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I MARES is:    

• an independent , object ive and authoritat ive inst itute that  provides knowledge necessary for an 

integrated sustainable protect ion, exploitat ion and spat ial use of the sea and coastal zones;  

• a key, proact ive player in nat ional and internat ional marine networks ( including I CES and 

EFARO). 
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Execut ive summary  

Lac Bay, is a clear-water, 5 m  deep shallow t ropical lagoon of approximately 7 km 2 opening onto the 

wave-  and wind-exposed east  coast  of the island of Bonaire, southern Caribbean. I t  contains the largest  

seagrass and algal beds of the island, and of the Caribbean Netherlands. Over the last  decades land 

reclamat ion by mangroves in Lac has been expanding the surface of turbid, saline backwaters into the 

bay at  an average rate of 2.34 ha per year. This process threatens the future habitat  quality and crit ical 

ecological funct ion the bay fulfills as the most  im portant  fish nursery habitat  for Bonaire.  

 

To help understand the changes taking place in the bay we here quant itat ively document  and describe 

the dist r ibut ion of algal and seagrass beds along the environmental gradient  from  clear, open bay 

condit ions to the turbid and isolated condit ions of the inner mangrove pools. The percentage cover of 

principal benthic vegetat ion was est imated on 98 random ly chosen 4 m 2 survey plots dist r ibuted among 

three principal zones of the bay. Five main seagrass and algal communit ies were described that  differ 

significant ly in species composit ion, biot ic density and gross dist r ibut ion in the bay. The r ichest  

assemblages with highest  biot ic coverages occurred in high light - intensity and well-circulated shallow 

habitats that  fr inged the mangroves of the cent ral bay area. Both landwards in through the mangrove 

channels and seawards of this zone, towards the deeper parts of the bay, both biot ic diversity and cover 

decreased. I solated mangrove pools had the lowest  total cover, species r ichness and biodiversity of all 

habitats. Compared to the early 1990s, Thalassia testudinum  no longer plays a role in the mangrove pool 

habitats of Lac but  is only found in the cent ral bay area and its margins. The lushest  Thalassia-beds 

occur shallow where they are being encroached upon by Halimeda growth while the deeper Thalassia-

beds are being massively invaded by the exot ic seagrass Halophila st ipulacea,  first  detected in 2010.  

 

The fish community st ructure of the Lac habitats were invest igated using visual census. We 

quant itat ively sampled the fish species abundance, composit ion, and size-st ructures at  a total of 139 

sites dist r ibuted among nine different  sub-habitats. Fish community variables differed consistent ly among 

habitats and were mainly influenced by the percent  cover of seagrass vegetat ion or presence of 

mangrove- root  st ructure. Mangrove fr inge habitats were a prem ier habitat  since mult iple life stages of a 

variety of species showed highest  densit ies there. Several reef fish species had a dist r ibut ion pat tern 

suggest ing a unique step-wise post -set t lement  life cycle m igrat ion in which larger juveniles and/ or 

subadults appear to move from  the open bay environm ent  (seagrass beds or bay mangrove fr inge)  to 

the interior mangrove fr inges along mangrove pools, before later depart ing to the adult  habitat  of the 

coral reef. Part icularly important  among these was the I UCN red- listed rainbow parrot fish, Scarus 

guacamaia (NT) , a prom inent  species in the bay.  

 

I n the case of the well- lit  and well-circulated cent ral bay habitat , the lim it ing factor to fish abundance 

and diversity appeared to be the paucity of three-dimensional shelter due to the predom inance of the 

invasive seagrass H. st ipulacea with small and short  leaves. I n the warm  and hypersaline backwaters, 

physiological tolerance lim it s were likely a key factor. Our results indicate that  maintenance of habitat  

connect ivity and smaller-scale habitat  diversity is a key management  priority for ensuring secondary 

product ivity of coastal marine habitats. 

 

The valuable sea grass and mangrove habitats of Lac are essent ially t rapped in an enclosed bay.  

As long- term  mangrove expansion have been steadily reducing the net  coverage of clear, well circulated 

open bay waters by an average of more than 2 hectares per year, the surface of shallow, muddy, 

stagnant, hypersaline backwaters has been increasing by an almost  equal amount . These backwaters are 

unable to support  either meaningful mangroves, seagrass or algal meadows, nor the key nursery 

species. Unchecked expansion of saline backwaters means that  the most  valuable nursery habitats will 

come under addit ional salinity st ress and likely cont inue to decrease in coverage and quality at  an 

accelerated rate. Consequent ly, the long- term  biodiversity and ecosystem funct ion of the bay is at  stake 
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and management  intervent ion is needed to stem  further erosion of nursery habitat  quality and ensure 

that  a t ipping-point  is not  reached beyond which recovery may be difficult  or impossible. 

 

To relieve the bay ecosystem of thermal and salinity st ress caused by the shallow backwaters measures 

would need to be taken to help restore water depth, and circulat ion. The need to restore hydrology to 

stem  mangrove forest  mortality and further erosion of habitat  quality was first  pointed out  by a team of 

experts in 1970, and is long due. Excavat ion of accumulated erosional and biogenic sediments as well as 

dredging to restore former feeder channels by rem oval of mangrove overgrowth (as already started by 

St inapa)  are among the measures that  need to be taken. Such measures could also help alleviate the 

problem  of eut rophicat ion as documented for Lac in other studies. Finally, this work documents the 

alarm ingly rapid invasion of the bay by the invasive seagrass H. st ipulacea.  Further studies are needed to 

assess the impacts that  this species is having on the flora and fauna of the bay.  
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Terms of reference 

The mangrove and seagrass lagoon of Lac Bay on Bonaire covers an area of roughly 700 ha. I t  is hom e 

to endangered green sea turt les, Chelonia mydas,  and the Caribbean queen conch, Strombus gigas,  and 

is an important  roost ing site for birds. Other endangered species include the threatened corals Acropora 

palmata and A. cervicornis and the rainbow parrot fish, Scarus guacamaia and some other I UCN 

vulnerable species. Based on its nature values this 7km 2 bay has been designated as a legally protected 

Ramsar site (St inapa Bonaire 2003)  and ident ified as a Birdlife I nternat ional I BA ( I mportant  Bird Area)  

(Wells and Debrot  2008) . The area falls under the management  responsibilit y of the Nat ional Parks 

Foundat ion of Bonaire STI NAPA Bonaire which t r ies to address several issues based on a 2009 

management  plan. Lac Bay is under increasing development  pressure for recreat ional use and m ore-

effect ive managem ent  is clearly necessary.  

 

As a Ramsar area, several internat ional obligat ions need to be met , including the docum entat ion of 

changes, management  according to wise use and regular report ing. Based on concerns about  Lac and the 

internat ional commitments, in 2010 the then Minist ry of LNV, The Netherlands, comm issioned I MARES to 

assess the situat ion (Debrot  et  al.  2010a)  and come with a short list  of act ion points (Debrot  et  al.  2010b)  

that  address the principal informat ion gaps. This m inist ry ( today the Minist ry of Econom ic Affairs, 

Agriculture and I nnovat ion, or EL&I )  cont inues to act ively exercise its mandate with respect  to the 

biodiversity of the Caribbean Netherlands and commissioned these studies.  

