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ABSTRACT 
Seagrass meadows provide a spectrum of anthropogenically important ecological functions. However, these 

ecosystems are globally declining under human influence. Submerged communities inhabiting different water 

motion regimes are experiencing different stressors and are likely to respond differently to climate change. This 

study couples a comparison of conditions between water motion regimes with indications of susceptibility to 

stochastic disturbances and investigates both their influences on seagrass meadow community structure. 

Community surveys were conducted in a semi-structured manner at three different wave-exposed sites on 

Saint Martin, French West Indies. Measurements of mass transfer and other abiotic features were taken 

alongside. Nutrients, pH, salinity, light, temperature and DIC could not explain dissimilarities in macrophyte 

communities between sites. Multivariate ordination methods in which the bareness of the seafloor was used as 

a gradient, gave indications of setbacks to earlier successional stages in seagrass meadow communities. 

Indirect assessments of grazing pressure yielded sea urchins as potential herbivores in studied meadows, 

having a possibly profound effect on altering species composition, but probably having no effect on sea floor 

cover. The wave-exposed community showed more bareness in between macrophytes. Exposed sites, which 

are prone to experience higher rates of stochastic disturbances, probably need calcifying algae to stabilize 

sediment for recolonization after meadow losses. Penicillus capitatus and Halimeda spp., both rhizophytic 

calcifying algae, were found to be the most probable colonizers of bare seafloor. The role of these species as 

supposed colonizer, and therefore establisher or facilitator of seagrass meadows should be experimentally 

investigated, as these algae are thought to suffer competitive disadvantages under future ocean acidification 

scenarios.  
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“The richest algal vegetation is found on moderately exposed coasts. When the swell is heavy, it tends to 

impoverish the flora, and the plants become short and compactly built, but even then they may become 

detached. In quiet water which is insufficiently renewed, the vegetation may be poorly developed too”                  

– M. Vroman on Saint Martins’ seagrass meadows, 1968) 

1. INTRODUCTION  
Seagrass meadows dampen waves and stabilise sediment. Without seagrass, many productive shorelines would 

be nothing but bare sandy soil (Koch, 2006). With their elaborate root systems, seagrass meadows trap 

sediment and thereby facilitate other species to grow in their vicinity; protecting other macrophytes from 

being uprooted (Koch , 2006; Duarte et al., 2010). Calcifying algae are often associated with these meadows as 

well, in which they function as sediment stabilizers, attribute to carbonate sand addition and have an influence 

on ambient pH (Unsworth et al., 2012; Multer, 1988; Wefer, 1980; De Beer & Larkum, 2001). Simultaneously, 

calcification rates of macroalgae are enhanced by surrounding seagrass, due to seagrass meadows altering the 

physical and chemical environment within their vicinity, producing conditions better suited to calcification and 

growth of macroalgae (Semesi et al., 2009).  

 

Ecosystem services provided by seagrasses include serving as habitat for a variety of ecologically and 

economically valuable species, providing food directly and indirectly to associated organisms, stabilizing 

sediments, and sequestering carbon (Green & Short, 2003). Furthermore, these shallow seascapes provide 

nurseries for juvenile fish and invertebrates, and serve as grazing grounds for all kinds of important pelagic 

animals. Autotrophic communities find facilitation, and to neighbouring systems, such as reefs, seagrass 

meadows support high levels of fish biomass and diversity (Nagelkerken et al. 2001).  

Future changes in Caribbean submerged macrophyte communities due to long term processes such as climate 

change, could have great impacts on their ecological functions (Willette & Ambrose, 2012; Willette et al., 2014; 

Hylkema et al., 2015). Globally, there is a decline in seagrass meadows of 7% per year (Waycott et al., 2009). 

Such a loss contributes to global warming, both by preventing natural CO2 sequestration and enhancing the risk 

of emissions from stored soil carbon (Fourqurean et al., 2012). Rhizome mats and roots of seagrass meadows 

sequester significant amounts of carbon. Several studies assessed the potential of seagrasses to mediate 

impacts of ocean acidification through their abilities for carbon storage, averaging at 586–681 g CO2 m
-2 year-1 

(Duarte et al., 2010; Duarte et al., 2013; Kennedy et al., 2010) with a mean of 610 g CO2 m
-2 year-1 (Fourqurean 

et al., 2012). This accounts for about 15% of total carbon storage in marine ecosystems (Duarte & Chiscano, 

1999 in Hemminga & Duarte, 2000). 

Alongside carbon sequestering, seagrass meadows harbouring calcifying algae have the potential to increase 

the pH of the surrounding seawater through the removal of CO2 during photosynthesis (Cornwall et al., 2013; 

Cornwall et al., 2014). Seawater pH alters the balance in which relative forms of carbon are present and a 

higher pH is beneficial for the precipiation of CaCO3. Invers et al. (1997) showed a pH increase of up to 0.5 units 

in seagrass meadows in daylight, due to the high photosynthetic rates exhibited in these meadows. These high 

pH conditions create an environment that could benefit organisms that calcify, such as calcifying macroalgae, 

which take up HCO3
- and Ca2+ in their intercellular spaces for CaCO3 synthesis. A predicted increase in 

atmospheric CO2 is causing more CO2 to enter the oceans, which has an effect on the total dissolved inorganic 

carbon (DIC) pool in marine waters. Rising CO2 causes an overall lowering of oceanic pH and shifts the balance 

of occurring carbonic species towards an increase in dissolved [HCO3
-] and [CO2] species, while lowering [CO3

2-]. 

Seagrass photosynthesis appears limited under current [DIC], and negative effects of ongoing and long term 

atmospheric CO2 increase might consequently be buffered by an increase in productivity of seagrasses (Koch et 

al., 2012). pH buffering capacities are therefore yet another ecosystem service attributed to seagrass 

meadows.  
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Marine ecosystems can experience regime shifts through disturbances of their equilibria, in which they shift 

from an organized, favourable state providing ecosystem services, to another, less favoured state. Usually 

these less favoured states do not provide advantageous ecosystem services, and are hard to reverse (Scheffer 

et al. 2001). Although natural disturbances are stochastic, due to climate change an increase in storminess 

combined with accelerated sea level rise is predicted (Stocker et al., 2013). Proneness to large disturbance 

events in marine ecosystems is likely determined from geomorphological conditions, such as exposure to 

waves. Erosion is usually associated with occasional large wave events (van Tussenbroek, 1994; Wilcock et al., 

1998). Increasing chances of disturbance events implies future sediment instability due to erosion. In time, this 

will lead to coastal erosion due to massive loss of seagrasses (Koch, 2006; Koch et al., 2013; Hinkel et al., 2014), 

which enhances the chance of floods (Hinkel et al., 2014; Woodruff et al., 2013) and negatively affects 

developed coastal zones (e.g. Spalding et al., 2013).  

If not fully destructive however, short term events like storminess will lead to disturbances in ecosystem 

uniformity (White & Pickett, 1985), increasing heterogeneity of the environment through the increased 

ecological space that becomes available. Like forest fires operating above sea (He & Mladenoff, 1999), 

stochastic disturbances through wave exposure are likely to create setbacks in successional stages of seagrass 

meadows.  

Together with biota, the abiotic environment (e.g. wave exposure, pH, light, nutrients) shapes submerged 

macrophyte communities.  The biological structure of a community determines its properties, for instance, an 

increased percent cover of seagrasses, and therefore ‘physical roughness’ in the direction of wave propagation 

results in higher wave attenuation, resulting in less energy reaching the shoreline (Koch, 2001). This mechanism 

also decreases sediment erosion, as the waves are attenuated and the seagrass canopy provides a protective 

layer over the sediment bed, lessening the level of bed-shear stress (Koch, 2006).  

Water motion has a large impact on abiotic factors, macrophyte growth and entire community structure (e.g. 

Hepburn et al., 2007; Hurd, 2000). Rates of (macro)algal growth have been assessed in laboratory conditions 

using different water motion regimes (e.g. Parker, 1982). Submerged communities inhabiting different water 

motion regimes are experiencing different stressors and are likely to respond differently to climate change 

(Waycott et al., 2009). The predicted increase in temperature and nutrient supply implies future overgrowth of 

seagrass meadows by fleshy algae, which are able to grow quicker than both seagrass and calcifying algae when 

nutrient levels are high, leading to diminishing or even losing desired ecosystem functions (Duarte, 1995; 

Kroeker et al., 2013). Future elevated CO2 levels are likely to cause dissolution of CaCO3 from the intercellular 

spaces of calcifying algae, which in consequence will affect their rigidness and competitive ability to fleshy 

algae (Hall-Spencer et al., 2008; Kroeker et al., 2013; Newcomb et al., 2015). Porzio et al. (2011), who studied 

the effect of ocean acidification effects on temperate seagrass meadows, found a 5% decrease in algal richness 

at pH levels predicted for 2100,  with a 25% loss in diversity of calcareous algae. 

