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Abstract The widespread decline of seagrass beds within
the Mediterranean often results in the replacement of
seagrasses by opportunistic green algae of the Caulerpa
family. Because Caulerpa beds have a different height,
stiffness and density compared to seagrasses, these changes
in habitat type modify the interaction of the seafloor with
hydrodynamics, influencing key processes such as sedi-
ment resuspension and particle trapping. Here, we compare
the effects on hydrodynamics and particle trapping of
Caulerpa taxifolia, C. racemosa, and C. prolifera with the
Mediterranean seagrasses Cymodocea nodosa and Posi-
donia oceanica. All macrophyte canopies reduced near-bed
volumetric flow rates compared to bare sediment, vertical
profiles of turbulent kinetic energy revealed peak values
around the top of the canopies, and maximum values
of Reynolds stress increased by a factor of between 1.4
(C. nodosa) and 324.1 (P. oceanica) when vegetation was
present. All canopies enhanced particle retention rates
compared to bare sediment. The experimental C. prolifera
canopy was the most effective at particle retention (m?
habitat); however, C. racemosa had the largest particle
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retention capacity per structure surface area. Hence, in
terms of enhancing particle trapping and reducing hydro-
dynamic forces at the sediment surface, Caulerpa beds
provided a similar or enhanced function compared to
P.oceanica and C. nodosa. However, strong seasonality in
the leaf area index of C. racemosa and C. taxifolia within
the Mediterranean, combined with a weak rhizome struc-
ture, suggests that sediments maybe unprotected during
winter storms, when most erosion occurs. Hence, replace-
ment of seagrass beds with Caulerpa is likely to have a
major influence on annual sediment dynamics at ecosystem
scales.

Introduction

Seagrass beds are highly productive coastal ecosystems
(Bay 1984), providing physical structures that enhance
community diversity, biomass and primary and secondary
production (Duarte and Chiscano 1999; Duffy 2006) and
play a key role in carbon burial (Duarte et al. 2005). The
large carbon burial capacity documented for seagrass
meadows is strengthened by the role of their canopies in
enhancing sediment deposition (Gacia et al. 2002). Seag-
rasses alter their surrounding physical habitat, since their
canopies attenuate turbulence and reduce water flow (Koch
et al. 2006), promoting fluxes of particles to the bed
(Hendriks et al. 2008) enhancing sedimentation (Koch
et al. 2006; Bos et al. 2007) and preventing resuspension
(Gacia and Duarte 2001). These intrinsic properties of
macrophyte canopies act to stabilize sediments, reduce
erosion and turbidity of the overlying water column
(Madsen et al. 2001), strongly influencing near-shore sed-
iment dynamics (Marba et al. 2002; van der Heide et al.
2007).
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Mediterranean seagrass meadows, particularly those of
the endemic species Posidonia oceanica, are experiencing
widespread decline (Marba et al. 1996, 2005; Peirano et al.
2005) due to a combination of direct anthropogenic pres-
sure and climate change (Sanchez-Jerez and Ramos Espla
1996; Balestri et al. 2004; Pergent-Martini et al. 2006).
This decline is offering scope for opportunistic and exotic
species to invade these habitats. These include species of
the green alga Caulerpa sp. (Occhipinti-Ambrogi and
Savini 2003), which include one opportunistic native
species (Caulerpa prolifera) and two invasive species,
Caulerpa taxifolia and Caulerpa racemosa. The macroalga
C. taxifolia invaded the Western Mediterranean as an
escapee from an aquarium (Jousson et al. 1998) and
C. racemosa invaded the Mediterranean from the Red Sea
across the Suez channel (Verlaque et al. 2003). These three
species can invade unhealthy Posidonia oceanica meadows
(de Villele and Verlaque 1995; Argyrou et al. 1999;
Occhipinti-Ambrogi and Savini 2003). Colonization of
P. oceanica meadows by Caulerpa species seems to be
related to stress level in the environment, like for instance,
in the vicinity of sewage outfalls and storm water drains as
described in Jaubert et al. (2003). The replacement of
Mediterranean seagrass by Caulerpa species may affect
key ecosystem function and services. In particular, the
replacement of seagrass meadows by Caulerpa species is
expected to affect the hydrodynamic properties of the
seafloor, since the Caulerpa canopies differ greatly in
height, stiffness and density from seagrass canopies. This
would influence a wide range of key processes, from wave
dampening to altered particle (propagules as well as sedi-
ment) trapping. However, the effect of this species shift on
plant—flow interactions has not yet been assessed.