 

Two of the ident ified inform at ion gaps were the need to quant itat ively document  and assess the current  

state of the seagrass and fish communit ies of the Lac ecosystem . These two im portant  subjects are 

addressed separately in the two sect ions of this report .  

 

This report  is part  of the Wageningen University BO research program (BO-11-011.05-007)  and was 

financed by the Minist ry of Econom ic Affairs, Agriculture and I nnovat ion (EL&I )  under project  number 

4308701003. I mares also provided supplemental funding through student  internship grants to A. 

Hylkema and W. Vogelaar. 

 

 

 

Acknowledgm ents 

This work was conducted on Bonaire under auspices of St inapa Bonaire. Ton Akkerm an and Hayo 

Haanst ra of EL&I  arranged the main funding required for our work. We thank Elly Albers of the Mangrove 

I nformat ion and Act ivity Center for allowing us to borrow her kayaks. Paul Hoet jes, Diana Slij kerman and 

Mabel Nava, are thanked for providing supplem ental informat ion and valuable reviews. We further thank 

Frank van Slobbe of DROB-Bonaire for arranging the necessary perm its and the STI NAPA rangers and 

addit ional staff,  for their advice, cooperat ion and assistance. Dr. R. Peachey generously allowed us to use 

the CI EE Bonaire laboratory facilit ies. We also thank Ellard Hunt ing from  the University of Amsterdam for 

ident ifying the unknown sponges and Rudi Roijackers for  his support  as academ ic advisor to A. Hylkema 

and W. Vogelaar. Liesbeth van der Vlies is thanked for help in preparing the manuscript .  

 

 



Report number C129/ 12 7 of 52  

Sect ion A:   

The dist r ibut ion of sea grass and algal beds in the 

changing seascapes of a  t ropical m angrove lagoon, Lac, 

Bonaire, Southern Caribbean  

 

A.O. Debrot , A. Hylkem a, W . Vogelaar, W .F. Prud'hom m e van Reine, M.S. Engel,  

H.W .G. Meesters 

 
© A.O. Debrot , I MARES 

Abstract  

Lac Bay, is a clear-water, 5 m  deep shallow t ropical lagoon of approximately 7 km 2 opening onto the 

wave-  and wind-exposed east  coast  of the island of Bonaire, southern Caribbean. I t  contains the largest  

seagrass and algal beds of the island. Over the last  decades land reclamat ion by mangroves in Lac has 

been expanding the surface of turbid, saline backwaters into the bay at  an average rate of 2.34 ha per 

year. This process threatens the future habitat  quality and crit ical ecological funct ion the bay fulfills as 

the most  important  fish nursery habitat  for Bonaire.  

To help understand the changes taking place in the bay we here quant itat ively document  and describe 

the dist r ibut ion of algal and seagrass beds along the environmental gradient  from  clear, open bay 

condit ions to the turbid and isolated condit ions of the inner mangrove pools. The percentage cover of 
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principal benthic vegetat ion was est imated on 98 random ly chosen 4 m 2 survey plots dist r ibuted among 

three principal zones of the bay. Five main seagrass and algal communit ies were described that  differ 

significant ly in species composit ion, biot ic density and gross dist r ibut ion in the bay. The r ichest  

assemblages with highest  biot ic coverages occurred in high light - intensity and well-circulated shallow 

habitats that  fr inged the mangroves of the cent ral bay area. Both landwards in through the mangrove 

channels and seawards of this zone, towards the deeper parts of the bay, both biot ic diversity and cover 

decreased. I solated mangrove pools had the lowest  total cover, species r ichness and biodiversity of all 

habitats. Geographic posit ion along the habitat  gradient , salinity and subst rate characterist ics accounted 

for the most  variat ion seen between the different  benthic assemblages. 

Compared to the early 1990s, Thalassia testudinum  Banks ex König no longer plays a role in the 

mangrove pool habitats of Lac but  is only found in the cent ral bay area and its margins. The lushest  

Thalassia-beds occur shallow where they are being encroached upon by Halimeda growth while the 

deeper Thalassia-beds are being massively invaded by the exot ic seagrass Halophila st ipulacea (Forsskål)  

Ascherson, first  detected in 2010. This invasive species was absent  in the r ichest  shallow assemblages 

dom inated by Thalassia and Halimeda but  has firm ly invaded two disjunct  seagrass assemblages with 

lower coverage of nat ive species in the cent ral bay area and the mangrove lagoonal habitat . The overall 

diversity of the assemblages described for Lac was lower than for assemblages described for the Spanish 

Water bay of Curaçao due to the total absence of hard subst rates.  

A.1 I nt roduct ion  

Shallow-water marine ecosystems such as seagrass and algal meadows and mangroves provide habitat , 

nursery and feeding grounds for many fish (Parrish, 1989;  Nagelkerken et  al. ,  2000;  Nagelkerken et  al. ,  

2000b;  Laegdsgaard and Johnson, 2001)  and invertebrate species (Haywood et  al. ,  1995;  Loneragan et  

al.,  1998)  and serve crit ical ecosystem funct ions (Gladstone, 2009;  Nagelkerken, 2009) . Waycot t  et  al.  

(2009)  docum ent  the alarm ing loss of seagrass com m unit ies worldwide. Seagrass and algal m eadows are 

known to show great  variabilit y in appearance and st ructure due to such factors as depth, t idal regime 

and geomorphology. Such variabilit y certainly also affects their funct ion for different  species and life-

stages of organisms that  use them, but  few studies have described that  variabilit y or how it  m ight  affect  

ecological aspects. So while the discussion about  the nursery funct ion of such habitats cont inues (Blaber, 

2007) , the definit ion of such habitats also remains unsett led (Faunce and Layman, 2009)  as do even the 

criteria by which to define them (Beck et  al.  2001;  Dahlgren et  al. ,  2006;  Sheaves et  al. ,  2006) . Yet  the 

literature provides exceedingly few quant itat ive descript ions of seagrass beds. 

I n this study we provide quant itat ive assessm ent  of seagrass and algal meadows for Lac Bay in Bonaire. 

Lac is an approximately 7 km 2 shallow lagoon in the southeast  sector of Bonaire (Fig. 1) . I t  is the largest  

lagoon of the island and contains by far the most  extensive and important  mangrove and seagrass 

habitats of Bonaire and the Caribbean Netherlands. Almost  all other bays of the island are sem i-enclosed 

and largely hypersaline in nature which makes them important  for flam ingos but  largely unsuitable to 

significant  seagrass and mangrove development .  

