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Abstract

This doctoral Thesis was developed to explore interactions between benthic ma-

rine macrophytes, substratum type and fluid dynamics. Quantitative knowledge

as well as a predictive capacity is obtained to estimate the presence of a sea-

grass meadow, two species of invasive macroalgae and two species of seagrass

seedlings in response to near-bottom orbital velocities, drag forces, root anchor-

ing capacity and substratum type. Additionally, the effect of a seagrass meadow

on wave propagation under natural conditions is also evaluated. In order to get

a deeper knowledge on these processes, data from different sources such as nu-

merical models, aerial photographs, field experiments and flume measurements

are combined.

Light and temperature are considered as the main determinants for the spa-

tial distribution of marine macrophytes but hydrodynamic conditions and sub-

stratum type are also key factors limiting the distribution of marine vegetation.

Wave hydrodynamic effects on macrophytes have been studied in three ways:

i) The near-bottom orbital velocities that set the upper limit of a Posidonia

oceanica seagrass meadow are obtained by correlating hydrodynamics and the

spatial distribution of the meadow. ii) The role of hydrodynamics in the estab-

lishment of P. oceanica and Cymodocea nodosa seagrass seedlings is evaluated.

Drag forces and root anchoring capacity of seedlings are studied in a biological

flume while seedling survival is addressed under natural conditions. iii) Sub-

stratum type plays an important role on the spatial settlement and distribution

of marine macrophytes. Substratum cover of the invasive macroalgae Caulerpa

taxifolia and Caulerpa racemosa indicates that these species are more abundant

in rocks with photophilic algae and in the dead matte of seagrass P. oceanica

than in sand or inside the P. oceanica meadow. Correlative evidence shows that

C. taxifolia and C. racemosa tolerate near-bottom orbital velocities below 15

cm s−1 and that C. taxifolia cover declines at velocities above that value.
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Wave damping induced by a seagrass meadow of P. oceanica is evaluated

under natural conditions using data from bottom mounted acoustic doppler ve-

locimeters. The bottom roughness is calculated for the meadow as 0.42 m using

flow velocities above the seagrass. Wave friction factor has been related to the

drag coefficient on the plant and obtained for two storms so as to compute the

damping along a transect. Drag coefficient values ranged from 0.1 to 0.4 during

both storms. The expected wave decay coefficient for different seagrass shoot

densities and leaf lengths are also predicted.

A relation between fluid dynamics and benthic macrophytes is shown. High

near-bottom orbital velocities have an effect on the spatial distribution, growth

and colonisation processes of seagrass and macroalgae species. The influence of

a seagrass meadow on wave propagation is also apparent, with potential impact

on sediment stability and coastal erosion. Predicted and measured quantitative

results are provided such as near-bottom orbital velocities and drag coefficients

that could be tested and compared to other benthic marine macrophytes species

on other locations.

This Thesis is in the intersection between Ecology and Fluid dynamics a

research area characterized by strong nonlinear interactions. To get a deep in-

sight on the processes involved a bench of mathematical tools are used in order

to apply physical principles to understand and predict the behaviour of marine

macrophytes in the Mediterranean Sea. Besides, experiments to validate the

theories have been developed under both controlled and natural conditions.
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Resumen

Esta Tesis doctoral ha sido desarrollada para entender las interacciones entre el

oleaje, los macrófitos bentónicos marinos y el tipo de sustrato. Se han obtenido

datos cuantitativos y predicciones para estimar la presencia de una pradera de

fanerógamas marinas, dos especies de macroalgas invasoras y dos especies de

fanerógamas. Estas especies han sido relacionadas con las velocidades orbitales

en el fondo, las fuerzas de resistencia, la capacidad de anclaje de las ráıces

y el tipo de sustrato. Además, se ha evaluado el efecto de una pradera de

fanerógamas en la propagación del oleaje en condiciones naturales. Con el fin

de obtener un conocimiento más profundo de estos procesos, se han combinado

datos de diferentes fuentes tales como modelos numéricos, fotograf́ıas aéreas,

experimentos de campo y medidas en canal de ensayo.

La luz y la temperatura estan considerados como los principales determi-

nantes de la distribución espacial de macrófitos marinos, pero las condiciones

hidrodinámicas y el tipo de sustrato son también factores clave que limitan la

distribución de la vegetación marina. Los efectos del oleaje en la distribución

espacial de macrófitos se han estudiado de tres formas. i) La velocidad orbital

en el fondo que establece el ĺımite superior de una pradera de la fanerógama

marina Posidonia oceanica. ii) Se han evaluado los efectos del hidrodinamismo

en el establecimiento de plántulas de P. oceanica y Cymodocea nodosa. Las

fuerzas de resistencia y la capacidad de anclaje de las ráıces de las plántulas se

han medido en un canal de ensayos, mientras que la supervivencia de plántulas

se ha estudiado en condiciones naturales. iii) El tipo de sustrato juega un papel

importante en la colonización y en la distribución espacial de los macrófitos. La

cobertura del tipo de sustrato que colonizan las macroalgas invasoras Caulerpa

taxifolia y Caulerpa racemosa indica que estas especies son más abundantes en

rocas con algas fotófilas y en la mata muerta de P. oceanica que en arena o en el

interior de praderas de P. oceanica. Los datos experimentales confirmaron que
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la cobertura de ambas macroalgas es mayor sobre mata muerta de P. oceanica

que sobre arena.

La atenuación del oleaje inducida por una pradera de P. oceanica en condi-

ciones naturales se ha estudiado utilizando velocimetros acústicos doppler fondea-

dos en la pradera. Se ha calculado la rugosidad de la pradera utilizando veloci-

dades de flujo por encima del dosel folial. El factor de fricción se ha relacionado

con el coeficiente de resistencia durante dos tormentas con el fin de calcular la

atenuación del oleaje. Los coeficientes de resistencia varian desde 0.1 hasta 0.4

en ambas tormentas. Se han realizado predicciones de los coeficientes de aten-

uación de onda esperados para diferentes densidades de plantas y longuitudes

de hojas.

Las altas velocidades orbitales en el fondo tienen un efecto sobre los proce-

sos de distribución espacial, el crecimiento y la colonización de fanerógamas y

macroalgas. La influencia de una pradera de P. oceanica en la propagación del

oleaje es tamb́ıen evidente, con un impacto potencial sobre la estabilidad de los

sedimentos y la erosión costera. Las predicciones y los resultados cuantitativos

obtenidos de las velocidades orbitales en el fondo y los coeficientes de resistencia,

pueden ser testados y comparados con otras especies de macrófitos bentónicos

en otros lugares.

Esta Tesis se encuentra en la intersección entre la ecoloǵıa y la dinámica de

fluidos, un área de investigación que se caracteriza por fuertes interacciones no

lineales. Para profundizar en los procesos hidrodinámicos se utilizan un aban-

ico de herramientas matemáticas con el fin de aplicar los principios f́ısicos para

comprender y predecir el comportamiento de los macrófitos marinos en el Mar

Mediterráneo. Además, los experimentos para validar las hipótesis de estudio

se han desarrollado tanto en condiciones controladas como naturales.
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Chapter 1

Introduction

Coastal marine ecosystems are home to a host of different species ranging

from microscopic planktonic organisms that comprise the base of the marine

food web (i.e., phytoplankton and zooplankton) to large marine mammals like

whales. Coastal habitats alone account for approximately 1/3 of all marine

biological productivity and those dominated by macrophytes (salt marshes, sea-

grasses, mangrove forests) are among the most productive regions on the planet.

Coastal zones provide humans with a wide variety of goods and services in-

cluding foods, recreational opportunities, and transportation corridors. Despite

the importance of marine ecosystems, increased human activities such as over-

fishing, coastal development, pollution, and the introduction of invasive species

have caused significant damage and pose a serious threat to marine biodiversity.

Coastal zones are continually changing because of the dynamic interaction

between the oceans and the land. Waves, currents and winds along the coast

are both eroding rock and depositing sediment on a continuous basis, and rates

of erosion and deposition vary considerably from day to day along such zones.

Other sediment inputs in the coastal zone are from river runoffs, glaciers and

the inorganic remains of dead organisms. The energy reaching the coast can

become high during storms, and such high energies make coastal zones areas of

continuous morphological evolution (Gómez-Pujol et al. 2011).

The shallow areas of the coastal zone (from 0 m to ∼ 50 m depth) are in-

habited by benthic marine macrophytes. Macrophytes are large aquatic plants

that grow in/or near water and are either emergent, submergent, or floating

1
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namely mangroves, marshes, seagrasses and macroalgae. These aquatic plants

play an important role in coastal environments providing many ecological ser-

vices (Costanza et al. 1997). Macrophytes are primary producers that supply

oxygen and food, stabilize the seabed, provide nursery grounds, attenuate wave

heights and current velocities preventing coastal erosion.

Since water is the medium in which macrophytes exist, any physical dis-

turbance of it would be expected to influence them. Benthic macrophytes in

nature are exposed to fluid motion where inertial forces are more important

than viscous forces. Hydrodynamics affects almost all biological and chemical

processes of macrophytes along their entire life cycle in many different ways

such as spatial distribution (Frederiksen et al. 2004), nutrient uptake (Thomas

et al. 2000, Cornelisen and Thomas 2004), pollen dispersion (Ackerman 1986),

seed and seedlings transport (Koch et al. 2010), seedling survival (Rivers et al.

2011), etc. Hydrodynamics also drives sediment dynamics causing macrophytes

to become buried or eroded during storm events (Fonseca et al. 1996, Cabaco

et al. 2008). On the other hand, macrophytes are a source of drag which re-

duces flow velocities along the portion of the water column where vegetation it

is present (Nepf and Vivoni 2002, Luhar et al. 2010). The presence of macro-

phytes reduces sediment re-suspension in the water column (Ward et al. 1984,

Short and Short 1984, Terrados and Duarte 2000, Gacia and Duarte 2001).

Macrophytes have also shown to attenuate waves under laboratory (Fonseca

and Cahalan 1996, Méndez and Losada 2004, Bouma et al. 2010) and natural

conditions (Newell and Koch 2004, Bradley and Houser 2009).

Wave energy can have both positive and negative impacts on seagrass phys-

iology, productivity and distribution. The periodic motion of the blades may

enhance the water exchange between the seagrass meadow and overlying wa-

ter column (Koch and Gust 1999). Nutrient uptake is enhanced in a seagrass

meadow during wave conditions (Thomas and Cornelisen 2003). Stevens and

Hurd (1997) suggest that the enhanced water flux derives from a periodic strip-

ing of the diffusive boundary layer by the wave motion. Wave-induced motion

can also detach epiphytes from seagrass blades (Kendrick and Burt 1997). Waves

can also have a negative effect on seagrass communities, by mobilizing sediment

that can bury, erode and dislodge plant fragments (Marbà and Duarte 1994,

Paling et al. 2003, Frederiksen et al. 2004). Because of these negative influ-

ences, the spatial distribution of wave energy is believed to control, at least in
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part, the spatial distribution of seagrasses (Koch and Beer 1996, Koch 2001,

Frederiksen et al. 2004, Koch et al. 2006).

Some macrophytes populations show extensive spatial and temporal fluctu-

ations and landscapes are under continuous transformation due to disturbances

(Fonseca and Bell 1998). Physical disturbances are considered one of the main

extrinsic factors controlling the spatial structure and species diversity of seagrass

meadows (Clarke and Kirkman 1989, Duarte et al. 1997). Wind-generated wave

dynamics and tidal currents create sediment movement, which may either bury

plants, expose roots and rhizomes or during heavy storms even uproot entire

plants (Kirkman and Kuo 1990, Preen et al. 1995). Depending on the degree

of wave exposure, seagrass communities form characteristic landscapes ranging

from highly fragmented to almost continuous meadows covering extensive areas

(Frederiksen et al. 2004). In sheltered areas with calm hydrodynamic condi-

tions, seagrass patches have been observed to be predominantly circular, while if

the area is exposed to wave action and tidal currents, seagrass patches are more

elongated (Den Hartog 1971). These patterns are not only present in seagrass

communities but also on some coral reefs, freshwater plants and mussels (Den

Hartog 1971).

When a seagrass meadow is disturbed, gaps are formed presenting new un-

occupied sites that are potentially available for colonization. These new sites

encompass several substrata including rock, sand and dead matte. Seagrass

seedlings and invasive macroalgae are known to colonize these areas depend-

ing on the substratum type (Balestri et al. 1998, Hill et al. 1998, Rivers et

al. 2011). Assuming that physical dislodgement is the primary mechanism

for macrophytes failure, a favourable area would be one that reduces physical

disturbance or enhances anchoring ability. Also, macrophytes morphology and

rooting capacity will determine their success during physical disturbances. De-

spite all these evidences, to date there has been little effort to correlate wave and

current energy with the spatial distribution and growth of seagrass meadows,

seagrass seedlings and invasive macroalgae.

Gaps in knowledge of marine macrophytes are to date still evident. For in-

stance, the effects of wave energy on the distribution at a landscape scale of

plants in many cases are based on qualitative evidence. Besides, the tolerance

of seedlings to wave energy and the capacity of seedlings to colonise a specific



4 Introduction

coastal environment are very scarce. The importance of the Mediterranean

seagrass P. oceania on coastal protection as well as a reservoir of biogenic sedi-

ments has not been established quantitatively. In this Thesis, it is investigated

the interaction between the wave induced hydrodynamics and some of the above

mentioned points.

1.1 Upper limit distribution of macrophytes

The study of the light requirements for macrophytes growth has been a major

focus of research in marine ecology and different quantitative models provide

predictions of the lower depth limit of the distribution of seagrasses (Dennison

1985, Dennison 1987, Duarte 1991, Kenworthy and Fonseca 1996, Koch and

Beer 1996, Greve and Krause-Jensen 2005). Seagrasses can thrive up to depths

where the irradiance at the top of the leaf canopy is higher than 11 % of surface

irradiance (Duarte 1991) or where the number of hours with values of irradiance

higher than those that saturate the photosynthesis rate is higher than 6-8 hours

(Dennison 1985). The upper depth limit of distribution of seagrasses has been

related to their tolerance to desiccation at low tide (Koch and Beer 1996) and

to ice scour (Robertson and Mann 1984). In seas with low tidal range and no

ice formation like the Mediterranean, the upper depth limit of seagrasses will

be determined mainly by their tolerance to wave energy (Koch et al. 2006).

However, quantitative estimates of the wave energy that sets the upper depth

limit of seagrasses are to date still scarce.

Conceptual models have been proposed to explain the differences in shape,

bottom relief, and cover of seagrass meadows (Fonseca et al. 1983, Fonseca and

Kenworthy 1987) or the depth distribution of intertidal seagrass (van Katwijk et

al. 2000) as a function of wave energy and/or current velocity. Local hydrody-

namics (indirectly estimated from the weight loss of clod cards) has been related

to depth and seagrass presence and used to identify the habitat requirements

of South Australian seagrass species (Shepherd and Womersley 1981). Keddy

(1984) developed a relative wave exposure index (REI) in order to quantify the

degree of wave exposure by using wind speed, direction and fetch measurements.

REI values have been correlated to different attributes of seagrass meadows

such as the content of silt-clay and organic matter of the sediment, seagrass

cover, shoot density (Fonseca and Bell 1998, Fonseca 2002, Krause-Jensen 2003,

Frederiksen et al. 2004) and biomass (Hovel 2002). Shallow seagrass popula-
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tions tend to be spatially more fragmented in wave-exposed environments than

in wave-sheltered ones (Fonseca and Bell 1998, Frederiksen et al. 2004) and

temporal changes of seagrass cover are also higher at the most wave-exposed

sites (Frederiksen et al. 2004). Plaster clod cards and REI provide only semi-

quantitative idiosyncratic estimates of current and/or wave energy and, there-

fore, comparison between studies is difficult. Additionally, REI estimates do

not consider the influence of depth on wave damping (but see van Katwijk and

Hermus 2000). Direct quantitative measurements of the energy of waves and

currents impinging on seagrasses are necessary to elucidate its effects on them,

to identify their habitat requirements, to predict their spatial distribution and

their response to both natural (i.e., storms, hurricanes, etc) and anthropogenic

(i.e., dredging and beach nourishment, coastal development, etc) disturbances.

Posidonia oceanica (L.) Delile, an endemic seagrass species of the Mediter-

ranean Sea, grows between the depths of 0.5 m and 45 m (Procaccini et al.

2003) and covers an estimated surface area between 2.5 and 5 million hectares,

about 1-2 % of the 0-50 m depth zone (Pasqualini et al. 1998). P. oceanica

is included in the Red List of marine threatened species of the Mediterranean

(Boudouresque et al. 1990) and meadows are defined as priority natural habi-

tats on the EC Directive 92/43/EEC on the Conservation of Natural Habitats

and of Wild Fauna and Flora (EEC, 1992). Fundamental knowledge of these

seagrasses species in nature is required to understand their interactions with hy-

drodynamics such as the maximum flow velocities that are able to stand. Some

studies have look at the effect of P. oceanica on flow and the horizontal spatial

distribution of plants with depth (Granata et al. 2001) but little is known about

the influence of hydrodynamics on P. oceanica distribution.

1.2 Hydrodynamics and seedling survival

Seagrass seedlings are the elements that form new meadows and their survival

in nature contributes to seagrass population dynamics. Reproduction strategies

of seagrasses are diverse, for example buoyant fruits of P. oceanica will be dis-

persed by wind and currents while C. nodosa fruits will remain buried next to

the parent plants (Orth et al. 2006). Waves and currents can strongly influence

the spatial distribution of meadows (Fonseca and Bell 1998, Frederiksen et al.

2004), suggesting that hydrodynamics may be also important for seed dispersal
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and seedling establishment (Koch et al. 2010). Measurements showing higher

seedling survival rates at deeper locations suggest the same (Piazzi et al. 1999).

Moreover, it has been shown that hydrodynamics can directly affect the survival

of seagrass seedlings transplants (van Katwijk and Hermus 2000, Rivers et al.

2011). The effect of waves and currents on seedling establishment is expected

to be through sediment movement, as this can cause burial or dislodgment of

small seagrass plants.

Seagrass capacity to withstand sediment burial is strongly dependent on size

and morphology (Idestam-Almquist and Kautsky 1995, Cabaco et al. 2008).

The effect of sediment erosion on survival could be determined by the root ca-

pacity to remain anchored to the substratum (Madsen et al. 2001). Hence,

seedlings may be expected to be highly vulnerable to sediment movement com-

pared to adult seagrasses, as seedling roots will penetrate less deeply into the

sediment. Although the effect of sediment burial on seagrasses has been re-

viewed (Cabaco et al. 2008), to our knowledge, little work has been devoted

to the effect of sediment dynamics, in particular the effect of sediment erosion

and root anchoring capacity on seedling survival. In this Thesis this question is

addressed for the two most common seagrass species in the Mediterranean Sea

(Green and Short 2003) that both strongly declined during the 20th century

(Boudouresque 2009): Posidonia oceanica and Cymodocea nodosa.