Here, we evaluate the effects on hydrodynamics and
particle trapping of Mediterranean Caulerpa and seagrass
species (Cymodocea nodosa and Posidonia oceanica).
Three Caulerpa species were compared; the opportunistic,
autochthonous Caulerpa prolifera and the invasive, exotic
C. taxifolia and C. racemosa. Caulerpa-flow interactions
are examined experimentally here, whereas seagrass-flow
interactions are derived from previous reports (Morris et al.
2008; Hendriks et al. 2008).

Methods

Hydrodynamic properties and particle-trapping rates of
Caulerpa prolifera (Forsskal) J.V. Lamouroux, C. taxifolia
(M. Vahl) C. Agardh and C. racemosa (Forsskal) J. Agardh
canopies were measured under controlled circumstances in
the NIOO flume using an approach previously developed
for Posidonia oceanica (Linnaeus) Delile (Hendriks et al.
2008). The algae were collected from the field at around
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5 m depth, close to the island of Mallorca, Spain, and
immediately transported by air in a refrigerated container
to the flume facility located at NIOO-KNAW, Yerseke, the
Netherlands. This facility was equipped with special
measures (physical filters, UV sterilisation of outflow, no
direct release to the environment) to prevent release of
biological material. Experimental meadows of the algae
were set up in the test-section of the flume (dimensions:
2.1 m long x 0.6 m wide) as patches extending 0.5 m in
length across the total flume width. The macrophytes were
planted in the test-section on a smooth bed of silica sand
with an average grain size (k) of 249 + 13 um (£standard
error, SE). Rhizome and frond density as well as dry
weight of the algae were determined (Table 1). Water
temperature was maintained at 14 £ 0.2°C, while salinity
was held constant at 35%o.

We compared the results obtained with those derived
from the Mediterranean seagrasses Posidonia oceanica
(Hendriks et al. 2008) and Cymodocea nodosa (Ucria)
Ascherson (Morris et al. 2008) in the same flume under
comparable experimental conditions.

Leaf area index

The macrophytes examined differed greatly in size and
shape (Fig. 1). Surface area of Caulerpa prolifera fronds
was calculated as the area of an ellipse nab, where a is 0.5
frond length and b is 0.5 width. The (normally distributed)
length (and width) distribution of a random selection of
fronds in the test-section (n = 47) was multiplied by the
frond density to obtain an estimate of the total surface area
covered by the fronds. The surface area of Caulerpa
racemosa was calculated as the accumulated surface of the
average amount of sphere-like structures (3, calculated as
47r?) protruding from the rhizome for average height of the
algae in the test-section (n = 120). The surface area of
Caulerpa taxifolia was calculated (n = 95) with Jimage™
image analyses software after processing the images in
Adobe Photoshop™. Parameters for Cymodosa nodosa
were extracted from Morris et al. (2008), while data for
Posidonia oceanica were derived from (Hendriks et al.
2008). All parameters are summarised in Table 1.

Hydrodynamic properties of the canopy

Hydrodynamic properties and particle-trapping rates of the
canopies were measured under controlled conditions in a
racetrack flume (described in detail in Hendriks et al. 2006;
also see http://www.nioo.nl/science/facilities/flume/flume.
htm). Water depth in the canal was 0.38 m for all experi-
mental treatments. Flow measurements were carried out
with a Nortek Acoustic Doppler Velocimeter (ADV),
mounted on a 3D positioning system, where x was defined
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Table 1 Leaf or frond density, average length, biomass, LAI and bed length for the experimental meadows

Species Density (m™2) Length DW LAI Bed length
(m £ SE) gm™) (m?* m™?) (m)
Caulerpa prolifera 2003 0.06 + 0.004 15.5 0.979 0.5
Caulerpa taxifolia 1570 0.11 £ 0.003 297.7 3.26 £ 0.666 0.5
Caulerpa racemosa 6667 0.01 + 0.002 43.1 0.251 0.5
Cymodocea nodosa® 1820 0.18 + 0.017 40.0 1.67 2.0
Posidonia oceanica® 785-761 0.13 + 0.003 120.0 0.797-0.772 1.0

