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INTRODUCTION

Seagrass meadows are in decline worldwide (Orth
et al. 2006), creating opportunities for invasive spe-
cies, both exotic and native, to occupy these habitats
(Occhipinti-Ambrogi & Savini 2003, Williams 2007,
Pérez-Ruzafa et al. 2012). Green rhizophytic algae of
the genus Caulerpa are potential competitors for
 seagrass-dominated habitats, since seagrass cover is
negatively correlated with Caulerpa expansions, as
reported for both Mediterranean (Bulleri et al. 2010,

Hoffman 2014, Pérez-Lloréns et al. 2014) and
Atlantic coasts (Stafford & Bell 2006, Tuya et al.
2013a).

The spreading of Caulerpa can be grouped in 2
strategies: (1) fragmentation (Ceccherelli & Cinelli
1999, Smith & Walters 1999) and (2) space pre-emp-
tion via clonal growth (e.g. Stafford & Bell 2006,
Wright & Davis 2006). As a spreading mechanism,
the efficiency of clonal expansion is fostered by high
levels of sedimentation, which in turn increase the
chance for successful colonization (Stafford & Bell
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2006). Episodes of strong sedimentation, increased
organic matter and sulphide pools confer competitive
advantages to Caulerpa species, which grow more
efficiently than seagrasses under these conditions
(Piazzi et al. 2005, 2007, Holmer et al. 2009, Pérez-
Ruzafa et al. 2012).

Species-specific differences in sediment-trapping
capacity generally drive changes in water−sediment
interactions resulting in depositional gradients along
transition zones (TZs) of overlapping macrophyte
populations (Gacia et al. 2003, Hendriks et al. 2010).
Hendriks et al. (2010) reported that homogeneous
canopies of Caulerpa prolifera Forsskål (Lamouroux)
trapped sediment 2.5 times faster than homogeneous
canopies of the seagrasses Posidonia oceanica (L.)
Delile and Cymodocea nodosa Ucria (Ascherson).
This high sediment-trapping capacity of C. prolifera
was attributed to the enhanced vertical transport of
particles into the canopy instead of the horizontal
transport resulting from advection typical of seagrass
beds. In contrast, homogeneous seagrass meadows
generally stabilize and retain sediment by reducing
water velocity within the canopy (i.e. horizontal pro-
cesses; Almasi et al. 1987, Gacia et al. 1999, Hendriks
et al. 2010). Besides these studies, hydrodynamic
gradients within overlapping Caulerpa spp. and sea-
grass patches have only been described in a single in
situ study (Morris et al. 2013), which reported higher
canopy flow permeability in C. nodosa than in C. pro-
lifera beds. Excepting this latter work, most of the
previous studies were conducted ex situ and on
homogeneous beds with no explanation of the func-
tioning of macrophyte TZs.

However, improving our knowledge of TZ function
can be especially relevant for management of macro-
phyte-dominated coastal habitats, like those at Cadiz
Bay Natural Park (CBNP), Spain. Cadiz Bay is a
 shallow tide-dominated embayment protected from
oceanic waves but sporadically affected by wind
waves that generate erosive events, mainly under
strong easterlies and westerlies (Alvarez et al. 2003).
Subtidal vegetated bottoms are mostly represented
by the green rhizophyte Caulerpa prolifera and the
seagrass Cymodocea nodosa. Populations of both
species occur in a wide belt around the bay and their
patches usually overlap at their edges (Morris et al.
2009, 2013, De los Santos et al. 2013). Preliminary
data suggested that, under a positive sedimentation
scenario (i.e. high sediment load), C. prolifera might
outcompete C. nodosa because (1) C. prolifera pos-
sesses a lower light compensation point for photosyn-
thesis than C. nodosa, which confers a competitive
advantage in turbid environments (Pérez & Romero

1992, Vergara et al. 2012) and (2) the biomass turn-
over rate is also higher for C. prolifera than for C.
nodosa (Brun et al. 2006, Vergara et al. 2012, Olivé et
al. 2013), which suggests a better potential for rapid
expansion. At CBNP, well-developed TZs between
these 2 species usually exhibit a clear microtopo-
graphic pattern: the bottom of C. prolifera beds is
0.05 to 0.20 m above the adjacent C. nodosa stands
(Morris et al. 2013, M. Lara pers. obs.). This ‘step’
extends horizontally between 0.05 and 0.15 m (M.
Lara pers. obs.). Although it has been recently de -
scribed that ripples can be formed in intertidal mud-
flats under very specific situations, the formation of
muddy ripples seems rather improbable at CBNP
since these steps do not show any regular spatial pat-
tern (Chang & Flemming 2013). At CBNP, these steps
are only evident at the edges of the overlying patches
of both species, where C. prolifera patches are always
found at higher elevations than C. nodosa patches.