Both species have morphological differences that could affect their interac-

tion with hydrodynamics and their survival capacity. P. oceanica leaves are

longer and wider than C. nodosa leaves (Buia and Mazzella 1991, Guidetti

2002). These differences will affect the drag force exerted on the leaves and

thus the anchoring capacity of the roots. Wicks et al. (2009) suggested that

Zostera marina seedlings with the same root length but higher leaf area would

have less chance to survive by being dislodged from the sediment than seedlings

with lower leaf area. As P. oceanica has a higher total leaf surface area than

C. nodosa (Guidetti 2002), the drag experienced on the leaves will be higher

in P. oceanica than in C. nodosa. The assessment of the capacity of seedlings

to remain anchored to the substrata under different hydrodynamic conditions

is necessary to get a fundamental understanding of seedling survival in nature.
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1.3 Substratum type and invasive species

Consolidated substrata (i.e., rocks) offer a stable, non-mobile surface where

macroalgae and some seagrass species attach effectively. Unconsolidated sub-

strata (i.e., sand, mud) are unstable, mobile and only seagrasses and macroalgae

with root-like structures can colonize them. Waves and currents can mobilise

sediment particles producing sediment erosion and accretion that may affect sea-

grasses negatively through uprooting and burial (Fonseca and Kenworthy 1987,

Williams 1988, Terrados 1997, Cabaco et al. 2008). Thresholds of maximum

wave energy tolerated by some seagrasses species have been determined (Fon-

seca and Bell 1998, van Katwijk and Hermus 2000, Koch 2001) as well as the

relationship between wave exposure and temporal variability of seagrass cover-

age in shallow sands (Fonseca et al. 1983, Fonseca and Bell 1998, Frederiksen et

al. 2004). In contrast, information about the wave energy levels that macroal-

gae tolerate is limited, especially in unconsolidated substrata (D’Amours and

Scheibling 2007, Scheibling and Melady 2008).

Most marine macroalgae grow over consolidated substrata such as rocks or

over other macrophytes but a few Chlorophyta species of the order Caulerpales

are also able to grow on unconsolidated substrata (Taylor 1960). The thal-

lus of Caulerpa species is composed of a creeping portion, the stolon, that it

is attached to the substrata by root-like structures, the rhizoids, and an erect

portion, the fronds that have different shapes depending on the species (Tay-

lor 1960, Bold and Wynne 1978). The rhizoids of Caulerpa are able to bind

sediment particles (Chisholm and Moulin 2003) and anchor the plant in sandy

sediments or other unconsolidated substrata, and to attach to rocks and other

macrophytes (Taylor 1960, Meinesz and Hesse 1991, Klein and Verlaque 2008).

Hence Caulerpa species may be present both in wave exposed, rocky bottoms

and sheltered, sandy-muddy sediments (Thibaut et al. 2004).

Macroalgae have been introduced to non-native locations around the world

through human activities including aquaculture, shellfish farming, aquariums,

shipping (ballast water and hull fouling), fishing gear and as lessespian inmi-

grants (migration through the Suez Canal) (Rúız et al. 2000). Decline of sea-

grass meadows within the Mediterranean Sea often results in the replacement of

seagrasses by opportunistic green macroalgae of the Caulerpa family. Caulerpa

taxifolia and Caulerpa racemosa have been introduced in the Mediterranean Sea

within the last 25 years showing an invasive behaviour (Meinesz and Hesse 1991,
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Boudouresque and Verlaque 2002, Klein and Verlaque 2008). Both Caulerpa

species are strong competitors which tend to eliminate native species forming

monospecific beds (Verlaque and Fritayre 1994, Piazzi et al. 2001). C. racemosa

is able to overgrow other macroalgal species, reaching virtually 100 % cover in

invaded areas (Piazzi et al. 2001, Balata et al. 2004).

Initial observations of C. taxifolia invasion suggested that rocks and dead

matte of P. oceanica were appropriate for the establishment of this species

but sandy or muddy sediments in sheltered conditions were also colonized by

it (Hill et al. 1998). A short-term experiment showed that algal turfs were

more favourable for the establishment of C. taxifolia and C. racemosa than

other macroalgal communities on rocky bottoms (Ceccherelli et al. 2002). Both

Caulerpa species seem to tolerate a certain level of sediment deposition and

burial (Glasby et al. 2005, Piazzi et al. 2005) a feature that likely facilitates

their development in sandy sediments. Elucidation of the factors influencing the

establishment and spread of introduced Caulerpa species is essential to identify

benthic communities susceptible of being invaded and to have scientific tools to

predict future invasions.

1.4 Wave damping by macrophytes

Submerged plants increase bottom roughness and extract momentum from wa-

ter resulting in flow velocity reduction and less energy for sediment transport

(Koch et al. 2006). In addition to the effect of leaf, canopies on water flow,

seagrass rhizomes and roots extend inside sediment contribute to its stabiliza-

tion (Fonseca 1996). Flume and in situ measurements have shown that water

velocity is reduced inside seagrasses. In sparse canopies, turbulent stress re-

mains elevated within the canopy while in dense canopies turbulent stress is

reduced by canopy drag near the bed (Luhar et al. 2008). The reduction in

velocity due to seagrass canopies is lower for wave-induced flows compared to

unidirectional flows because the inertial term can be larger or comparable to

the drag term in oscillatory flow (Lowe et al. 2005, Luhar et al. 2010). Except

for intertidal systems, where currents are dominant, most seagrass meadows are

in wave-dominated habitats. Interaction between seagrass canopies and oscilla-

tory flow has been, however, much less studied than that with currents. Nearbed

turbulence inside seagrass canopies are lower than those on sands under wave-

generated oscillatory flows (Granata et al. 2001). Wave energy and sediment
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resuspension are also reduced by seagrasses (Terrados and Duarte 2000, Ver-

duin and Backhaus 2000, Gacia and Duarte 2001), but water exchange between

inside and outside the canopy increases (Koch and Gust 1999).

Wave attenuation by macrophytes has been studied in the laboratory (Fon-

seca and Cahalan 1992, Kobayashi et al. 1993, Augustin et al. 2009), in the field

(Knuston et al. 1982, Newell and Koch 2004, Bradley and Houser 2009), and

using analytical methods or numerical models (Kobayashi et al. 1993, Méndez

et al. 1999, Méndez and Losada 2004, Chen et al. 2007). Wave attenuation

by seagrass canopies has been detected only in shallow systems where canopies

occupy a large fraction of the water column (Fonseca and Cahalan 1992, Koch

1996, Chen et al. 2007, Bradley and Houser 2009). Posidonia oceanica is the

dominant seagrass species in the Mediterranean Sea, where it forms extensive

meadows in depths up to 45 m (Procaccini et al. 2003) and canopy occupies less

than 20 % of water column height. Although commonly assumed (Luque and

Templado 2004, Boudouresque et al. 2006), wave attenuation by P. oceanica

meadows has never been accurately assessed in the field.

1.5 Aims and motivations

The aim of this Thesis is to obtain quantitative knowledge as well as a predic-

tive capacity about the responses of seagrasses and macroalgae to near-bottom

orbital velocities. First, the role of near-bottom orbital velocities on the spatial

distribution of a P. oceanica meadow, and on the survival of P. oceanica and

C. nodosa seedlings are evaluated. Second, the importance of substratum type

and hydrodynamics on the distribution and persistence of two marine invasive

macroalgae, Caulerpa taxifololia and Caulerpa racemosa is explored. Finally,

the wave damping effect of a seagrass meadow of P. oceanica on wave prop-

agation under natural conditions is quantified and a relationship between the

wave friction factor which integrates the seagrass landscape and drag coefficient

exherted on individual plants is derived.

The wave energy impinging on seagrass meadows is assesed in a pilot area

and presented in Chapter 2. Following a methodology that combines numerical

modelling and geographical information systems, GIS, (Fig. 1.1) a quantita-

tive and testable relationship between wave energy and the upper depth limit
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of the Mediterranean seagrass P. oceanica is obtained. Wave energy estima-

tion is obtained by means of the analysis of forty-four years of wave data. We

considered that long-term historical wave data, rather than present-day wave

measurements, are more appropriate to link wave energy to the presence of P.

oceanica given the low rates of vegetative growth and space occupation of this

seagrass species (Marbà and Duarte 1998). Aerial photographies and bathymet-

ric data are used for an accurate mapping of the meadow as well as to delimitate

the upper depth limit of P. oceanica.

Figure 1.1: Schematic diagram of the approach presented.

The capacity of seedlings of P. oceanica and C. nodosa to remain anchored

to the substrata under different hydrodynamic conditionsis evaluated in Chap-

ter 3. The underlying mechanisms that can affect seedling survival are studied

in a biological flume. Drag measurements are carried out to obtain the effective

drag forces acting on the seedlings and compute the drag coefficient under unidi-

rectional and oscillatory flows. Further, the minimum root lengths necessary to

remain anchored to the sediment are measured under different wave conditions

on the flume. Additionally, a replicated short-term field experiment is carried

out to compare the survival of seedlings at two depths (18 m and 12 m) to assess

the effect of exposure to hydrodynamics on the survival of P. oceanica and C.
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nodosa seedlings.

The effect of substratum on the persistence of two invasive Caulerpa species

is evaluated in Chapter 4. First, the presence of C. taxifolia and C. racemosa

is quantified in different types of substrata during two consecutive years testing

if their presence was independent of the type of substratum. Then, a short-

term experiment is performed where fragments of C. taxifolia and C. racemosa

are established in a model of dead matte of Posidonia oceanica and in sand.

The cover of both Caulerpa species is correlated to near-bottom orbital veloc-

ities and friction coefficients over sand and the model dead matte are computed.

The effect of a seagrass meadow on wave propagation under natural condi-

tions is evaluated in Chapter 5 by a novel approach that relates individual plant

parameters with meadow parameters. First, wave heights and orbital velocities

in a P. oceanica meadow are measured during three storms. Data for one of the

three storms measured are used to obtain the roughness length for the meadow.

The friction factor for the two other events are then calculated and the drag

coefficient related with meadow parameters. Most coastal models, introduce

bottom effects through the roughness length and therefore it is worthwhile to

obtain such magnitude for P. oceanica. Finally, the wave decay for different

seagrass meadow densities and leaf lengths is predicted.

For completeness, a background review of fluid dynamics is presented in the

Appendix A, where the basic concepts of linear wave theory, wave propagation

and benthic boundary layers are summarised.
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Chapter 2

Wave energy and the upper

depth limit distribution of

Posidonia oceanica

Parts of this chapter has been published as an article on Botanica

Marina, Special Issue on Mediterranean Seagrasses1.

2.1 Summary

It is widely accepted that the availability of light sets the lower limit of the

bathymetric distribution of seagrasses while the upper limit depends on the

level of disturbance driven by currents and waves. The establishment of light

requirements for seagrass growth has been a major focus of the research in

marine ecology and therefore different quantitative models provide predictions

of the lower depth limit of the distribution of seagrasses. In contrast, the study

of the influence of energy levels on the establishment, growth and maintenance

of seagrasses have received less attention and to date there are no quantitative

models predicting the evolution of seagrasses as a function of the hydrodynamics

1Infantes E, Terrados J, Orfila A, Cañellas B, Álvarez-Ellacuaria A (2009) Wave energy

and the upper depth limit distribution of Posidonia oceanica. Botanica Marina 52: 419-427.
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at large scales. Hence it is not possible to predict either the upper depth limit

of the distribution of seagrasses or the effects that different energy regimes

will have on them. The aim of this Chapter is to provide a comprehensible

methodology to obtain quantitative knowledge as well as predictive capacity to

estimate the upper depth limit of the bathymetric distribution of seagrasses as a

response of the wave energy disposed at the seabed. The methodology has been

applied using forty-four years of wave data from 1958 to 2001 in order to obtain

the mean wave climate at deep water in front of an open sandy beach in the

Balearic Islands, Western Mediterranean where the seagrass Posidonia oceanica

forms an extensive meadow. Mean wave conditions were propagated to the

shore using a 2D parabolic model over the detailed bathymetry. The resulting

hydrodynamics has been correlated with bottom type and the distribution of P.

oceanica. Results showed a predicted near-bottom orbital velocity determining

the P. oceanica upper depth limit between 38 - 42 cm s−1. This Chapter shows

the importance of the interdisciplinary effort in ecological modelling and in

particular the need of hydrodynamical studies to elucidate the distribution of

seagrasses at shallow depths. Besides, the use of predictive models would permit

the evaluation of the effects of coastal activities (construction of ports, artificial

reefs, beach nourishments, dredging) on the benthic ecosystems.

2.2 Material and methods

2.2.1 Study Area and Regional Settings

The analysis was carried out in Cala Millor, located on the northeast coast of

Mallorca Island (Fig. 2.1a,b). The beach is in an open bay with an area of ca.

14 km2. Near the coast to 8 m depth, there is a regular slope indented with

sand bars near the shore (Fig. 2.1c), these bars migrate from offshore to onshore

between periods of gentle wave conditions. At depths from 6 m to 35 m, the

seabed is covered by a meadow of P. oceanica. This area was chosen for this

study because of the availability of data from previous studies. The tidal regime

is microtidal, with a spring range of less than 0.25 m (Gómez-Pujol et al. 2007).

The bay is located on the east coast of the island of Mallorca and it is therefore

exposed to incoming wind and waves from NE to ESE directions. According to

the criteria of Wright and Short (1983), Cala Millor is an intermediate barred

sandy beach formed by biogenic sediments with median grain values ranging

between 0.28 and 0.38 mm at the beach front (L. Gómez-Pujol et al. 2007).
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Figure 2.1: (a) Location of Mallorca in the Mediterranean Sea. (b) Location of

the study area of Cala Millor in Majorca. The asterisk (* indicates HIPOCAS

node 1433. (c) Bathymetry of Cala Millor with isobaths (in meters).

2.2.2 HIPOCAS database (1958 - 2001) and deep water

wave characterization

Wave data used are part of the Hindcast of Dynamic Processes of the Ocean

and Coastal Areas of Europe (HIPOCAS) project. This database consists of a

high resolution, spatial and temporal, long-term hindcast dataset (Soares et al.

2002, Ratsimandresy et al. 2008). The HIPOCAS data were collected hourly

for the period 1958 to 2001, providing 44 years of wave data with a 0.125 spatial

resolution. This is the most complete wave data base currently available for the

Mediterranean Sea. These hindcast models have become powerful tools, not

only for engineering or predictive purposes, but also for long-term climate stud-

ies (Cañellas et al. 2007). These data were produced by the Spanish Harbor

Authority by dynamical downscaling from the National Center for Environ-
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Figure 2.2: Directional wave histogram for HIPOCAS node 1433 10 km from

Cala Millor

mental Prediction (NCEP) and the National Center for Atmospheric Research

(NCAR) global reanalysis using the regional atmospheric model REMO. Data

from HIPOCAS node 1433 (see Fig. 2.1) located 10 km offshore at 50 m depth,

which is the closest HIPOCAS node to Cala Millor was used. The long-term

distribution of significant wave height and wave direction at this node (Fig. 2.2)

shows that the most energetic waves usually come from N-NNE. These wave di-

rections are also the most frequent during the 44-year dataset.

Data contained in the HIPOCAS node consist of a set of sea states (one

per hour) defined by their significant wave height, spectral peak period, and

direction. An estimation of the long-term distribution of the mean significant

wave height (Hm) and its standard deviation was carried out making use of

the lognormal probability distribution (Castillo et al. 2005). The long-term

probability distribution identifies the most probable sea state for the 44-year

period. Before estimation of this wave regime, data were preselected taking into

account their incoming directions. Only sea states directed towards the beach

were included in the analysis. Mean wave climate for HIPOCAS node 1433

provides an Hm value of 1.53 m ± 0.96 m ( ± 1 SD), a peak period of 7.3 s, and

a direction of 11.258. This mean (most probable) wave climate was propagated

to the shore using a parabolic model.
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2.2.3 Shallow-water wave conditions

As water waves propagate from the region where they are generated to the coast,

both wave amplitude and wavelength are modified. The surf zone is a highly

dynamic area where energy from waves is partially dissipated through turbu-

lence in the boundary layer and transformed into short and long waves, mean

sea level variations, and currents (Dean and Dalrymple 2002). In the present

work, waves were propagated using a gentle slope parabolic model (OLUCA-

MC), which includes refraction-diffraction effects as well as energy losses due to

wave breaking (Kirby and Dalrymple 1983, GIOC 2003). Detailed bathymetry

obtained with echo-sounding was used to generate the numerical mesh. The

model solves continuity and momentum equations assuming a smooth bottom

(e.g., variations of the bottom negligible within a wave length) and converting

the hyperbolic system to a parabolic system (e.g., with wave propagation in one

direction).

Two grids were generated: the external grid (122 x 81 nodes), which covers

the deeper area with 75 m resolution between nodes, and the internal grid (140

x 311 nodes), which covers the shallow area with 15 m resolution. The model

output provides the wave field (significant wave height and direction of the mean

flux energy) in the whole grid.

Maximum near-bottom orbital amplitudes ab were calculated following the

linear wave theory (see Appendix A):

ab =
Hs

2sinh(2πh/L)
(2.1)

where h is the water depth and L is the wave length calculated iteratively as:

L =
T 2
p

2π
tanh(

2πh

L
) (2.2)

where Tp is the peak period and g is the acceleration of gravity. The maximum

near-bottom orbital velocity ub) is:

ub = 2πab/Tp (2.3)
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2.2.4 Bottom typology and bathymetry

Remote sensing of the seabed from air or space is commonly used for mapping

seagrass habitats over a wide range of spatial scales (McKenzie et al. 2001).

Satellite spectral images from Ikonos are suitable for the detection and map-

ping of the upper depth limit of seagrass distribution in shallow clear waters

(Fornes et al. 2006). Aerial color photographs have been used in some stud-

ies to describe temporal changes in the distribution of seagrasses (Hine et al.

1987), to evaluate the effect of wave exposure (Frederiksen et al. 2004), and the

influence of anthropogenic activities (Leriche et al. 2006). Aerial photographs

for mapping the area covered by P. oceanica, dead P. oceanica rhizome, rocks,

and sand up to 11 m depth were used. Aerial color photographs were taken in

August of 2002 with a resolution of 0.4 m. Polygons were drawn around the

different areas with Arc/GIS software (Arc/Info and Arc/Map v9.0, ESRI) and

classified by bottom types. In those areas where bottom recognition was not

possible from the aerial photographs, field surveys were carried out to identify

the typology of the substratum (some areas tend to accumulate seagrass leaves

which can lead to false interpretation of aerial images). Image classification was

validated with bathymetric filtered echo-soundings and field observations.