The bay has been documented as a locally important  habitat  for the endangered queen conch (Strom bus 

gigas Linnaeus)  (Lot t ,  2000;  Engel, 2008)  and the protected green turt le, Chelonia mydas Linnaeus 

(Debrot  et  al. ,  2010)  and furthermore funct ions as a valuable nursery habitat  for many fish species (Van 

der Velde et  al. ,  1992;  Van Moorsel and Meijer, 1993;  Nagelkerken et  al. ,  2002) . Based on its 

concent rat ion of nature values, the bay has been designated as a legally protected Ramsar site and has 

also been ident ified as a regionally signif icant  I BA ( I mportant  Bird Area)  by Birdlife I nternat ional (Wells 

and Debrot , 2008) . The area is managed by the Nat ional Parks Foundat ion of Bonaire, STI NAPA Bonaire, 

based on their recent  management  plan in which several issues are addressed. Nevertheless, Lac Bay is 

under increasing development  pressure from  recreat ional use and has been in long- term  decline due to 

filling- in with sediments (e.g. Lot t ,  2001) . Aerial and satellite maps of mangrove dist r ibut ion dat ing back 

to 1961, show that  the back of the bay is filling in relat ively rapidly as the mangroves m igrate seaward 

within the bay. Erdman and Scheffers (2006)  found that  free expansion of the mangroves in a seaward 

direct ion amounted to a growth of 81 ha of mangroves on the seaward margin (average:  2.34 ha per 

year)  and a pract ically equal loss of mangrove surface area on the landside of the lagoon (of 82 ha)  
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during a 35 year period up to 1996. I n the process the net  coverage of clear, well circulated open bay 

waters has declined by 81 ha while the surface of shallow, hyper-saline back-waters unable to support  

either mangroves, seagrass or algal meadows has grown by 82 ha. This process seriously threatens the 

long- term  biodiversity and ecosystem funct ion of the bay, but  its exact  causes and consequences are 

poorly understood. Addit ional problems include heavy recreat ional use, lit ter contam inat ion, poaching of 

queen conch and eut rophicat ion (Debrot  et  al. ,  2010a;  Slij kerman et  al. ,  2011) . To address these issues 

and provide quant itat ive baseline data an act ion plan was recent ly out lined (Debrot  et  al. ,  2010b) , which 

included the need for a baseline benthic community descript ion as addressed in this study. 

A quant itat ive descript ion of the benthic seagrass and algal meadows dist r ibuted across the 

environmental gradient  associated with the mangrove-driven land reclamat ion is a first  cr it ical step to 

help us to bet ter understand how this dynam ic process is affect ing the dist r ibut ion of benthic macro- flora 

(and –fauna)  in the bay and provide insight  into its m id-  to long- term  consequences to the various 

nursery habitats of the bay. Quant itat ive insights into such habitats are also crit ical for developing 

criteria with which to ult imately understand funct ion. Therefore the pr incipal object ive of this study was 

to describe and compare the dist r ibut ion of seagrass and algal meadows in terms of key community 

descriptors such as biot ic cover, species r ichness and diversity as dist r ibuted along an environmental 

gradient  in this t ropical Caribbean bay, st retching from  clear open bay waters adjacent  to coral reefs to 

stagnant  and saline mangrove pools. Several largely descript ive studies conducted on the fauna and flora 

of Lac (e.g. Wagenaar-Hummelinck and Roos, 1970;  Hoek et  al. ,  1972;  Fransen, 1986;  Van Moorsel and 

Meijer, 1993;  Lot t ,  2000;  Engel, 2008) , provided background for some prelim inary assessm ent  of long-

term  changes occurring in the bay.  

An addit ional point  of interest  was to assess the current  status inside Lac of a recent ly discovered 

invasive seagrass, Halophila st ipulacea (Forsskål)  Ascherson.  This species is invasive in the Caribbean 

(Willet te and Ambrose, 2009)  and was first  reported in Grenada in 2002 (Ruiz and Ballant ine, 2004) . H. 

st ipulacea was not  reported in the most  recent  seagrass assessm ent  for Lac (Engel, 2008) , but  quite 

clearly showed high coverages in certain habitats of the bay.  

A.2 Mater ials and methods  

A.2.1 Study area 

The lagoon of Lac Bay is located along the eastern coast  of Bonaire and covers an area of somewhat  

more than 700 ha. The bay is largely 0-3 m  deep and protected from  the waves of the wind-exposed 

eastern coast  by a shallow coral barrier. De Buisonjé (1974)  points out  that  bays in the Leeward Dutch 

Caribbean were largely form ed due to postglacial inundat ion of Pleistocene erosional valleys. The main 

channel connect ing the bay to the luxuriant  fr inging reef is about  5 m  deep. Likely related to overall 

sediment  product ion and accumulat ion in the bay, the deepest  part  of the ent rance to Lac Bay decreased 

in depth from  8 to the present  5 meters since 1949 (Lot t ,  2001) . Lac is essent ially a clear-water bay and 

horizontal Secchi visibilit y ranges from  some 4.5 to more than 21 m  in the cent ral parts of the bay (Van 

Moorsel and Meijer, 1993) . Hence, apart  from  the sediment - r idden murky back-waters, seagrass and 

algal development  is not  lim ited by light . 
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Fig. 1. The survey points for all dist inguished assemblages in Lac and the extent  of mangrove cover in 1961 

and 1996 (modified after Erdmann and Scheffers, 2006) . 

The sem idiurnal t idal amplit ude in this part  of the southern Caribbean averages about  30 cm  (De Haan 

and Zaneveld, 1959) , which, along with the shallow depth of large sect ions of the bay t ranslate into 

reduced circulat ion. I n Bonaire the average daily evaporat ion is 8.4 mm (De Freitas et  al. ,  2005) . This 

means that  salt  concent rat ions and water temperature can effect ively build up in any shallow areas of 

the bay that  have poor connect ion to open waters, whether it  be due to accumulat ion of sediments in 

t idal channels or the narrowing of those channels due to mangrove growth. The consequence of these 

factors is a dynam ic environm ental gradient  along which different  benthic communit ies are found. 

A.2.2 Sam pling 

Using satellite images from  2003, four principal habitat  zones were dist inguished:  cent ral bay, shallow, 

densely-vegetated bay border, “blue”  mangrove pools and “dark”  mangrove pools where the waters were 

discolored by mangrove tannins (Fig. 1) . Sample plots were chosen using a random locat ion generator. 

The m inim um  num ber of plots to be achieved per habitat  was set  at  15 plots each, but  more sampling 

was achieved, with most  extra sampling focused on the larger habitats (bay border and cent ral bay 

habitats) . The result ing number of plots per habitat  was as follows:  18 in the dark mangrove pools, 20 in 

the blue mangrove pools, 30 in the bay border and 30 in the cent ral bay. Each plot  was visited for 

sampling once, between Septem ber and December 2011. 

I n this study sessile macro- flora and –fauna is characterized as having a second shortest  dim ension of 1 

cm  or larger, taking into account  the two-dim ensional growth form  of m any algal taxa. Smaller flora and 

fauna like seagrass epiphytes were not  taken into account . Taxa moving only when seriously disturbed 

such as upside-down jellyfish, Cassiopeia sp., were considered sessile. Survey plots were reached by 

boat  or kayak using a Garm in GPS 12 XL device. At  each survey plot  the percentage cover per species 

was est imated using a 1 m 2 PVC quadrant  divided into 100 10 x10 cm  squares. I f taxa occupied less than 

1 percent , their presence was noted as 0.01 %  cover. The sampling surface for community descript ion 

was set  at  4m 2 based on the finding by Kuenen and Debrot  (1995)  that  a sample surface of 3 m 2 

(corresponding to three cont iguous 1 m  x 1 m  quadrats)  was sufficient  to reach a 0.70 value for the 

Bray-Curt is sim ilarity index in a range of seagrass communit ies in the Spanish Water Bay in Curaçao. 
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The percentage cover est imat ions were done by one of the two researchers perform ing this study, using 

SCUBA or snorkeling gear.  