The effects of microtopography on interactions
between macrophyte species have rarely been ad -
dressed. Earlier studies dealt with the influence of
raising the seagrass bottom on current velocity (Fon-
seca et al. 1983), the role of microtopography on flow
over turf algae (Carpenter & Williams 1993) and the
effects of mudflat structure on bed friction (White-
house et al. 2000). These studies showed that (1)
microtopography enhances bottom shear stress in
elevated areas, but it also fosters sedimentation on
the adjacent depressed bottom, and that (2) water
flow diverges and lessens downstream of the raised
bottom. Additionally, it has been reported that the
interaction between microtopography and sedimen-
tation may affect macrophytobenthos abundance
(Irving & Connell 2002) but also that macrophytes
may change the structure of bed form patterns
(Marani et al. 2004, Borsje et al. 2009, Bouma et al.
2013). All of these studies highlight that under -
standing the mechanisms underlying the distribution
of benthic habitats requires a better knowledge of
the interactions among flow, microtopography and
 vegetation at TZs.

Here we hypothesized that bottom microtopogra-
phy affects the hydrodynamics, which ultimately
may control the local sediment dynamics in over -
lapping C. nodosa and C. prolifera patches. Con -
sequently, the probability of sediment deposition may
increase at the TZs between these species, favouring
the spread of C. prolifera. To test this hypothesis, we
conducted a flume-tank experiment to study the
combined effects of free stream velocity and bottom
microtopography on hydrodynamic variables in
 simulated adjacent patches of C. nodosa and C. pro-
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lifera. The likelihood of these hydrodynamic meas-
urements to result in potential sedimentation or erod-
ability was evaluated by comparison with theoretical
thresholds.

MATERIALS AND METHODS

Plant collection

Caulerpa prolifera and Cymodocea nodosa speci-
mens were collected in May 2008 from the inner bay
at CBNP, SW Spain (36° 28’ 13” N, 06° 15’ 7” W). Sev-
eral days prior to the experiment, plants were col-
lected, cleaned, wrapped in moist tissue paper and
sent to the laboratory at the Royal Netherlands Insti-
tute for Sea Research in Yerseke, The Netherlands
(NIOZ-Yerseke). Upon arrival, plants were kept in a
tank with filtered, aerated seawater (salinity 31, tem-
perature 18°C) under a 14 h light:10 h dark photo -
period with 160 µmol photons m−2 s−1. Before each
experimental run, plants were checked to re place
any damaged specimens with intact ones.

Experimental design and 
spatial arrangement of patches

Ten siliceous sediment boxes (0.390 × 0.285 ×
0.150 m each) were assembled to construct a 2 m
long bed within the test section of the flume tank.
Each box was planted either with C. prolifera or C.
nodosa specimens. Stolons of C. prolifera and rhi-
zomes of C. nodosa were buried, ensuring that fronds
and shoots remained aboveground. Plant density,
leaf length and leaf area index were similar to sum-
mer observations at CBNP (Table 1; Vergara et al.
2012, Morris et al. 2013). Regardless of the bottom
microtopography level, C. prolifera was always
placed at the upstream portion of the test  section
(designated the CP section in Fig. 1; x = 0.8 m, y =
0.6 m), whereas the downstream end was shared by
adjacent C. nodosa (CN, x = 1.2 m, y = +0.3 m) and C.
prolifera (x = 1.2 m, y = −0.3 m) beds.

We used a 10 m3 unidirectional flow flume tank
with a 0.6 × 2 m test section and race-track architec-
ture that prevents undesirable secondary flows along
the width of the test section (Jonsson et al. 2006, Bal
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Plant density (shoots m−2) Leaf length (cm) Leaf area index
CP CN CP CN CP CN 

Flume expt. 6890 443 4.70 ± 1.33 20.35 ± 9.16 3.66 0.78
CBNP 6500 ± 2150a 356 ± 190b 10.00 ± 2.77b 30.00 ± 12.27b 4a 1.9b

8700 ± 464b

aVergara et al. (2012); bMorris et al. (2013)

Table 1. Demographic variables of Caulerpa prolifera (CP) and Cymodocea nodosa (CN) corresponding to our flume experi-
ment and to literature values described for this species at Cadiz Bay Natural Park (CBNP), Spain, during summer conditions, 

when wind storms have the highest probability of occurring. Error values indicate 95% confidence intervals 
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et al. 2013). A preliminary test with a bare bed (free
stream velocity ~0.25 m s−1) confirmed minimum dif-
ferences (0−3%) on u-velocity between the left and
the right side of the flume (Fig. 2), and hence the ef-
fect of artificial secondary flows within complex bed
configurations could be disregarded. To avoid any ar-
tificial high turbulence intensity by forcing the flow to
pass through the canopy bed, a bare space was simu-
lated in between the canopy and the closest wall. Ad-
ditionally, to keep the hydrodynamic properties of the
patches, the water column depth:canopy height ratio
was always maintained above 2 (i.e. water column
height between 0.32 and 0.42 m, cf. Fonseca & Koehl
2006). This design allows for upscaling to the shallow
depths where the overlapping patches of C. prolifera
and C. nodosa normally occur (i.e. −0.5 m in the low-
est astronomical tide, Vergara et al. 2012).