 
For its ecological value and multiple buffering capacities, this study focussed on the autotroph part of seagrass 

meadow communities. The ultimate goal of the SCENES project is to gain a broader perspective of changing 

coastal systems under anthropogenic influence. Although in the view of Spalding et al. (2013), who promote a 

focus for coastal defence planning and favour this over ecological studies, monitoring of ecosystem engineers - 

such as seagrass meadows - is needed to build our understanding of risk reduction by these. Koch et al. (2009) 

underlined in their recommendations that, for future environmental management, the functional 

characteristics of coastal ecosystems and their services need to be quantified. Alongside studying effects of 

water motion on seagrass meadow communities, studying the effects of nutrient supply by mass transfer to 

the macrophyte communities is partially covering the research gap indicated by Koch et al. (2013). 
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This study compared abiotic conditions between contrasting water motion regimes, coupling this to 

susceptibility to stochastic disturbances, and assessed their influences on seagrass meadow community 

structure. Studied sites were situated in close vicinity of each other, but were selected for their contrasting 

wave exposure due to geomorphological differences. Communities and ambient abiotic conditions were 

assessed in situ and statistically compared between sites, with the intention of finding evidence of the 

interaction of geomorphological situation and macrophyte community responses. For this purpose, in three 

tropical seagrass meadows, nutrients, DIC, pH, salinity and light were measured, and mass transfer rates were 

indicated, parallel to conducting community surveys.  

The contrasting nature of wave-exposure per site will most probably cause differences in mass transfer 

between sites, which in turn results in a difference of the extent to which nutrients are supplied to submerged 

macrophyte communities (Hurd, 2000). Nutrient status was assessed as a driver of community structure, as it 

was expected that nutrients and mass transfer could explain differences in species composition between sites. 

Sites with increased susceptibility to stochastic disturbance events by geomorphological situation are likely to 

suffer future losses under increased storminess, caused by physical damage from waves. How this translates 

into observable differences in community structure, and what future implications for such sites are, was 

assessed in this study. 

Less exposure would release submerged macrophyte communities from occasional physical disturbance 

events, resulting in denser seagrass meadows. A positive feedback is thereby created, as denser canopies 

contribute in wave attenuation. This can also be viewed as opportunity for the macrophyte community to 

reach a higher successional level. 

 In situ studies such as this, comparing species composition under a variety of chances of stochastic disturbance 

by geomorphological  exposure, will add to a greater understanding of these systems and their productivity, 

stabilizing capacities and thus resilience to future change. 

This study was conducted on Saint Martin in the French West Indies, from the period of October 2015 until end 

January 2016. 
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2. METHODS 

2.1 ISLAND DESCRIPTION 

Saint Martin is one of the most North-Eastern islands of the West Indies. It was chosen for its size and its 

diverse bays. Being only 87 km2, everything needed to conduct the research and all studied sites were close by. 

The island is subject to a tropical savanna climate with a pronounced dry season in the low-sun months, and a 

wet season in the high-sun months. Saint Martins’ main source of income is tourism, foremost because of its 

white sand beaches. Peak numbers in people visiting the island are experienced during high season (November 

– January).  

Alongside changes induced by global warming, anthropogenic influences from activities in coastal zones, 

ranging from waste water dumping to outdoor tourism, have the possibility of severely disturbing the health 

and ecological functioning of Saint Martins’ seagrass beds. Studying its ecology is important not only for 

scientific purpose, also for policy makers, conservational groups, coastal protection, tourism industry and local 

fisheries it seems relevant to investigate their status quo.  

2.2 STUDY SITES 

This study was conducted in shallow subtidal habitats situated on the east side of the island. Facing the Atlantic 

Ocean, they are subject to Atlantic trade winds and swell. Geomorphological shelter from the Atlantic 

theoretically provides a submerged ecosystem a smaller chance or even release from stochastic disturbance 

events caused by waves. Three sites on Saint Martin were selected on geomorphological properties of natural 

wave exposure (Fig. 1): wave-exposed South end of Orient Bay, sheltered Le Gallion at North end of Baie de 

l’Embouchure , and unidirectional flow dominated Islets of Baie de l’Embouchure.  Vegetation modifies water 

motion and mixing. Waves cause movement of seagrass blades, which increases the exchange of gases and 

nutrients between the water column and the meadow. Unidirectional flows result in a uniform bending of the 

vegetation, which can result in less mixing between the water above and within the meadow (Koch & Gust, 

1999). 

All sites show a variety of bare areas, patches consisting only of calcifying algae, a mixture of seagrass and 

calcifying algae, and only seagrass inhabited patches. Vroman (1968) was the first to describe the islands’ 

submerged macrophyte communities:  “In the first 15 m from the coast, banks closely covered with Thalassia 

(testudinum) and Syringodium (filiforme)are formed, several square meters in size and rising to about 50 cm 

above the surrounding sandy bottom. More seaward the bottom is flat with the same dense vegetation. At a 

depth of about 2 m, the banks rise to about 1 m below the water level. Algae are scarce in this dense 

vegetation of seagrass (mainly Halimeda-species and Udotea flabellum).”  

Wave-sheltered (S) 

The bay entrance of the wave-sheltered site (S) at Le Gallion is located at the end of a land tongue, which is 

situated perpendicular to the waves coming in from the Atlantic. Very little water motion occurs at this site.  

This site consists of a very shallow (about 30-40 centimetres depth) vegetated part. An unvegetated band of 

bare sand and some calcifying algae is situated at the point where the waves push from deeper water with a 

vegetated seabed upon the shallow vegetated part. Other unvegetated paths have formed as well, most likely 

from human activity. The touristic high season is at its peak during November and December, resulting in more 

human activity in the shallow waters of this site. 

 

 



10 
 

Wave-exposed (E) 

Wave-exposed Orient Bay (E) has no barrier island or any other type of sheltering, and undisturbed waves from 

the Atlantic are accountable for its oscillatory flow regime. Its lack of shelter seems to make this site most 

prone to stochastic disturbances. Along its rocky shore water depth gradually increases from about 40 cm to 

about 3 to 4 meters deep. Little anthropogenic activity or disturbance occurred at this location, except for  

touristic activities as water sports and snorkelling. 

Unidirectional (U) 

At the southern tip of Baie de l’Embouchure, Atlantic seawater flows alongside the coastline under 

manipulation of barrier islands. Dominated by a current, this type of wave exposure is considered 

unidirectional (U). Usually this site experiences quite a strong current. Its depth profile is fairly consistent, 

ranging from approximately 40 centimetres to 1.5 meters. The continuous currents prevalent at this site are 

likely to prevent sedimentation, which resulted in a rocky substrate with evenly scattered coral rubble.  

 

Abiotic and hydrodynamic factors altogether are expected to influence macrophyte communities of each site.  

Compared to other sites in terms of abiotic stressors, wave-sheltered will likely experience greater fluctuations 

in pH and temperature as the water is refreshed less around the communities. Less refreshment is indicated by 

lower mass transfer rates, which in turn causes larger diffusion boundary layers to surround the vegetation. 

This in turn affects the supply of nutrients to plant surface area, suggesting nutrient limitation is likely to be 

greater at the wave-sheltered site compared to the exposed and unidirectional sites. Nutrient limitation by 

mass transfer limitation might limit growth of calcifying algae and seagrass, and is thought to affect 

macrophyte species composition. 

 

Figure 1. An overview of Saint Martin, with research sites indicated.   
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Due to its hydrodynamics, seawater is expected to be refreshed more at the exposed and unidirectional site 

compared to wave-sheltered. The physiochemical environment at the unidirectional site is expected to be 

more stable and uniform. An expected higher rate of mass transfer could cause greater nutrient supply, having 

an effect on the standing macrophyte community here. On the contrary, stressful and disturbing factors like 

turbulence from waves at exposed sites could be damaging to macrophyte communities by causing uprooting 

and erosion. 

2.3 COMMUNITY SURVEYS 

2.3.1 TRANSECTS AND QUADRATS 
Macrophyte community data gathering of the three sites was conducted in a semi-structured way. Relevés 

were made to capture the macrophyte population of the three bays of interest. The experimental setup for this 

consisted of sixty repetitions of random quadrat placement along a 90 meter transect line. The quadrats used 

were 30 × 30 cm.  

Three parallel transect lines were laid out at each site, directed against a presumed wave gradient coming from 

the Atlantic (Fig. 2). All sites showed some bare spots in the seagrass meadows. To attain a realistic community 

survey of each site, patchiness of the sites was taken into account by eye before setting out transect lines, 

making the method semi-structured.  

 

In order to get a non-biased random placement of the quadrats along the transect line, sixty random numbers 

were generated using a random number generator before attending to the field. Furthermore, three 

possibilities of placement were generated, being left, middle and right of the transect line. Numbers and 

positions for quadrat placement along the transect line were written down with a pencil on diving slates.  

Diving slates with in total sixty random numbers were taken into the water, to inform each researcher where to 

place the quadrat. Recordings of the macrophyte community within the quadrats were made by taking 

photographs from above with Canon Powershot S95 cameras in Ikelite underwater casings. To ensure 

Figure 2. Overview sketch of community survey data collection . Blue outline represents a site, black lines 

indicate transect lines and grey squares represent quadrat placement. Sixty quadrats were placed 

randomly along each transect line. Transects lines were placed against presumed wave direction. 
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photograph quality, three or more pictures were taken per quadrat, of which the photograph with the highest 

resolution was selected for analysis. For the shallow parts of the wave-sheltered site (S), four photographs of 

each corner of the quadrat were taken  to obtain an image of the entire quadrat for analysis (Fig. 3). For 

analysis, these pictures have been merged into one. 

During fieldwork, some quadrats were not placed resulting in some missing relevés. At wave-exposed (E) 

transect two, only 56 of the 60 intended quadrats data was collected. This small unevenness in takes will not 

disturb statistical analyses.  