Most  species could be readily ident ified in the field based on general ident if icat ion guides and species 

lists for the bay. I dent ificat ion was done up to the highest  possible taxonom ic level. Specimens of 

unknown taxa were collected in small plast ic tubes with seawater and determ ined the same day using 

ident ificat ion guides (Lit t ler  et  al.,  1989;  Lit t ler and Lit t ler, 2000) . I f taxon ident ificat ion was not  possible 

the specimens were photographed and code-named. This name was used the rest  of the research period. 

I n December 2011 all unknown taxa were collected and fixed using a 4%  formalin-seawater dilut ion. 

After 24 hours the specimens were t ransferred to a 90%  ethanol dilut ion for ident if icat ion in The 

Netherlands and deposit ion in the collect ions of Naturalis, Leiden, The Netherlands. 

A.2.3 Abiot ic variables 

Several environmental variables were taken at  every survey plot . Tem perature was measured with a dive 

computer (Suunto Zoop)  to one degree precision. Field measurements were obtained by correct ing 

temperature measurements of the dive computer with temperature measurements of  calibrated 

thermometer. Horizontal Secchi disk distance was taken at  the surface as an indicat ion of turbidity. The 

Secchi disk was hung on the boat  at  0.5 m  deep facing the sun, while a swimmer est imated the visibilit y 

using a line with every 0.1 m  a distance marking. At  each survey plot , water samples were collected in 

plast ic bot t les and afterwards salinity was measured in a laboratory using a YSI  556MPS salinity 

measuring device. Depth (±  0.3 m  due to t idal influence)  was measured using a weighted line with every 

0.1 m  a depth marking. The irradiance level at  the bot tom  and at  the surface were measured to calculate 

the percentage of light  reaching the bot tom  of the survey plot . I rradiance measurem ents were done 

using a HOBO®  Pendant  Temperature/ Light  Data Logger (UA-002-64)  and Waterproof Shut t le (U-DTW-

1) . All light  measurem ents were taken between 10 am and 3 pm. Bottom  measurements were taken 5-

15 cm  above the bot tom , while surface measurem ents were taken 0-10 cm  beneath the surface. Light  

measurements were collected in duplicate every 10 seconds during 100 seconds, result ing in 20 

measurements per site for both bot tom  and surface. The sediment  was divided in three categories:  

organic mat ter, silt  and sand. For each category criteria were set  in advance. Assessing the sediment  

composit ion was done by eye while moving a hand slowly 10 cm  above the bot tom . Organic mat ter was 

defined as part icles of different  size with plant  or algae like material that  was very easily disturbed by a 

moving hand. Silt  was defined as very small part icles of the same size that  were easily disturbed by a 

moving hand. Sand was defined as small part icles of the same size that  were not  easily disturbed by a 

moving hand. At  some locat ions calcified Halimeda sediment  was found, this consisted of remnants from  

the calcareous Halimeda algae.  

A.2.4 Data analysis and assem blage descript ion 

All data was stored in Microsoft  Excel 2007, except  for the light  measurements which were stored in 

HOBOware® -software. A cluster analysis of the plots based on percentage cover per taxon was 

perform ed to ident ify different  biot ic assemblages. Data were 4 th root  t ransformed to reduce dom inance 

by abundant  species and sim ilarity between samples calculated using the Bray Curt is sim ilarity 

coefficient . Hierarchical clustering used group average linkage. Assemblages were discerned using a 

variable stopping rule based on the SI MPROF analysis (Clarke et  al. ,  2008)  which uses permutat ion to 

test  how likely it  is that  a group of samples forms a cluster by chance. Groups were discerned using a p 

value of 0.05. Visualizat ion of the result ing assemblages was both through clustering and non-met ric 

Mult i-Dimensional Scaling (MDS) . Differences between areas were tested for significance by the ANOSI M 

procedure (Clarke and Ainsworth, 1993)  and PERMANOVA (Anderson, 2001;  McArdle and Anderson, 

2001) . Homogeneity of mult ivariate dispersions was tested by the PERMDI SP procedure (Anderson, 

2006) . The number of perm utat ions used for all perm utat ional test ing was 999, except  when ment ioned 

otherwise. All mult ivariate analyses were performed with the stat ist ical package Primer 6 (Clarke and 

Gorley, 2006) . I dent ified assem blages were further com pared in terms of (1)  associated physical 

parameters, (2)  the number of species, S;  and (3)  Shannon’s index of diversity H' (Sodhi and Ehrlich, 

2010) . Overall comparisons were done by means of ANOVA, using log- t ransformat ion to norm alize the 

data in certain instances as needed. Mult iple compar isons discussed as “ significant ”  below are only those 
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in which 95%  confidence lim its showed no overlap between assemblages ( ie. p < < 0.01) . Potent ial 

relat ionships between environmental variables and the biological communit ies were studied using the 

BI O-ENV procedure (Clarke and Ainsworth, 1993) , which finds the correlat ion (Spearman rank)  between 

the biological sim ilar ity mat rix and a mat rix formed by any combinat ion of environmental variables. 

Significance was also tested using permutat ion (n= 99) . 

For each plot  biot ic coverage, S and H’ were calculated per 4 m 2.  Not  all specimens could be ident if ied up 

to species level, which means species r ichness in this study is the mean number of taxa per 4 m 2.  

Percentage cover per taxonom ic group and total biot ic cover were calculated for each plot . For each 

assemblage, taxa were defined as “ common”  when occurring in 50-66%  of the plots and taxa were 

defined as “ typical”  when occurring in > 67%  of the plots. Typical taxa having a mean cover of > 30%  

were further defined as “dom inant ”  (Kuenen and Debrot , 1995) .  

A.3 Results 

A.3.1 General results 

The GI S locat ion of the survey plots of each assemblage dist inguished are shown in Fig. 1. Lac displayed 

a st rong zonat ion in habitats principally dist r ibuted along an environm ental gradient  from  muddy, 

landlocked pools ( in the northern port ion of the sampling area)  to open-water bay condit ions ( in the 

southern port ion of the sampling area)  and this was reflected not  only in the biot ic composit ion of the 

benthic assemblages found, but  also in the associated physical habitat  parameters. Seven significant  

biot ic clusters were dist inguished by the SI MPROF procedure (P< 0.05) , which were labeled A-G (see also 

Fig. 1) . The seven assem blages dist inguished were named after dom inant  and different iat ing species 

present  in the assem blages. The five main assemblages encountered were assemblages A, C, D, F, and 

G. I n cont rast , assemblages B and E were both found at  only 2 of the 96 plots. No stat ist ical cont rasts or 

comparisons were done with the lat ter two assem blages, due to the low number of replicates.  

Basic abiot ic variables used to describe the sequence of habitats (and associated seagrass and algal 

meadows)  can be found in Table 1. Comparison between the dist inguished communit ies in terms of 

depth, Secchi-disk t ransparency, temperature and salinity using ANOVA demonst rated significant  

differences (p <  0.01)  for all four of these parameters. Mult iple comparisons noted as significant  below 

are only those in which 95%  confidence lim its showed no overlap between habitat  associated 

assemblages ( i.e., p <  0.01) .  

Table 1 Mean abiot ic var iables (number of plots sampled, depth, hor izontal Secchi disk depth, bot tom 

irradiance, temperature, salinity and substrate type) per assemblage (± SD). nd =  no data. 