To study the effects of microtopography, 2 experi-
mental levels were assayed: flat bottom (FB) and
stepped bottom (SB). To simulate the SB, boxes with
C. prolifera were placed 0.1 m higher than the C. no-
dosa ones (Fig. 1). To avoid undesired effects due to
sharp vertical edges formed at the beginning of the
TZ (x = 0 m), a smooth 3 m slope (incline = 3%) was
simulated upstream of the test section (grey area at
the left side of SB, Fig. 1). For a similar reason, the
steps on the TZ were also smoothed by adding fine
gravel to the slopes. The effects of the fine gravel on
the roughness scale of the flume tank were negli gible,
as the estimation of the granular roughness length (z0)
following Dade et al. (2001) showed the same order of
magnitude for bed sediment and for the fine gravel.

Each level of microtopography was exposed to 2
levels of unidirectional free stream velocities: low
 velocity (LV = 0.065 m s−1) and high velocity (HV =
0.14 m s−1). Both levels are representative of the envi -
ronmental conditions in CBNP. The LV is within the
range of typical tidal currents (Morris et al. 2013),
whereas the HV is within the maximum current val-
ues predicted for CBNP (Kagan et al. 2003). Although
we are aware of the likely orbital flow effects, we
decided to focus only on uni directional currents,
which are the prevailing currents at CBNP, leaving
the  effects of waves for  further studies.

The 3 velocity components (u, v and w) were meas-
ured with an acoustic Doppler velocimeter (ADV,
Nortek) set at 10 Hz. Measurements lasted 270 s per
sampling point, following a 3-D grid with 280 points
in total. The points were distributed over 7 x-loca-
tions (−0.15, −0.05, 0.1, 0.15, 0.30, 0.60 and 0.90 m
from the leading edge of the TZ), 4 y-locations (−0.20,
−0.10, 0.10 and 0.20 m from the centre of the flume
tank cross section) and 10 z-locations (0.01, 0.02,
0.03, 0.04, 0.06, 0.08, 0.10, 0.15,0. 20 and 0.24 m
above the bottom of the C. prolifera bed; 0.03, 0.04,
0.06, 0.08, 0.10, 0.12, 0.15, 0.18, 0.20 and 0.24 m
above the bottom of the C. nodosa bed). For the SB
microtopo graphy, we added 0.10 m to the 3-D grid z
locations above the C. prolifera bed. To minimize
 disturbances within the ADV probe (i.e. interaction
with the canopy as the probe moves toward the bed),
the robotic probe started measurements from its
 lowest position on each vertical profile. The height of
the C. nodosa canopy (hc) was measured at every x-
position by drawing the projected area, whereas hc

was relatively constant for C. prolifera (~0.04 m). To
depict the projected area of canopy, plastic slides
were placed on the transparent wall of the flume
tank and its upper limit was carefully traced as a thin
curve stroke.

Hydrodynamic variables

Prior to data analysis, raw data with beam correla-
tions below 70% were filtered out (Bouma et al.
2007, Lara et al. 2012), leaving at least 2000 data
points per 3-D grid measurement point. Once fil-
tered, the velocity components were estimated as
time- averaged values (u

_
, v

_
, w

_
) and their respective

fluctuation terms (u’, v ’, w ’). The turbulent kinetic
energy (TKE = 0.5 × [u’2

__
+ v ’2

__
+ w ’2

__
]) was estimated

with values measured close to the top (TKEabove) of
both C. prolifera (~0.04 m) and C. nodosa (~0.08−
0.18 m) canopies. In this way, TKEabove estimated
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the magnitude of vertical mixing into the canopy
(Hendriks et al. 2010).

The bottom shear stress (τ, Pa; Eq. 1 below) is gen-
erally used as a proxy for bed stability and for proba-
bility of sedimentation (Fonseca & Fischer 1986,
Zong & Nepf 2010). In our case, it was used to com-
pare spatial patterns of sedimentation probability
between C. prolifera and C. nodosa beds. The values
of τ were estimated for the range of 0.03 to 0.04 m
from the bottom using the near-bed Reynolds stress:

τ =  −ρu’w’
____

(1)

where τ is bottom shear stress (Pa), ρ is water density
(1025 kg m−3), and u’w’

____
is the vertical transfer of

 longitudinal momentum fluctuations (m2 s−2). This
range of elevations (0.03−0.04 m) was chosen for
comparative purposes according to the lowest eleva-
tion where we could obtain reliable data for C.
nodosa beds (Hendriks et al. 2010).

To determine the effects of C. prolifera and C. no-
dosa on bed stability and sedimentation probability,
gradients of τ were analysed according to downstream
(x) directions and compared with theoretical thresh-
olds for erosion (τer) and sedimentation (τsed). To calcu-
late these thresholds, values of sediment size and
composition were assumed to be equal to those previ-
ously published for clay (illite: diameter, d ≈ 4 µm; par-
ticle density, ρs = 2800 kg m−3), silt (illite: d ≈ 44 µm;
ρs = 2800 kg m−3) and fine-sand fractions (quartz, d ≈
280 µm, ρs  = 2600 kg m−3) at CBNP (Gutierrez-Mas
et al. 1997, Achab & Gutierrez-Mas 2005).