* From Morris et al. (2008)
® From Hendriks et al. (2008)

Fig. 1 Schematic drawing
presenting the size and shape
differences of the tested
macrophytes. From left to right
Caulerpa racemosa,

C. prolifera, C. taxifolia,
Posidonia oceanica and
Cymodocea nodosa.

The scale bar on the left
represents 1 cm

as the main flow direction, y across the flume channel and
z the vertical. Two experimental free stream velocity (U.,)
treatments (0.05 and 0.10 m s~ ") were applied. Time series
of velocities were measured as duplicate vertical profiles as
far advanced in the meadow as possible, around 0.4 m
from the leading edge to avoid edge effects at the back of
the canopy. Vertical positions ranged from close to the bed
(z = 0.005 m) to outside the boundary layer (z = 0.161 m)
when measuring over bare sediment. Step size was 0.008 m
for the lower part of the profile (0.005-0.101 m) and
0.01 m for the upper part of the profile (0.101-0.161 m).
For each position in the flow profile, three-dimensional
flow velocity measurements were sampled at a rate of
25 Hz over a period of 330 s resulting in ample resolution
for turbulence calculations.

The integrated volumetric flow rate from the sediment
surface up until the canopy height (d) was calculated as

fzz ::51 Udz (Gambi et al. 1990). From point measurements
over time, the means of individual velocity components u,
v and w (corresponding to velocities in the x, y and z
direction) were calculated. From these, turbulence kinetic

energy (TKE, 0.5 (ﬁ +v2 4 W) in m*s) and

Reynolds stress p ('w') (in Pa or N m™?) were calculated.

Reynolds stress can be thought of as the vertical flux of
momentum describing vertical transfer (w') of longitudinal
momentum fluctuations (u'), an indicator of vertical mixing
activity (Velasco et al. 2003). According to the Reynolds’
analogy for the equivalence of mass and momentum
transfer in turbulent shear flow (Jobson and Sayre 1970),
negative Reynolds stresses indicate diffusivity of momen-
tum from the water column to the sediment that could be
similar to the diffusivity of a scalar and depending on the
gradient, be a rough proxy for transport of mass. Com-
paring profiles in control (sand) situations with vegetated
treatments indicates the flow reduction and increased
transport of particles attributed to hydrodynamic changes
due to the presence of the canopy.

Particle retention in canopies

Particle concentration in the water column of the flume was
measured experimentally with two optical backscattering
sensors (OBS). No significant drift was observed in the
output signal of the OBS between the start and end of the
experiments. Deep-sea sediment particles (size range
approx. 1-3 pum, with negligible inherent vertical velocity
(w) calculated with Stoke’s law as approx. 4 x 10°ms™h
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were seeded to the flume, and their concentration measured
every 15 min (C. prolifera and Posidonia oceanica) or 10 s
(C. racemosa, C. taxifolia and Cymodocea nodosa). The
difference in time interval is due to an improvement in the
OBS measuring system made during the experiment. Con-
trol measurements, where the test-section only contained
bare sand without plants, were performed to obtain a
background retention rate of the flume (i.e., loss of
particles due to adhesion to the flume and sand surfaces).
Measurements were taken in duplo within the test-section at
0.28 m above the sediment surface. After sediment addition,
the water in the flume was mixed vigorously for 3 min,
before returning the settings to the treatment flow velocity
and starting the measurements. OBS measurements were
carried out over a time period of 2700s (45 min). Dispersal
of the particles with the flume water column (10 m’)
was not complete, rather a cloud of particles could be
observed circulating within the canal. Hence, during
analysis of the rate of particle decrease, only maximum
backscatter values (i.e., the circulating sediment cloud) were
used.