  

A B C D E F G   

Batophora-  

Avrainvillea 
Arenicola 

Acetabular ia–

Cassiopeia-

cyano 

Thalassia-  

Halophila 

Tedania -  

Haliclona 
Thalassia 

Thalassia-

Halimeda 
Backwaters 

N 18 2 19 21 2 30 6 23 

Depth (m)  1.4± 0.4 3.4± 0.14 2.5± 0.8 3.7± 0.7 2.2± 0.6 2.0± 1.3 1.7± 0.5 0.4± 0.2 

Horizontal SDD (m )  4.3± 1.5 7.8± 4.6 4.3± 1.1 9.2± 2.3 5.5± 1.3 6.3± 3.1 5.9± 1.9 < 0.4 

Bot tom irradiance (%  

of surface irradiance)  
14.9± 7.6 35.8± 21.4 14.2± 6.6 21.2± 9.2 nd 44.3± 22.9 26.4± 7.7 12.2± 4.8 

Temperature ( °C)  29.6± 0.5 29.0± 0.0 30.0-0.0 28.9± 0.4 29.5± 0.7 29.3± 0.8 29.3± 0.5 32.3± 1.1 

Salin ity  (ppt )  40.6± 4.7 36.9± 0.4 37.9± 0.7 36.9± 0.5 36.9± 0.4 36.9± 0.7 36.8± 0.6 52.1± 1.7 

Subst rate 

type (% )  

organic 
mat ter  

94.4± 23.6 0.0± 0.0 5.3± 22.9 0± 0.0 0± 0.0 0± 0.0 0± 0.0 nd 

silt   5.6± 23.6 25.0± 0.0 81.6± 26.1 20.0± 19.2 50.0± 35.4 27.6± 16.8 28.6± 26.7 nd 
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The most  landward habitat  zone sampled is referred to as the “backwaters” . These were landlocked 

behind form er islands and a wide mangrove forests in the north and especially northwestern landside 

quadrant  of the Lac Bay. These areas were the shallowest  of all habitats sampled, and also had highest  

salinit ies, and temperatures and t ransparencies of less than 40 cm . Temperature, salinity, depth and 

Secchi-disk t ransparency of the “back-waters”  differed significant ly with all other areas which had 

seagrass and/ or algal communit ies (p <  0.01) . The bot tom  consisted of a soupy brown terr iginous and 

biogenic mud layer typically 40-80 cm  deep, with in it  dead remnants of a form er mangrove forest . Apart  

from  small bunches of Batophora at tached just  below the waterline on dead red mangrove t runks and 

surviving black mangrove (air roots) , these adverse condit ions did not  allow development  of sessile 

macrobenthic life. While sparse growth of Ruppia marit ima was found along the shallow m argins of the 

backwaters, these areas were generally devoid of seagrass and algal meadow development  and they 

were consequent ly not  sampled for community descript ion.  

Moving towards open bay waters, the next  principal habitat  encountered was that  of the “dark mangrove 

pools” . The water of these generally stagnant  pools was brownish in color. I n mangrove forests this is 

typically caused by leached tannins which are very abundant  in mangrove t issues and humus. Salinit ies 

were the next  highest  of all habitats (40 ppt )  and the sediment  composit ion was 94%  organic material.  

Average depth (1.4± 0.4)  was a meter more than the backwaters. Condit ions allowed lim ited 

development  of some sparse and impoverished sessile benthic growth ident ified below as assemblage C. 

Temperatures in this assemblage were significant ly higher than recorded in assemblages D and F (p <  

0.01) , which were found in the much bet ter-circulated bay margin and cent ral bay areas.  

Moving seawards, the next  habitat  category was that  of the “blue pools” . These were on average yet  

another meter deeper (2.5 m)  than the “dark pools”  and salinit ies were lower than in the dark mangrove 

pools. I n cont rast  to the dark mangrove pools, in the blue mangrove pools the water was not  heavily 

discolored by tannins. With clearer waters but  a rough meter more of depth, bot tom  light  penet rat ion 

was sim ilar to that  of the dark mangrove pool habitat . I n cont rast  to dark mangrove pool habitat , the 

bot toms had lit t le organic humus and were largely dom inated by fine silt .  The sessile benthic assemblage 

principally found here (assemblage A)  was much bet ter-developed with a more than 3 t imes higher 

sessile species r ichness and almost  twice higher average benthic cover compared to the dark mangrove 

pools. Salinity in assemblage A differed signif icant ly with that  of assemblages C, D, F and G (p <  0.01) .  

The next  habitat  we refer to as the bay border” , a shallow zone within the main bay waters, clearly 

dist inguishable on aerial photographs as a band lining the mangroves. Average depths was generally 2 m  

or less and bot toms were dom inated by calcareous sand ( “42-71% ) and/ or Halimeda segments (0-29% ). 

Tem perature and salinity were generally sim ilar to cent ral bay condit ions, but  net  bot tom  irradiance was 

significant ly higher due to the shallower depths. Two principal assemblages were described for this 

habitat . These were assemblages F and G. Of these, assem blage F had the highest  average biot ic cover 

of the five principal communit ies descr ibed, while assemblage G had the highest  sessile benthic species 

r ichness of all.  This mosaic pat tern of two main assemblages meant  that  the bay border zone had both 

the highest  biot ic cover and the principal concent rat ion of species. 

The final habitat  sampled along this environmental gradient  was that  of the cent ral bay area. Average 

depths were 3.7 m  and water t ransparency was highest  of all habitats. Nevertheless due to the greater 

depths, net  bot tom  irradiance was generally lower than for instance shallow Thalassia fields in the bay 

borders. Subst rates were principally fully calcareous sand and silt .  The main assemblage for the cent ral 

bay area was assemblage D. I n terms of physical parameters, this assemblage cont rasted with 

assemblages A, C and F especially in terms of the signif icant ly higher t ransparency (p <  0.01) . 

Cluster analysis and non-met ric Mult i-Dimensional Scaling (MDS)  gave very sim ilar results. We show 

here the MDS plot  (Fig. 2)  because it  gives a bet ter spat ial interpretat ion of the data and provides 

addit ional insight  into environmental drivers. MDS analysis also shows that  the dist inguished clusters 

corresponded closely to the different  habitat  zones, and that  the cluster dendrogram split  well at  a fixed 

sim ilarity level of 25% . Both group tests (ANOSI M and PERMANOVA) indicate significant  differences 

between the four main habitat  zones sampled (p values respect ively <  0.001 and equal to 0.001) . 

Mult ivariate dispersions further appeared homogeneous (PERMDI SP p =  0.112) .  
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Fig. 2. Non-metr ic Mult i-Dimensional Scaling graph showing a two dimensional representat ion of the samples 

based on Bray Curt is sim ilar ity. Symbols denote the 7 significant ly different  assemblages ( labelled a to g, 

P< 0.05, using SI MPROF variable level cut t ing) ;  ellipses enclose groups that  exist  when cut t ing at  75%  

dissim ilar ity ( f ixed level cut t ing) , let ters indicate the four different  areas (BB, Bay Border;  CB, Central Bay;  BP, 

Blue Mangrove Pools;  DP, Dark Mangrove Pools) . 

 

BI O_ENV gave the highest  correlat ion (Rho= 0.532, p<  0.001)  with the variables “ lat itude” , “ salinity” , 

and “ sand content” . The most  stagnant  mangrove pool habitats with highest  salinity and silty or humus-

rich subst rate characterist ics were all concent rated in the northern half of the sampling area, while the 

southern half of the sampling area only had stat ions with lower salinit ies and sandy bot toms.  