2.3.2 ANALYSIS OF TRANSECT DATA 
Photographs were transferred to a laptop after field data 

collection. With the list of random numbers as reference, 

pictures were renamed after their position on the transect line, 

and the highest resolution photograph was selected for each 

quadrat. Photographs usable for further analysis were selected 

based on sharpness of details and visibility of the seabed. Each 

transect got its own folder with picture data. 

Next, pictures were loaded in the community analysis 

programme Coral Point Count (CPC) with MS Excel extensions 

(Kohler & Gill, 2006). This programme aids in percentage-

abundance data generation and analyses of the macrophyte 

communities, by conducting the random point method.  

In each photograph, the area to be studied within the quadrat 

was selected and 50 points got randomly distributed over the 

selected area. One by one, these points manually got assigned 

onto which species they are located. To enable assignment of the 

right species, a custom code file with the species present at each 

site has been made by Rebecca James. Options for sand and 

coral rubble were accounted for. These would later be put 

together in a new variable "Bare".  

After all quadrats from one transect were analysed and put together in one folder, percentage-abundance data 

for each relevé was generated and summarized into an Excel sheet by CPC. The total of nine transects 

originating from the three sites got analysed in this manner. Instead of creating diversity indices for this 

community survey data, results will be summarized as diversity indices yield abstract and out of context 

species-community information and lack direct relations to ecosystem functions (Bengtsson, 1998).  

2.3.3 STATISTICAL ANALYSES 
Linear responses are usually not expected from ecological data gathered in situ, like in this study. Before 

performing this study, the kind of statistical ordination method in mind was a PCA. This ordination would only 

be determined by the percentage abundance data from the relevés. Although such a PCA was performed, it 

violated its underlying assumptions. To enable visual interpretation of the community survey results, 

dissimilarities between the sites percentage abundance data were processed using multivariate canonical 

correspondence analyses as ordination methods. Discrepancies in resolution between the relevés and abiotic 

data resulted from the timing and location of abiotic measurements, which were not taken along the transect 

simultaneously with the relevés. Because of this difference in resolution, it would be unnatural to use abiotic 

data in canonical ordination methods.  

 

 
Figure 3. Photograph setup for the 

shallow part in the first 50 m of the 

transect at wave-sheltered (S). Four 

pictures per quadrat had to be taken, 

due to shallowness at the beginning of 

each transect. Black line indicates 

quadrat, grey squares indicate 

sequence of the pictures per quadrat. 
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To enable recognition of any clustering of the percentage-abundance data from the community surveys, a 

visual ordination method seemed most appropriate. Using Canoco 5 for Windows, a Canonical Correspondence 

Analysis (CCA) was performed on the community survey data from CPC. CCA is an ordination method - a tool to 

find differences between sites - based upon percentage-abundance data of species per relevé. Without 

detrending, the data showed a typical horse shoe curve. A 2nd order polynomial function was therefore used as 

fit. An arcsin transformation was chosen, which is common for ecological percentage-abundance data. Rare 

species were down-rated to avoid ordination bias upon scarce macrophytes. 

After performing a CCA, the percentage cover data of Sand and Rubble were summed together in a new 

independent variable, “Bare”. Percentage-abundance data for each species per relevé as calculated by CPC 

were used as response variables to a gradient of “Bare” in a detrended canonical correspondence analysis, 

which could later be interpreted along with geomorphological situation as abiotic indicator for susceptibility to 

stochastic disturbances. Bare is interpreted as an abiotic factor, which has the same resolution as the biotic 

data through data collection in each relevé. Bare was forced as a gradient upon the ordination in the DCCA, 

with location and transect set as indicators. 

The combined analysis of canonical ordination methods, the transplant experiments, mass transfer and 

nutrients (see this section) altogether provided indications of underlying principles to which macrophyte 

communities have responded.  

2.2 ALGAE COUNTS 

Algae can be difficult to spot in pictures taken from above, as a canopy of seagrass can hide them. Even with a 

lot of repetitions this could lead to bias in the CPC generated percentage-abundance data, resulting in false 

positives for differences in abundances of the algae when seagrass gets denser. To work around this spotting-

accuracy bias, in each quadrat counts have been made for Penicillus capitatus and Halimeda spp. Counts were 

conducted during the community surveys.  Seagrass was swept aside to get visible access to the undergrowth 

and counts were noted on diving slates. 

Data were analysed with a Kruskall-Wallis ANOVA, using location to distinguish between the independent 

observations. A Dunn-Bonferroni post-hoc method was used to indicate significant differences in abundances 

of Halimeda spp. and Penicillus between the sites.  

2.3 TRANSPLANT EXPERIMENT I 

Differences in environmental factors are expected to be important underlying explanatory factor in 

macrophyte communities distinctions. To investigate the role of abiotic and biotic growth factors and enable to 

distinguish algal growth between sites, growth measurements on transplanted macroalgae have been 

performed in all three sites. A transplant scheme (Table 1) was designed such that resulting differences in 

growth rates of Halimeda would give indications about abiotic and biotic influences on algae both at origin and 

destination.  

By transplanting the algae into all situations (vegetated/ unvegetated) at all sites, mixing effects of growth in 

vegetated and unvegetated areas are addressed. Algae were also transplanted into their original site and 

origin, which can be considered as a calibration of the experiment.  

Halimeda incrassata was not equally abundant or even occurring at every site. Another Halimeda species, 

Halimeda monile, did occur abundantly at all sites. The latter therefore became the first choice for collection, 

dying and transplantation to each of the locations in November and December 2015. Using Halimeda monile, a 

total of 180 algae underwent transplantation. Net growth can be obtained from staining the algae with the dye 

Alizarin-Red (Sigma Aldrich), replanting and leave them to grow and retrieving them at a later point in time. 

New segments (net growth) will not have been stained and can therefore be counted (i.e. Multer, 1988).  
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2.3.1 COLLECTION 
Halimeda monile individuals of a range between 4 and 8 centimetres were collected from the three sites. This 

size class was assumed to have the most potential for growth. 

Per site, sixty algae were collected by hand and put in plastic Ziploc bags containing seawater. Of these 60 

algae, 30 were collected from an unvegetated patch (Un) and the other 30 from a vegetated patch (Veg). 

Vegetated refers to a location in the seagrass beds, whereas unvegetated indicate areas of bare sand. We used 

n=5 in each transplantation, with a total of 36 transplantations (Table 1). 

 

 

 

 

 

 

 

 

2.3.2 STAINING 
Collected algae were transferred from the plastic bags into buckets, separated by the different origins as listed 

above (Fig. 4). Buckets have been filled with untreated seawater. An air pump is added to the buckets, 

providing algae both semi-natural water movement and aerated seawater. Halimeda is a rhizophytic algae, 

therefore transplantation is likely to induce stress to individuals. Recovery time after collection is necessary for 

all individuals to revive before staining. Algae were left for 12 hours in untreated seawater to allow for recovery 

from any stress that might have occurred from the collection. 

For staining the algae, a 

solution of Alizarin Red-S 

(Sigma-Aldrich) was used 

(Lamberts 1978). A 

concentrated stock 

solution of 0.02 g L-1 was 

made by dissolving 0.5 g 

of Alizarin Red into 100 

mL water. Next, 4 mL of 

concentrated stock is 

added per litre of 

seawater in the bucket 

containing the algae. 

Each bucket was labelled 

by origin. The algae were 

left in the buckets to dye 

for 24 hours. 

 

 

From / To Exp, Veg Exp, Un Uni, Veg Uni, Un Shel, Veg Shel, Un 

Exp, Veg 5 5 5 5 5 5 

Exp, Un 5 5 5 5 5 5 

Uni, Veg 5 5 5 5 5 5 

Uni, Un 5 5 5 5 5 5 

Shel, Veg 5 5 5 5 5 5 

Shel, Un 5 5 5 5 5 5 

Table 1. Transplantation scheme, in which numbers indicate n. Exp = wave-exposed, Shel = wave-

sheltered, Uni = unidirectional flow. Veg = vegetated area, Un = unvegetated area. Transplants were 

conducted in repetitions of 5 specimens, with a total of 36 transplantations 

Figure 4. Set up of staining procedure. Alizarin Red-S solution has been 

added already. Aquarium air pumps keep the seawater in motion and 

aerated. Algae were left to dye for 24 hours in this setup. 
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2.3.3 TRANSPLANTATION  
The rhizomes of Halimeda alone would be insufficient to keep 

the algae stable after transplantation. Harnesses were made to 

anchor transplanted algae into the sediment. Tags were needed 

for identification of origin and destination in the field. We used 

a plastic tape-like tag, on which the origin and destination were 

written with permanent marker. Both the tag and the algae 

were attached to the harness (Figure 4).  

  
Two areas of about 1.5 x 1.5 meters marked out with metal 

rods and tape both in an unvegetated and vegetated patch in 

each site. Dyed algae complete with tag and harness were 

placed into the seabed. Transplantation was done with 

researchers keeping “as natural as possible” in mind: roots 

gently in a sediment pit, anchored but not manipulated too 

much. 

2.3.4 DATA COLLECTION 
Algae were retrieved after one month of exposure to field conditions. Collection was done by hand, putting all 

the algae together in a bucket of seawater on site. Algae were transported as quick as possible and thereafter 

bleached in containers with Chlorox ™ for 30 minutes. After bleaching, they were left to dry for 12 hours and 

new segments were counted after.  