The particle loss rate can be described using the
equation:

N,=a+Ny-e ™ (1)

where N, and N, are the particle concentration at time ¢ and
0, a is the background particle concentration and £ is a first-
order rate constant. This equation should render a
distinctive k for a flume with and without vegetation. k is
composed of an effective particle loss rate attributed to the
vegetation (k,), which acts over the small area where the
bed is present (0.3—1.2 m?) and the background loss rate
for the remaining distance travelled in the flume i.e., k
measured without vegetation (ksanp, Hendriks et al. 2008).
Since the flume has a length (L) of 41 m, the time ()
needed for the fluid to circulate once (one lap) at a given
flow velocity u., (m s is:

h = L/uoo (2)

ky, (s™') is obtained by taking into account the amount of
time fluid spends within the vegetation (¢,) and the relative
volume of water passing through the canopy (o).
Calculated as:

t, =lo/u, (3)
o= VV/VF

where u, is the mean water velocity (m s~ 1) within the
canopy, [y is the length the bed (m), V, is the rectangular
volume occupied by the canopy (m?) and V. is the volume

of the flume tank (app. 10 m?). Hence, k, can be derived by
solving the equation:

ek — (1 _ a)e*kSANDll + gkt (4)
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Using this vegetation-specific rate of particle trapping we
calculated the time required to reduce water-column sedi-
ment concentrations by 50%.

Results
Hydrodynamic properties of the canopy

Comparison of vertical profiles of u (m s~ ') measured over
bare sediment with profiles within Caulerpa and seagrass
canopies (Fig. 2a—d) demonstrated the attenuating effect of
all canopy types on flow velocity. Volumetric flow rate
through the canopies were reduced by between 31%
(Cymodocea nodosa) and 88% (Cualerpa taxifolia) com-
pared to the control (Table 2). Significant differences in the
magnitude of flow reduction were found between the dif-
ferent species (ANOVA, F,9 = 40.52, P < 0.001). Flow
reduction by the canopy of the alga C. raxifolia was highest,
no difference in attenuation of flow was found between
Posidonia oceanica, Caulerpa prolifera and Caulerpa
racemosa (P > 0.35), and Cymodocea nodosa had the
lowest flow attenuation (Post hoc Tukey test, P < 0.05).

Vertical profiles of Reynolds stress (Fig. 3a—d) and
turbulent kinetic energy (TKE) (Fig. 4a—d) had peak values
around the canopy height and lower values in the near-bed
region (although often substantially larger than the con-
trol). Maximum values of Reynolds stress increased by a
factor of between 324.1 (P. oceanica) and 1.4 (C. nodosa)
times compared to bare sediment when vegetation was
present (Table 2). Thus, according to the Reynolds’ anal-
ogy for the equivalence of mass and momentum transfer in
turbulent shear flow, dependent on the gradient of particles
in the water column, a proportional increase in the trans-
port of mass (particles) into the canopy area is predicted in
all of the vegetation treatments.

Particle retention in canopies

Particle retention in the flume was an efficient process even
when vegetation was not present, always resulting in a strong
exponential decrease in water-column particle concentration
(k). After correction for the background loss rate, the area of
flume occupied by the bed and the proportion of flow passing
through the canopy, &, values were two orders of magnitude
larger than ksanp (Table 3). The time required to retain 50%
of the sediment concentration when only the specified veg-
etated or control treatment was influencing particle decrease
is very short (Table 3). The most effective vegetation for
retaining particles was the C. taxifolia canopy, followed by
C. nodosa, C. prolifera, P. oceanica, C. racemosa and finally
the sand control. However, these macrophyte canopies differ
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Fig. 2 Current velocity profiles
under free stream flow 200 ©— C.prolfera * ¥
.. L 4 C. racemosa !
velocities of a 0.05 and — -y — C.taxifolia ) A
b 0.10 m s~ ! above Caulerpa o o_¥
canopies. The solid line is the ad
reference profile (over siliceous
sediments). Solid horizontal
lines are average canopy heights
(top to bottom C. taxifolia;
C. prolifera; C. racemosa). 2%
Flow profiles of Posidonia E A
oceanica (Hendriks et al. 2008) ] i
and Cymodocea nodosa (Morris £ 250
et al. 2008) under free stream % —?"d g
flow velocities of ¢ 0.05 and < 566 - sy -
d 0.10 m s™". The solid line
represents the reference profile
(over siliceous sediments). Solid 150
horizontal lines are average
canopy heights (top to bottom 100
Cymodocea; Posidonia)
50
0 10 20 30 40 50 60 0 20 40 60 80 100 120
velocity u (mm s™)
Table 2 Effects on flow by Species U, Flow Peak Reynolds % Flow reduction
Caulerpa sp. canopies and . . )
. reduction (%) stress increase m™ - leaf area
seagrass canopies
C. racemosa 0.05 73.1 9.0 291.4
0.10 76.4 6.4 304.6
C. prolifera 0.05 76.0 21.5 77.6
0.10 64.0 119.1 65.3
C. taxifolia 0.05 88.0 128.0 27.2
0.10 86.0 9.5 26.6
2 Calculated from data of Cymodocea nodosa® 0.05 349 49.6 20.9
Morris et al. (2008), profiles at 0.10 30.5 14 183
8'5 m in the canopy Posidonia oceanica® 0.05 69.6 324.1 87.3
Calculated from data of 0.10 74.9 91.2 93.9