During 2005, an acoustic survey was carried out to determine the bathymetry

of the inner mesh and to test the classification of the seagrass coverage from

the aerial photographs. Acoustic mapping of Posidonia oceanica was performed

with a shipmounted Biosonics DE-4000 echo sounder (BioSonics, Inc., Seattle,

USA) equipped with a 200 KHz transducer. The draught of the boat allowed

sampling up to depths of approximately 0.5 m. Inshore-offshore echo-sounding

transects were sampled perpendicularly to the bathymetric gradient, with a sep-

aration of 50 m between transects. Acoustic pulse rate was set to 25 s−1 and the

sampling speed was set to 3 knots, which allowed for a horizontal resolution of 1

m (Orfila et al. 2005). Bottom typology was estimated as the most probable af-

ter echogram examination using the first to second bottom echo ratio technique

(Orlowski 1984, Chivers et al. 1990). The resulting echo sounding points were

filtered, averaged (1 output equals 20 pings) and clustered into three groups (P.

oceanica meadows, sandy, and hard bottoms) taking into consideration calibra-

tions performed for previously classified bottoms. Hard bottoms include rocks,

P. oceanica rhizome mats, and zones with poor seagrass coverage (Fig. 2.3).

Afterwards, this map was verified by direct observation at random points, also

distinguishing those bottom types that the algorithm was not able to identify
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(i.e., dead rhizome and rocks). The map of bottom typology in Fig. 2.3 repre-

sents the final classification (aerial photograph verified with echo-sounding and

direct SCUBA observations).

Bathymetric data were interpolated using the kriging technique to create

1-m scale depth contours that were overlaid with bottom typology. Similarly,

maximum near-bottom orbital velocity data were interpolated to create 5 cm

s−1 scale ub contours that were overlaid with bottom typology. Percent coverage

of rocks, sand, dead rhizomes of P. oceanica, and P. oceanica were calculated for

each depth and near-bottom orbital velocity interval. A total of 400 points were

randomly selected throughout the study area, and the corresponding bottom

type and near-bottom orbital velocity interval were used to calculate the aver-

age near-bottom orbital velocity for each bottom type. Additionally, 400 points

along the upper limit of the P. oceanica meadow were randomly selected and the

corresponding near-bottom orbital velocities were used to estimate an average

along that edge. Differences in near-bottom orbital velocity between each bot-

tom type and the upper limit of P. oceanica were evaluated using Kruskal-Wallis

non-parametric analysis of variance (due to heterogeneity of data variance).

2.3 Results

The study site has a total area of 121.44 ha wherein sand and Posidonia ocean-

ica meadow are the most abundant substrata. Shallow bottoms in Cala Millor

(depths between 0 and 6 m) are mostly sandy, with some patches of rock, partic-

ularly in the center and south parts of the beach (Table 2.1). The upper depth

limit of P. oceanica is located between 5 and 6 m and the meadow continues

down to 30 - 35 m depth (acoustic survey data not shown). The limit between

seagrass and sand is irregular and has several areas of hard substratum between

4 and 7 m that correspond to dead rhizomes of P. oceanica partly covered by

sand and algae, which can be indicative of meadow regression (Fig. 2.3). P.

oceanica reaches the highest percentage cover at depths greater than 8 m, and

no stands are found in depths shallower than 4 m. Most of the rocky bottom is

in the shallowest water, between 0 and 2 m. Two large sand fingers cross the

seagrass meadow at the center of the study area; these may have resulted from

sand transport from the exposed beach after storm events.
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Figure 2.3: Bottom typology off Cala Millor (Mallorca, western Mediterranean

Sea).
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Mean wave conditions propagated over the beach resulted in wave heights

between 0.2 and 0.4 m, with significant wave breaking in the shallow sandy area

(between 0.5 and 1 m) (Fig. 2.4a) and near-bottom orbital velocities up to 110

cm s−1. The highest velocities occurred in the shallow sandy part of the beach

(between 1 and 3 m) (Fig. 2.4b).

Depth (m) P. oceanica Sand Rock Dead P. oceanica

1− 2 0 96.63 3.24 0.13

2− 3 0 97.73 1.75 0.52

3− 4 0 97.31 0 2.69

4− 5 0.46 83.36 0 16.17

5− 6 11.55 51.03 0 37.42

6− 7 42.34 25.27 0 32.39

7− 8 73.87 21.10 0 5.03

8− 9 83.82 14.64 0 1.54

9− 10 94.40 5.59 0 0

10− 11 97.98 2.02 0 0

Total area (m2) 565, 349.42 528, 241.5 25,192.7 95,632.92

Table 2.1: Percent cover of bottom type at different depths. The total area of

coverage of each bottom type is presented in the last row.

Sandy areas are associated with high values of near-bottom orbital veloci-

ties, while P. oceanica is associated with lower velocities (Fig. 2.5). P. oceanica

is not present in areas with velocities higher than 38 - 42 cm s−1. This velocity

interval might be considered a first estimate of the threshold near-bottom or-

bital velocity that allows the P. oceanica to occur in Cala Millor.

Variance of near-bottom orbital velocity was higher in sand, rock, and dead

P. oceanica than in the P. oceanica meadow (Fig. 2.6). Kruskal-Wallis non-

parametric analysis of variance detected significant differences in the average

near-bottom orbital velocity between bottom types [H (4, n = 800) = 310.34, p

< 0.001], and post-hoc multiple comparisons of mean ranks showed that veloc-

ities were lower in P. oceanica stands and at the P. oceanica upper limit than

in rock, sand, and dead P. oceanica (Fig. 2.6).
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Figure 2.4: (a) Distribution of wave heights (m) at the beach derived from mean

wave conditions (11.25o, Hm = 1.53 m, Tp = 7.30 s). (b) Distribution of near-

bottom orbital velocities (ub, m s−1) at the beach and cover of the P. oceanica

meadow (gray) and dead rhizomes (dark gray).

2.4 Discussion

In this Chapter, a methodology to estimate the wave energy that determines

the upper depth limit of Posidonia oceanica is presented. Data show that an

increase in wave energy is related to a decrease of P. oceanica cover, and that

above a threshold level of wave energy seagrass is not present. It is important

to emphasize that the evidence provided in this study is correlative and applies

to this study site only. Other locations, with different sediment characteristics

and wave climates might provide different threshold values. Additional sources

of disturbance (both natural and anthropogenic) will also introduce variability
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Figure 2.5: Percent coverage of the different bottom types in each of the near-

bottom orbital velocity (ub) intervals established in Cala Millor.

Figure 2.6: Mean near-bottom orbital velocity above each bottom type in Cala

Millor. Different capital letters indicate significant differences between bottom

types (post-hoc multiple pairwise comparison of mean ranks, p < 0.05). Error

bars show 95 % confidence intervals. n-values indicate the number of points

selected randomly in each bottom type. Differences in n-values between bottom

types are driven by the differences in percentage covers of each bottom type in

the study area.
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in the threshold estimates. The near-bottom orbital velocities are computed

from numerical model predictions and real velocities within the meadow could

be lower due to wave attenuation by the seagrass meadow and wave-current

interactions. However, the predicted velocities where P. oceanica is not present

provide an estimate of the threshold velocities that would impede the persis-

tence of this seagrass species. The usefulness of this methodology is that it

provides quantitative estimates of wave energy that sets the upper depth limit

of P. oceanica and, therefore, these can be compared to those obtained in other

locations.

An estimate of the threshold value of near-bottom orbital velocity that allows

the long-term persistence of Posidonia oceanica (38 - 42 cm s−1) is estimated.

It has been suggested that Zostera marina L. can tolerate unidirectional current

velocities up to 120-150 cm s−1 and that the meadows formed by this species

become spatially fragmented at tidal current velocities of 53 cm s−1 (Fonseca

et al. 1983). Shallow mixed meadows of Z. marina and Halodule wrightii Asch.

seem to remain spatially fragmented at tidal current speeds above 25 cm s−1

(Fonseca and Bell 1998). Experimental transplantations of Z. marina along

depth gradients in intertidal zones indicate that this species cannot persist at

sites where the maximum bottom orbital velocity during the tidal cycle reaches

53 - 63 cm s−1. Furthermore, this species can survive when exposed to waves

for less than 60 % of the time and maximum orbital velocity is less than 40

cm s−1 (van Katwijk and Harmus 2000). Hence, this estimate of the threshold

value of near-bottom orbital velocity that allows the persistence of P. oceanica is

within the range of values of current velocity proposed for other seagrass species.

Frederiksen et al. (2004) used aerial photographs to follow changes in the

distribution of Z. marina from 1954 to 1999 and showed that seagrass land-

scapes can change extensively over long periods of time, especially in the more

wave-exposed areas. Comparison of aerial photographs taken in 1956 and 2004

indicates that the upper depth limit of P. oceanica in Cala Millor has regressed

in the south part of the beach (IMEDEA 2005), which is a sector of the beach

well exposed to the most energetic waves (those from the N-NNE). However,

that other processes may determine the upper depth limit of P. oceanica are

not rule out. This seagrass species is able to grow in certain locations, usu-

ally sheltered, almost to sea level (Ribera et al. 1997), which suggests that

neither photo-inhibition nor temperature fluctuations associated with shallow
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depths are important in setting the upper depth limit. Except for the des-

iccation effects associated with exposure to air at low tides (negligible in the

Mediterranean Sea), the consensus is that the upper depth limit of seagrasses

is set by the energy of currents and waves (Koch et al. 2006). Wave breaking

might have a role in establishing the upper limit, but the position at which

waves break will change depending on wave height, wave period, and presence

of submerged sandbars. In addition, the effect of waves of certain energy may

depend on the amount of time the plants are exposed to different levels of wave

energy. Average wave conditions have been used to estimate the average field

of near-bottom orbital velocities, but other wave statistics could be used, such

as extreme events (De Falco et al. 2008), and elaborate a prediction of those

velocities that allow the long-term persistence of P. oceanica. 44 years of data

are used, as this would be an adequate period of time over which to average the

effects of waves on the slow-growing P. oceanica (Marbà and Duarte 1998).

Sediment density and grain size characteristics have not been considered

in this study. These granulometric characteristics may play an important role

in determining the location of seagrasses, because wave energy will move and

resuspend the sediment, which might bury or erode a seagrass meadow. Dif-

ferences in sediment characteristics between locations will then contribute to

the variability of the estimate of the threshold wave energy that sets the upper

depth limit of P. oceanica.

I conclude that the methodology presented here is a useful tool to estimate

wave energy on the bottom and to identify the level that sets the upper depth

limit of Posidonia oceanica meadows. This approach provides testable estimates

of the threshold level of wave energy that allows this species to persist and in-

dicates a research program to validate them. This Chapter also highlights the

importance of interdisciplinary and multidisciplinary research in ecological mod-

eling and, in particular, the need for hydrodynamical studies to elucidate the

distribution of seagrasses at shallow depths.
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Chapter 3

Posidonia oceanica and

Cymodocea nodosa seedling

tolerance to wave exposure

Part of this Chapter has been published as an article on Limnology

and Oceanography1

3.1 Summary

In this Chapter the role of hydrodynamics in the establishment of seagrass

seedlings for two Mediterranean seagrass species, Posidonia oceanica and Cy-

modocea nodosa is studied, by combining flume and field experiments. Flume

measurements under both unidirectional and oscillatory flow showed that P.

oceanica seedlings experienced higher drag forces than C. nodosa, which could

be related to the larger total leaf area. Drag coefficients were between 0.01 and

0.1, for Reynolds numbers of 103 and 105. As a result, P. oceanica seedlings

required 40 - 50 % of root length anchored to the sediment before being dis-

lodged while C. nodosa required ≈ 20 %. To validate the flume results, seedling

survival in sandy beds was evaluated for two depths (12 and 18 m) at two field

locations. To calculate near-bottom orbital velocities at the planting sites, deep

1Infantes E, Orfila A, Bouma TJ, Simarro G, Terrados J. Posidonia oceanica and Cymod-

ocea nodosa seedling tolerance to wave exposure. Limnology and Oceanography 56(6) (In

Press). doi: 10.4319/lo.2011.56.6.0000.

27
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water waves were propagated to shallow water using a numerical model. Results

showed that P. oceanica seedlings experienced high losses after the first autumn

storms when near-bottom orbital velocities exceeded 18 cm s−1. The loss of C.

nodosa seedlings was much lower and some seedlings survived velocities as high

as 39 cm s−1. Thus, flume and field results are consistent in explaining relative

higher losses of P. oceanica seedlings than for C. nodosa.

3.2 Methods

Posidonia oceanica and Cymodocea nodosa seedlings used in the flume and field

studies were obtained from fruits collected at sea. P. oceanica fruits were col-

lected from drift material on several beaches of Mallorca and Ibiza Islands (West-

ern Mediterranean Sea) during April-May 2009. Fruits were manually opened

and seeds were placed in natural salinity seawater. Seed germination took place

within a week or two after collection. C. nodosa seeds were collected during

February-April 2009 in a shallow (3 m) meadow in Mallorca Island. Seeds were

kept in aquariums until May 2009, the month when C. nodosa seeds germinate

at sea (Buia and Mazzella 1991). Germination of C. nodosa was induced by

reducing the salinity to 10 (Caye and Meinesz 1986). Both P. oceanica and C.

nodosa germinated seeds were kept in aquariums with natural seawater during

early seedling development. Aquariums were in a temperature-controlled room

at 20◦C with a 14 h photoperiod and a photon irradiance of 60 µmol m−2 s−1.

Seedlings were haphazardly distributed into two groups, one for flume experi-

ments and another for field experiments.

3.2.1 Drag forces and drag coefficient

Drag measurements were carried out to obtain the effective drag forces acting on

individual seedlings and to calculate the drag coefficients of both species under

unidirectional and oscillatory flows. Experiments were carried out in the NIOO

racetrack-shaped channel at Yerseke, Netherlands. The channel is 17.55 m long,

0.6 m wide and 0.45 m deep (Hendricks et al. 2006). In all experiments, water

depth was 0.32 m, water temperature was 20 ± 0.5◦C and salinity 36. The flume

allows running both unidirectional and oscillatory flows. Currents in the flume

were generated by a conveyor belt. Waves were generated by a vertical wave

maker driven by a piston. At the end of the test section waves were dampened by
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a porous gentle slope. Flow was characterised by measuring vertical profiles of

the velocity at 5 cm intervals along the water column using an Acoustic Doppler

Velocimeter (ADV Vectrino, Nortek) at the same cross section where seedlings

were tested. The ADV sampling rate was 25 Hz and measurements were taken

for 5 minutes, sampling volume of 7 mm and a nominal velocity range of 1 m s−1.

Drag was measured on individual P. oceanica and C. nodosa seedlings fixed

to a force transducer inside the flume. Seedlings were exposed to 7 different

wave conditions that include wave heights (H) ranging from 1 to 7 cm and

periods (T ) from 1.5 to 4 seconds. These waves gave near-bottom orbital ve-

locities between 4 and 16 cm s−1. Seedlings were also exposed to 6 different

current velocities ranging between 5 and 36 cm s−1. Hereafter, u represents

the near-bottom orbital velocity (for waves) or the mean velocity (currents).

Each wave and current flow conditions was repeated for 5 seedlings. Seedlings

were attached to a 2 cm long metal screw by the stem using a small cable tie

removing the roots and seed. The metal screw was then fixed into the drag

sensor. The drag force of the metal screw with cable ties alone is a constant,

and was subtracted from the drag force measured on the seedlings. No breaking

of leaves or plant fragments was observed during the drag experiments. Drag

forces and wave heights were measured at 20 Hz during 3 min. Drag forces were

measured using a drag transducer developed by WL-Delft Hydraulics (Bouma

et al. 2005) and calibrated as Stewart (2004). Waves were measured with a

pressure sensor (Druck, PT1830). Drag measurements were performed on P.

oceanica in October 2009 and February 2010, but drag in C. nodosa was only

measured in October 2009 since seedlings did not survive until February 2010.

The force acting over individual plants measured by the transducer can be

expressed as,

FD =
1

2
ρCDavu|u| (3.1)

where ρ is the density of water, av is the total leaf area of the plant and u the flow

velocity (either unidirectional or oscillatory). The drag coefficient, CD, which

depends on the Reynolds number, can be readily obtained from the experiments

using Eq. A.9. Defining the characteristic length as (Martone and Denny 2008):

l∗ =
√
av (3.2)

the corresponding Reynolds number is defined as,

Re =
ul∗
ν

(3.3)
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Figure 3.1: Sketch of the flume experimental set-up showing the critical erosion

depth and minimum rooting length (Ld) of seedlings. (a) Seedling in the flume,

(b) seedling before dislodging from the sediment after the discs addition. Critical

erosion depth is equivalent to the total height of discs added when the seedling

is dislodged. Not drawn to scale

being ν the molecular kinematic viscosity of seawater. Most aquatic vegeta-

tion is flexible and becomes streamlined with increasing flow velocities and it is

very difficult to measure accurately the frontal area under waves and currents

(Sand-Jensen 2003, 2005). For this reason, the total surface area was used as

the frontal area as it can be accurately measured.

3.2.2 Critical erosion depth and minimum rooting length

Once the drag force was measured for the seedlings the next step was to analyze

the capacity of both species to withstand dislodgement by sediment distur-

bances via root anchoring. Individual P. oceanica and C. nodosa seedlings were

planted in cylindrical pots (height x diameter: 12 x 12 cm) over sand with a

diameter (d50) of 592 ± 23µm. Pots were placed in the flume under two sets

of experiments: i) periodic waves of H = 2.5 cm and T = 2.6 s (u = 5 cm
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s−1) and ii) periodic waves of H = 5.1 cm and T = 1.9 s (u = 10 cm s−1) dur-

ing 15 minutes (Fig. 3.1a). Seedlings were repeatedly exposed to 15 minutes of

wave action, while in between wave treatments, sediment erosion was mimicked.

This was repeated until the critical erosion depth at which seedlings dislodged

was found. Sediment erosion was simulated by progressively adding discs of 3

mm thickness underneath the pots removing carefully the pushed-up top layer

of sediment. This process was repeated until the waves dislodged the seedling

from the sediment. A total of 18 plants were used for P. oceanica and 9 for

C. nodosa. For each seedling, root lengths and total leaf area were measured.

The critical erosion depth was measured as the thickness of disks added before

the plant became dislodged. The minimum rooting length (Ld) or length of

the root inside the sediment before the plant become dislodged was obtained

by the difference of the maximum root length and the critical erosion depth.

The length of the longest root was used for all calculations since in the end,

regardless of the number of roots, seedlings remained anchored to the substrata

with only one root, even when the rest were dislodged.

3.2.3 Field study

Seedlings were planted at sea to assess their survival and to validate the prin-

ciples observed in the flume. The field study was performed from August 2009

to February 2010 in Mallorca Island, Spain, Western Mediterranean Sea (Fig.