A.3.2 Assem blage descript ions 

Table 2 shows the specific taxa which were found in each assemblage. Mean biot ic cover of each 

assemblage per taxon and in total is given in Table 3, while taxon r ichness per 4 m 2,  is given in Table 4. 

Biot ic cover, taxon r ichness and Shannon index of diversity of the assemblages are compared and 

cont rasted in Fig. 3, 4 and 5, respect ively. These tables and figures summarize the collected informat ion 

and allow brief community descript ions. 

Assem blage A, ( Batophora– Avrainvillea assem blage ) ,  is described based on 18 plots:  17 plots in 

the dark mangrove pools and one plot  in the bay border zone. The assem blage is found in shallow waters 

with a m ean depth of 1.4 m  and a bot tom  consist ing m ost ly of organic m at ter (> 94 % ) . The horizontal 

Secchi disc distance (SDD)  was 4.3 m  and mean temperature was 29.6 °C (Table 1) . This Batophora–

Avrainvillea assemblage is characterized by a saline environment  (40.6 ppt )  compared to open-water 

condit ions (around 36 ppt ;  Froelich et  al. ,  1978) . Salinity in assemblage A was significant ly higher (p <  

0,01)  than assemblages C, D, F and G, but  also significant ly lower than to backwater condit ions. Plots in 

the Batophora–Avrainvillea assemblage had a low m ean biot ic cover of 2.9%  (Fig. 3) . The m edian total 

number of taxa per m 2 was 1.6, and was significant ly lower than all other assemblages (Fig. 4) , while the 

Shannon diversity index (0.27)  was also significant ly lower than most  other assemblages, except  

assemblage D and F (Fig. 5) . A typical taxon for this assemblage was the gree alga Batophora oerstedii 

Agardh. Other algal taxa were present  on several plots but  always in low quant it ies, except  for the green 

alga Avrainvillea nigr icans Decaisne which occurred in dense patches in a few plots. 

Assem blage B ( Arenicola  assem blage)  was a low-cover cent ral bay alternate assem blage described 

on the basis of two plots, both situated in the cent ral bay area (Fig. 1) . The sediment  was a m ixture of 

sand (75% ) and silt  (25% ). Mean depth of occurrence was 3.4 m , while mean salinity was 36.9 ppt . The 

mean tem perature was 30 °C and the mean horizontal SDD was 7.8 m  (Table 1) . Biot ic cover was low 

(< 1% ) and a mean number of 4 taxa per m 2 was found in this assemblage (Tables 3, 4) . The Shannon 

diversity index was 1.12. The burrow worm  Arenicola cristata St im pson is a typical taxon for this 

assemblage. The sponge Am phimedon com pressa Duchassaing & Michelot t i,  the green algae Cladophora 
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cf.  liniform is Kützing and the red algae Acanthophora spicifera (Vahl)  Børgesen, Am phiroa fragilissima 

(Linnaeus)  Lam ouroux, Ceram ium sp. and Wrangelia argus (Montagne)  Montagne were also found in 

assemblage B.  

Assem blage C, ( Acetabularia– Cassiopeia– cyano assem blage) ,  is described based on 18 plots in 

the blue m angrove pools and 1 plot  in a dark m angrove pool. A m ean depth of 2.5 m  and a mean 

temperature 30 °C were measured. The horizontal SDD was 4.3 m . Mean salinity was high, 37.9 ppt , 

compared to open water condit ions. Sediment  type in this assemblage consisted most ly of silt  (81.6% )  

with a smaller fract ion of sand. The Acetabularia–Cassiopeia–cyano assemblage displayed a median 

biot ic cover of 15% , median taxon r ichness of 6.6 and median Shannon index of diversity of 1.09. 

Among the assemblages described it  compared low in terms of biot ic cover (Fig. 3) , but  intermediate in 

terms of species r ichness (Fig. 4)  and diversity (Fig. 5) . A brown cyanobacterial growth, referred to as 

“Cyano brown”  in this study, and the green algae Acetabularia crenulata Lam ouroux are typical taxa for 

this assemblage. Less frequent ly observed, but  st ill common taxa were the mangrove upside-down 

jellyf ish Cassiopeia xamanchana Bigelow and the calcareous green algae Halimeda incrassata Lam ouroux 

(Table 1) .  

Table 2. Taxa present  in Lac assemblages. *  =  present  in at  least  one plot  of the assemblage, C =  common 

(present  in more than 50%  of the plots) , T= typical (present  in more than 66%  of the plots)  and D =  dom inant  

( typical taxon with a mean cover of 30%  or more) . 
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Cyanobacter ia Cyano brown *  

 

T T C *  *  

Phaeophyceae Dict yota cf. pulchella Lamouroux 

   

*  

 

*  *  

 

Dict yota sp. Lamouroux 

   

*  C *  C 

Rhodophyceae Acanthophora spicifera (Vahl)  Børgesen 

 

C *  *  C *  *  

 

Aglaothamnion cf.  harveyi (Howe)  Aponte,  

Ballant ine & Norr is 

   

*  

 

*  *  

 

Amphiroa fragilissima (Linnaeus)  Lamouroux 

 

C 

     

 

Ceramium sp. Roth 

 

C 

 

*  

 

*  

 

 

Hypnea spinella (Agardh)  Küt z 

  

*  *  C *  *  

 

Laurencia int r icata Lamouroux 

   

*  

   

 

Wrangelia argus (Montagne)  Montagne 

 

C 

 

*  C *  

 

 

Wrangelia bicuspidate Børgesen 

   

*  C 

  Chlorophyceae Acetabular ia crenulata Lamouroux 

  

T *  

  

*  

 

Avrainvillea rawsonii (Dickie)  Howe 

     

*  

 

 

Avrainvillea nigr icans Decaisne *  

 

*  *  C *  *  

 

Batophora oestedii Agardh C 

 

*  

   

*  

 

Caulerpa cupressoides (West )  Agardh 

    

C *  

 

 

Caulerpa mexicana Sonder ex Kützing 

  

*  

 

C 

  

 

Caulerpa racemosa (Forsskål)  Agardh 

  

*  

 

C 

  

 

Caulerpa sertularoides (Gmelin)  Howe *  

   

C *  *  

 

Chaetomorpha lin ium  (Müller )  Küt zing 

  

*  *  

   

 

Cladophora cf. lin iform is Kützing 

 

C *  *  

 

*  

 

 

Dict yosphaer ia cavernosa (Forsskål)  Børgesen 

     

*  *  

 

Halimeda incrassata (Ellis)  Lamouroux  

  

C *  C C T 

 

Halimeda opunt ia (Linnaeus)  Lam ouroux 

  

*  

  

*  T 

 

Penicillus lamourouxii Decaisne 

  

*  *  

 

*  *  

 

Rhizoclonium cf. r ipar ium (Roth)  Harvey 

   

*  

   

 

Udotea flabellum  Lamouroux 

   

*  

 

*  *  

 

Valonia vent r icosa Agardh 

     

*  C 
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Angiospermae Halophila st ipulacea (Forsskål)  Ascherson 

  

*  C 

   

 

Ruppia m arit ima Linnaeus *  

 

*  

    

 

Syr ingodium  filliforme Kützing 

  