2.3.5 ANALYSIS 
The method seemed to be working appropriate, though the three dimensional structure of Halimeda monile 

made it hard to count newly grown segments in a structured manner, while the bleaching process had made 

the algae porous and fragile with some segments detaching. Although not trusted, data from this experiment 

will be presented here in the results section. After discussion with supervisors, it became evident this 

experiment would be used mainly as a methodical trial for a second transplantation-growth experiment using 

Halimeda incrassata. 

2.4 TRANSPLANT EXPERIMENT II 

Because of its three-dimensional structure, studying growth using the dying technique on Halimeda monile 

proved difficult. In January 2016 transplant experiments were again performed as described above, using 

Halimeda incrassata. Results from transplant experiment I were used to improve field methods. 

A similar set up was used. Longer identification tags were attached to the harnasses for easier retrieval in the 

field. Without bleaching it appeared already possible to identify newly formed segments, thus to prevent 

damage the algae were not bleached after retrieval. 

Because of their natural absence, Halimeda incrassata individuals could not be collected from (U). Collection 

and transplantation of the algae were executed according to Table 2. A total of 120 algae underwent 

transplantation. After 16 days of exposure to each of the sites’ conditions, algae were collected. 

 

 

 

 

 
Figure 5. Setup of algae, tagged and 

harnessed. Pink tags were used for 

quick retrieval from the field. OBU 

refers to nickname used for (E), U is 

short for unvegetated and V for 

vegetated. 

From/ To Exp, Veg Exp, Un Shel, Veg Shel, Un Uni, Veg Uni, Un 

Exp, Veg 5 5 5 5 5 5 

Exp, Un 5 5 5 5 5 5 

Shel, Veg 5 5 5 5 5 5 

Shel, Un 5 5 5 5 5 5 

Table 2. Transplantation scheme, in which numbers indicate n. Exp = wave-exposed, Shel = wave-

sheltered, Uni = unidirectional flow. Veg = vegetated area, Un = unvegetated area. Transplants were 

conducted in repetitions of 5 specimens, with a total of 24 transplantations. 
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It became evident after retrieval of the algae from each site that in one single specimen both growth and 

grazing could have occurred. This made classification by counting individuals showing growth, no growth or 

grazing impossible. Grazing and minimal growth in some of the sites during the exposure period made counting 

segments and the use of statistics seem irrelevant. Instead a classification for the observable differences 

between algae exposed to different conditions at each of the sites has been made. 

To maintain overview while making eventual trend analyses possible, results were categorized in three groups: 

“net loss”, “potential for growth” and “growth but grazed”. Net loss of algal segments is visible in the algae as 

missing branches (stumps), which resulted either from grazing by herbivores (potentially urchins) or from 

physical breakage. Net gain is seen as the bright green tips on top of the dyed algae, resulting from growth. 

Potential for growth indicates that amongst the five replicates growth is visible in at least one alga, while 

obviously others have been grazed upon or remained about the initial transplant length. Visual examples of this 

classification can be found in the appendix. 

2.5 ABIOTICS 

Measurements of abiotics are needed when studying possible causes of distinct seagrass meadows. Nutrients 

and mass transfer are expected to be of influence in shaping macrophyte communities in seagrass meadows. 

Along with nutrients and mass transfer, measurements of pH, DIC, light and temperature were also taken at 

each site.  

2.5.1 SEAWATER NUTRIENT CONCENTRATIONS 
Water samples for nutrient analysis were taken in duplicate once a month from September to November 2015, 

n=12 per site. Of these 12, 6 were taken in a vegetated patch and 6 in an unvegetated patch. Seawater was 

collected in a range of about 5 - 10 cm above the sea floor. Within 30 minutes of collection, this collected 

seawater was filtered through a luer-lock disposable filter head attached to a 10mL syringe. 5 mL plastic 

nutrient vials were rinsed with the filtered seawater and then filled, leaving a small header space allowing for 

expansion of the water when frozen. The filtered water samples were placed in a -18°C freezer as soon as 

possible (<2 hours after collection) and stored for up to 3 months until analysis. Samples were analysed at NIOZ 

Yerseke analytical laboratory for content of nitrates (NOx , NO3
-, and NO2), phosphate (PO4

3-) and ammonia 

(NH4
+) using a Skalar and Seal Nutrient autoanalyser.  

2.5.2 MASS TRANSFER RATES ESTIMATES 
Supply of nutrients to the surface of algae and seagrass is dependent upon the rate of mass transfer, which is 

influenced by the concentration gradient of the nutrient and the motion of the water. A method to estimate 

mass transfer rates is by deploying gypsum blocks in the water at t=0, and measuring the weight change, using 

the rate of dissolution as an indicator of mass transfer (Porter et al., 2000). The more a gypsum block has 

eroded, the higher mass transfer rate at this site.  

Although gypsum dissolution measurements are rather rough, given the contrasting locations and seagrass 

densities compared it is expected to work well. In the bays with faster water motion the gypsum blocks will 

lose more weight than those deployed in bays with slower water motion, due to increased diffusion. This 

method allows for comparison of mass transfer between the sites.  

Simple plaster of Paris was used to make the gypsum blocks. It was mixed with cold water as indicated on the 

label. Small metal rods were custom made as an anchor, functioning as attachment of the blocks to the big 

metal rods on site. The anchors were put into a tray for making ice cubes, and poured over with gypsum. After 

hardening the rough edges and unevenness’s were sanded off to attain similar shape and smoothness. Next, 

blocks were weighed and labelled to allow field identification and enable weight measurements before and 

after deployment. For each site, 5 blocks were deployed in the unvegetated patches and 5 in vegetated 

patches. After 24 hours the blocks were collected, dried until they reached a constant weight and re-weighed. 
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Three repetitions were conducted: repetition 1 on 18 January 2016, repetition 2 on 4 February 2016 and 

repetition 3 on 15 February 2016. Repetitions 2 and 3 were performed by Rebecca James. 

2.5.3 PH, SALINITY, TEMPERATURE AND LIGHT 
Temperature, light, salinity and pH data were gathered for comparison between sites. Temperature and light 

were measured with HOBO Temperature and Light loggers deployed at each site. These loggers provide interval 

measurements and were placed in both vegetated and unvegetated patches within each site. pH was measured 

by taking duplicate water samples from within and outside seagrass meadows using capped vials. Vials were 

washed with sea water on site, emptied and closed off again. Samples are taken about 5 to 10 cm above the 

sea floor, at three points within the seagrass, one point in an unvegetated patch, and at one point near the 

entrance of the bays, where the water is unlikely influenced by seagrass presence. Once ashore they were 

analysed with an ORION combined pH electrode. Salinity was measured with an ORION conductivity electrode, 

using the same samples.  

2.5.4 DIC 
Duplicate water samples were collected once a month (September, October and November 2015) at each site 

from vegetated (n=6) and unvegetated patches (n=6) at 10cm above the seafloor. Water samples were stored 

in 10 mL glass vials sealed with crimper lids and poisoned with HgCL2. DIC was measured at NIOZ Analytical Lab 

in Yerseke with an Apollo SciTech DIC Analyzer, using Dickson's reference samples to calculate DIC 

concentrations.  

2.5.6 STATISTICAL ANALYSES 
All data is checked for normality and equal variances. Hereafter, data is tested to check for significant 

differences in abiotics between sites, using non-parametric analyses of variances as alternatives where needed. 

A confidence level of 0.05 is used throughout this study.  

Of the measured abiotics, mass transfer rates and nutrients are proposed as most likely to shape community 

structure. Differences in [DIC] could indicate effects of community differences in productivity, but are not 

expected. Mass transfer, nutrients, and DIC will therefore be tested on significant differences between sites.  

Salinity, temperature and light are not expected to differ between sites. pH is  expected to differ,  due to 

different refreshment rates of ambient water and photosynthetic activity between and within sites. High pH 

conditions create an environment that could benefit calcifying macroalgae. (S) could show a higher pH 

compared to the sites experiencing more water motion, due to its assumed lower refreshment rates. If so, such 

a wave-sheltered system could act as a pH buffering zone.  
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3. RESULTS 

3.1 COMMUNITY SURVEYS 

3.1.1 OVERVIEW 
Differences between studied submerged macrophytal communities can be observed mainly in differences of 

the percentage bare seafloor, and abundances of Thalassia testudinum and Syringodium filliforme. An overview 

of macrophyte community structure per site is visualised in Figure 6, providing the means per species in each 

stack of the bar based upon CPC generated percentage-abundance data. The unidirectional site (U) facilitates 

fleshy green and brown algae, which are virtually absent at the wave-sheltered (S) and wave-exposed (E) sites. 

Halimeda monile finds its greatest abundance at (U) too, while there is no appearance of H. incrassata at this 

site. According to this summary of transect data, the wave-exposed site (E) exhibits the least dense seagrass 

meadows.  In the latter parts of the transects at (S) (after 50m), seagrass meadows are situated deeper 

compared to the shallow vegetated area and did not contain calcifying algae. T. testudinum forms a very dense 

canopy here, with a 100% T. testudinum cover as viewed from above, which was checked and underlined by 

performing algae counts (see section 3.2).  

 

 

Figure 6. Means per species in each stack of the bar based upon CPC generated percentage-abundance 

data. 
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Table 3 summarizes the relative abundances of the community-determining species, providing also standard 

deviations. High standard deviations result from habitat patchiness present at each site. 