3.2a,b). In this area, tides are almost negligible, e.g., less than 25 cm (Orfila et

al. 2005). P. oceanica and C. nodosa seedlings were planted at two locations

in the Natural Reserve of Cap de Enderrocat (Fig. 3.2c). The first location,

Cap Enderrocat is a sandy area between the upper limit of P. oceanica and the

coastline exposed to Southwest and Southeast waves (triangles in Fig. 3.2c).

The second location, Cala Blava is located in a large P. oceanica meadow with

sand gaps (circles in 3.2c), which is only exposed to Southwest waves. The up-

per depth limit of P. oceanica in Cap Enderrocat is at 19 m while that in Cala

Blava is at 12 m. The upper depth limit of C. nodosa in Cap Enderrocat and

Cala Blava is at 12 m. Within each location two depths were selected at 18 m

and 12 m depth for the short-term experiment.

Six plots (three for each species) separated by 3 m intervals were established

at the four sites. Twelve seedlings were planted on each plot directly on the

sediment without any artificial supporting aid, in order to mimic natural condi-
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Figure 3.2: (a) Location of Mallorca Island in the Mediterranean Sea. (b)

Location of study area and WANA node. (c) Location of the experimental sites,

Cap Enderrocat (triangles) and Cala Blava (circles). Bathymetric contours in

meters.

Figure 3.3: Experimental plots with a) Posidonia oceanica and b) Cymodocea

nodosa seedlings at the beginning of the field experiment.
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tions where the roots are the only attachment structure to the substrata (Fig.

3.3a,b). A total of 144 seedlings of each species were planted after measuring

the number of roots, root lengths and root diameter in the laboratory. Addi-

tionally, the number of leaves of each seedling and the length and width of each

leaf were measured once planted in the field. The number of seedlings in each

plot was counted in September, October, and November 2009 and in February

2010. Whenever seedlings were no longer observed in the plots, it was deter-

mined that the loss was not caused by burial.

Survival rate was related to wave conditions as well as to averaged near-

bottom orbital velocities between sampling dates at the four experimental sites.

Significant wave height (Hs), peak period (Tp), and direction (Θ) were acquired

at deep waters approximately 15 km from the study sites (Fig. 3.2b). These

wave conditions were propagated to the study sites using a numerical model

based on the mild-slope parabolic approximation (Kirby and Dalrymple 1983,

Alvarez-Ellacuria 2010, Infantes et al. 2011). Wave conditions in the study

area ranged between a Hs of 0.5 - 4 m, Tp of 2 - 12 s and Θ of 130 - 270 de-

grees. Near-bottom orbital velocities at the four locations where P. oceanica and

C. nodosa seedlings were transplanted were computed from the model output

between sampling periods using linear wave theory (Dean and Dalrymple 1991).

3.2.4 Statistical analysis

Differences in drag forces under currents and waves of both species were tested

using a Student t-test. Differences among drag coefficients were evaluated using

species (P. oceanica, C. nodosa) and flow (unidirectional, oscillatory) as fixed

factors and Reynolds number as the covariate in the analysis of covariance (AN-

COVA) model CD = species + flow + Reynolds + (species x flow) + (species

+ Reynolds) + (flow x Reynolds) + (species x flow x Reynolds) (Quinn and

Keough 2002). Critical erosion depths and minimum rooting lengths in the

sediment were evaluated using univariate test of significance ANOVA. “Wave

velocity” (orbital velocities of 5 cm s−1 and 10 cm s−1), “Species” (P. oceanica

and C. nodosa) were the between-subjects factors (fixed). Differences of seedling

survivorship in the field experiment were also evaluated using univariate test of

significance ANOVA. The test was performed only in October 2009 because we

observed differences between sites on that date. After October 2009 no plants

were left in most of the plots (see Results). “Sites” (Cap Enderrocat and Cala
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Figure 3.4: Drag forces acting on seedlings in (a) unidirectional flow and (b)

oscillatory flow. (mean, SE, n = 5).

Blava), “Depth” (18 m and 12 m), “Species” (P. oceanica and C. nodosa) were

the factors (fixed). A Cochran’s C-test was used to test for heterogeneity of

variances. All data were normally distributed.

3.3 Results

Posidonia oceanica and Cymodocea nodosa have flexible leaves which easily bend

with the currents or waves. Drag forces acting on individual seedlings increased

with current and wave velocities (see Fig. 3.4a,b). Drag forces also increased

with foliar surface area for both seagrass species (Fig. 3.5). Drag forces were

higher (t-test: t = 7.08, df = 14, p < 0.01) for P. oceanica (0.006 ± 4 x 10−4 N,

mean ± SE) than for C. nodosa (0.003 ± 3 x 10−4 N) at u = 16 cm s−1 in uni-

directional flow (see Fig. 3.5a). Similarly, drag forces were also higher (t-test:

t = 3.2, df = 14, p < 0.01) for P. oceanica (0.011 ± 1 x 10−3 N) than for C.

nodosa (0.005 ± 6 x 10−4 N) at u = 16 cm s−1 in oscillatory flow (see Fig. 3.5b).

ANCOVA shows that drag coefficient (CD) depends on Reynolds number
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Figure 3.5: Drag forces acting on individual seedlings of different surface area

in (a) unidirectional flow and (b) oscillatory flow. Flow velocity of 16 cm s−1.

(Re), (F = 298.7, p < 0.001) and that it is also influenced by the type of flow

(CD currents > CD waves, F = 4.8, p < 0.05), but not by the species (F =

1.4, p = 0.24) (Fig. 3.6. A linear fitting of the drag coefficient for both species

under oscillatory motion is,

log10CD = −0.6653 ∗ log10Re+ 1.1886, (R2 = 0.77, r = −0.87) (3.4)

and similarly for unidirectional flow

log10CD = −0.7269 ∗ log10Re+ 1.6253, (R2 = 0.92, r = −0.95) (3.5)

The experiments in the flume have shown that there are significant differ-

ences in the minimum rooting length that each species tolerates (Table 3.1). P.

oceanica seedlings require 40 - 50 % (2 ± 0.2 cm, mean ± SE) of root length

anchored into the sediment while C. nodosa requires only 20 % (2.8 ± 0.2 cm,

mean ± SE) of root length anchored into the sediment (Fig. 3.7). P. oceanica

seedlings tolerate less sediment erosion (2.7 ± 0.3 cm, mean ± SE) to become

dislodged than C. nodosa (5.6 ± 0.4 cm, mean ± SE) under waves.

The capacity of a plant to remain anchored depends on the force that the

roots can manage (which mainly depends on their length Ld), and on the force
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Figure 3.6: Drag coefficient versus Reynolds number for Posidonia oceanica

and Cymodocea nodosa under undirectional and oscillatory flow. Experimental

data under uniform flow for P. oceanica seedlings (triangles) and for C. nodosa

(squares). For oscillatory flow P. oceanica seedlings (circles), and C. nodosa

(crosses). Solid lines are the linear fitting for the different flow conditions.

that the exposed leaves receive from the ambient (which is highly dependent

on the total leaf area av). The above suggests that an important dimensionless

coefficient in the problem is the ratio Ld/
√
av. Since other variables could play

a role in the problem, the ratio Ld/
√
av will not be constant in general, and it

could depend on other dimensionless groups representing the plant species, flow

velocity, type of flow (wave or current), etc.

From the experimental results, only the influence of the species on Ld/
√
av

has been clearly identified as a measure of the dislodgment risk, which can be

termed as the dislodgement safety factor. Results presneted in this Chapter in-

dicate that under periodic flows, seedlings of P. oceanica will remain anchored

as long as P. oceanica ≈ 0.35, i.e., if their root lengths are on average 0.35 times

the square root of the leaves area. In the case of C. nodosa the condition for

the seedlings to remain anchored is Ld/
√
av ≈ 1.6.
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df MS F

1 6828 52.9 ∗∗∗

Minimum rooting 1 63 0.5 ns

Length 1 196 1.5 ns

34 129

Table 3.1: Two-factor way ANOVA testing differences between species and or-

bital velocities and minimum rooting length. Significant differences are ex-

pressed in bold as, ∗∗∗p < 0.001, and ns = not significant. Cochran’s C-test no

significant. df = degrees of freedom and MS = mean square.

The foliar surface of P. oceanica seedlings at the beginning of the field ex-

periment was 4 times larger than that of C. nodosa seedlings (Table 3.2). As

seedlings develop the difference in foliar surface increases. In contrast, C. nodosa

maximum root lengths are higher than P. oceanica. Root diameters are higher

for P. oceanica than for C. nodosa. Survival was related to wave conditions

as well as to averaged near-bottom orbital velocities between sampling dates

(Fig. 3.8; Table 3.3). No loss of seedlings occurred from August to September

2009. During this period no storms affected the study area and the computed

near-bottom orbital velocities were below 5 cm s−1.

P. oceanica C. nodosa

Total foliar surface (cm2) 12.9 ± 1.6 3.2 ± 0.4

Number of leaves 6.1 ± 0.6 2.3 ± 0.2

Number of roots 5.2 ± 0.2 4.8 ± 0.2

Total root length (cm) 15.8 ± 0.2 26.1 ± 0.4

Max. root length (cm) 5.5 ± 0.2 6.8 ± 0.4

Root diameter (cm) 1.78 ± 0.1 0.51 ± 0.03

Table 3.2: Morphological characteristics of seedlings at the beginning of the

field experiment (mean ± SE, n = 144).
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Figure 3.7: (a) Critical erosion depth and (b) Minimum rooting length of Posi-

donia oceanica and Cymodocea nodosa exposed to two orbital velocities (u = 5

and 10 cm s−1).

Between September and October 2009, a storm with Hs of 1.5 m and Tp of 7

s was measured at deep waters. During this period, the first losses of P. oceanica

seedlings were observed. Computed u for this period in Cap Enderrocat was

8.6 cm s−1 at 18 m depth and 28 cm s−1 at 12 m depth while in Cala Blava

was 7.3 cm s−1 at 18 m depth and 14.7 cm s−1 at 12 m depth (Table 3.3). The

percentage of P. oceanica seedlings surviving in Cala Blava was significantly

higher than that in Cap Enderrocat (3.8a; Table 3.4). Moreover, the percentage

was significantly higher in the deeper (18 m) than in the shallow (12 m) sites.

The loss for C. nodosa was also significant but no differences in the percentage

of survivorship among sites and depths was detected.
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Cap Enderrocat Cala Blava

12 m 18 m 12 m 18 m

Aug-Sep < 5 < 5 < 5 < 5

Sep-Oct 18.0 ± 1.1 8.6 ± 0.3 14.7 ± 0.9 7.3 ± 0.2

Oct-Nov 34.4 ± 2.2 18.2 ± 1.2 29.4 ± 1.9 17.0 ± 1.1

Nov-Feb 46.0 ± 2.3 25.5 ± 1.2 39.1 ± 1.5 23.4 ± 1.1

Table 3.3: Computed near-bottom orbital velocities (cm s−1) at the experimen-

tal locations during the sampling periods (mean ± SD).

From October to November 2009, two storms from the southwest with Hs

of 4 and 2.5 m and Tp of 10 and 8 s respectively were recorded at deep waters.

After these storms, all P. oceanica seedlings disappeared in both Cap Enderro-

cat and Cala Blava sites while C. nodosa seedlings persisted in Cala Blava at

both depths (Fig. 3.8b). Computed u at the experimental sites varied between

17 to 34 cm s−1 (Table 3.3).

From November 2009 to February 2010 several storms were recorded with

maximum Hs of 5 m and Tp of 11 s at deep waters (Fig. 3.8c). Remaining

seedlings of C. nodosa persisted during this period. Computed u in this site

varied between 23 and 39 cm s−1 during that period of time.

3.4 Discussion

This Chapter offers a mechanistic insight into how the combination of drag and

erosion may cause seedling dislodgement from the substrata. Results showed

that drag forces were higher in P. oceanica seedlings than in C. nodosa under

both current and waves, and that P. oceanica seedlings are earlier dislodged

than C. nodosa seedlings. Thus flume results predict survival of C. nodosa

seedlings to exceed that of P. oceanica seedlings. Field experiments confirmed

this, by showing that seedlings were dislodged during storms, and that C. no-

dosa seedlings survived longer than P. oceanica.

Measured drag force per unit total leaf surface area is on average (3 ± 1.2

N/m2 mean ± SE) for both the P. oceanica and C. nodosa seedlings at u =
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df MS F

Location 1 9401 40.1 ∗∗∗

Depth 1 350 1.5 ns

Species 1 3151 13.5 ∗∗

Location x Depth 1 651 2.8 ns

Location x species 1 2109 9.1 ∗∗

Depth x species 1 2433 10.3 ∗∗

Location x depth x species 1 2109 9.2 ∗∗

Error 16 234

Table 3.4: Results of three-factor way ANOVA of seedling survival percentage

in October 2009. Significant differences are expressed in bold as ∗∗ p < 0.01 ,
∗∗∗ p < 0.001, and (ns) not significant. Cochran’s C-test no significant. df =

degrees of freedom and MS = mean square

16 cm s−1, which was in the same order of magnitude as earlier measurements

for seagrass model plants with flexible shoots (5.5 - 7.8 N/m2) at 37 cm s−1

(Bouma et al. 2005). For seedling survival, it is however the absolute drag force

rather than the drag per unit surface area that matters. Present flume exper-

iments show that drag coefficient, CD, depends on Reynolds number but not

on the species and that this relationship is different for current and waves (Fig.

3.6). The computed drag coefficients for the individual seedlings of P. oceanica

and C. nodosa are between 0.01 and 0.1 for Reynolds numbers between 103

and 105, which is in accordance with those provided for flexible macrophytes

(Sand-Jensen 2003, Martone and Denny 2008). It should be noted that drag

coefficients for meadows can depend on many factors such as the height and

density of the plants, the distance travelled by waves, etc. and that drag co-

efficient for meadows thus may differ from the values presented for single plants.

Sediment mobilisation is related to hydrodynamics (wave and currents) which

can bury or dislodge seagrasses (Madsen et al. 2001, Teeter et al. 2001, Cabaco

et al. 2008). Previous studies have shown that 2 cm of sediment erosion caused

75 % of mortality in C. nodosa seedlings in stagnant water (Marbà and Duarte

1994), but to my knowledge there are no data about the effect of sediment

erosion on P. oceanica seedlings. In this Chapter is shown that P. oceanica

seedlings under waves tolerate less sediment erosion (2 - 3 cm) to become dis-
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Figure 3.8: Seedling survival on the experimental plots in Mallorca, August 2009

to February 2010. (a) Posidonia oceanica, (b) Cymodocea nodosa, and (c) wave

heights in deep water (WANA node) shown in grey line and propagated wave

heights in Cala Blava at 12 m depth shown in black line. Gaps in propagated Hs

corresponds to wave directions other than Southwest to Southeast no affecting

the study area.

lodged than C. nodosa (5 - 6 cm). P. oceanica seedlings need a root length

of 0.35 times the square root of the total leaf area to remain anchored while

in C. nodosa this condition is increased up to 1.6 times the square root of leaf

area. However, seedlings of P. oceanica in the flume have a foliar area that is on

average 20 times higher than those of C. nodosa and therefore the seedling ca-

pacity to remain anchored is much more limited for P. oceanica than C. nodosa.

This suggests that P. oceanica seedlings are adapted to grow at ambients less

energetic than C. nodosa. This may also be inferred from the proportionally

higher root biomass and lower leaf biomass that C. nodosa allocates compared

to P. oceanica (Guidetti et al. 2002). Anderson et al. (2006) described the

dislodgement of coenocytic green algae from soft sediments by waves measuring
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the mean force to dislodge the algae (4.9 - 12.7 N) which increased as the leaf

surface area increased.

The seedling survival in the field also showed that P. oceanica and C. no-

dosa seedlings behave differently under the same hydrodynamic conditions. C.

nodosa seedlings survived longer than P. oceanica in Cala Blava during the field

experiment. P. oceanica seedlings survived at a higher proportion in the deep

than in the shallow sites at both locations during October 2009. In Novem-

ber 2009, all P. oceanica seedlings disappeared in the plots while C. nodosa

seedlings persisted at both depths in Cala Blava. Two storms took place before

the complete loss of P. oceanica seedlings in November 2009. It can not be de-

termined which of these two events caused seedling loss but it can conclude that

these storms had a deleterious effect on the survival of P. oceanica seedlings.

The presence of a large P. oceanica meadow from the shallow areas to 30 - 35

m depths demonstrates that the seagrass is not light limited at the study site

(Fig. 3.2c). Herbivory is not considered to be a cause of seedling loss because

bite scars on the leaves were not observed. Different environmental conditions

between sites associated with hydrodynamics such as sediment resuspension and

turbidity could have an effect on the seedling survival, although, these are in-

direct effects to wave exposure. Some studies have shown high mortality of

seedlings in the field after storms. A mortality of 75 % to 100 % natural and

transplanted P. oceanica seedlings on pebbles occurred during the first winter

after planting, associated to storms (Balestri et al. 1998). Individual seedlings

of four different Posidonia spp. planted in a blow out area did not succeed after

1 year (Kirkman 1998).

Water depth had an effect on seedling survival, as wave induced orbital ve-

locities attenuate with depth, near-bottom orbital velocities will be higher at 12

m than at 18 m. In October 2009, a significantly lower survival was observed

for P. oceanica at 12 m than at 18 m (Fig. 3.8a; Table 3.4). Piazzi et al. (1999)

observed lower survival rates of P. oceanica seedlings at 2 m depth than at 10

m depth. A correlative study in a P. oceanica meadow (Infantes et al. 2009)

suggested that at depths between 0 to 5 m near-bottom orbital velocities were

too high for P. oceanica to be present while at depths deeper than 7 m velocities

were lower and a dense meadow was present.
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Infantes et al. (2009) estimated a threshold in near-bottom orbital velocities

of 38 - 42 cm s−1 for a P. oceanica meadow to be present in a shallow bay.

In this study, P. oceanica seedlings had a 100 % survivorship at near-bottom

orbital velocities below 5 cm s−1, but for velocities between 7 - 18 cm s−1 the

percentage of seedlings surviving decreased and all seedlings disappeared at ve-

locities above 18 cm s−1. Some C. nodosa seedlings survived at velocities of 39

cm s−1. Thus, these results suggest that seedlings tolerate lower orbital veloci-

ties than mature plants. This is not surprising, because mature plants develop

a network of roots and rhizomes that penetrate deeper into the substrata than

seedlings. Other studies showed that transplanted Zostera marina survived at

orbital velocities of 40 cm s−1 but not at 60 cm s−1 (van Katwijk and Hermus

2000). For meadows, Cabaco et al. (2010) estimated that the decline of C.

nodosa occurs at velocities over 60 cm s−1.