The values of τer were estimated from standardized
curves modified from Shield’s diagrams (Eqs. 2 & 3),
depending on a characteristic dimension of particle
size (D*, Eq. 4; van Rijn 2007):

τer =  0.115(D*)−0.5; for D* < 4 (2)

τer =  0.14(D*)−0.64; for 4 ≤ D* < 10 (3)

(4)

where d is a representative diameter of a particle, ρs

(kg m−3) is the particle density, ρw is the seawater
density (1025 kg m−3), g is the gravitational accelera-
tion (m s–2), and v is the kinematic viscosity of water
at 15°C (1.15 × 10−6 m2 s−1).

The values of τsed were calculated using the empir-
ical relationship reported by Self et al. (1989) (Eq. 5):

log10(τsed) = 0.76 × log10(d) − 2.76 (5)

Finally, the canopy volumetric flow rate (Qc, m3 s−1)
was a proxy of the effects of factors on the horizontal
supply of suspended sediment (Peralta et al. 2008).

The values of Qc were estimated as follows: (1) TZ
(i.e. 1.2 m on the test section) was divided into 4
equal sections (i.e. 1.2 m length × 0.15 m width, y1/4W

in Eq. 6); (2) the velocity profiles were horizontally
integrated rendering Qi values for each z-layer in
each section (Eq. 6); and (3) Qc was finally estimated
as the vertical integration of Qi within the canopy
(Eq. 7). Additionally, the volumetric flow rate above
the canopy (Qabove) was estimated following a similar
procedure (Eq. 8).

(6)

(7)

(8)

where hc is the canopy height (m), hw is the water
 column height (m), y1/4W is the quarter part of flume
tank width and uziyj

is the u (m s−1) at height zi on the
corresponding y1/4W and cross-stream positions y1

and y2, respectively. The flow rate through the flume
tank side corresponding to each species equals to
Qc + Qabove. To facilitate the comparison between
treatments, Qc and Qabove were normalized by the
total flow rate through the entire flume-tank section
(i.e. Q = Qcn_side + Qcp_side), and the resulting values
were expressed as percentages (i.e. %Qc, %Qabove).

Statistical analysis

The racetrack flume always yielded n = 8 samples
per experimental run (i.e. from 4 x-positions by 2
y-positions) for each species. To discard sample
 position effects, the relationship between position
(covariate) and the corresponding dependent vari-
able was checked for significance using an ANCOVA
(Sokal & Rohlf 1995). Accordingly, the effects of sam-
ple position on TKEabove (F = 1.30, p = 0.25) and τ
(F = 0.06, p = 0.8) were negligible compared to the
 variance due to experimental treatments.

After position effects were disregarded, normality
and homoscedasticity requests were checked using
Shapiro-Wilks and Levene tests, respectively. To
achieve these assumptions, values of τ and TKEabove

were log-transformed. Following data transformation,
the effects of velocity and microtopography were
tested with a 2-way ANOVA. The contribution (per-
centage) of each factor to the total variance was esti-
mated as the sum of squares among treatments (SS).
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Finally, 95% confidence intervals (CI) were obtained
by spatially averaging the values of %Qc or τ. Mean
differences were contrasted with the root-sum-of-
squared 95% CI to ensure significance (α  = 0.05).

RESULTS

Velocity profiles

The u-profiles revealed species-specific patterns in
the vertical flow structure and in efficiency of velo -
city reduction near the floor (Fig. 3). Regardless of
the treatment, velocity values near the bottom were
lower within the taller Cymodocea nodosa canopy
(u < 0.003 m s−1) than within the shorter Caulerpa

prolifera canopy (u > 0.005 m s−1). Inter-specific dif-
ferences in canopy architecture (i.e. height and mor-
phology) could account for the recorded differences
in vertical u-profile shapes.

In the LV-FB treatment, u-velocity decreased
shortly after entering the C. nodosa canopy (Fig. 3C,
x = 0.1 m); however, in the HV-FB treatment, such a
decrease was detected farther within the canopy
(Fig. 3G, x = 0.3−0.4 m). Regardless of the velocity
level, the SB microtopography favoured the genera-
tion of LV regions near the floor of the C. nodosa
canopy (Fig. 3D,H; x = 0.1−0.5 m). Within this
depressed region (~0.4 m downstream of the step
below the C. prolifera bed), the values of velocity
measured within the step were 1 order of magnitude
lower than those of the FB.
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Fig. 3. Vertical profiles of the u-component of velocity (m s−1) along the test section (x) of the racetrack flume according to the
free stream velocity (A−D: low velocity, LV = 0.065 m s−1; E−H: high velocity, HV = 0.14 m s−1) and bottom microtopography (flat
or stepped bottom). The u-profiles are represented by arrows with lengths proportional to the u-values (note that the proportions
of the arrows are different at LV and HV). The profiles correspond to y-position = 0.1 m for Caulerpa prolifera and −0.1 m for
 Cymodocea nodosa. Dotted lines represent the water column height. C. nodosa canopies are represented by dark green 

polygons, C. prolifera canopies are light green rectangles, and the bottom microtopography is symbolized by grey polygons
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Volumetric flow rates and canopy heights

