and conservation of C. nodosa
coastal habitats.
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