Flow velocity is an important factor determining the size of the marine or-

ganisms that inhabit benthic ecosystems (Denny et al. 1985). Present results

suggest that the higher drag of large species may make small species relatively

more successful in the colonisation of exposed sites. This agrees with the con-

vention (based on size-related differences of growth rates) that large seagrass

species generally occupy low energy or sheltered habitats while small seagrass

species are able to colonize more energetic habitats because the capacity of

small species to recover from disturbance through growth is higher that that

of large species (Duarte 1991, Idestam-Almquist and Kautsky 1995, Laugier et

al. 1999). Results presented in this Chapter that seedlings of C. nodosa are

able to persist under higher wave energies than those of P. oceanica, are also

in agreement with the old but untested assumption that C. nodosa is a pio-

neer species that stabilises the substrata and facilitates the establishment of P.

oceanica (Den Hartog 1970).

The findings presented in this Chapter provide the basis for understanding

seedling survivorship of two Mediterranean seagrass species in sandy substratum

under different hydrodynamic conditions. Morphological characteristics of each

species such as foliar surface and root length are key factors in colonisation pro-

cesses. Moreover, drag and sediment erosion play an important role in seedling

survival, a crucial stage of seagrass life. Habitat degradation and fragmentation

caused by anthropogenic effects around the world’s coastal zones raises the need

to manage and restore seagrass beds (Short and Wyllie-Echeverria 1996, Orth
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et al. 2006). Seedling plantings could be more effective in seagrass restoration

if more quantitative knowledge on the hydrodynamic effects that limit the sur-

vival of seagrass seedlings is gathered.



Chapter 4

Assessment of substratum

effect on the distribution of

two invasive Caulerpa

(Chlorophyta) species

Part of this Chapter has been published as an article on Estuarine,

Coastal and Shelf Science1

4.1 Summary

Two-year monitoring of the invasive marine Chlorophyta Caulerpa taxifolia and

Caulerpa racemosa var. cylindracea shows the great influence of substratum on

their spatial distribution. The cover of C. taxifolia and C. racemosa was mea-

sured in shallow (< 8 m) areas indicating that these species are more abundant

in rocks with photophilic algae and in the dead matte of the seagrass Posidonia

oceanica than in sand or inside the P. oceanica meadow. A short-term experi-

ment comparing the persistence of C. taxifolia and C. racemosa planted either

in a model of dead matte of P. oceanica or in sand shows that the persistence

of these species was higher in the dead matte model than in sand. Correlative

1Infantes E, Terrados J, Orfila A (2011) Assessment of substratum effect on the distribution

of two invasive Caulerpa (Chlorophyta) species. Estuar. Coast. and Shelf Sci. 91: 434-441.

45
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evidence suggests that C. taxifolia and C. racemosa tolerate near-bottom or-

bital velocities below 15 cm s−1 and that C. taxifolia cover declines at velocities

above that value. These results contribute to understand the process of invasion

of these Caulerpa species predicting which substrata would be more susceptible

to be invaded and to the adoption of appropriate management strategies.

4.2 Methods

4.2.1 Study Sites

The study was carried out in four shallow (depth less than 8 m) locations on the

South coast of Mallorca Island, Western Mediterranean sea (Fig. 4.1a). Cala

D’Or was chosen for this study because it is the only location in the Balearic

Islands where Caulerpa taxifolia is present. Caulerpa racemosa is mainly found

in the South of Mallorca, and the locations of Sant Elm, Cala Estancia and

Portals Vells where chosen (Fig. 4.1b). Sand patches, rocky reefs covered by an

erect stratum of photophilous macroalgae and meadows of the seagrass Posido-

nia oceanica are the main components of the undersea landscape at the study

sites.

4.2.2 Presence of Caulerpa over different substrata

The cover of Caulerpa taxifolia in Cala D’Or and that of Caulerpa racemosa in

Cala Estancia and Portals Vells was measured during two consecutive summers

and winters (years 2007 and 2008) which represent the periods of maximum and

minimum vegetative development of these species in the Western Mediterranean

(Piazzi and Cinelli 1999). Four to eight 20 m long transects were laid haphaz-

ardly at each location and the percentage of substratum covered by Caulerpa

was estimated at 1 m intervals along the transects by placing two 20 cm x 20

cm quadrats divided in 25 cells of 4 cm2. The number of cells corresponding to

each type of substratum in each quadrat was counted as well as the number of

cells of each substratum type colonized by Caulerpa. Substrata were classified

either as sand, rocks (always covered by photophilic algae), Posidonia oceanica

meadow or dead matte of P. oceanica. The matte of P. oceanica is formed by

the accumulation of sediment, rhizomes and/or roots of this seagrass species

over time, building a terraced structure that retains the sediment even after

seagrass death and that may last hundreds of years (Mateo et al. 1997).
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Figure 4.1: Location of the study areas. (a) Mallorca Island in the Mediter-

ranean Sea. (b) Location of the four study areas and deep water wave data

(WANA nodes). (c) Bathymetry of Cala D’Or with location of WANA node.

(d) Bathymetry of Sant Elm. Experimental plots, WANA nodes and ADCP

location in Cala D’Or.

4.2.3 Short-term experiment evaluating substratum effect

on Caulerpa persistence

The experiment evaluated the persistence of Caulerpa fragments planted in sand

plots (Fig. 4.2a) and in plots of a model of Posidonia oceanica dead matte (Fig.

4.2b). The experiment was performed in two locations: Cala D’Or for Caulerpa

taxifolia and Sant Elm for Caulerpa racemosa (Fig.4.1b). These two locations

were selected because C. racemosa is not present in Cala D’Or, which is the

only place where C. taxifolia is present in the Balearic Islands, and it was not

consider appropriate to contribute to the dispersion of these invasive species by

transplanting them to other locations. Besides, the C. racemosa experiment

was not perform in Cala Estancia or Portals Vells because these sites are highly

visited by swimmers and snorkelers and the risk of disturbance to experimental

plots was high. A sand patch large enough to hold all the experimental plots

at a depth of 7 - 8 m was selected at each location. These sand patches were

surrounded by P. oceanica meadows.
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Figure 4.2: Photographs of the experimental set up for Caulerpa taxifolia in (a)

natural sandy bottom and (b) the model of dead matte of the seagrass Posidonia

oceanica. (c) Illustration of Caulerpa fragments fixed to the plots using pickets.

Six 50 cm x 50 cm plots were established in each location separated every 5

m. Plots were delimited at the corners with galvanized iron bars. The model

of dead matte of Posidonia oceanica was constructed by attaching fragments of

dead P. oceanica rhizomes collected from fresh beach-cast plants after a storm

to 50 cm x 50 cm squares of plastic gardening mesh, using plastic cable ties

(Fig. 4.2b). A density of around 500 vertical rhizomes per m2 was used as this

is a typical P. oceanica shoot density found at 8 m depth in clear Mediterranean

waters (Marbà et al 2002, Gobert et al. 2003, Terrados and Medina-Pons 2008).

A model of dead matte of P. oceanica was used instead of natural occurring

dead matte to standardize the methodology having the same substratum types

in both locations. The dead matte models were attached to the bars delimiting

the randomly assigned plots (n = 3) with cable ties and using four pickets to

anchor it firmly to the sediment (Fig. 4.2b). The sand plots (n = 3) were made

of the naturally occurring sand and placement of the galvanized iron bars de-

limiting plot corners was the only manipulation performed.

Fragments of Caulerpa including at least one stolon apex and 3-4 fronds each

were manually collected from the same area and depth where the experimental
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plots were located and held in aerated seawater at sea surface until planting.

Sixteen Caulerpa fragments were fixed to each plot within 2h after collection

by threading them in groups of four into four cable-tie loops anchored in each

plot using galvanized iron pickets (see Fig. 4.2c). The experiment started in

July of 2007 as previous studies on biomass seasonality of Caulerpa taxifolia in

shallow waters (6 - 10 m) have shown that maximum biomass occurs in summer

and autumn (Thibaut et al. 2004). Monitoring of Caulerpa cover in each plot

was carried out approximately every 30 days for C. taxifolia and 15 days for

Caulerpa racemosa as the latter species has a higher growth rate (Piazzi et al.

2001) using underwater digital photography.

Photographic sampling techniques have been previously used to measure C.

racemosa cover (Piazzi et al. 2003). In this study, underwater photographs

were taken to evaluate the persistence of Caulerpa in the plots by analyzing the

area covered by the algae over time. This method allowed taking many samples

in the field as diving time is limited. Each plot was divided on 4 sub-plots of 25

x 25 cm to improve the delineation of the algae on the photographic images. As

algae can swing with wave orbital movements that could affect the area facing

up on the images, three images of each sub-plotwere taken on calm days. A

scale was placed oneach sub-plot next to the algae when taking the underwater

photographs. Open software (ImageJ, NIH) was used to measure the area of

Caulerpa on each photograph. To determine the absolute area on the images a

relationship between image pixels and real dimensions ratio was established on

each image using the scale. In order to test the method, photographs were taken

in the laboratory and in the sea before the experiment began. A set of figures

of known areas was used to test the output of theimage processing analysis,

providing an error around 6 %.

4.2.4 Wave climate and modelling at the short-term ex-

perimental sites

The propagation of the deep water mean wave climate between sampling dates

was performed using a numerical model which allows the calculation of the wave

induced near-bottom orbital velocity at the study sites. Significant wave height

(Hs), peak period (Tp) and direction were acquired from July 2007 to March

2008 at deep water which corresponds to the duration of the short-term exper-

iment (see 4.1b, c, for the location of these points). The deep water data have
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been obtained from the WANA system, a reanalysis with real data of a third

generation spectral WAM model and was provided by the Spanish harbour au-

thority operational system. These deep water wave conditions were propagated

to the study sites using a numerical model based on the mild slope parabolic

approximation (Kirby and Dalrymple, 1983) and near-bottom orbital velocities

(ub) at the experimental locations were obtained from the model outputs using

linear wave theory (Infantes et al. 2009). These models are widely used in en-

gineering and scientific approaches in order to obtain the accurate wave field in

coastal areas from open sea conditions since refraction and diffraction are well

captured (Alvarez-Ellacuria et al. 2010).

4.2.5 Field wave measurements and velocity profiles

To test the results of deep water wave propagations, field measurements were

performed on the 8th of November of 2007 in Cala D’Or measuring wave condi-

tions (Hs and Tp) at deep and shallow water as well as near-bottom velocities in

shallow water on both substrata. An Acoustic Doppler Current Profiler (ADCP)

RDI, Sentinel 600 kHz, was deployed at approximately 400 m from the exper-

imental site at a depth of 26 m. The ADCP was set to record 20 min burst

intervals every 60 min with a 2 Hz frequency. It was mounted on a tripod at

0.5 m above the bed. Hs obtained by propagating the deep water conditions

to shallow waters, are within aw 15 % error to those measured in situ at deep

and shallow waters, showing the accuracy of modelled wave conditions. Table

4.1 shows the data provided by the numerical model and those measured by the

ADCP at deep water (26 m) and with the ADV at shallow water (7.5 m) on the

8th of November of 2007.

Model outputs Field measurements

Hs Deep water (26 m) 0.53± 0.02 m 0.47± 0.03 m

Shallow water (7.5 m) 0.26± 0.02 m 0.21± 0.02 m

Table 4.1: Wave heights from model outputs and field measurements in Cala

D’Or (means ± 95 % CL).

Additionally, vertical profiles of velocity were measured on the P. oceanica
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dead matte model and on sand using Acoustic Doppler Velocimeters (ADV),

Vector, Nortek. Simultaneous measurements on both substrata were performed

using two ADVs at seven positions (2.5, 5, 10, 20, 40, 60 and 100 cm above the

bottom). The instruments were set to measure during 25 min with a frequency

of 32 Hz, a nominal velocity range of 0.1 m s−1 and a sampling volume of

11.8 mm. The ADVs were mounted in a down-looking position on stainless

steel bottom fixed structures. Stability of the equipmentwas verified with the

compass, tilt and roll sensors. Raw data were processed by first filtering for low

beam correlation (< 70 %). Velocity data were then filtered with a low pass filter

to remove high frequency Doppler noise (Lane et al. 1998). Horizontal velocity

was calculated as the root mean square (rms). From the velocity profiles, friction

coefficients Cf over sand and dead matte substrata were computed following

Simarro et al. (2008).

Cf =
τb
ρu2c

(4.1)

where τb is the bottom shear stress, ρ the density of seawater and uc a charac-

teristic velocity outside the boundary layer. The bed shear stress can be found

from,

τb = ρ(νT
du

dz
)Z=δ (4.2)

where νT is the eddy viscosity and du/dz the vertical variation of the velocity

evaluated at the outside of the boundary layer δ.

Temperature HOBO R© StowAway Tidbit loggers were moored next to the

plots in Cala D’Or and Sant Elm during the experiment. Temperature was

recorded every 2 h and averages of water temperature between sampling dates

were calculated. The numbers of daylight hours were obtained from the US

Naval Observatory (http://aa.usno.navy.mil/) for the study areas and averages

of daylight hours between sampling dates were also calculated.

4.2.6 Statistical Analysis

A Chi-squared test (χ2) was used to evaluate if the colonization of benthic

communities by Caulerpa species depends on the type of substratum, that is,

if some substrata are more favourable/unfavourable than others for the colo-

nization of these species. The null hypothesis of the test assumes substratum-

independent, random colonization and allows the calculation of expected cover
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of Caulerpa species in the different substrata that is compared with the cover

observed. Changes in cover of Caulerpa species through time in the short-term

experiments were evaluated using univariate repeated-measures ANOVA. “Sub-

stratum” (sand versus model of dead matte of P. oceanica) was the between-

subjects factors (fixed) and “Time” was the within-subjects factor (random)

for both Caulerpa experiments. A significant Time x Substratum interaction

was to be expected if the type of substratum has an effect on the persistence of

Caulerpa in the plots. A Cochran’s C-test was used to test for heterogeneity of

variances.

4.3 Results

Caulerpa taxifolia was more abundant in the dead matte of Posidonia oceanica

than in the rest of substratum types available in Cala D’Or (Fig. 4.3a). C.

racemosa was also more abundant in the dead matte of P. oceanica but it addi-

tionally colonized other substrata such as rocks with photophilic algae and sand

(Fig. 4.3b). The percent cover of C. taxifolia over dead matte showed small

changes between summer and winter (Fig. 4.3a). In contrast, the percent cover

of C. racemosa was highly seasonal since large differences between summer and

winter were observed (Fig. 4.3b).

The relative frequencies of the different types of substratum in the total

surface of sea bottom surveyed and of the presence of Caulerpa on each sub-

stratum are shown in Fig. 4.4 for each sampling event. Different distribution

of frequencies indicates that Caulerpa species do not distribute randomly in the

substrata (Table 4.2). Results from the χ2 test show that both Caulerpa species

are found in the dead matte of P. oceanica and in rock on a higher proportion

than expected in relation to the amount of substratum type available at the

study sites. In contrast, Caulerpa species are found in a lower proportion than

expected in sand and inside the P. oceanica meadow. Experimental χ2 were

largely above critical values (Table 4.2).

The significant “Time x Substratum” interaction in both species (Table 4.3)

indicates that substratum type affected the persistence of the two Caulerpa

species. The temporal evolution of Caulerpa cover in the plots (Figs. 4.5a and

4.6a) shows that the persistence of Caulerpa was higher in the model of dead
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Figure 4.3: Percent cover of (a) Caulerpa taxifolia and (b) Caulerpa racemosa

in the different types of substratum during two consecutive years.

matte of P. oceanica than in sand. C. taxifolia cover on dead matte increased

until the 28th of September while C. taxifolia cover on sand did not change

during the same period of time (Fig. 4.5a). After the 28th of September, C.

taxifolia cover decreased with time in both substrata and by the end of winter

no C. taxifolia was present in the plots. The cover of C. racemosa in the model

of dead matte increased during the first five weeks of the experiment while on

sand was roughly maintained (Fig. 4.6a). After August 30th, the C. racemosa

experiment was disturbed by a storm that buried the plots with a 30 - 70 cm

thick layer of drifting macroalgae and P. oceanica leaves causing the death of

all C. racemosa fragments in the plots.

Seawater temperature in Cala D’Or (Caulerpa taxifolia site) changed from

26oC in July to 14oC in March, while the number of daylight hours was reduced

from 14.5 h to 9 h (Fig. 4.5b). Conditions in Sant Elm (Caulerpa racemosa

site) during the experiment were rather constant with a seawater temperature
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Figure 4.4: Relative frequency of total substratum surveyed and of the presence

of Caulerpa taxifolia and Caulerpa racemosa on each substratum. Low presence

of rocks was recorded at the C. taxifolia site. Rocky bottom with photophilic

algae is indicated as Rocks.
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Rock P. oceanica Sand Dead matte χ2

P. oceanica

C. taxifolia Winter 07 − 64 L 36 L 240 M 340∗∗∗

Summer 07 − 20 L 79 L 336 M 465∗∗∗

Winter 08 − 23 L 65 L 121 M 208∗∗∗

Summer 08 − 77 L 32 L 69 M 178∗∗∗

C. racemosa Winter 07 3 − 3 − 7 M 7 M 20∗∗∗

Summer 07 80 M 879 L 142 L 1153 M 2272∗∗∗

Winter 08 1 M 34 L 16 L 91 M 142∗∗∗

Summer 08 146 M 796 L 2 L 629 M 1573∗∗∗

Table 4.2: Chi-square (χ2) test of observed Caulerpa cover on different sub-

strata. Caulerpa taxifolia has a critical χ2 p=0.001∗∗∗, 2df = 13.81 and Caulerpa

racemosa has a critical χ2 p=0.001∗∗∗, 3df = 16.26. C. taxifolia was not found

on rock substratum in enough quantities for the test. The type of contribution

was classified as more than expected (M) or less than expected (L).

of 26oC and the number of daylight hours between 14 and 13 h (Fig. 6b).

Caulerpa taxifolia cover was maintained or increased with estimated near-

bottom orbital velocities below 15 cm s−1 and declined above that value (Fig.

4.5b). Caulerpa racemosa was also able to maintain or increase its cover at

the same velocity values (Fig. 4.6b). The vertical profiles of velocity indicate

that the width of the boundary layer is around 10 cm (Fig. 4.7) showing also

a significantly higher reduction of the horizontal rms velocity in the model of

dead matte of P. oceanica (1.5 ± 0.2 cm s−1, mean ± 95 % CL) than in sand

(2.2 ± 0.2 cm s−1, mean ± 95 % CL), (t-test: t = 115, df = 103598, p < 0.01).