The volumetric flow rates through each type of
canopy were normalized for the total flow crossing
the whole flume section (%Qc) and
yielded values below 10% in both
species (Fig. 4; grey areas). In con-
trast, the percentages of volumet -
ric flow rate above each canopy
(%Qabove) ranged between 30 and
55% of the whole flume  section
(Fig. 4). Regardless of the experi -
mental treatment, %Qc values within
C. nodosa were generally higher
(3.5−8%) than those recorded within
C. prolifera (1.7−3.2%, non-overlap-
ping 95% CI). Canopy height (hc)
seemed to account for these differ-
ences since it was always higher for
C. nodosa (0.175 m at LV, 0.08 m at
HV) than for C. prolifera (0.04 m; see
Fig. 3 for canopy height details).

For FB microtopography, although %Qc was lower
in C. prolifera, the volumetric flow rate crossing
along the side of the flume tank occupied by C. pro-
lifera (58% at LV, 55% at HV; Table 2) was always
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Fig. 4. Volumetric flow rates in the transition zone (TZ), according to the free stream velocity (A,B: low velocity, LV; vs C,D:
high velocity, HV) and bottom microtopography (A,C: flat bottom, FB; vs B,D stepped bottom, SB). Data are expressed as
 percentages of the total volumetric flow rate (Q), which varied at LV between 0.010 (FB) and 0.012 m3 s−1 (SB), and at HV
between 0.023 (FB) and 0.027 m3 s−1 (SB). Results are depicted as accumulated bars of %Qc (volumetric flow rate crossing the
canopies, grey columns) and %Qabove (volumetric flow rate crossing the water above the canopies, white columns). Results on
the test section were split in 3 areas: ‘Upstream’ (%Q before the TZ, where Caulerpa prolifera occupies the entire test section);
‘CN side’ (%Q on the TZ side occupied by Cymodocea nodosa); and ‘CP side’ (%Q on the TZ side occupied by Caulerpa
 prolifera; see Fig. 1 for further details). For TZ areas, the 50% Q is highlighted with a dashed line. Error bars represent 95% 

confidence intervals 

Velocity Microtopography Flume side %Q %Qc %Qabove

(m s−1) and Q (m3 s−1) (species)

LV: 0.065 FB (0.0105) CP 58.2 3.2 55
CN 41.8 8 33.8

SB (0.0123) CP 48.4 1.7 47.1
CN 51.2 4.4 46.8

HV: 0.14 FB (0.0233) CP 54.9 3.1 51.8
CN 45.1 5.5 39.6

SB (0.0272) CP 48.4 1.8 46.6
CN 51.6 3.5 48.1

Table 2. Volumetric flow rates in the transition zone (TZ), according to the free
stream velocity (LV: low velocity, HV: high velocity) and microtopography
treatments (FB: flat bottom; SB: stepped bottom). Data are expressed as per-
centages of total volumetric flow rate (Q) and have been separated as percent-
age of Q crossing the canopies of Caulerpa prolifera (CP) and Cymodocea
nodosa (CN) (%Qc), and the percentage of Q above those canopies (%Qabove).
The percentage of Q crossing each side (i.e. %Qc + %Qabove) is also indicated
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higher than that crossing along the C.
nodosa side (42% at LV, 45% at HV),
clearly indicating that the water flow
was preferentially redirected towards
the top of the C. prolifera bed (non-
overlapping 95% CI; Fig. 4A,C).
However, these differences were not
recorded for SB microtopography,
where %Qc was practically reduced
by half in both species and the volu-
metric flow was similar for both sides
(Fig. 4B,D). Given that the increase in
free stream velocity resulted in a pro-
portional enhancement of the total
volumetric flow rate (Q = 0.012 m3 s−1

for LV versus Q = 0.027 m3 s−1 for HV),

it counterbalanced the reduction of %Qc due to the
SB microtopography.

Bottom shear stress (τ)

Free stream velocity significantly affected bed
shear stress on C. prolifera substrate (circles in
Fig. 5, Table 3, F = 4.422, p < 0.05) but not on C.
nodosa substrate (triangles in Fig. 5, F = 4.415, p >
0.05), suggesting that the seagrass has a higher
capacity than the rhizophyte in buffering bed insta-
bility under unidirectional flow dominated systems.
However, SB did not affect the values of τ on any of
the 2 vegetated bottoms (Table 3, p > 0.05), sug-
gesting that spatial gradients in τ were mainly due
to the change in canopy properties rather than to
the presence of SB microtopography.