 

Results represented graphically in Fig. 6 are in line with observation. Most notable is that (U) represents a more 

uniform community, where brown and green algae are also represented. (E) was found to have more bareness 

than both other sites. A higher mean cover of seagrasses is found at (S)(Table 3). Although the proportion of 

calcifying algae is quite similar across sites, H. incrassata does not occur at (U) (Table 3; Fig. 6). While the 

proportion of H. incrassata to H. monile is similar for (S) and (E),  at (U) the sum of both is covered by only H. 

monile (Fig. 6). At (E), more S. filiforme is found and less T.testudinum, whereas T. testudinum cover exceeds 

that of S. filiforme at (U) and even more at (S).   

3.1.2 VEGETATION HEIGHTS 
In the deeper parts of (S), Thalassia testudinum leaves were significantly longer (Fig. 7). Calcifying algae do not 

occur under this dense canopy. Halimeda sp. are significantly smaller at (S) (Kruskal-Wallis ANOVA, P = <0.001) 

compared to those sampled at (U) and (E) (Dunn’s post-hoc, PU-E = 0.505). Significance tests for Penicillus 

yielded similar results, indicating Penicillus is shorter at (S) (Kruskal-Wallis ANOVA, P = <0.001), and heights are 

similar at (U) and (E) (Dunn’s post-hoc, P=1.000). 

 

Species Wave-sheltered Wave-exposed Unidirectional 

T. testudinum  54.57 [±28.49] 20.91 [±22.18] 37.15 [±23.05] 

S. filliforme 9.46 [±15.14] 24.91 [±20.53] 9.07 [±8.70] 

H. monile 8.41 [±11.07] 5.95 [±6.92] 13.50 [±8.48] 

H. incrassata 2.94 [±5.51] 3.51 [±5.77] 0.00 [±0.00] 

P. capitatus 0.92 [±2.37] 2.15 [±2.42] 0.73 [±1.63] 

Table 3. Abundances, means of percentage cover and standard deviations of community-determining 

species, based on CPC generated percentage-abundance data. 

Vegetation heights

Site

Sheltered Sheltered_Deep Exposed Unidirectional
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Thalassia 
Halimeda sp. 
Penicillus 

 

Figure 7. Vegetation heights, measured along the transects. The deeper part of wave-sheltered (S) has 

been plotted separately, as its blades were much longer compared to those in its shallow parts. 
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3.1.3 MULTIVARIATE COMMUNITY ANALYSES 

Canonical Correspondence Analysis (CCA) and Detrended Canonical Correspondence Analysis (DCCA) were 

performed. Environmental factors are not taken into account in a CCA. Percentage-abundance data from the 

community surveys relevés showed clustering into the sites of origin, around which envelopes were drawn (Fig. 

8). Both the CCA and DCCA show clustering of relevés by site. DCCA detrends the data (Fig. 9), flattening the 

original horseshoe shape which can be observed in the enveloped CCA ordination (Fig. 8). Site (origin) alone 

explains 13,3 % of all variation in the data. Bare is used as explanatory variable for the DCCA, and forced upon 

the ordination as a gradient (Fig. 10). This variable, together with Species, Location and Transect, explains 

26.5% of the variation of all percentage abundance data. More than a quarter of all variance of all relevé data is 

thus explained by origin, transect and bareness of each relevé. 

Although there is an overlap of relevés at the origin, clustering on site is observed. Wave-sheltered (S) is 

situated underneath wave-exposed (E) and next to unidirectional (U). Compared to the CCA, the DCCA gives a 

mirrored and therefore similar result, with even more variation explained. DCCA plot with 26.5% of total 

variation explained by Site, Species, Transect and a gradient of Bare. When the gradient Bare is plotted along 

with Species, Sites and Transects, the tri-plot as shown in Figure 10 emerges from the DCCA. 

Outliers of both CCA and DCCA ordinations most likely originate from bare patches, which were present to 

some extent at each site. A gradient of bare soil, “Bare”, was forced upon the CCA in a DCCA as explanatory 

vector, where together with Site*Transect and Site have also been used as factors, explaining more than 25 

percent of all variance of the percentage abundance data (Fig. 10). Origin alone accounts for a fifth of all 

variance, indicating sites are for at least 20% distinct from each other. Different densities of seagrass at each of 

the sites are projected in DCCA along the axis of Bare, indicating field observations are covered by data. In both 

the CCA and the DCCA sheltered and exposed are mixed to a certain degree, but distance from each other 

under the Bare vector which is plotted in Fig. 10. (E) shows itself as most bare site in the DCCA plot.  

The percentage cover of the DCCA ordination of T. testudinum and S. filiforme are aligned with the vectorial 

axis of Bare. Halimeda discoidea is ordinated all the way up the Bare axis, which is in accordance to its species 

description as it only inhabits bare rock or sand. T. testudinum shows a negative response on the Bare axis. 

These results give a first indication of successional stages along the Bare axis. P. capitatus and S. filiforme show 

up on the halfway an imaginary perpendicular axis to Bare, as both will show up in mixed meadows. H. 

incrassata, H. monile and Udotea flabellum show a similar pattern. When Bare decreases, T. testudinum 

monocultures will appear as is shown by the vegetation in deeper parts of (S). Brown algae show up on an 

imaginary perpendicular axis compared to Bare, which indicates (an)other, here unspecified, biological or 

abiotic factor(s) probably explains this axis. On this perpendicular axis, H. incrassata and H. monile are 

ordinated quite distanced from each other. Such results underline observations that H. monile and H. 

incrassata seem to occupy distinct niches (Table 3, Figure 10).  
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Figure 8. Enveloped CCA on relevés with envelopes around origin (Site). Wave-exposed (EXP) in black, 

unidirectional in blue(UNI) in blue and wave-sheltered (SHEL) in green. Axes are dimensionless. For 

wave-sheltered, the wide green envelope indicates presence of outliers. 

Figure 9. DCCA on relevés with envelopes around origin. Wave-exposed in black, unidirectional in blue 

and wave-sheltered in green. For wave-sheltered, the wide green envelope indicates presence of outliers. 

Axes are dimensionless. For wave-sheltered, the wide green envelope indicates presence of outliers. 
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Figure 10. Detrended Canonical Correspondence Analysis (DCCA) ordination tri-plot for species 

percentage abundance data collected along a wave gradient at each site. DCCA ordination explains 26.5% 

of total variation explained by Site, Species, Transect and a gradient of Bare. Solid blue triangles represent 

sites, red with *T refers to the transect where relevés have clustered (shown in red). EXP = wave-exposed 

(E), SHEL = sheltered (S), and UNI = unidirectional flow (U). Along the gradient of Bare, species have been 

plotted (open purple triangles). Most bare corresponds with H. discoidea, while T. testudinum is placed 

along the negative side of the vector. DCCA is in accordance with successional stages, placing species in a 

sequence of occurrence from a bare seafloor to full seagrass cover. Placement of sites along the Bare axis 

correspond with observation, with (E) being most bare and (S) having denser seagrass cover. (U) is found 

intermediate, but as this site does not align in the ordination with respect to the Bare vector, its species 

composition seems to be determined by another abiotic or biotic axis perpendicular to Bare. 
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3.2 ALGAE COUNTS 

Algae counts corresponded to community percentage-abundance data from the community surveys (Fig 11 & 

Table 3). At wave-exposed (E) and unidirectional (U), most Halimeda sp. occurred (respectively 13.74 ±12.57 

and 11.60 ± 6.98), while at wave-sheltered (S) least (5.53 ± 8.15). Probably this is due to (S) exhibiting most T. 

testudinum cover, leaving minimal rooting space available for calcifying algae. Penicillus capitatus was found 

most at (E) (5.62 ± 4.83). 

Null hypotheses were: “The distribution of *species* is the same across categories of site. None of the counts 

of either Halimeda sp. or Penicillus capitatus showed a normal distribution. A non-parametrical independent 

samples Kruskal-Wallis ANOVA was performed. With alpha = 0.05, significant differences were found between 

sites (pHalimeda< 0.001, pP.capitatus< 0.001; n=540).  

Post-hoc Dunn-Bonferroni pairwise comparisons between sites showed at (S), significantly less Halimeda sp. 

occurred (P=0.000), while (U) and (E) were found to be similar (P=1.000). The same comparison has been made 

for P. capitatus, with the outcome that (E) contains significantly more P. capitatus (P=0.000) than both (U) and 

(S), which is in accordance with percentage abundance data generated by CPC (Table 3). (U) and (S) did not 

differ significantly in their numbers of P. capitatus (P=0.150). 
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Figure 11. Mean abundances and standard errors of Halimeda sp. and Penicillus capitatus for each site. 

Numbers were noted down during community surveys. 
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3.3 TRANSPLANT EXPERIMENT I 

Although results were hard to interpret due to fragility of the algae and segmental growth in multiple 

dimensions, H. monile showed growth at all sites (Table 4). It was observed that the algae in this experiment 

remained ungrazed for the entire period of exposure. Although results have been quantified, this data is not 

fully trusted due to losses from bleaching. 

 

 
Wave-exposed vegetated seems like a supportive growth environment for all transplants. In unvegetated 

conditions, growth seems less, which could be due to a more exposed and therefore stressful environment.  

Vegetated areas of each site seem suitable, while maybe less so at (U). At some sites the algae might have 

grown bigger than was observable, due to breaking off of segments.  