Hendriks et al. (2008)

greatly in size and density. When retention is scaled by leaf
area (LAIL, m?), C. racemosa emerges as the species with the
largest particle retention capacity per surface area of struc-
tures, followed by P. oceanica, C. prolifera, C. nodosa and
finally C. taxifolia (Table 3). This measure merely gives an
idea of the effectiveness per unit area of the retention
capacity of the canopy, as values even exceed 100% reten-
tion due to the fact that in the test-section of the flume, there is
less than a m? of leaf area present, while this metric stan-
dardises for 1 m?.

Discussion

Significant differences in the reduction of flow within
the canopies of the different species were observed

(P < 0.001). Flow reduction within the canopy of the alga
Caulerpa taxifolia was highest, which was probably due to
the high frond density of the experimental bed combined
with the high surface area and stiffness of individual
fronds. There was no significant difference in the attenu-
ation of volumetric canopy flow between Posidonia
oceanica, Caulerpa prolifera and Caulerpa racemosa
(P > 0.35), while Cymodocea nodosa had the lowest
attenuation of volumetric flow (P < 0.005). A possible
explanation is that leaves of C. nodosa are very flexible,
and because they bend in the flow, the actual surface
exposed to the flow is much smaller than calculated. When
normalised to the surface area of structures, C. racemosa
and P. oceanica attenuated flow considerably more than the
other macrophytes. P. oceanica shoots were collected in
winter, when leaves were short, positioned upright and are

@ Springer



Mar Biol

Fig. 3 Reynolds stress profiles
under free stream flow
velocities of a 0.05 and

b 0.10 m s~ above Caulerpa
canopies. The solid line is the
reference profile (over siliceous
sediments). Solid horizontal
lines are average canopy heights
(top to bottom C. taxifolia; [
C. prolifera; C. racemosa). 50 |
Reynolds stress profiles of
Posidonia oceanica (Hendriks

| —@— C. prolifera
200 | - — C.racemosa
——-w—— C. taxifola
sand

150 |

100 |

A

'y}

et al. 2008) and Cymodocea
nodosa (Morris et al. 2008)
under free stream flow
velocities of ¢ 0.05 and

d 0.10 m s™". The solid line
represents the reference profile

%30 —@- Posidonia oceanica

—— sand
- Cymodocea nodosa

height z (mm)

200 +

(over siliceous sediments). Solid
horizontal lines are average
canopy heights (top to bottom
Cymodocea; Posidonia)

-0,04

Fig. 4 Turbulent kinetic energy
(TKE) profiles under free
stream flow velocities of a 0.05
and b 0.10 m s™' above
Caulerpa canopies. The solid
line is the reference profile (over
siliceous sediments). Solid
horizontal lines are average
canopy heights (top to bottom
C. taxifolia; C. prolifera;

C. racemosa). Turbulent kinetic
energy (TKE) profiles of

-0,02 0,00 -0,04 0,02

Reynolds stress (Pa)

—@— C. prolifera
— -4 —  C.racemosa
——-%—— C.taifolia
sand

Posidonia oceanica (Hendriks
et al. 2008) and Cymodocea
nodosa (Morris et al. 2008)
under free stream flow
velocities of ¢ 0.05 and

d 0.10 m s™". The solid line
represents the reference profile
(over siliceous sediments). Solid
horizontal lines are average
canopy heights (top to bottom
Cymodocea; Posidonia) 50 r