*  *  

 

*  

 

 

Thalassia testudinum  Banks ex König 

  

*  T C D T 

Porifera Amphimedon compressa Duchassaing & Michelot t i 

 

C 

     

 

Chalinula molit ba de Laubenfels 

  

*  

  

*  

 

 

Chondrilla nucula Schm idt  

     

*  

 

 

Dysidea ether ia de Laubenfels 

    

C *  *  

 

Haliclona tubifera George & Wilson 

     

*  

 

 

Haliclona twincayensis de Weerdt ,  Rützler & Sm ith 

  

*  *  C *  C 

 

Hyrt ios proteus Duchassaing & Michelot t i 

     

*  

 

 

St rongylamm a baki van Soest  

   

*  

   

 

Tedania ignis Duchassaing & Michelot t i 

  

*  *  C *  *  

 

Verongula r igida Esper  

     

*  *  

Cnidar ia Cassiopeia frondosa Pallas *  

 

*  *  C *  

 

 

Cassiopeia xamachana Bigelow *  

 

T *  

   

 

Condylact is gigantea Weinland 

   

*  

 

*  C 

 

Por ites por ites Pallas 

     

*  

 Mollusca St rombus gigas Linnaeus 

   

*  C *  

 

 

Pinna carnea Gmelin 

   

*  

   Annelida Arenicola cr istata St impson 

 

C *  T 

 

C *  

 

Eupolymnia sp.  

     

*  

 

 

Fanworm  (Sabellidae)  

  

*  *  

 

*  T 

Echinodermata Holothur ia mexicana Ludwig Diels 

     

*  

 
 

Table 3. Mean biot ic cover per m 2 (% ) , by taxon and in total, in each assemblage A-G, followed by 95%  CL. 

Mean percentage cover and 95%  confidence lim its based on 4 t h root  t ransformed values. For assemblages B 

and E, sample size was too low (N =  2)  to perm it  m eaningful confidence intervals. 
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N 18 2 19 21 2 30 6 

Act in iar ia 0 (0,0)  0 0 (0,0)  0 (0,0)  0 0 (0,0)  0.01 (0,0.2)  

Angiospermae 0 (0,0)  0 0.05 (0,0.4)  10.25 (2.3,30.5)  0.83 47.55 (40,56.2)  0.61 (0,7.8)  

Bivalv ia 0 (0,0)  0 0 (0,0)  0 (0,0)  0 0 (0,0)  0 (0,0)  

Cassiopeidae 0.01 (0,0.1)  0 2.94 (1.9,4.4)  0 (0,0)  0.2 0 (0,0)  0 (0,0)  

Chlorophyceae 2.19 (0.4,7.6)  0 4.15 (1.7,8.8)  0.05 (0,0.3)  21.57 1.59 (0.5,4.1)  32.85 (21.8,47.7)  

Cyanobacter ia 0 (0,0)  0 0.79 (0.1,2.6)  4.73 (1.5,11.5)  3.25 0.01 (0,0.1)  0.01 (0,0.7)  

Gast ropoda 0 (0,0)  0 0 (0,0)  0 (0,0)  0.03 0 (0,0)  0 (0,0)  

Holothuroidea 0 (0,0)  0 0 (0,0)  0 (0,0)  0 0 (0,0)  0 (0,0)  

Phaeophyceae 0 (0,0)  0 0 (0,0)  0 (0,0.1)  0.97 0 (0,0)  0.41 (0,4.8)  

Polychaeta 0 (0,0)  0.01 0 (0,0)  0.01 (0,0)  0 0 (0,0)  0.01 (0,0.1)  

Por ifera 0 (0,0)  0 0 (0,0)  0.01 (0,0.1)  0.37 0.02 (0,0.1)  0.94 (0.5,1.7)  

Rhodophyceae 0 (0,0)  0.15 0 (0,0.1)  0.13 (0,0.7)  6.83 0 (0,0)  0.03 (0,1.2)  

Scleract in ia 0 (0,0)  0 0 (0,0)  0 (0,0)  0 0 (0,0)  0 (0,0)  

Total cover  

2.84 

(0.59,8.72)  0.21 

14.96 

(9.78,21.96)  

46.05 

(34.2,60.74)  49.6 

58.68 

(49.78,68.71)  

42.14 

(28.53,60.13)  



Report number C129/ 12 17 of 52  

 

 

Fig. 3. Mean biot ic cover (% )  and 95%  confidence lim its based on 4 t h root  transformed values for each 

assemblage. 

 

Table 4. Mean r ichness (S) , by taxon and in total,  per 4 m 2, in each assemblage A-G, followed by 95%  CL. 

Mean percentage cover and 95%  confidence lim its based on 4
th

 root  t ransformed values. For assemblages B 

and E, sample size was too low (N =  2)  to perm it  meaningful confidence intervals. 
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N 18 2 19 21 2 30 6 

Act in iar ia 0 (0,0)  0 0 (0,0)  0 (0,0)  0 0 (0,0)  0.06 (0,1.2)  

Angiospermae 0 (0,0)  0 0.02 (0,0.2)  0.75 (0.3,1.7)  0.06 1.03 (1,1.1)  0.48 (0,2.4)  

Bivalv ia 0 (0,0)  0 0 (0,0)  0 (0,0)  0 0 (0,0)  0 (0,0)  

Cassiopeidae 0.01 (0,0.1)  0 1.12 (1,1.3)  0 (0,0)  0.06 0 (0,0)  0 (0,0)  

Chlorophyceae 1.06 (0.6,1.8)  0.06 2.7 (1.6,4.4)  0.11 (0,0.5)  4 0.67 (0.3,1.5)  4.1 (3.3,5.1)  

Cyanobacter ia 0 (0,0)  0 0.39 (0.1,1)  0.54 (0.2,1.1)  1 0 (0,0)  0.01 (0,0.5)  

Gast ropoda 0 (0,0)  0 0 (0,0)  0 (0,0)  0.06 0 (0,0)  0 (0,0)  

Holothuroidea 0 (0,0)  0 0 (0,0)  0 (0,0)  0 0 (0,0)  0 (0,0)  

Phaeophyceae 0 (0,0)  0 0 (0,0)  0 (0,0)  0.06 0 (0,0)  0.24 (0,2.4)  

Polychaeta 0 (0,0)  1 0.06 (0,0.3)  0.7 (0.4,1.2)  0 0.08 (0,0.3)  0.56 (0,2.8)  

Por ifera 0 (0,0)  0.06 0.05 (0,0.3)  0.02 (0,0.2)  2.46 0.09 (0,0.4)  2 (1.2,3.3)  

Rhodophyceae 0 (0,0)  1.8 0.01 (0,0.1)  0.11 (0,0.5)  2.46 0 (0,0)  0.02 (0,0.8)  

Scleract in ia 0 (0,0)  0 0 (0,0)  0 (0,0)  0 0 (0,0)  0 (0,0)  

Total 
1.59 

(1.2,2.08)  
3.9 

6.56 

(5.1,8.32)  

5.71 

(4.93,6.57)  
11.87 

4.65 

(3.87,5.55)  

10.21 

(8.3,12.34)  
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Fig. 4. Mean taxon r ichness (S)  per 4 m 2 and 95%  confidence lim its based on 4 th root t ransformed values for 

each assemblage.  