3.4 TRANSPLANT EXPERIMENT II 

A first observation after retrieving Halimeda incrassata from the sites, was that some algae had been (heavily) 

grazed upon. Data has been ordinated according to visible traits as loss, growth and grazing (Table 5). See 

Appendix for classification. At (S), most grazing had taken place. At (U), H. incrassata performed the best as it 

showed most growth and least losses from either breakage or herbivory (Table 4). This algae does not or 

seldom occurs naturally at (U) (Table 3), whereas H. monile does. At (E), losses from either herbivory or 

breakage were minimal compared to those of (S).  

From / To  Exp, Veg Exp, Un Uni, Veg Uni, Un Shel, Veg Shel, Un 

Exp, Veg 
n=5, 0.209, 
0.040 

n=3, 0.300, 
0.141 

n=5, 0.162, 
0.106 

n=5, 0.317, 
0.153 

n=5, 0.197, 
0.071 

n=5, 0.120, 
0.160 

Exp, Un 
n=5, 0.309, 
0.126 

n=5, 0.312, 
0.190 

n=5, 0.050, 
0.100 

n=4, 0.404, 
0.238 

n=5, 0.250, 
0.077 

n=4, 0.196, 
0.123 

Uni, Veg 
n=5, 0.313, 
0.057 

n=4, 0.196, 
0.034 

n=4, 0.213, 
0.022 

n=5, 0.123, 
0.104 

n=5, 0.197, 
0.031 

n=5, 0.207, 
0.037 

Uni, Un 
n=5, 0.155, 
0.094 

n=2, 0.000, 
0.000 

n=5, 0.175, 
0.022 

n=5, 0.150, 
0.200 

n=5, 0.260, 
0.090 

n=4, 0.150, 
0.087 

Shel, Veg 
n=5, 0.290, 
0.119 

n=5, 0.140, 
0.071 

n=4, 0.148, 
0.094 

n=3, 0.114, 
0.084 

n=5, 0.196, 
0.025 

n=4, 0.186, 
0.144 

Shel, Un 
n=4, 0.267, 
0.196 

n=5, 0.152, 
0.091 

n=5, 0.219, 
0.061 

n=4, 0.146, 
0.149 

n=4, 0.205, 
0.128 

n=1, 0.330, 
0.000 

 

Table 4. Results of H. monile transplant experiment, with sites and situation indicated (Exp = wave-

exposed, Uni = unidirectional flow, Shel = wave-sheltered; V=vegetated, U=unvegetated). Indicated are 

# retrieved, mean relative growth and standard deviation. Relative growth is defined as the ratio new 

segments:old segments, visible after retrieval from sites as undyed after bleaching. Real growth is 

indicated in green, defined as >0.2. Values under this threshold are indicated with yellow, while red 

ndicates a value of less than 0.1. Algae originated from unvegetated areas seem to grow well in 

vegetated conditions. 
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3.5 ABIOTICS 

3.5.1 NUTRIENTS 
Measured nutrient concentrations varied between NO2 0.033 [0.015] μmol L-1  at (E) and 0.047 [0.031] μmol L-1  

(S), NO3 0.195 [0.050] μmol L-1  at (U) and 0.365 [0.131] μmol L-1 (E), PO4 
3- 0.053 [0.022] μmol L-1  at (S) and 

0.078 [0.043] μmol L-1 (E), NH4
+ 13.68 [8.20] μmol L-1 at (S) and 18.47[18.81] μmol L-1 (E). An overview of 

nutrient concentrations in μmol L-1 per site, indicating sample location (vegetated/unvegetated) can be found 

in the appendix. Overall standard deviations were quite high, indicating possible errors in the duplicates, 

originating from sampling, storage or analysis. No significant differences in nutrient concentrations within each 

site were found between samples taken from vegetated patches compared to those taken from unvegetated 

patches. Hereafter data of vegetated and unvegetated patches was merged per site. Nutrient data was not 

normally distributed. For each nutrient, a Kruskal-Wallis ANOVA was performed to elucidate significant 

differences in nutrient load per site (PNH4 = 0.856, PNO2 = 0.402,  PNO3 = 0.044, PNOx = 0.046, PPO4 = 0.662, n = 12). 

Only [NO3], and therefore also [NOx] differed significantly between sites. Post-hoc Dunn-Bonferroni pairwise 

comparisons indicated NO3 significantly differs between (U) and (S) (P=0.032), with lower concentrations at (U). 

Similarly, NOx significantly differs between (U) and (S) (P=0.042). 

 

To    /  From > Exp, Veg Exp, Un Shel, Veg Shel, Un 

 
t in water = 16 days 

Exp, Veg 0/+/- 0/- 0/- 0 / - 

 
Net loss 

Exp, Un 0/- 0/- 0/- 0/+/- 

 
Potential for growth 

Shel, Veg - - - - 

 

Growth but grazed 

Shel, Un 0/- 0/- 0/- 0/- 

 
"0" = No apparent change visible 

Uni, Veg 0/- 0/+/- 0/+/-  0/+/- 

 
"- " = Net loss of segments  

Uni, Un 0/+/- +/- 0/+/- 0/+/- 

 
" + " = Net gain of segments 

 

Table 5. Overview of responses of H. incrassata after retrieval. Net loss of segments happened because of 

grazing or natural breakage by waves. Net gain of segments indicates growth. 
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3.5.2 MASS TRANSFER 
Compared within sites, no difference was found in mass transfer rates between the unvegetated and vegetated 

patches at (E) and (S). Data from unvegetated and vegetated patches has been merged for analysis of mass 

transfer between sites. There was a significant difference in mass transfer between the 3 wave-exposures 

(ANOVA, P < 0.001 n=90, alpha = 0.05). A Tukey HSD post-hoc test revealed that all sites are significantly 

different from each other in mass transfer (P < 0.001). (S) experiences the least mass transfer (Figure 12, 

followed up by (E) and exceeded by (U) (Fig. 12). 

There were significantly lower rates of mass transfer at the unidirectional site in the unvegetated areas 

compared to vegetated areas. As vegetation is expected to attenuate waves and retard water motion, an 

opposite result of higher mass transfer was expected. Geomorphological shelter by depth most probably 

yielded this significant difference, it is about 40-50 cm deep in the vegetated and around 90-100 cm deep in the 

unvegetated parts. The unvegetated patch at this site is channel-like, surrounded by shallow areas. Because of 

the unidirectional and fast flow, the current just skims over the top of the area and will probably not reach the 

bottom of the unvegetated area – where the gypsum blocks were deployed. The interaction of nutrients and 

mean mass transfer rate per site did not yield any significant differences between sites (Kruskal-Wallis ANOVA, 

PNOx = 0.45, PNH4 = 0.908, PPO4 = 0.220). 

 

Figure 11. Log nutrient concentrations shown by site in μmol L-1 , n=12 per site. Means of concentrations are 

displayed, with standard deviations plotted as error bars. Samples have been taken in duplicate for each site 

and situation over a three month period (September – November 2015). NO3 significantly differs between 

(U) and (S) (P=0.032), with lower concentrations at (U). Similarly, NOx significantly differs between (U) and 

(S) (P=0.042). 
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3.5.3 PH, SALINITY, TEMPERATURE AND LIGHT 
 
pH data from the period of September 2015 to January 2016 were grouped together for an overall comparison 

between sites. Mean pH values were (U): 8.03 ± 0.06, (S): 7.71 ± 0.12 and (E): 7.97 ±0.09. pH showed a higher 

SD at (S) (Fig. 13), which could be due to its geomorphological shelter resulting in less refreshment of the water 

column, leading to a higher pH in the daytime. Data was not normally distributed; a Kruskal-Wallis ANOVA has 

been performed (P=0.349, n=714). Thus, no difference in pH between sites was found. 

Salinity was not expected to differ between sites (Fig 13), but has been tested for validation. Salinity varied 

between 34.17 and 36.27 PSU. Of all sites, only (S) showed a normal distribution of salinity. An independent 

samples Kruskal-Wallis ANOVA has been performed, which showed no significant differences occur in salinity 

between sites (P=0.133, n=714). 
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Figure 12. Mass transfer rates in % change over time. Measurements have been repeated three times, with n= 

5 per patch of each site (vegetated or unvegetated). All sites significantly differ from each other in their mass 

transfer rates. Within site, only (U) differed significantly in mass transfer rate between vegetated and 

unvegetated patches. Significant lower rates of mass transfer at the unidirectional site in the unvegetated 

areas compared to vegetated areas, which can be addressed to physical differences depth of gypsum block 

deployment site, which caused the current to skim over the top – thereby providing shelter. 
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Sea water temperatures varied between 26 and 33 °C. It has been measured from the period of September to 

January, in which temperature dropped noticeably. Temperature was also not expected to cause differences in 

community structure between sites, especially as all sites were in such close vicinity of each other, all 

experienced similar solar and heat influence. Light intensity was similar for each site. Temperature and light 

seem to be have a lot of variation at (S) (Fig. 14), which is probably due the shallowness of the vegetated site at 

which the HOBO logger was deployed or because of lower refreshment rates within the bay, as indicated by the 

mass transfer rates.  The larger range of pH measured at (S) (Fig. 13) is most likely due to lower refreshment 

rates and high photosynthetic rates, caused by a high vegetation density. Photosynthetic activity drives up the 

pH during the day, while respiration at night releases CO2 and causes pH to decrease. Because of its current 

making (U) more homogeneous, this site was expected to show a smaller pH range. 