The friction coefficient computed for the dead matte model was higher (1.04

x 10−1) than for sand (2.33 x 10−2). Increased friction by the dead matte

model would reduce the magnitude of the velocities compared to sand. Wave

data from the ADCP showed that wave conditions did not change during the

ADV profile measurements, with Hs of 0.5 ± 0.1 m, Tp of 9.5 ± 0.5 s and South

East direction.
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df MS F p

C. taxifolia

Intercept 1 469997 293 0.000∗∗∗

Substratum 1 17685 11 0.029 ns

Error 4 1600

Time 3 5580 2.9 0.075 ns

Time x Substratum 3 7086 3.7 0.041∗

Residual 12 1884

C. taxifolia

Intercept 1 41205 36 0.003∗∗∗

Substratum 1 8321 7 0.053 ns

Error 4 1128

Time 3 1790 4.6 0.023∗

Time x Substratum 3 1929 4.9 0.018∗

Residual 12 390

Table 4.3: Results of repeated measures of ANOVA performed to evaluate if

the cover of Caulerpa taxifolia and Caulerpa racemosa was different between a

model of dead matte of Posidonia oceanica and a sandy substratum. ∗p < 0.05,
∗∗∗p < 0.001, ns = not significant. Cochran tests were not significant.

4.4 Discussion

The results of this Chapter indicate that substratum plays an important role in

the distribution of these invasive Caulerpa species. Field measurements show

that the presence of Caulerpa taxifolia and Caulerpa racemosa on the substrata

is not at random. Dead matte of the seagrass Posidonia oceanica and rock cov-

ered with photophilic algae are more favourable than sand to the presence of

Caulerpa species. Experimental results show that substratum has a significant

effect on the persistence of both Caulerpa species and confirm that is higher in

the model of dead matte of P. oceanica than in sand. Hence, the results of both

analyses are consistent to each other and suggest that the type of substratum

influences the abundance of these invasive Caulerpa species.
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Figure 4.5: (a) Caulerpa taxifolia cover (normalised means ± SE, n = 3). (b)

Water temperature at the experimental site, hours of light per day and near-

bottom orbital velocities, ub (means ± SD). Cover area on each sampling date

(A) in cm2 normalised by initial cover area (A0). Dotted square indicates the

period used for the statistical analysis ANOVA, Table 4.3.

Understanding the factors that regulate the establishment and spread of in-

troduced Caulerpa species is important to predict future pathways of invasion

as well as the susceptible areas to be invaded (Carlton and Geller 1993, Bax

et al. 2003, Cebrian and Ballesteros 2009). Previous studies mainly based on

direct observation indicated that favourable substrata for the establishment of

Caulerpa spp. are dead matte of Posidonia oceanica (Piazzi and Cinelli 1999,

Piazzi et al. 2001, Ruitton et al. 2005) and rocky bottoms covered by turf

algae (Ceccherelli et al. 2002, Piazzi et al. 2003, Bulleri and Benedetti-Cecchi

2008). A propagation model of Caulerpa taxifolia assumed that the settlement

probabilities of this species were high for dead matte, harbour mud, and rocks

with photophilic algae and low for P. oceanica and unstable sand (Hill et al.

1998) but no explanation of how these probabilities were set is given. This

Chapter provides the first quantitative evaluation of previous descriptions of

dead matte of P. oceanica as being a favourable substratum for the colonization

of invasive Caulerpa species. It also provides quantitative evidence that rocks

covered with photophilic algae are also a favourable substratum for Caulerpa

racemosa colonization. Sand and P. oceanica meadows are less favourable than
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Figure 4.6: (a) Caulerpa racemosa cover (normalised means ± SE, n 3). (b)

Water temperature at the experimental site, hours of light per day and near-

bottom orbital velocities, ub (means ± SD). Cover area on each sampling date

(A) in cm2 normalised by initial cover area (A0).

the dead matte of P. oceanica and rocks covered with photophilic algae for the

colonization of C. taxifolia and C. racemosa.

The positive association between consolidated substrata (rocks and dead

matte) and the presence of invasive Caulerpa species suggests that near-bottom

orbital velocity may be an important determinant of the spatial distribution of

these species at shallow depths. The capacity of Caulerpa to acquire nutrients

from the sediment through the rhizoids (Williams 1984, Chisholm et al. 1996)

might be invoked to explain the preferential distribution of invasive Caulerpa

on dead matte of P. oceanica but not over rocky substrata where the amount of

sediment is much lower than in dead matte. The structural complexity of the

substratum facilitates the retention of Caulerpa taxifolia fragments (Davis et al.

2009) and could be a factor to explain why rocky substrata covered by an erect

layer of photophilous macroalgae and the P. oceanica dead matte are favourable

substrata for the establishment of Caulerpa. The calculated friction coefficients

for the dead matte model and sand indicate that the surface of the dead matte is

structurally more complex than sand and that Caulerpa fragments established

on it will experience lower flow velocities than in sand.
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Figure 4.7: Vertical profiles of velocity (means ± 95 % CL). For convenience

only the 40 cm above the bottom is shown.

Caulerpa taxifolia and Caulerpa racemosa were rarely observed inside the

P. oceanica meadow in this study and the χ2 test shows that P. oceanica is

not a favourable substratum for the establishment of the introduced Caulerpa

species even though the matte of the P. oceanica meadow is a favourable sub-

stratum. Previous studies have also described that dense P. oceanica meadows

are not invaded by C. taxifolia and C. racemosa in the short-term (Ceccherelli

and Cinelli 1999, Ceccherelli et al. 2000). Dense P. oceanica meadows appear

to resist the invasion of C. taxifolia for more than eight years (Jaubert et al.

1999). Results presented in this Chapter suggest that degraded, low-density P.

oceanica meadows would be suitable locations for the settlement and growth of

invasive Caulerpa species if shading by the leaf canopy was the main constraint

of Caulerpa invasion (Ceccherelli and Cinelli 1999, Ceccherelli et al. 2000), and

thus protecting existing meadows would likely reduce the spread of these species

in the Mediterranean Sea.
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There has been little effort to correlate wave and current energy with the

spatial distribution and growth of invasive algae. The effects of wave exposure,

morphology and drag forces of the invasive Codium fragile were studied under

field and flume conditions by D’Amours and Scheibling (2007). These authors

suggest that the C. fragile became dislodged at flow velocities exceeding 50 cm

s−1. Moreover, Scheibling and Melady (2008) found that a sheltered location

was a more suitable habitat than an exposed location for this species. The ef-

fect of wave exposure on C. racemosa its not clear since it can be found in both

exposed and sheltered locations (Thibaut et al. 2004, Klein and Verlaque 2008).

To date, there are no available data on near-bottom orbital velocities that allow

the establishment and development of invasive Caulerpa species. Results in this

Chapter show that C. taxifolia and C. racemosa do only occur at near-bottom

orbital velocities below 15 cm s−1 and that C. taxifolia cover could decline at

velocities above that value. This value, however, should not be considered as a

velocity threshold for the persistence of C. taxifolia because the evidence pro-

vided by in this Chapter is correlative only and other factors such as seawater

temperature and light availability declined as velocities increased in the exper-

imental site (see Figs. 4.5b and 4.6b).

C. racemosa was able to colonize sand in summer but disappeared in winter,

a season with higher wave energy. One of the potential problems for aquatic

macrophytes growing on unconsolidated substrata is sediment movement and

deposition that causes uprooting and burial (Fonseca and Kenworthy 1987,

Williams 1988, Cabaco et al. 2008). Previous works described that C. race-

mosa was not colonizing fine sand with large ripple marks (Ruitton et al. 2005).

Sand with large ripples indicates that orbital velocities are or have been high

enough to mobilize the sediment suggesting that only those macrophytes with

high anchoring capacity could survive in that location.

Results presented in this Chapter provide novel quantitative evidence high-

lighting the importance of substratum for the distribution of invasive Caulerpa

species at shallow depths. It is shown that the two introduced species of

Caulerpa in the Mediterranean Sea are more abundant in dead matte of P.

oceanica or rock than inside the P. oceanica meadow or sand. These results

also suggest the quantitative hydrodynamic conditions that shape colonization

as their cover started to decline at near-bottom orbital velocities over 15 cm

s−1. Further studies should be done to elucidate the validity of this velocity



4.4 Discussion 61

threshold of the colonization of introduced Caulerpa.
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Chapter 5

Effect of a seagrass

(Posidonia oceanica)

meadow on wave

propagation

Part of this Chapter has been submitted for publication as an article

on Marine Ecology Progress Series1

5.1 Summary

Wave damping induced by the seagrass Posidonia oceanica is evaluated using

field data from bottom mounted acoustic doppler velocimeters (ADVs). Us-

ing the data from one storm event, the bottom roughness is calculated for the

meadow as ks = 0.42 m. This roughness length is then used to predict the wave

friction factor fw, the drag coefficient on the plant, CD, and ultimately the wave

damping for two other storms. Values for CD ranged from 0.1 to 0.4 during both

storms. The expected wave decay coefficient for seagrass shoot densities of 200

- 800 shoots m−2 is also predicted. The utility of the bottom roughness for

calculating the friction factor and the drag coefficient of a seagrass meadow for

conditions in which the meadow height is small compared to the water depth is

1Infantes E, Orfila A, Terrados J, Luhar M, Simarro G, Nepf H. Effect of a seagrass (P.

oceanica) meadow on wave propagation (Under review in Marine Ecology Progress Series)

63
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demonstrated.

5.2 Theory

The bottom boundary layer is a region adjacent to the bottom where the ve-

locity field drops from the value in the core of the fluid to zero at the bed.

When seagrasses are present near the bottom, the boundary layer is modified

by the seagrass canopy, which influences the mean velocity, turbulence and mass

transport (Nepf & Vivoni 2000, Ghisalberti & Nepf 2002, Luhar et al. 2010). A

good understanding of the physics of the boundary layer is important because

the damping of the waves is mainly due to the friction in the boundary layer

where the seagrass is present. P. oceanica leaves occupy only a small fraction

of the water column and under these conditions the drag associated with the

meadow into the bed friction formulation are merged.

The main question to be solved in the analysis of the boundary layer under

oscillatory flow is the relationship between the near bed velocity, ub, and the bed

shear stress transmitted to the combined seagrass and bottom, τb. The dimen-

sionless parameter relating both quantities is the wave friction factor defined as

fw ≡ 2|τb|/ρu2b , where ρ is the fluid density. The friction factor fw depends on

the Reynolds number and the relative roughness, defined respectively as

Re ≡ u2b
νω

, and ε ≡ ksω

ub
.

Above, ν is the kinematic viscosity of the water, ω is the wave angular fre-

quency (ω = 2π/T ) with T being wave period and ks is a length characterizing

the bottom roughness, or Nikuradse length. In this approach, ks includes both

the characteristics of the bottom and of the meadow. If the boundary layer is

smooth (ksub/ν < 5), then fw becomes a function of the Reynolds number only.

If the boundary layer is rough (ksub/ν > 70), the friction factor depends mainly

on the relative roughness ε (Schlichting 1979).

The friction factor proposed by Nielsen (1992) as a modification of the

semiempirical formula of Swart (1974) for sandy bottoms is,

fw = exp

{
5.5

(
ksω

ub

)0.2

− 6.3

}
. (5.1)
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Accounting for signs, the definition of fw implies τb = ρfwub |ub| /2. This is

known to be an oversimplification of the problem for oscillatory motions. For

instance, it is known that the shear under monochromatic waves is not in phase

with velocity. This has led to modifications of the friction factor to introduce

the phase lag (Nielsen 1992), and to redefine the friction factor as (Jonsson

1966)

fw ≡
2τb,max

ρu2b,max

, (5.2)

where the subindex refers to the maximum value of the variable within a wave

period. In fact, the expression Eq. (5.1) is actually valid for fw defined as in

Eq. (5.2). More serious problems regarding the use of the friction factor appear

for saw-tooth shaped waves or for wave-current interactions. In general, for

oscillatory flows the use of the friction factor fw is recommended as a first order

approximation of time averaged values.

Assuming that linear wave theory is valid and assuming straight and parallel

bathymetric contours, the conservation of wave energy may be written as

∂(Ecg)

∂x
= −εD, (5.3)

with E ≡ ρgH2
s /8 being g the acceleration of gravity, Hs the significant wave

height, εD the energy dissipation and cg the group velocity given by

cg =
ω

2k

{
1 +

2kh

sinh 2kh

}
, (5.4)

with k being the wave number (k = 2π/L), where L is the wave lenght and h

the local water depth.

Assuming a meadow composed by a set of N plants per unit of horizontal

area where each plant has a leaf length given by lv and neglecting the swaying

by blades, the energy dissipation εD due to seagrass can be written (Dalrymple

et al. 1984) as,

εD ≡
∫ −h+lv
−h

1

2
ρCDa′vN |u|u2dz. (5.5)

where a′v is the plant area per unit height, u is the orbital velocity and CD is

the drag coefficient for the forces exerted by the fluid on the plant. In Eq. (5.5)
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the integral is evaluated from the bed (z = −h) to the vegetation height lv and

the overbar indicates the time average over a wave period.

Previous theoretical, numerical and observational works on wave propagation

over vegetated fields have dealt with the question of obtaining the dissipation

term in order to integrate Eq. (5.3) (Kobayashi et al. 1993, Méndez & Losada

2004, Bradley & Houser 2009). Some authors have suggested that the morphol-

ogy of the P. oceanica leaf can be simulated by a vertical cylinder (Méndez &

Losada 2004). By doing so, an analytical expression for the dissipation term

can be obtained under the hypothesis of linear wave theory (Dalrymple et al.

1984) as,

εD =
2ρ

9πk
CDa

′
vN

(
gkHs

2ω

)3
sinh3 klv + 3 sinh klv

cosh3 kh
. (5.6)

Since one could alternatively approximate εD as τbub, assuming that the

velocity distribution is nearly uniform within the plant height lv, it follows

that,

CD =
fw

a′vlvN
. (5.7)

However, the main problem in the determination of the rate of energy dissipa-

tion arises from the ignorance of the value of the drag coefficient CD in Eq.(5.6).

Here, it is proposed to estimate CD from fw.

If wave propagation is studied over constant depth, an analytical solution

can be found for the wave damping as,

Hs

Hs,0
=

1

1 +KdHs,0x
(5.8)

where Kd is a decay coefficient given by,

Kd =
4

9π
CDa

′
vNk

sinh3 klv + 3 sinh klv
(sinh 2kh+ 2kh) sinh kh

(5.9)

In this work the wave damping induced by a Posidonia oceanica meadow is

evaluated. Data from bottom mounted acoustic doppler velocimeters for one

of the three storms measured are used to obtain the roughness length ks for

the meadow. The friction factor for two other storms are then calculated using

Eq. (5.1) and the value of CD related with fw through the meadow parameters.
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This approach assumes that lv/h � 1, so that the roughness length formula-

tion accounts for the effects of both the bottom and the meadow. Finally, the

wave damping is evaluated along a transect by numerical integration of Eq.(5.3).

5.3 Material and Methods

Measurements were carried out in Cala Millor, located on the northeast coast

of Mallorca Island, Mediterranean Sea (Fig. 5.1, top). Cala Millor is an inter-

mediate barred sandy beach formed by biogenic sediments with median grain

values ranging between 0.28 and 0.38 mm at the beach front (Gómez-Pujol et al.

2007). The beach is in an open bay with an area of around 14 km2. At depths

from 6 m to 35 m, the seabed is covered by a meadow of Posidonia oceanica

(Infantes et al. 2009). The tidal regime is microtidal, with a spring range of

less than 0.25 m (Orfila et al. 2005). The bay is located on the East coast of

the island, and it is therefore exposed to incoming wind and waves from NE to

ESE directions.

From July 7th to July 23rd 2009, four self-contained Acoustic Doppler Ve-

locimeters, ADVs (Nortek, Vector) with pressure sensors were deployed in a

transect perpendicular to the coast at depths of 6.5, 10, 12.5 and 16.5 m and

total length of 942 m (see Fig. 5.1, bottom). ADVs were mounted over galva-

nized iron structures taking care that pressure sensors were placed at 80 - 100

cm above the bottom, just above the seagrass canopy (Fig. 5.2). Stability of

the equipment was verified with the compass, tilt and roll sensors (Infantes et

al. 2011). Velocity data were collected in bursts of 15 minutes every two hours

at 80 cm above the bottom at a sampling rate of 4 Hz, sampling volume of 14.9

mm and a nominal velocity range of 1 m s−1.

Wave data was processed using Nortek software (QuickWave v.2.04) that

uses the ADV pressure and velocity (PUV method) to estimate from pressure

data the wave height (Hs), peak period (Tp) and the combination of the hori-

zontal components and pressure to calculate wave direction (Nortek AS, 2002).

Wave data were filtered to remove waves not approaching perpendicular to the

beach. To exclude wave energy lost by white capping, wave records when mean

wind velocities higher than 10 m s−1 were not used (Puertos del Estado wind

data).
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Figure 5.1: (a) Location of Mallorca Island in the Mediterranean Sea. (b)

Location of the study area. (c) Location of the transect and deployment sites

in Cala Millor. (d) Bathymetric profile and distance between the deployment

sites.

The area is under cyclogenetic activity throughout the year (Cañellas et al.

2007). Indeed, during the instrument deployment, three storms affected the

area with significant wave heights (Hs) larger than 1 m at the deeper location

(Fig. 5.3, top). The first storm began on the 13th July with a duration of 2 days

and with a maximum Hs of 1.85 m. The second storm began on the 18th July

with a duration of 16 hours reached Hs of 1.58 m. The third storm began on

the 21st July with a duration of 24 hours reached Hs of 1.1 m. The roughness

length ks, was calculated independently from the third storm and then used to
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Figure 5.2: Acoustic doppler velocimeter (ADV) deployed in the Posidonia

oceanica seagrass meadow.

compute fw and the corresponding CD for the first and second storms.

5.3.1 Determination of Nikuradse roughness length

As stated, roughness length ks is a critical parameter for the characterization of

the friction factor in rough turbulent flows. ks is assumed to be a property of the

meadow morphology (number of shoots, shoot height and leaf width mainly),

which in turn is assumed to be constant in time. This is a fair assumption since

measurements were done in summer during a short period of time (16 days). P.

oceanica leaf number, leaf lengths and leaf widths were measured in ten vertical

shoots collected at the locations 1, 2, 3 and 4 (Fig. 5.1, top). The mean shoot

length was set as lv = 0.8 ± 0.1 m (mean ± SE) and mean leaf surface area as

211 ± 23 cm2 (mean ± SE). This is the averaged maximum leaf length of indi-

vidual shoots measured randomly at field. Shoot density was also measured at

the same locations and the mean shoot density as 615 ± 34 shoots m−2 (mean

± SE).
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Figure 5.3: Top panel: Significant wave height at 16.5 m depth (solid), at 12.5 m

depth (doted), at 10 m depth (dash-doted) and at 6.5 m depth (dashed). Grey

areas indicate the three storms. Bottom panel: near bottom orbital velocities

at the same locations (depths and lines are the same as the top panel).