To identify likely consequences for erodability/sed-
imentation probability, τ values for different grain
sizes found at CBNP (i.e. clay, silt and fine sand) were
compared with theoretical thresholds for erosion and
sedimentation (τer and τsed, respectively; Fig. 5). The
graphic representation of these thresholds generated
3 possible scenarios: (1) high probability of particle
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Fig. 5. Comparison of bed shear stress (τ, Pa) with thresholds
for erosion (τer) and sedimentation (τsed). Thresholds were
modelled for (A) clay (diameter, d ≈ 4 µm; particle density,
ρs = 2800 kg m−3), (B) silt (d ≈ 44 µm, ρs = 2800 kg m−3) and
(C) fine sand (d ≈ 280 µm, ρs = 2600 kg m−3) particles. Since
the bottom microtopography had no significant effects on τ,
only the results for stepped bottom (SB) are shown. LV:
low velocity; HV: high velocity; CP: Caulerpa prolifera; 

CN: Cymodocea nodosa

Factor df SS MS F % SS p

(A) Caulerpa prolifera (n = 8)
Free stream velocity 1 8.55 8.55 4.422 10 0.046
Microtopography 1 6.19 6.19 3.201 14 0.086
Free stream velocity × 1 0.13 0.13 0.065 – 0.800
Microtopography

Residuals 24 46.40 1.933

(B) Cymodocea nodosa (n = 8)
Free stream velocity 1 20.87 20.87 4.415 – 0.050
Microtopography 1 0.04 0.04 0.008 – 0.931
Free stream velocity × 1 8.61 8.61 1.821 – 0.195

Microtopography
Residuals 17 80.35 4.727

Table 3. Statistical effects of free stream velocity and microtopography
 treatments on bed shear stress (τ). Level of significance α = 0.05; n = 8; SS: 

sum of squares; MS: mean squares
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erosion (τ ≥ τer); (2) high probability of sedimentation
(τsed > τ); and (3) an intermediate state in which the
particles remain in suspension (τer > τ > τsed). For fine
sand, the τ threshold for sedimentation was higher
than for erosion (τsed > τer), favouring sediment insta-
bility where erosion and sedimentation processes
could be simultaneous.

Spatial integration of τ-values did not reveal any
differences between transversal (data not shown)
and longitudinal directions (Fig. 5), peaking close to
the limit between C. prolifera and C. nodosa. At
0.03 to 0.04 m over the sediment surface, practically
any τ-value exceeded the erosion thresholds. Only
for C. prolifera on silt environment did some τ range
values surpass the erosion threshold. However, ero-
sion conditions are not expected in lower elevations
within the canopy, since bottom shear stress usually
decreases deeper within the dense canopy of C.
prolifera (Fig. 6). Therefore, in this particular case,
the sediment source is not expected to be local ero-
sion. The probability of sedimentation was clearly
low in C. prolifera-dominated environments, with
the clay fraction having the lowest expected proba-
bility of deposition. At HV, most of the transported

sediment had no chance to settle on C. prolifera
beds, but this probability increased at LV mostly for
silt and fine sand fractions. In contrast, C. nodosa-
dominated environments seem to favour the condi-
tions for trapping sediment regardless of particle
size or water velocity (Fig. 5). As vertical profiles
of Reynold stress under LV conditions had values
<0.1 Pa, both canopies can be considered a layer of
low τ-values. However, our results also show that C.
nodosa generates thicker low τ-layers than C. prolif-
era (Fig. 6).

TKE above the canopy

Free stream velocity and bottom microtopography
had significant effects on TKEabove values in both spe-
cies (Table 4). Free stream velocity accounted for
most of the total variance over the C. prolifera canopy
(76% compared to 16% attributed to the bottom
microtopography), whereas for C. nodosa, microto-
pography explained 36% of the variance (only 28%
of the variance was due to free stream velocity). No
significant interaction effects between velocity and

131

●

●

●

●

●

●

●

●

−0.2 −0.1 0.0 0.1 0.2

0.0

0.1

0.2

0.3

0.4

0.0

0.1

0.2

0.3

0.4

0.0

0.1

0.2

0.3

0.4

0.0

0.1

0.2

0.3

0.4

0.0

0.1

0.2

0.3

0.4

0.0

0.1

0.2

0.3

0.4

0.0

0.1

0.2

0.3

0.4

●●●
●
●
●

●

●

●

τ (Pa)

z 
(m

)

0.0

0.1

0.2

0.3

0.4

z 
(m

)

x = −0.15 m

●

●

●

●

●

●

●

●

−0.2 −0.1 0.0 0.1 0.2

●●●
●

●
●

●

●

●

τ (Pa)

x = −0.05 m

●

●

●

●

●

●

●

●

●

●

−0.2 −0.1 0.0 0.1 0.2
τ (Pa)

x = 0.15 m

●

●

●

●

●

●

●

●

●

●

−0.2 −0.1 0.0 0.1 0.2
τ (Pa)

τ (Pa) τ (Pa) τ (Pa) τ (Pa)

x = 0.30 m

●

●

●

●

●

●

●

●

−1.0 −0.5 0.0 0.5 1.0

●●●
●
●
●

●

●

●

x = −0.15 m

●

●

●

●

●

●

●

●

−1.0 −0.5 0.0 0.5 1.0

●●●
●
●
●

●

●

●

x = −0.05 m

●

●

●

●

●

●

●

●

●

●

−1.0 −0.5 0.0 0.5 1.0

x = 0.15 m

●

●

●

●

●

●

●

●

●

●

−1.0 −0.5 0.0 0.5 1.0

x = 0.30 m

LV

HV

Fig. 6. Comparison of vertical profiles on Reynolds stress (τ) in the stepped bed treatment for Caulerpa prolifera (circles) and
Cymodocea nodosa (triangles), at low velocity (top, white symbols) and high velocity (bottom, dark symbols). The black layer 

in the C. prolifera panels represents the height of the bed. Grey areas represent the canopy. Error bars are 95% CI