 

 

pH and salinity
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Figure 13. pH and salinity means and standard deviations for each site. No significant differences in either pH 

or salinity was found between sites.  pH shows a larger standard deviation at the wave-sheltered site, which 

aligns with its lower refreshment rates (lower mass transfer rates) and denser vegetated habitat, of which 

the photosynthetic activity probably causes the pH to increase more during daytime and respire more during 

dark hours, lowering the pH again. 
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Temperature, light and salinity do not show any significant differences between the sites, so are unlikely to be 

causing the observed differences in the community structure.  

3.5.4 DIC 
[DIC] varied between 1848.3 µmol kg-1 and 1958.8 µmol kg-1 (Fig. 15). Plants use dissolved carbon species in 

their photosynthesis, resulting in less [DIC] in vegetated patches of each site Data was normally distributed. An 

ANOVA has been conducted to find significant differences between sites, nested in month and condition 

(vegetated/unvegetated). A significant difference was found between all sites in November, both in the 

unvegetated (P=0.013) and in the vegetated patches (P < 0.001). Post-hoc Tukey-HSD revealed differences in 

[DIC] between sites in November. [DIC] in (E) significantly differed from (S) and (U) in unvegetated patches (PE-

S=0.012 and PE-U=0.038, n=2). All vegetated patches differed in [DIC] between sites in November (PS-U =0.018, 

PU-E = 0.000, PE-S = 0.000, n=2). 

Differences in [DIC] availability to macrophyte communities are very unlikely to shape community structure, as 

the only significant difference found has been for November.  
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Figure 14. Temperature and light, data from HOBO loggers in vegetated areas of indicated sites, temperature 

in degrees Celsius and light intensity in Lux. No significant differences of either were found between sites. 

Measurements represented here were taken from begin October to begin November.. 
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Figure 15. [DIC] means and standard errors. Plants use dissolved carbon species in their photosynthesis, 

resulting in less [DIC] in vegetated patches of each site. Only for November, [DIC] in (E) significantly differed 

from (S) and (U) in unvegetated patches (PE-S=0.012 and PE-U=0.038, n=2). All vegetated patches differed in 

[DIC] between sites in November (PS-U =0.018, PU-E = 0.000, PE-S = 0.000, n=2). 
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4. DISCUSSION  
Community surveys were conducted to study distinctions in macrophyte communities between three 

differently wave-exposed sites. While located in close vicinity of each other, (E) and (S) were found to be very 

contrasting habitats: (E) with its exposed meadows, leading to setbacks in overall successional stages, shows 

distinct species assemblages compared to (S), where at the sheltered (S), a dense mat of T. testudinum fully 

occupies its deeper regions, whereas at wave-exposed (E) and unidirectional (U) sites seagrass was more 

sparsely distributed. Nutrients, pH, salinity, light, temperature and DIC could not explain dissimilarities in 

macrophyte communities between sites. 

Mass transfer is influenced by water motion, which implies that more waves  will result in a higher mass 

transfer rate. Mass transfer rates were lowest at (S), intermediate at (E) and highest at (U), which is in 

accordance with the hypothesis that geomorphological shelter and vegetation attenuate waves. Although there 

was no significant difference between in-site mass transfer rates of vegetated and unvegetated areas, still the 

dense canopy of T. testudinum at (S) probably has an effect on the whole of this site.  

Waves act as disturbing factor to established communities, setting back the ecosystem in successional stages 

by opening up bare spots, which leads the DCCA vector Bare to be interpreted as gradient of succession. The 

fact rhizophytic algae do not show up higher along the direction of the Bare vector towards H. discoidea, is 

explained by the fact they also inhabit mixed meadows and do not solely appear on bare sea floor. Similar 

results to the DCCA tri-plot of seagrass meadow succession in Caribbean waters have been described by 

Williams (1990): from bare seafloor (sand or mud), to rhizophytic algae, to Syringodium filiforme (mixed), to 

Thalassia testudinum mixed, eventually climaxing in a monoculture of T. testudinum.  

A “mild” disturbance regime keeps ecological space available for species which are outcompeted in vegetation 

of higher successional stages (White & Pickett, 1985; He & Mladenhoff, 1999). Wave-exposed (E) could be 

considered such, showing great abundance in calcifying algal species and short T. testudinum leaves, while the 

seabed cover shows plenty of bare gaps. Typically water movement stimulates both abundance and diversity of 

macrophytes at low to moderate velocities, but will reduce growth at higher velocities (Madsen et al., 2001). 

Vroman (1968), who studied submerged vegetation on St. Martin in the sixtie, states it otherwise: “When the 

swell is heavy, it tends to impoverish the flora, and the plants become short and compactly built, but even then 

they may become detached.”, which  however does not take into account the diversity generated from mild 

and regular disturbances. Wave-exposure is often linked to levels of stochastic disturbance events, which is for 

instance shown by Engelen et al. (2005). Being exposed to natural disturbances will enhance the chance entire 

ecosystem shifts to undesirable states when intensity of such events inclines (Scheffer, 2004).  

Towards the inlets of each site, where wave exposure became more pronounced (also for (S)), an edge to the 

seagrass beds was observed. From aerial photograph data, both Kendrick et al. (2000) and Frederiksen et al. 

(2004) found indications that seagrass meadows are restricted in their expansion related to a degree of 

physical exposure to waves. Formation of seagrass meadows requires stabilization of the seafloor, which can 

be facilitated by rhizophytic algae such as Halimeda sp. and P. capitatus (Williams 1990). Holdfast to the 

sediment is necessary for T. testudinum (Williams 1990), which explains rhizophytic algae to appear before T. 

testudinum in a successional sequence. Rhizophytic algae seem to act as a pioneer species in studied seagrass 

meadows, facilitating stabilized sediment at the bare spots of (E), where significantly more P. capitatus were 

found, while (S) harboured significantly less Halimeda sp. 

Undisturbed, a meadow can establish a vegetation composed of different proportions of species through time, 

peaking in a monoculture of T. testudinum (Williams, 1990). Sheltered from disturbance by waves, (S) most 

likely favours higher levels of succession, resulting in a T. testudinum dominated macrophyte community. 

Blades of T. testudinum were significantly higher at deeper parts of (S), supporting its more developed 

successional stage and assumption of its shelteredness leading to higher levels of succession. Manually moving 
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T. testudinum leaves sideways, leaded to the observation rooting space is available for algae. The fact that no 

algae were found beneath this canopy  is therefore probably light correlated. Reduction experiments by Davis 

and Fourqurean (2001) support these results in  algae to seagrass succession, finding the size of H. incrassata 

thalli decreased when surrounded by seagrass and growth rates lessen by one third while the presence of 

macroalgae had no significant impact on seagrass growth. Grazing probably does not play a role in seagrass 

density modifications (Vadas et al., 1982), corresponding with the appearance of seagrasses along the axis of 

Bare.  

What exactly declares the imaginary perpendicular axis to Bare, which is setting (U) apart from the axis (E)-(S) 

along Bare, is unknown. Vegetation is more sparse at (U) compared to (S), which could be due to coral rubble 

moving throughout the site, causing small scale disturbance events.  

Speculation would be nutrient supply declares this axis, possibility explaining species abundances in submerged 

macrophytal communities (Brauer et al., 2012), as fleshy brown algae are present at (U), which could indicate 

an elevated nutrient status. Hepburn et al. (2007), for instance, found a higher nitrogen content in vegetation 

exposed to waves.  Nutrients are however not particularly different between sites, only there is significantly 

lower NO3
-
 at (U) compared to (S). When nutrient concentrations are low, only a small gradient between  

macrophytes and ambient water exists. Mass transfer could be enhancing growth and production at (U) (Hurd, 

2000). Opposite was expected to happen at (S), as by its shelteredness the consequential low mass transfer 

rate could limit macrophyte growth. Actual supply of nutrients to the algal surface could differ, as mass transfer 

rate is significantly higher at (U) compared to (S). A higher resolution of nutrient data could support this, but 

here the interaction of nutrients and mass transfer rate did not yield any significant differences between sites.  

Sediment type might (also) explain the perpendicular axis to Bare. However  this characteristic was not taken 

into account in this study, from observation (S) and (E) did not seem very different in their sediment properties. 

A study by Zieman et al. (1989), combining an aerial survey method with community surveys at different 

stations in the Everglades, found that seagrass meadow communities were explained for 50% by a combination 

of sediment depth and water depth. As (S) is situated behind a  geomorphological barrier, accumulation of 

softer sediment here has quite a high possibility. 

Considering site comparison, the assumed differences in wave-exposure by geomorphological traits of each site 

are supported by the DCCA vector Bare and by mass transfer rate results. Altogether, these factors can be 

interpreted in this study as indicators of susceptibility to stochastic disturbance by waves. Following this 

rationale, the site most prone to disturbance events would be wave-exposed (E), and the least prone to 

stochastic disturbance would be wave-sheltered (S). Unidirectional (U) remains ubiquitous, which can be 

addressed to its distinct hydrology and geomorphology compared to (S) and (E). Instead of the presence of a 

typical barrier (S) or total exposure (E), the steady unidirectional current here flows over a shallow rocky 

bottom. (U) shows more uniformity in general, which declares its central place on the Bare axis in the DCCA.  