Measured field velocities and wave heights along the transect during the

third storm (July 21st) are used to obtain ks in the following procedure. A

set of CD ranging from 0.01 to 2 are provided to compute the wave damping

by numerical integration of Eqs. (5.3)-(5.6). Departing from the wave height

measured at location 1, the corresponding Hs,i at locations i = 2, 3, 4 (x = 337

m, x = 664 m and x = 942 m respectively) is computed obtaining the error
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between modeled and measured wave as,

ε =

√√√√ 4∑
i=2

∣∣∣Hcomputed
s,i −Hmeasured

s,i

∣∣∣2, (5.10)

The value of CD that minimizes the error is selected to compute fw and its

corresponding ks through Eq. (5.1). ks is computed for a total of 20 hours (10

records) and the average for all records is calculated. The drag coefficient is

related with the friction factor through the measured plant characteristics a′v
and lv and N , Eq. (5.7). Therefore and for the sake of simplicity hereinafter

the value of CD will be used.

5.3.2 Determination of drag coefficient

Once ks is determined for the Posidonia oceanica meadow, fw(ks/ab) is com-

puted for the other two storms. A total of 24 hours have been analyzed for the

July 13th storm (12 records) and 18 hours for the July 18th storm (9 records).

For these events, near-bottom orbital velocities ranged between 12 and 25 cm

s−1 (Fig. 5.3, bottom) with wave periods between 4.5 and 5.5 s during both

storms. To obtain the friction factor from Eq. (5.1) it is assumed purely oscilla-

tory motion. This is a fair assumption from the experimental data since mean

velocities are one order of magnitude lower than the oscillatory component.

In order to study the energy dissipation within the P. oceanica meadow,

the energy conservation Eqs. (5.3)-(5.6) are solved. Bathymetry is adjusted by

fitting a third order polynomial to the depths at the four moorings (Fig. 5.1,

bottom).

5.4 Results

During the three storms the significant wave heights Hs decreases between the

depths 16.5 m to 6.5 m (Fig. 5.3, top). In contrast, but as expected by linear

wave theory, near-bottom orbital velocities ub increase at shallower depths (Fig.

5.3, bottom). The roughness length obtained during July 21st is ks = 0.42±0.05,

which is the mean and the standard deviation of the values estimated for sta-

tions 2, 3 and 4.
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On July 13th at 4am significant wave heights of Hs = 0.86 m were mea-

sured at mooring 1 (16.5 m depth). Waves heights above 1 m were recorded

for 24 hours with maximum Hs = 1.85 m. Measured significant wave height

normalized by incident wave height (Hs,0) at the four moorings are displayed

for this period in Fig. (5.4). Numerical integration of of Eq. (5.3) are plotted

as black lines, and the uncertainty in the predictions, based on a 15 % error in

the measurement of the initial wave height at period are displayed as dashed

lines. For each set of data the apriori estimate of CD, based on ks and Eq.

(5.1), is presented for completeness. Values of CD ranged from 0.12 to 0.43.

As seen, fairly good agreement is obtained between the measured and predicted

Hs. The second storm lasted 18 hours starting on July 18th at 12am. Fig. (5.5)

present this event at a 2 hours interval. Similarly, the measured data (dots) are

well represented by the predictions (lines) although some discrepancies appear

at the shallow moorings. Hs/Hs,0 between the deepest (16.5 m) and shallowest

(6.5 m) measurement locations is reduced by 50 % ± 4 % (mean ± SD) during

the first storm and by 39 % ± 9 % during the second storm.

As P. oceanica shoot density varies between locations (Marbà et al. 1996),

the effect of this variation on wave damping is assessed by computing the wave

decay (Hs/Hs,0) over the bathymetry depicted in Fig. (5.1, bottom), but for

different shoot densities. The wave decay for an incident wave of Hs,0 = 1.56

m and Tp = 4.6 s (CD = 0.41) for shoot densities ranging between 200 to 800

shoots m−2 is shown in Fig. (5.6). After propagation over 1000 m, Hs/Hs,0 is

reduced 40 % in a meadow of 200 shoots m−2. In a high density meadow of 800

shoots m−2, the reduction is > 55 % over the same distance.

Wave decay over constant depth can be readily obtained from Eq. (5.8).

The coefficient Kd in Eq. (5.9) depends on plant parameters (e.g., a′v, lv, N

and ks), hydrodynamical conditions (e.g., CD, ω) and water depth. For a fixed

ω = 1.3 s−1 representing a period, T ≈ 4.8 s, which is typical condition for

the Mediterranean Sea and Hs,0 = 1.1 m (CD = 0.42) the value of Kd(N,h)

is displayed as a function of the shoot density and the length of the blade in

Fig. (5.7) for water depths of h = 5 m (top), h = 10 m (middle) and h = 15

m (bottom). The set of shoot densities were varied from sparse meadows of

N = 200 plants/m−2 to very dense meadows of N = 1000 plants/m−2. Blade

length was varied from the length of seedlings, around 0.1 m, to blades of 1.4

m. The large values of Kd obtained at 5 m water depths have to be taken
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Figure 5.4: Normalized significant wave height (by incident) along nondimen-

sional distance (by wave length) for the first storm. The first panel corresponds

to conditions on July 13th at 4am and sequence are elapsed 2 hours. The solid

black line displays the computed normalized significant wave height including

the dissipation due to P . oceanica meadow. The grey line corresponds to the

Hs assuming no dissipation by the seagrass. Dashed lines displays the predic-

tions for wave decay for a 15 % error in the measurement of initial wave height

and wave period.
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Figure 5.5: Normalized significant wave height (by incident) along nondimen-

sional distance (by wavelength) for the second storm. The first panel correspond

to conditions on July 18th at 12am and sequence are elapsed 2 hours. The solid

black line displays the computed normalized significant wave height including

the dissipation due to P . oceanica meadow. The grey line corresponds to the

Hs assuming no dissipation by the seagrass. Dashed lines displays the predic-

tions for wave decay for a 15 % error in the measurement of initial wave height

and wave period.
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Figure 5.6: Wave damping H/H0 along the transect for different conditions of

shoot density. Initial wave height is Hs,0 = 1.56 m, ω = 1.38 s−1 and CD =

0.41.

with caution. Two conditions are violated for this wave condition at this depth;

first, the nonlinearity for the condition presented is ε = 0.1 which is too large

to satisfy the hypothesis of linear wave theory, and second, the large values of

lv/h suggest that the meadow cannot be characterised simply by the roughness

length concept to obtain the drag coefficient. Values of Kd at 10 m depth are

between 5 ·10−4 m−2 for short blades in low density meadow to 2 ·10−3 m−2 for

large blades in high density meadows which gives wave reduction of 20 % to 60

% in 500 m propagation respectively. Values of Kd at 15 m depth are roughly

one order of magnitude smaller.

5.5 Discussion

This study suggests that for waves of height Hs,0 = 1.56 m and period T =

4.5 s, the decay coefficient ranges from Kd = 5 x 10−4 to Kd = 3 x 10−3 (Fig.

5.7) for a meadow of density N = 200 - 1000 plants/m2 occupying lv/h = 0.04

- 0.14 in water depth h = 10 m. In dimensionless terms, Kd Hs,0 L = 0.024

- 0.14, which can be interpreted as a 2.4 % to 14 % decay in wave height per

wavelength (see Fig. 5.7). Bradley and Houser (2009) measured an exponen-

tial decay coefficient that ranged between 0.004 m−1 to 0.02 m−1 for waves of

peak period 1.5 s in water depth ∼ 1.0 m, which equates to approximately a

1.3 % - 6.6 % reduction in wave height per wavelength (L ≈ 3.3 m). Further,
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Figure 5.7: Decay coefficient (Kd) versus seagrass shoot density (N) and leaf

length (lv) for an incident wave Hs,0 = 1.56 m, ω = 1.38 s−1 and CD = 0.41

propagating over constant depth h = 5 m (top), h = 10 m (middle) and h = 15

m (bottom). Units in m−2.
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Bradley and Houser (2009) suggest a bottom roughness length of ks = 0.16

m, which is broadly consistent with the value, ks = 0.42 m, obtained in this

study. The lower roughness length obtained by Bradley and Houser (2009) may

be explained by the fact that T. testudinum (lv ≈ 0.3 m) is shorter than P.

oceanica (lv ≈ 0.8 m). Our results are also broadly consistent with Fonseca

and Cahalan (1992), who evaluated wave attenuation for four seagrass species

(Zostera marina, Halodule wrightii, Syringodium filiforme and Thalassia tes-

tudinum) in a laboratory study. They found that, on average, wave energy was

reduced by ∼ 40 % per meter when the length of seagrasses was equal to the

water depth. The wavelengths tested by Fonseca and Cahalan were 0.38 m and

0.67 m, leading to a ∼ 15 % to ∼ 27 % reduction in wave energy per wavelength.

Seasonal changes in the seagrass meadow (shoot density, leaf number and leaf

lengths) increases or reduces the degree of wave damping. This work suggests

that for a given wave conditions (Hs,0 = 1.56 m, ω = 1.38 s−1 and CD = 0.41)

Hs/Hs,0 is reduced by > 55 % in a dense meadow (800 shoots m−2) and a 40 %

reduction in a low density meadow (200 shoots m−2) over the distance of 1000

m (Fig. 5.6). Newell & Koch (2004) observed that wave height reduction was

higher during June when the seagrass canopy of Ruppia maritima was dense (>

1000 shoots m−2) and occupied most of the water column than during October.

P. oceanica shoot densities do not vary along the year, but leave number and

length is higher in summer. Instead, P. oceanica shoot densities vary between

locations and depth (Marbà et al. 1996, Pergent-Martini et al. 1994, Terrados

& Medina Pons 2008). Wave damping would be higher in shallow locations with

higher shoot densities. Anthropogenic disturbances affecting the shoot density

of the meadow could later revert in a change in the upper limit by the increase

of wave energy reaching the shallow areas of the beach (Infantes et al. 2009).

The energy dissipation term in Eq. (5.6), obtained by Dalrymple et al.

(1984), considers vertical extent of plants as rigid cylinders. As already noted

by these authors, a proper characterization of CD is crucial in order to cover the

ignorance on the plant movement. Since the value of the drag coefficients is esti-

mated directly from wave height measurements, plant motion is accounted for to

a certain extent. However it would be desirable to perform specific experiments

to characterize the importance of the shoot swaying on the determination of CD.

The approach followed in the present study is based on the hypothesis that
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hydrodynamics is mainly induced by waves. For the experiments presented in

this Chapter, this is a reasonable assumption for the two storms analysed since

near-bottom orbital velocities measured by the ADVs are one order of magni-

tude larger than mean currents. In coastal environments, where the flow is the

result of the interaction of waves and currents, the boundary layer interacts di-

rectly with the bottom roughness and the turbulence generated near the bottom

by the orbital motion increasing the apparent roughness. In those situations,

one has to solve explicitly the boundary layer by using a specific model (Grant

& Madsen 1979, Simarro et al. 2008).
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Figure 5.8: Drag coefficient versus Keulegan-Carpenter number for experimental

data -crosses-, for Sánchez-Gónzalez et al. (2011) -black solid-, Kobayashi et al.

(1993) -black dashed- and for Méndez and Losada (2004) -grey-.

Méndez & Losada (2004) pointed out that a suitable relation is obtained

between the drag coefficient and the Keulegan-Carpenter (KC) number defined

as K = ucTp/lv where uc is a characteristic velocity acting over the plant. The

term ab/ks used in this Chapter is equivalent to the KC number used by those

authors. The data presented in this Chapter and several recent studies show



5.5 Discussion 79

similar trends in CD with KC (Fig. 5.8). Sánchez-Gónzalez et al. (2011) stud-

ied wave attenuation due to seagrass meadows in a scaled flume experiment

using artificial models of P. oceanica and concluded that CD is better related

with KC than with Reynolds number. Specifically, these authors found that

CD = 22.9/K1.09 for 15 ≤ K ≤ 425. Fig. (5.8) shows the drag coefficient

predicted for the two storms considered in this study versus the KC number

(dots). As seen, good agreement is obtained between the present approach and

the expression given by Sánchez-Gónzalez et al. (2011), shown as a black line

in Fig (A.3). Kobayashi et al. (1993) measured CD = 35.5/K1.12 (black dashed

line in Fig. 5.8). Méndez and Losada (2004) measured CD = 6.7/K0.73 (grey

line in Fig. 5.8).

Two aspects should be considered in detail in future research. First, the

link between the roughness length and meadow properties has to be explored

for different meadow conditions. Second, the limitation of this approach for in-

creasing non-dimensional blade length (lv/h) has to be assessed. Understanding

the interaction between waves and bottom canopies such as P. oceanica seagrass

meadow is crucial for assessing the importance of these communities in coastal

protection as well as to determine the final wave parameters which will drive

sediments. This work shows that a P. oceanica seagrass meadow reduces the

wave height that is reaching the beach during two storm events. Parameters

such as ks and CD are necessary in order to run more precise wave propagation

models over a seagrass meadows. Moreover, for meadows that occupy a small

fraction of the water depth, it may be appropriate to use relations for bare beds,

specifically Eq. (5.1), to characterize the drag imparted by the canopy.
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Chapter 6

General discussion and

conclusions

This Ph.D Thesis shows that hydrodynamics and bottom type play and impor-

tant role on the spatial distribution of a seagrass meadow of Posidonia oceanica,

the invasive macroalgae Caulerpa taxifolia and Caulerpa racemosa and seagrass

seedlings of P. oceanica and Cymodocea nodosa. The coastal areas studied in

this Thesis are exposed during winter to storm events with wave heights of 3 to

5 m. During these storms near-bottom orbital velocities are elevated and can

shape the distribution of macrophytes. Testable estimates of the threshold level

of wave energy that allows macrophyte species to persist are provided for two

Mediterranean seagrass species and two invasive macroalgae. This Chapter will

summarise the various experiments undertaken and link them together.

Previous studies have related the minimum depth of occurrence of macro-

phytes to wave action. Chambers (1987) calculated the wave conditions from

fetch data in lakes obtaining a relationship between minimum depth of macro-

phyte colonization and wave mixing depth. Vacchi et al. (2010) related the

distance of the upper limit of P. oceanica meadow from the shoreline and the

morphodynamic domain of the beach. Taking into account sedimentological pa-

rameters, coastal dynamics was correlated with the position of the P. oceanica

meadow upper limit and shoot density of its shallow portions. The methodology

presented in Chapter 2 allows to estimate the near-bottom orbital velocities that

set the upper depth limit of a Posidonia oceanica meadow. Mean wave condi-

tions are propagated to the shore using a 2D parabolic model over the detailed

81
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bathymetry. A correlation between hydrodynamics, bottom type and the spa-

tial distribution of P. oceanica shows that the percent cover of seagrass over

sand is reduced with increasing orbital velocities up to 38 - 42 cm s−1. Above

these velocities, there is no presence of P. oceanica meadow and therefore they

set the upper limit of the bathymetric distribution of this species in this loca-

tion and for the associated wave conditions. These results shows that there is

a relation between the wave orbital velocities and the upper limit of seagrass.

This has been previously hypothesized (Koch et al. 2006) but it is the first time

that near-bottom orbital velocities are quantified, setting a threshold value for

the presence of this seagrass species in unconsolidated substratum. P. oceanica

growing in rocks or dead matte likely supports higher velocities than those when

it grows in sand.

Water motion plays an important role in the initial life stages of seagrass

(Koch et al. 2010, Rivers et al. 2011) because seedlings are vulnerable to

burial or dislodgement. The basis for understanding seedling survivorship of

two Mediterranean seagrass species in sandy substratum under different hydro-

dynamic conditions is provided in this Thesis. Morphological characteristics of

each species such as foliar surface and root length are key factors in colonisa-

tion processes. P. oceanica has larger leaves and shorter roots compared to C.

nodosa. Drag forces are higher in P. oceanica under both unidirectional and

oscillatory flow, due to the larger leaf surface area of this species compared to

C. nodosa. In contrast, C. nodosa tolerates larger sediment erosion before be-

coming dislodged from the sediment than P. oceanica due to its longer roots.

The drag coefficients of individual seedlings obtained in a biological flume under

waves ranged between 0.01 and 0.1. Drag measurements and seedling dislodge-

ment results obtained in the flume agree with those obtained in the field where

C. nodosa survived longer than P. oceanica. These results are important to

understand the spatial distribution of these species in sandy substratum.

The strong decline of P. oceanica and C. nodosa has generated a major

interest in restoring both Mediterranean species (Molenaar and Meinesz 1995,

Balestri et al 1998). Understanding the habitat requirements of seedlings is

necessary before a large-scale seagrass restoration plan is carried out. Results

obtained in this Thesis for seagrass seedlings could be applied to restoration pur-

poses. Macrophytes morphology and rooting capacity could determine their suc-

cess under physical disturbances. This Thesis indicates that seagrass seedlings
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were dislodged during storms. The disappearance of P. oceanica suggests that

water dynamics was too severe at these depths for this species. In contrast,

C. nodosa was better adapted to stand higher orbital velocities. Restoration

success in sand will be improved if planting of P. oceanica is carried out in a rel-

atively wave sheltered location with low orbital velocities. P. oceanica seedlings

started to decline at near-bottom orbital velocities between 7 and 18 cm s−1

and completely disapeared at velocities between 17 and 34 cm s−1. C. nodosa

seedlings started to decline at velocities between 17 and 34 cm s−1 and some

seedlings survived velocities between 23 and 39 cm s−1. Anchoring the seedlings

to the substratum could improve the rooting capacity and their survivorship in

unconsolidated substratum under different hydrodynamic conditions, although

this has not been assessed in this Thesis. Planting in consolidated substrata

such as dead rhizomes of P. oceanica could also increase the seedling rate of

success during restoration (Balestri et al. 1998, Infantes et al 2011, Dominguez

et al. 2011, Rivers et al. 2011).

Wave exposure determines the morphology of the organisms. Many studies

have documented the general trend of decreasing plant size with increasing wave

exposure in intertidal systems (Gaylord et al. 1994, Blanchette 1997, Martone

and Denny 2008). Hydrodynamic forces are the mechanism responsible for these

observed patterns of size with respect to exposure. As seen in Chapter 3, drag

forces are related to leaf surface area. The small size of C. nodosa will be an

advantage over the large size of P. oceanica when colonising wave exposed loca-

tions. Fast-growing, colonizing species are often small (e.g. C. nodosa), whereas

slow-growing or climax species are often large (e.g. P. oceanica). Results ob-

tained in this Thesis agrees with the general assumption that small seagrass

species occupy frequently wave disturbed habitats, while large seagrass species

require more stable environments (Marbà et al. 1996), which probably become

even more stable when supporting a continuous seagrass cover through current

reduction, wave attenuation and sediment trapping.