250 ¢

height z (mm)

200 +

150

100

sand
'Y Posidonia oceanica
—@— Cymodocea nodosa

relatively stiff, and C. racemosa structures stand upright
and are rigid. Hence, stiffness—flexibility appears to have a
strong influence on the interaction of hydrodynamics with
aquatic plants (Peralta et al. 2008). Thus, the effects of
different macrophyte canopies on near-bed hydrodynamics
was dependent on the specific properties of each canopy
suggesting that prediction of flow interactions maybe
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possible if simple architectural traits (density, stiffness,
morphology etc.) of each species are known.

Considering, as a rule of thumb, that fully developed
velocity profiles are usually observed at a distance of
approximately 10 times the canopy height from the leading
edge of the bed (Ghisalberti and Nepf 2002; Nepf et al.
2007), the horizontal position at which hydrodynamic



Mar Biol

Table 3 Particle retention by Caulerpa sp. canopies and seagrass canopies at 0.05 m s~ free stream velocity. Optical backscattering (OBS)

profiles from 0.28 m height above the bottom

Species K (SE) K,

% Retained (5 min)
per m? leaf area

Time (s~') to retain
50% sediment conc.

Sand (control) 7 x 107% (6 x 1075) 7 x 107% (6 x 107°) 990 -

C. racemosa 9 x 107* (5 x 107 0.029 (0.001) 24 304.01
C. prolifera® 0.001 (1 x 1074 0.091 (0.002) 8 101.04
C. taxifolia 0.0011 (6 x 107°) 0.027 (0.001) 28 22.6
Cymodocea nodosa 0.0013 (6 x 107 0.036 (0.002) 19 69.63
Posidonia oceanica® 6 x 107 0.038 18 106.67

First-order rate constant k from the exponential part of the concentration graph, k, is the effective first-order rate constant for the vegetation.

Retained sediment based on effective k, in model N, = Ny e ¥

2 Control values for the sand treatment during this experiment were 3 x 107>, all values are recalculated from the original data, different time

span (Hendriks et al. 2008)

profiles were collected (x = 0.4 m), meant for most
experimental canopies that the velocity profiles represented
transitional flow regions. Only in the case of C. racemosa
(Iength = 0.01 £ 0.002 m) could the velocity profile be
considered fully developed. Hence, hydrodynamic profiles
from our experiment should be interpreted as measure-
ments in transitional flow regions (flow profiles over small
beds) and not as representations of fully developed flow
(flow profiles over very large beds). Logistic constraints
made it impossible to transport larger beds to the labora-
tory. On the other hand, as small patches of Caulerpa are a
common occurrence at the field site, our experimental
canopies are comparable to macrophyte landscapes found
in natural conditions.

Vertical profiles of Reynolds stress and turbulent kinetic
energy (TKE) within the seagrass canopies had maximum
values just below the canopy height, while peaks in tur-
bulence within algal canopies were observed just above the
canopy height (Figs. 3, 4c, d; Table 2). All canopies
increased the values of maximum turbulence compared to
bare sediment; however, importantly, the presence of the
canopy meant that the vertical region with maximum tur-
bulence was substantially shifted away from the bed. In the
near-bed region, where shear forces may induce sediment
movement, TKE and Reynolds stresses tended towards
Zero.

Even though increases in peak Reynolds stress at the top
of the canopy of C. racemosa were only 9 times higher than
control profiles (Table 2), this species had a high particle-
trapping potential when normalised to surface area
(Table 3). Values above 100% flow reduction and retained
sediment (Table 3) are obtained because the flow reduction
is calculated for m? leaf area and the accumulated surface
of C. racemosa did not add up to a meter square in the test-
section. The small size of this species, combined with the
high density of the stiff structures protruding from the bed,

probably induces a ‘skimming flow’ type of hydrodynamic
regime over the bed (i.e., a fast flowing layer above the
canopy with very little advective water movement within
the canopy). This strong vertical divergence in flow
velocity induces sheer, resulting in turbulent mixing of the
two layers and presumably an increased transport of par-
ticles into the canopy. This mechanism of particle transport
contrasts with the other species examined, where transport
was mainly by advection through the leading edge; flow
was not fully developed as the ratio of bed length to canopy
height was <10. With the short canopy height of C. race-
mosa, the experimental bed was long enough to allow fully
developed flow, enabling turbulent transport to dominate.