Mar Ecol Prog Ser 561: 123–136, 2016

bottom microtopography were detected for any of
the 2 species. Interspecific differences could not be
tested due to heteroscedasticity of data even after
transformation. However, significant differences were
not expected since the 95% confidence intervals for
both species overlapped in every treatment (Fig. 7).

DISCUSSION

This study supports our initial hypothesis that flow
along stepped TZs results in a gradient of different
probabilities of sedimentation for competing macro-
phyte species. It reinforces the thought of physically
mediated interactions at these boundary zones and
emphasizes the need for further studies to under-
stand hydrodynamics of transitional bottoms, since
they are characteristic of many coastal landscapes.

Hydrodynamics-mediated processes at the TZ

This work reveals that in TZs between overlapping
Caulerpa prolifera and Cymodocea nodosa patches,
free stream velocity rather than microtopography
dominates turbulence (Tables 3 & 4). This result sug-
gests that in this type of environment, hydrodynam-
ics are more influenced by short-term physical pro-
cesses (i.e. tides and wind) than by long-term ones
(i.e. variables affecting microtopography, Bouma et
al. 2007, Borsje et al. 2009). The key role of the free
stream velocity in controlling hydrodynamics con-
trasts with previous reports of TZs for Spartina mar-
itima populations. For this saltmarsh plant, bed ele-
vation (related to sediment accretion and, therefore,
a long-term process) was considered to be the major

factor determining exposure to tidal
currents (Castellanos et al. 1994, San -
chez et al. 2001). The control by short-
term processes implies that those
with high temporal heterogeneity
dominate changes at these boundary
zones, which is the common situation
in intertidal areas. Hence, the role of
microtopography cannot be regarded
as a mechanism independent from
flow velocity (Fonseca et al. 1983).

In our experiments, the enhance-
ment of unidirectional currents (from
0.06 to 0.14 m s−1) co-occurred with
increases in turbulence, including (1)
TKEabove and (2) bottom shear stress.
In a situation where the sediment

concentration in the water column is high, the rise
in TKEabove (2.5-fold for both species) suggests the
augmentation in vertical sediment transport from the
overlaying flow (Nepf et al. 2007, Hendriks et al.
2010). However, increases in bottom shear stress
were not necessarily related to decreases in probabil-
ity for sedimentation, since sedimentation is strongly
dependent on particle size-specific τsed thresholds
(Zong & Nepf 2010). Within the velocity range used
in our experiment, C. nodosa did seem to always
favour sediment deposition (i.e. free stream velocity
had no significant effects), whereas in C. prolifera
canopies, the effects seem to depend on the combi-
nation of free stream velocity and grain size (Fig. 5).
C. prolifera did appear to facilitate sediment deposi-
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Factor df SS MS F % SS p

(A) Caulerpa prolifera
Free stream velocity 1 8.562 8.562 300.69 76 <0.001
Microtopography 1 1.844 1.844 64.75 16.4 <0.001
Free stream velocity × 1 0.068 0.068 2.39 – 0.13

Microtopography
Residuals 28 0.797 0.028

(B) Cymodocea nodosa
Free stream velocity 1 9.72 9.72 21.90 28 <0.001
Microtopography 1 12.2 12.2 27.49 36 <0.001
Free stream velocity × 1 0.016 0.016 0.036 – 0.85

Microtopography
Residuals 28 12.42 0.444

Table 4. Statistical effects of free stream velocity and microtopography
 treatments on turbulent kinetic energy on top of the canopies (TKEabove).
Level of significance α = 0.05; n = 8; SS: sum of squares; MS: mean squares
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Fig. 7. Turbulent kinetic energy (TKEabove) over canopies of
Caulerpa prolifera and Cymodocea nodosa according to the
experimental treatments (FB: flat bottom; SB: stepped bot-
tom). Error bars correspond to +95% confidence intervals
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tion only for silt and fine-sand fractions under LV
conditions; however, at HV, although it does not
favour erosion, it seemed to favour conditions for sed-
iment suspension more than for deposition. There-
fore, species-specific differences on sedimentation
probability are only expected under HV scenarios.

Our experiment simulated values of unidirectional
currents expected at CBNP under strong wind condi-
tions (HV; Alvarez et al. 1999, Kagan et al. 2003).
Under this scenario, sediment remobilization is ex -
pected. However, our results showed that the inten-
sity of unidirectional currents generated under these
conditions was not high enough to foster the risk of
erosion, highlighting the importance of waves even
in environments protected from oceanic waves, such
as CBNP (Amos et al. 2004). Waves enhance shear
stress levels, which may control the structure of sea-
grass beds in shallow embayments (Carr et al. 2016).
Additionally, the erosion threshold can be increased
by sediment-stabilizers like microphytobenthos (Amos
et al. 2004) or decreased by sediment-destabilizers
like bioturbators (Widdows & Brinsley 2002). Hence,
further in situ studies are needed for a better under-
standing of sediment dynamics on vegetated fore-
shores, particularly during wind-wave dominated
events.