Results of transplant experiment II indicate at (U) H. incrassata performed the best, as it showed most growth 

and least losses from either breakage or herbivory. This algae does not or seldom occurs naturally at (U), 

whereas H. monile does. Individual H. incrassata, which already exceeded seedling size, could withstand  these 

conditions during this short term exposure of 16 days. On the long term this alga is not expected to survive, as 

otherwise the species would most likely occur here. Differences in competitive abilities and specialization to 

distinct physical regimes, is thought to promote resource partitioning and increase coexistence - especially in 

tropical regions (Hay, 1981). 

Possibilities for this difference in natural occurrence were not studied, but several options could be the case: 1. 

H. monile is more resilient to the continuous and quite strong unidirectional flow regime of (U) due to its more 

robust, three-dimensional structure than H. incrassata. It was observed that branches of H. incrassata twisted 

in order to align the surface of its thalli towards the direction of water motion (see appendix). Or, 2. the course 
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sediment and tough and rocky substrate prevalent at (U) do not favour rooting of H. incrassata, which could be 

considered an algae which typically inhabits soft bottomed sediments, while here it was anchored and forced 

into this habitat. If so, this finding could also align with  findings on herbivorous exclusion between habitats 

studied by Hay (1981), who assessed niche differentiation of algae between coral and seagrass habitats and 

found reef-associated grazers are responsible for excluding  species rooting in sandy sea beds  from the reef 

slope. Absence could have resulted also from a lack of seeding source. Option number 3. is herbivorous grazing 

pressure (Ricklefs, 1987). While still small, individuals of the H. incrassata could be eaten by an abundance of 

herbivores, which include sea urchins. Although not quantified, from observation both at (U) and (S), many of 

these urchins were present. Considering a combination of the DCCA plot, transplant experiments I & II and 

observation (it proved very hard to find H. incrassata in the vegetated parts of (S)), grazing probably affects 

chances of existence of this calcifying algae in seagrass meadow communities. 

Although H. incrassata transplant experiments I & II did not work out as growth experiments, categorization of 

its results gives clues to differences between bays considering growth versus grazing. Transplant experiments I 

and II did not yield growth rates between sites, but did give indirect indications of differences in grazing 

pressure. Although not quantified, H. incrassata  was heavily grazed at (S) compared to (U) and (E) (Table 4), 

while H. monile remained ungrazed at all sites during transplant experiment I.  

From field observation and transplant experiment II, (E) exhibits least grazing pressure. Potential grazers on H. 

incrassata are sea urchins Tripneustes  ventricosus or Diadema antillarum. These animals are described by 

several authors to graze upon calcifying algae and are underpinned as an important factor in shaping 

submerged macrophytal communities. Maciá & Robinson (2008) performed a food type preference study 

under laboratory conditions for T. ventricosus, and found a diet of (calcified) macroalgae supports a three times 

greater growth rate in T. ventricosus than does a diet of seagrass. Prince et al. (2004) found a significant 

feeding preference of this species for Dictyota cervicornis (a brown alga present at both (U) and (S), but absent 

at (E)) over T. testudinum.  Clemente & Hernández (2008) found Diadema antillarum performs a key role in 

shaping macroalgal communities in the Canary Islands. Solandt & Campbel (2001) found indications of 

herbivory on calcified algae at their study sites in Jamaica. Through controlled experiments, they found D. 

antillarum must feed on heavily calcified algae at a greater rate than on brown algal species, in order for it to 

gain enough nutrition to live. 

Urchin density tends to be higher along wave-sheltered coastlines compared to wave-exposed ones,  as was 

studied for D. antillarum in the Caribbean (Debrot & Nagelkerken, 2006). This relationship of  wave exposure as 

a factor determining sea urchin density has been investigated by Clemente & Hernández in 2008, with results 

showing more highly exposed sites present lower urchin density and vice versa, but furthermore, when 

bareness of the seafloor exceeds 20%, urchin density is limited to under 1 individual m-2 . Tuya et al. (2007) 

studied the effect of water motion on the vertical distribution of D. antillarum, and concluded this species is 

less fitted to life in turbulent waters and high-flow environments, due to the risk of dislodgement by waves. In 

this study, (E) showed low or no sea urchin abundance. As urchins distribution is dependent on waves, which 

induce dislodgement, the combination of virtual absence of urchins and release of herbivory in growth 

experiment II at (E) give another indication of its proneness to disturbance. Sea urchins display different 

strategies to avoid displacement at high levels of water motion. Gianguzza et al. (2013) found water motion 

probably influences feeding behaviour. High wave-energy sites led to a decreased gonado-somatic index, as a 

consequence to the urchins’ feeding behaviour: hiding in burrows instead of foraging.  

 

Combining DCCA and transplant experiments I & II suggests H. monile and H. incrassata are adept to different 

circumstances.  Morphologically seen, H. monile exhibits a more 3D structure, which is likely to enhance its 

resistance to fast flowing water motion regimes when compared to the flat 2D thalli of H. incrassata. Most 

probably, the degree of physical exposure is causing differences  in submerged macrophytal assemblages, 

which in turn corresponds to a degree of herbivory under influence of sea urchin abundance. These proximate 



34 
 

results underline proposed theories of exposure and proneness of each site to stochastic disturbances assumed 

in for this study. 

5. CONCLUSION 
Abiotic factors and geomorphological shelter from waves were related to chances of disturbance of the 

seagrass meadows studied. Together these define chances of ecological space opening up, which shows itself in 

species abundances in shallow seascape communities. Wave-exposure is often found to be linked to levels of 

stochastic disturbance events (e.g. Engelen et al., 2005). Indications of different successional levels of 

submerged macrophyte communities between sites found in this study are attributed to stochastic 

disturbances by waves. Waves set back seagrass communities towards a more bare, earlier successional stage. 

Most disturbed is wave-exposed site; least the wave-sheltered site. 

Rhizophytic algae such as P. capitatus are necessary for the (re-)establishment of seagrass meadows, and play 

an important role in recolonization of bare seabed after disturbance events. By combining the results of 

transplant experiments I & II, the multivariate DCCA ordination of community data, and the mass transfer rate 

experiment, it seems occurrence of a species in studied submerged macrophyte communities is determined by 

a combination of mainly disturbance by wave exposure, influencing ecologically available space, and grazing 

pressure, influencing species composition. Sediment type could also have an effect, but was not investigated. 

Plant densities co-determine wave attenuation, an important factor in coastal protection by bioengineers (Koch 

et al., 2009). Rhizophytic algae are functional colonizers, by stabilizing sediment. When not in climax 

vegetation, calcifying algae add to the carbonate sands of the meadows. Species dynamics are likely to change 

as the future abiotic environment unfolding higher temperatures, a lower pH and increased storm frequency, 

will favour more resilient competitors such as fleshy algae (Porzio et al., 2011; Koch et al., 2013). Calcifying 

algae are prone to lose their rigidness and functional structure due to dissolution of CaCO3 under decreased 

pH, inducing competitive disadvantage (Porzio et al., 2011). Ocean acidification may benefit highly invasive 

non-native algal species (Hall-Spencer et al., 2008), as competition dynamics change along with abiotics.  

Put in future perspective, where the dissolution of CaCO3 dominates over calcification due to a lower pH (Koch 

et al., 2013), meadows could be losing their rhizophytic (and calcifying) pioneers and community structure to 

more opportunistic species, which do not fulfil similar ecosystem functions. Smothering of meadows by fleshy 

algae is amongst possibilities, alongside severe mechanical damage by an increase in stochastic disturbance 

events such as (tropical) storms.   

Little disturbance keeps heterogeneity and well-functioning of wave-exposed submerged macrophyte 

communities and their services, while large scale disturbances  are capable of their total destruction. Stochastic 

disturbances, especially tropical storms, add to the chances of meadow loss, exposing more bare seafloor. The 

combination of a predicted decline in pH and an increase in storminess, possibly enforce each other in a 

positive feedback loop, which could result in a stable state of bare seafloor. 

 

To verify obtained results in a gradient analysis, a higher resolution of nutrient, mass transfer and grazing 

pressure data is needed. Furthermore, the role of Penicillus capitatus and Halimeda sp. as functional colonizers 

in restoration ecology could be experimentally investigated, maybe in combination with structures that 

attenuate waves (like the permanent vertical wooden beams, that are used as dune protectors in the 

Netherlands). For restorational purposes of tropical coastal ecosystems, instead of transplanting pieces of 

seagrass meadow, it might be an idea to test a more natural approach by starting to add rhizophytic algal 

communities to bare seafloors as sediment stabilizers.  
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APPENDIX 
TRANSPLANT EXPERIMENT II: CLASSIFICATION OF GROWTH 

0/- 0/+/- 

  

- +/- 

 
 

 

Light green parts indicate new growth. 

SALINITY PLOTTED OVER TIME 

 
Salinity over time: 1=unidirectional, 2=wave-sheltered, 3=exposed 
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N:P RATIOS CALCULATED FROM NUTRIENT DATA 

 

N:P ratios 1=wave-sheltered, 2=unidirectional, 3 =exposed. High whisker and mean of vegetated of 3 (E) is 

explained by N:P being higher in September at Orient Bay.  

TWIST OF HALIMEDA INCRASSATA DUE TO NEW POSITIONING. 

 

 0/+/- 

Light green = new growth. Clear twist in Halimeda incrassata due to new positioning. 