C. racemosa is known to tolerate increased sedimenta-
tion, and its growth even seems to be enhanced under these
circumstances; the species is highly resistant to distur-
bances (Piazzi et al. 2005). Thus, enhanced sedimentation
may be one of the mechanisms by which C. racemosa is
able to exclude slower growing benthic macrophyte
species.

Differences between experimental settings, such as bed
length and variation in initial particle concentration make
the direct results of particle-trapping difficult to compare.
For example, initial sediment concentrations above the
Cymodocea nodosa canopy were 5 times higher than the
canopies of C. taxifolia and C. racemosa, leading to
absolute retentions of 10.5 mg 1~" in 15 min for C. nodosa
and 1.1 and 0.7 mg 1~ for the respective Caulerpa species.
However, by calculating an effective retention coefficient
(k,) for the canopies, we have been able to provide a robust
comparative assessment of flow attenuation and particle
retention within canopies of Caulerpa sp. and seagrass
species (Table 2 and 3). Our model assumes particle
retention by the canopy due to advection, which is proba-
bly the dominant mechanism for short canopies (less than
10 times canopy height).
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Effects of replacement of seagrass meadows
by opportunistic algae

As demonstrated in this study, an important aspect of the
replacement of seagrass meadows by invasive algae is the
change in the hydrodynamic properties of the seafloor,
potentially influencing a wide range of processes and in
particular the particle (propagules as well as sediment) flux
to the seafloor. Changes in the dominant phytobenthic
cover will influence sediment biochemistry, nutrient
cycling, water-column oxygen profiles, water filtration
capacity, primary and secondary production, carbon stor-
age, support of higher trophic levels and the ecosystems
response to disturbance (Ceccherelli and Cinelli 1997).
Thus, replacement of highly productive seagrass ecosys-
tems with algal species such as Caulerpa is likely to
change the functioning of the local ecosystem. Associated
species are different in seagrass meadows and Caulerpa
assemblages; for example, phytobenthic community
diversity dramatically changes (Piazzi et al. 2001, 2005),
and increased diversity and abundance of polychaetes
(often an indicator of sediment organic matter enrichment)
are often found after C. racemosa invasion (Argyrou et al.
1999). Hence, a full account of the change in ecosystem
services resulting from the loss of seagrass habitat involves
the evaluation of how many functions (e.g., production,
carbon sequestration, biodiversity maintenance) are influ-
enced by the change in hydrodynamic properties of the
seafloor.

In the case of Mediterranean seagrasses being replaced
by opportunistic Caulerpa macroalgae, the seafloor will
retain its capacity to reduce flow velocities, trap particles
and retain sediments; Caulerpa attenuated flow, trapped
particles and protected the sediment from erosion as well as
or even better than seagrasses. For example, Caulerpa
racemosa, which is rapidly spreading through the Medi-
terranean at present (Piazzi et al. 2001), was the most
effective, per unit surface area, at retaining particles. On
the other hand, differences in the seasonality and structural
properties between Caulerpa spp., and seagrasses suggest
annual sediment dynamics are likely to be affected.
C. racemosa (Piazzi et al. 2001) and C. taxifolia
(Ceccherelli and Cinelli 1998) both have a greatly dimin-
ished biomass in winter, and in contrast to the seagrasses,
they lack a pronounced rhizome structure that binds the
sediment; hence, during winter, sediments are likely to be
exposed to erosion.

In conclusion, changes in the hydrodynamic properties
of the seafloor caused by the loss of Mediterranean sea-
grasses may be less dramatic in summer when these mead-
ows are replaced by Caulerpa species, which have a similar
influence on near-bed hydrodynamics. However, during
winter (when most large storms occur), these species have

@ Springer

limited coverage and/or reduced sizes, suggesting that ero-
sion of the unprotected sediment could be dramatic.
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