Besides bottom stability, particle retention within
submersed canopies can also be related to horizontal
sediment transport (Gacia et al. 1999, Peralta et al.
2008). Considering the canopy volumetric flow rate
(%Qc) as a proxy for the source of particles, our
results support previous findings that highlighted the
dependency of volumetric flow rate the on species-
specific canopy height and permeability (Fig. 4)
(Morris et al. 2013). C. prolifera stands are denser
and shorter, exhibiting a low permeability (%Qc =
1.5−3.5%). Therefore, the main source of particles
must be the vertical transport driven by turbulent
mixing. In contrast, C. nodosa beds are sparser and
highly permeable (%Qc = 3.5−8%), suggesting that
the main source of particles must be provided by hor-
izontal transport (advection, Hendriks et al. 2010).
Under these conditions, the preferential pathway of
sediments from upstream towards C. nodosa beds
seems a reasonable scenario.

Microtopography can also affect sediment trans-
port. The existence of small-scale microtopography
on vegetated bottoms (i.e. 0.1 m; Fonseca et al. 1983,
Carpenter & Williams 1993) has previously been
associated with generation of LV areas. In our case,
the SB favoured the generation of a LV layer in the
depressed areas of C. nodosa (Fig. 3), probably fos-
tering a depositional environment (Hendriks et al.

2010). However, SB probably also reduces sediment
availability (e.g. Qc decreases with decreasing velo -
city, Fig. 4), as an indirect consequence of reducing
velocity. Therefore, the efficiency of beds thriving on
SBs as sediment traps seems to be restricted to events
that promote high sediment loads in the water col-
umn (e.g. after a storm; Koch 1999).

Consequences for experimentation in benthic TZs

Previous flume-tank studies on single-species
patches suggest that turbulence patterns strongly
depended on bed configuration. For example, large
homogeneous canopies produced a stronger dissipa-
tion of turbulent wakes than small and scattered
patches did (Folkard 2005, Maltese et al. 2007). Sim-
ilar effects were observed in the field (Lara et al.
2012), indicating that the design of appropriate ex -
perimental spatial set-ups is key to obtaining flume-
tank results that are scalable to real landscapes (Fon-
seca & Koehl 2006). Consequently, setting up a
homogeneous bed within a flume tank is not useful to
understand processes occurring in patchy land-
scapes. Moreover, our results suggest that spatial
variability in τ and TKEabove was better explained by
the transition between 2 vegetation types; this was
supported by previous in situ  measurements (Morris
et al. 2013). The success of experiments involving
patchy configurations, either monospecific or multi-
specific, reveals that such approaches may be prom-
ising for future research (Bal et al. 2013, Bouma et al.
2013).

Our study suggests that both hydrodynamic and
sedimentary processes occurring in TZs between
C. prolifera and C. nodosa patches may play an
 important role in interspecific competition for space.
Differences in their bathymetric distribution can be
explained by differences in light requirements.
 However, smooth-sloped subtidal habitats are areas
where the corresponding niches overlap and compe-
tition must occur (Terrados & Ros 1991). Despite pre-
vious research, pinpointing processes controlling
shallow subtidal competition still remains difficult
(Pérez-Ruzafa et al. 2012). This work identifies, at the
patch scale, the physical processes that could be
involved, suggesting that C. nodosa patches are
more likely to be depositional areas in TZs when
occurring adjacent to C. prolifera patches. This depo-
sitional scenario would favour a successful outcome
for C. prolifera when competing for space, because
(1) C. nodosa is highly sensitive to burial and siltation
(Ceccherelli & Campo 2002), especially under similar
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heights used for our SB level (>0.07 m, Marbà &
Duarte 1994, Tuya et al. 2013b); and because (2) C.
prolifera has higher biomass turnover and horizontal
elongation rates than C. nodosa (Brun et al. 2006,
Vergara et al. 2012), favouring a rapid spread even at
short time scales.

In conclusion, the role of bottom microtopography
is supported as a flow-structuring factor in TZs be -
tween patches of structurally contrasting macrophyte
species. Nevertheless, together with micro topography,
the free stream velocity must also be taken into
account, because of its major role in controlling sedi-
ment stability. In the particular case of Cádiz Bay
under scenarios of no wave generation (e.g. no wind
or no fetch conditions), high unidirectional currents
(~0.14 m s−1) may increase the probability of sedi-
mentation in C. nodosa patch edges more than in C.
prolifera. These features are key to define the hydro-
dynamic environment in transition areas between
these 2 macrophyte species, both of which are con-
sidered ecosystem engineers for sediment dynamics
in shallow and protected subtidal habitats.
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