Assuming that physical dislodgement is the primary mechanism for macro-

phytes failure, an appropriate area to grow and persist would be one that en-

hances anchoring ability or reduces physical disturbance. Novel quantitative

evidence highlighting the importance of substratum for the distribution of inva-

sive Caulerpa species at shallow depths is provided in this Thesis. Observations

carried out during two years showed that both Caulerpa species are more abun-
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dant in dead matte of P. oceanica or rock than inside the P. oceanica meadow

or sand. A short time experiment where fragments of both Caulerpa species

where fixed to sand and dead matte also showed that cover of Caulerpa was

higher in dead matte than on sand. C. taxifolia and C. racemosa cover started

to decline at velocities above 15 cm s−1. The friction coefficient computed for

the dead matte model was higher (1.04 x 10−1) than for sand (2.33 x 10−2).

The calculated friction coefficients for the dead matte model and sand indicate

that the surface of the dead matte is structurally more complex than sand and

that Caulerpa fragments established on it will experience lower flow velocities

than in sand. These results are important because indicate which substrates

will be more suitable to be colonised by the invasive Caulerpa species.

The importance of hydrodynamics on the spatial distribution of macrophytes

ecosystems is clearly shown in Chapters 2 to 4. On the other hand, the pres-

ence of macrophytes reduce current velocity and damping wave heights (Nepf

and Vivoni 2000, Ghisalberti and Nepf 2002, Fonseca and Cahalan 1992). There

is a general agreement that macrophytes can attenuate waves, but little quan-

titative evidence is available. Field data on wave damping in macrophytes is

scarce as most studies have been performed using numerical models (Kobayashi

et al. 1993, Méndez et al. 1999, Méndez and Losada 2004, Chen et al. 2007)

and flume data (Fonseca and Cahalan 1992, Kobayashi et al. 1993, Méndez

and Losada 2004, Augustin et al. 2009, Sánchez-González et al. 2011). This

Thesis shows that a P. oceanica seagrass meadow attenuates wave height during

two storm events. The bottom roughness is calculated for the meadow as ks

= 0.42 m using flow velocities above the seagrass. Wave heights are reduced

between 39 and 50 % by a meadow over a distance of 942 m. Computed drag

coefficients CD, ranged from 0.1 to 0.4 during two storms. These values agree

with the CD values obtained in a flume using artificial plant models of P. ocean-

ica (Sánchez-Gónzalez et al. 2011). The predicted wave decay coefficient for

seagrass shoot densities of 200 - 800 shoots m−2 ranged between 40 % to 55 %

of wave reduction respectively. This Thesis indicates that parameters such as

bottom roughness ks, wave friction coefficient fw and drag coefficient CD are

necessary in order to run more precise wave propagation models over a seagrass

meadows.

In a case scenario of global warming and sea-level rise, the shallow areas will

become deeper and orbital velocities reduced. A change in depth due to sea-
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level rise could modify positively the upper limit as new unoccupied areas would

become potentially available for colonization, but findings by Wicks (2005) at

the Chincoteague Bay suggest that Zostera marina seagrass distribution might

be negatively affected by sea level rise as seagrasses would be unable to migrate

shoreward due to unsuitable sediments. Another consequence of global warming

is an increase in the number and intensity of extreme storm events. These events

could have serious implications on the spatial distribution of macrophytes and

the upper limit of seagrass. As seen in Chapter 2, the upper depth limit of

seagrass is determined by hydrodynamics. An increase in wave energy reaching

the shallow areas of a meadow could revert on a deeper position of the upper

depth limit.

Hydrodynamics effects operate on several scales from molecules (µm) to

leaves and shoots (cm), seagrass canopies (m) and seagrass meadows (km),

therefore having complex implications for entire macrophyte systems (see re-

view Koch et al. 2006). During this Thesis, hydrodynamic effects have been

studied at the scales of individual shoots, seagrass canopies and seagrass mead-

ows. To understand these processes a link between different fields must be build.

Quantitative studies on interactions between waves and seagrasses are fairly re-

cent (last ∼ 10 years). New, smaller and autonomous wave-current sensors (e.g.

Doppler technology) can be easily deployed in shallow coastal areas, providing

high quality wave data. The continuous development of new computers with

higher computational power can nowadays run complex numerical models that

computers made 15 years ago were not able to run.

This Thesis highlights the importance of interdisciplinary and multidisci-

plinary research in ecological modeling and, in particular, the need for hydrody-

namical studies to elucidate the distribution of macrophytes at shallow depths.

A relation between fluid dynamics, bottom type and benthic macrophytes is

shown. Predicted and measured quantitative results are provided such as near-

bottom orbital velocities and drag coefficients that could be tested and compared

to other benthic marine macrophytes species on other locations. This Thesis

demonstrates that water motion is an important parameter in seagrass ecol-

ogy and requires serious considerations in seagrass research, conservation and

restoration programmes.
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Chapter 7

Recomendations for future

work

This Ph.D. Thesis shows that the upper depth limit of a seagrass meadow of

Posidonia oceanica is related to hydrodynamics. Future work will be devoted

to study the near-bottom velocities that determine the upper limit of Posidonia

oceanica meadows in other locations in the Mediterranean Sea. The relation be-

tween hydrodynamics and the upper limit has been applied in a unconsolidated

subtrata such as sand. This methodology could be also applied to P. oceanica

colonizing consolidated substrates such as rocks. It can also be applied to other

benthics species i.e., seagrass, macroalgae, sponges, bivalves.

There are few numerical models studying flow interactions with sediment and

macrophytes. The complexities involved in the calculations involve an under-

standing of physical, biological and geological parameters (Teeter et al. 2001).

One of these limitations in the numerical calculations is the information on

the friction coefficient due to the bottom topography and drag caused by the

vegetation. In order to improve the accuracy of ecological models, the friction

coefficient and bottom roughness must be first determined. Bottom roughness

and drag coefficients values obtained for P. oceanica meadows can be included

in wave propagation models. Additionally, wave induced movement of segrass

canopy and its effects on wave damping remains unknown. Several numerical

models have been developed to account for leaf swaying (Méndez et al. 1999,

Bradley and Houser 2009) but more effort needs to be made in this topic.
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Most studies have dealt with interactions of either current or waves on macro-

phytes. In nature, both types of flow are usually present in a higher or lower

degree. To date, little is known about the interaction of macrophytes with the

combination of current and waves. This type of studies will be first carried

out in hydraulic flumes where the current flow, wave conditions and meadow

parameters can be easily adjusted.

Macrophytes distribution is influenced by both sediment inputs and hydro-

dynamics (Frederiksen et al. 2004). Studies have been carried out to determine

interactions between hydrodynamics and sediment movements such as bars, rip-

ples, sand waves, beach profiles, etc (Álvarez-Ellacuria et al. 2010, Gómez-Pujol

et al. 2011). Some studies have carried out on interactions between vegetation

and hydrodynamics, but little work has been devoted to study interactions be-

tween hydrodynamics, sediment dynamics and macrophytes.



Appendix A

Background review on fluid

dynamics

Fluid dynamics is the study of the movement of fluid. Among other things it

addresses velocity, acceleration, and forces exerted by or upon fluids in motion.

In this Appendix, a review is made on the basic concepts of fluid dynamics

that affect the life of macrophytes. Linear wave theory, wave propagation and

benthic boundary layers are summarised.

A.1 Waves

Water flow in coastal marine ecosystems can be divided into unidirectional and

oscillatory flows. Unidirectional flows (also described as currents) are those in

which water particles tend to move in the same direction over time. These flows

in marine ecosystems are mainly generated by tides. Oscillatory flows (also

described as waves) are those in which water particles move in two directions

at a periodic interval. These flows are generated by waves. Depending on the

dominance of wave periodicity, at marine ecosystem can be characterized as

tide-dominated or wave-dominated. Because this Thesis is mainly focused on

wave-dominated flows, for simplicity, the currents and tides characteristics will

not be reviewed in this Appendix.

Wind generated waves are formed by the frictional stress produced by two

fluid layers of different speed which creates a transfer of energy from the wind
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to the water surface. Wind generated waves are surface waves that occur on the

ocean, sea, lake, rivers, and canals or even on small puddles and ponds. Wave

size depends on the wind speed blowing over a distance of sea surface (known

as fetch) for a lenght of time.

Wave data can be obtained by direct measurements of the sea conditions

using oceanographic instruments or estimated using numerical models. Several

oceanographic instruments are used to measure waves such as pressure sensors,

accelerometers, acoustic dopplers, radars or altimeters mounted on satellites.

Instruments can be deployed anchored at the sea bottom or fixed at meteoro-

logical buoys or at the shore. Wave records are generally very limited in space

and time due to the cost of the instruments and measuring platforms. Also,

waves are usually recorded on a specific location over a period of time. For

these reasons, numerical models are used to estimate the wave conditions in

locations where wave measurements are not available. In order to obtain a wave

field over larger portions of the sea surface area where wave measurements are

not available, numerical models are used. Numerical models are widely used,

for example, to estimate wave fields over the Mediterranean Sea (Cañellas et al.

2007), to study a specific coastal area with an ecological, economical or turistic

interest (Álvarez-Ellacuria et al. 2009, Álvarez-Ellacuria et al. 2010).

Waves are characterized by a wave height H (from trough to crest) or wave

amplitude a (half of the wave height), wavelength L, (from crest to crest), wave

period T , (time interval between arrival of consecutive crests at a stationary

point) and wave propagation direction (Fig. 2). Waves in a given area typically

have a range of heights. For weather reporting and for scientific analysis of

wind wave statistics, their characteristic height over a period of time is usually

expressed significant wave height, Hs, which represents an average height of the

highest one-third of the waves in a given time period. The angular frequency is

ω = 2π/T , and the wave number is k = 2π/L.

Airy wave theory or linear wave theory gives a linear system description of

the wave propagation of gravity waves on the surface of a homogeneous fluid

layer. The theory assumes that the fluid layer has a uniform mean depth, and

that the fluid flow is inviscid, incompressible and irrotational. Linear wave the-

ory uses a potential flow approach to describe the motion of gravity waves on a

fluid surface. In nature, a combination of waves and currents are present, but
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Figure A.1: Diagram of a shoaling wave approaching to shore. Varible names

are defined in the text.

for simplicity we have deal with them independently.

Assuming linear wave theory, the dispersion relationship in deep and shallow

water describes the field of propagating waves as

ω2 = gk tanh (kh), (A.1)

where g is the acceleration of gravity and h is the water depth. Substituting ω

and k, Eq. (A.1) can also be written as:

L =
T 2g

2π
tanh(

2πh

L
) (A.2)

Waves approaching to the coast travel through different water depths and

are classified into three regimes; deep, shallow and intermediate depth waves.

The speed of the wave propagating, C, can be expressed as

C2 =
g

k
tanh(kh) (A.3)

In deep water, kh is large and tanh(kh) = 1, therefore L = T 2g/2π or

C =
√
g/k. For a water depth larger than half the wavelength, h > L/2, the

orbits are circular and the phase speed of the waves is hardly influenced by

depth (this is the case for most wind waves on the sea and ocean surface).

In shallow water, kh is small and tanh(kh) = kh, therefore C =
√
gh. For

a water depth smaller than the wavelength divided by 20, h < L/20, the orbits

become elliptical or flatter due to the influence of the bottom. The phase speed
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Figure A.2: Relative depth and asymptotes to hyperbolic functions.

of the waves is only dependent on water depth, and no longer a function of

periodic function or wavelength. All other cases, L/20 < h < L/2, are termed

intermediate depth waves, where both water depth and period (or wavelength)

have a significant influence on the solution of Airy wave theory. In this case

waves combine characteristics of deep and shalow water waves and speed is de-

scribed as Eq. (A.3).

Assuming linear wave theory, deep and shallow waves differ in characteristics

other than wave velocity. In deep-water waves, the individual particles describe

circles whose radius decreases with depth. In the surface the radius is the same
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as the wave amplitude, and the particle velocity is the circumference of the

circle divided by the wave period. In shallow-water waves the particles describe

ellipses. The radius along the minor axis is equal to the wave amplitude at the

surface and decreases linearly with depth. At the bottom the minor axis is zero

and the motion is horizontal. The radius of the major axis is a function of water

depth, wavelength and amplitude. In this Thesis, near-bottom orbital velocity,

ub, is given by

ub = 2πab/T (A.4)

where ab is the wave orbital amplitude calculated as

ab =
Hs

2sinh(2πh/L)
, (A.5)

where L is calculated iteratively from Eq A.2.

Orbital velocities can be also measured from instruments deployed in the

seafloor. Records from acoustic doppler velocimeters (ADV) provide large datasets

to calculate velocity and turbulence. Field records are usually filtered to remove

spikes and low beam correlations. Then velocity data can be filtered with a low

pass filter to remove high frequency Doppler noise (Lane et al. 1998). Horizontal

velocity is calculated as the root mean square (rms).

urms =

√√√√ 1

N

N∑
i=1

x2i + y2i (A.6)

where x and y are the two horizontal velocities.

Wave energy possessed by a wave is in two forms, kinetic and potential.

Kinetic energy is the energy inherent in the orbital motion of the water particles

while potential energy possessed by the particles when they are displaced from

their mean position. The total energy E per unit area of a wave is,

E =
1

8
ρgH2

s . (A.7)

A.2 Wave propagation

As water waves propagate from the region where they were generated to the

coast, both wave amplitude and wavelength are modified due to refraction (e.g.
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changes in the bathymetry or interactions with wind induced currents), diffrac-

tion (e.g. intense variations of the bottom), the loss of energy due to the shoal-

ing, damping and finally wave breaking. The surf zone is a highly dynamic

area where energy from waves is partially dissipated through turbulence in the

boundary layer and transformed in short and long waves, mean sea level vari-

ations and currents. Therefore, the energy dissipated in the surf zone is used

for sediment transport providing a highly variable morphological environment

(Dean and Dalrymple 2002).

Early efforts to study wave transformation from deep to shallow water were

based on the geometrical ray theory. As a modification to the linear wave theory,

the mild slope approach which assumes that the water depth changes slowly in

a typical wave length appears as an improvement to the former since it includes

wave diffraction. In this approach, the vertical structure of the velocity is the

same as that for a progressive wave over a constant depth being the governing

partial differential equations of the elliptic type. Moreover, these equations can

be easily converted into parabolic type by assuming that the wave amplitude is

primarily a function of water depth due to the shoaling. This approach, known

as the parabolic approach, can be seen as a modification of the ray theory where

wave energy can be diffused along the rays as wave propagate (Liu and Losada

2002).

In this Thesis, deep-water wave conditions were propagated to the study

sites using a numerical model (Oluca) based on the mild slope parabolic ap-

proximation (Kirby and Dalrymple 1983) and was developed by the University

of Cantabria, Spain. The Oluca model is a variation of the REF/DIF model

(Kirby and Dalrymple 1983). These models are widely used in engineering and

scientific approaches in order to obtain the accurate wave field in coastal ar-

eas from open sea conditions since refraction and diffraction are well captured

(Álvarez-Ellacuria et al. 2010).

A.3 Boundary Layers

The boundary layer is that layer of fluid in the immediate vicinity of a bound-

ing surface where effects of viscosity of the fluid are considered in detail. The

boundary layer effect occurs at the field region in which all changes occur in the
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flow pattern. The boundary layer distorts surrounding non-viscous flow. It is

a phenomenon of viscous forces. This effect is related to the Reynolds number.

The thickness of the boundary layer, δ, is normally defined as the distance from

the solid body at which the flow velocity is 99 % of the free stream velocity,

that is, the velocity that is calculated at the surface of the body in an inviscid

flow solution.

When benthic marine macrophytes are present, the boundary layer is mod-

ified by the canopy which influences the mean velocity, turbulence and mass

transport (Nepf and Vivoni 2000, Ghisalberty and Nepf 2002, Luhar et al.

2010). Macrophytes reduce the flow velocity near the bottom changing the

logarithmic velocity profile. The goal of studying benthic boundary layers in

ecological studies is to understand the water movement around organisms that

live on or near the substratum.

Figure A.3: Vertical profile of velocity. Top, weak currents (black line) and fast

currents (dashed line). Bottom, velocity reduction due to benthic macrophytes.
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Water flow can either be smooth and regular as the fluid flows in layers

(laminar flow) or rough and irregular (turbulent flow). This depends on the

velocity and the length scale (temporal and spatial scales respectively) and is

defined by the Reynolds number. The Reynolds number Re is a dimensionless

number that gives a measure of the ratio of inertial forces ρν2/l∗ to viscous

forces µν/l2∗ and consequently quantifies the relative importance of these two

types of forces for given flow conditions and is expressed as

Re =
ul∗
ν
, (A.8)

where u is the flow velocity, l∗ is the characteristic length and ν is the kinematic

water viscosity.

Macrophytes are a source of drag, they reduce near-bottom water flow, and

dissipate current and wave energy. Drag forces act in a direction opposite to the

oncoming flow velocity. Drag on macrophytes increases with water velocity and

foliar surface area. In flexible organisms, foliar surface area will change with

increasing flow velocity, and this change is encapsulated in the drag coefficient.

Drag force is expressed as:

FD =
1

2
ρafCDu

2 (A.9)

where ρ is density of the water, af is the frontal area, CD is the drag coefficient

and u is the water velocity. The drag coefficient CD is a dimensionless parameter

used to quantify the drag or resistance of an object in a fluid environment. It

is used in the drag equation, where a lower drag coefficient indicates the object

will have less hydrodynamic drag. The drag coefficient is always associated with

a particular surface area.
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Domı́nguez M, Celdrán-Sabater D, Muñoz-Vera A, Infantes E, Martinez-Baños
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Ribera G, Coloreu M, Rodŕıguez-Prieto C, Ballesteros E (1997) Phytobenthic

assemblages of Addaia Bay (Menorca, Western Mediterranean): Composition

and distribution. Bot. Mar. 40: 523-532.

Riis T and Hawes I (2003) Effect of wave exposure on vegetation abundance,

richness and depth distribution of shallow water plants in a New Zealand

lake. Freshwater Biol. 48: 75-87.

Rivers DO, Kendrick GA, Walker DI (2011) Microsites play an important role

for seedling survival in the seagrass Amphibolis antarctica. J. Exp. Mar. Biol.

Ecol. 40: 29-35

Robertson AI and Mann KH (1984) Disturbance by ice and life-history adapta-

tions of the seagrass Zostera marina. Mar. Biol. 80(2): 131-141.

Ruitton S, Javel F, Culioli JM, Meinesz A, Pergent G, Verlaque M (2005) First

assessment of the Caulerpa racemosa (Caulerpales, Chlorophyta) invasion

along the French Mediterranean coast. Marine Pollution Bulletin 50: 1061-

1068.
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