 
Assem blage D, ( Thalassia- Halophila  assem blage) ,  is described based on 19 plots located in the 

cent ral bay, one plot  located in the blue pool Puitu, and one plot  located in the bay border. This 

assemblage was relat ively deep (3.7 m)  and and in clear waters (horizontal SDD =  9.2 m) . The mean 

temperature was 28.9 °C and mean salinity was 36.9 ppt . The bot tom  consisted of sand (76% ) and silt  

(24% ). Mean total biot ic cover was 46%  (Table 3)  and taxon r ichness was 5.7 (Table 4) . The Shannon 

diversity index was 0.61. Hence, this assemblage was high in terms of coverage (Fig. 3) , but  

intermediate in terms of both species r ichness and diversity (Figs. 4, 5) .Typical taxa found in this 

assemblage were the burrow worm  A. cristata,  turt le grass Thalassia testudinum  Banks ex König and 

“Cyano brown” . A comm on taxon was the non-nat ive sea grass Halophila st ipulacea.  

 

Fig. 5. Mean values of Shannon index of diversity (H’)  per 4 m 2 and 95%  confidence lim its based on 4 th root  

t ransformed values for each assemblage. 

 
Assem blage E ( Tedania- Haliclona  assem blage)  is an aberrant ly high-cover sponge and species r ich 

assemblage sporadically encountered in small patches in the generally poor blue pool and cent ral bay 

habitats, and was represented by two plots;  one in the cent ral bay and one in the blue pool Puitu. Mean 

depth was 2.2 m  and horizontal SDD was 5.5 m  (Table 1) . Mean temperature was 29.5 °C and mean 

salinity was 36.9 ppt . Assemblage E had an all-around high median biot ic cover of 50%  (high) , a high 

taxon r ichness of 11.9, and a high diversity index of 1.58 (Figs. 3, 4, 5) . Taxa for this assem blage were 
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the fire sponge Tedania ignis Duchassaing & Michelot t i and the sponge Haliclona twincayensis de Weerdt , 

Rützler & Sm ith, the green algae Caulerpa sertularoides (Gm elin)  Howe and H. incrassata and the red 

algae A. spicifera (Table 2) . 

Assem blage F, ( Thalassia  assem blage) ,  was described on the basis of 22 plots situated in the bay 

border and 8 in the cent ral bay. Mean depth was 2 m  and horizontal SDD was 6.3 m . Mean temperature 

was 29.3 °C and mean salinity was 36.9 ppt . The sediment  type of the Thalassia assemblage consisted of 

sand (71% ) and silt  (29% ). Plots in assemblage F displayed the highest  median biot ic cover of all (59% ), 

but  were notably low in terms of both median taxon r ichness (4.7)  and diversity (0.44)  (Figs. 4, 5) . T 

testudinum dom inated the benthic community and represented almost  35%  of the total cover. Common 

taxa amongst  the Thalassia were the burrow worm  A. cristata and the calcareous green algae H. 

incrassata. 

Assem blage G, ( Halim eda- Thalassia  assem blage) ,  was found at  6 plots located in the bay border. I t  

was a shallow (1.7 m)  environment  with a bot tom  consist ing of a m ixture of silt  and sand, part ly made 

up of remains of calcareous Halimeda algae. Horizontal SDD was 5.9, mean tem perature was 29.3 °C 

and salinity was 36.8 ppt . Median total biot ic cover was high (42% ), median taxon r ichness was high 

(10.2) , and diversity was also high 1.10. The (spat ially)  most  closely associated assemblage (F)  was 

sim ilarly high in cover but  notably lower in terms of both species r ichness and diversity (Fig. 4, 5) . 

Typical taxa for this assemblage were T. testudinum,  H. incrassata,  H. opunt ia Lam ouroux and fan 

worms (Polychaeta) .  Common taxa were sea anemone Condylact is gigantea Weinland, the sponge H. 

twincayensis,  the brown alga Dictyota sp. and the green alga Valonia vent r icosa Agardh (Table 2) . 

Table 5. Plots per assemblage where H. st ipulacea was found, mean H. st ipulacea cover when present  and 

highest  H. st ipulacea cover observed.  

 C D 

 Blue pools Central bay 

Total plots 19 21 

Plots with H. st ipulacea 5 13 

Mean H. st ipulacea cover when present  (% ) 5.3 39.7 

Highest  H. st ipulacea cover (% )  15.8 81.5 

 

A.3.3 Invasive Halophila dist r ibut ion 

I n Table 5, the assemblages where Halophila st ipulacea was found are listed with m ean and maximum  

Halophila cover values. Halophila was only found in two geographically disjunct  sea grass communit ies, 

namely assem blage D, found in the relat ively deep, clear cent ral bay area, and assemblage C, found 

principally in the least  stagnant  lagoonal habitat  (blue pools) . I t  was not  recorded in the shallower and 

more densely-vegetated Thalassia and Halimeda-Thalassia assemblages typical of the bay border, which 

lay between the zones with communit ies D and C. This may reflect  a habitat  preference ( for cooler, 

deeper bay habitats of Lac) , but  may also reflect  that  the species is invading first  into habitats with 

naturally lower biot ic cover (and hence possibly lower compet it ion for space) . I n the cent ral bay 

assemblage D, it  was found at  62%  of plots. When present  it  typically had a high coverage level (avg. 

39.7% , max. 82% ). I n the blue mangrove pools assemblage C, the species was found in a lower 

percentage of plots (26% ) of plots, and when present  also had a lower mean coverage (5.3% , max 16% ) 

(Table 5) .   
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A.4 Discussion  

A.4.1 Drivers of assem blage st ructure 

This study exam ined benthic macrophyte assemblages in four habitat  zones of the non-estuarine Lac 

Bay:  dark mangrove pools, blue mangrove pools, the bay border, and the cent ral bay. Cluster analysis 

revealed that  based on taxon composit ion, there were 5 principal assem blages. These assemblages 

occurred in almost  perfect  zonat ion, along the environmental gradient  st retching from  stagnant  land-side 

backwaters to clear, deep, well-circulated open-bay waters, along a north to south gradient  in the bay. 

Aside from  salinity and subst rate composit ion, depth, temperature and t ransparency also differed 

systemat ically along the north to south habitat  gradient . Therefore, MDS results ordering assemblages 

along habitat  dimensions with a st rong geographic component  was not  surprising. BI O-ENV results 

further showed salinity and subst rate characterist ics were more st rongly correlated to community 

st ructure than the parameters of tem perature, t ransparency and depth.  

Salinity is widely known to be a crit ical st ressor to stenohaline marine benthic flora and fauna. Subst rate 

characterist ics form  a crit ical determ inant  for both species requir ing at tachment  to the subst rate and for 

the presence or absence of filter feeders, and is considered the major cont rolling factor for dist r ibut ion of 

benthic species (Levinton, 1982) . Our results suggest  that  these factors also appear to be the principal 

factors st ructuring the biot ic assemblages across the observed zones in Lac. 

A.4.2 Com parison between Lac assem blage 

One important  “ community”  result ing from  the processes that  are occurring in the bay was not  sampled 

for species composit ion as it  was not  considered to be either a sea grass or algal community. These are 

the turbid, saline backwater areas. The bot tom of these areas was dom inated by a thick, up to 80 cm  

layer of soupy silt  upon which sporadic tufts of Batophora and/ or  Ruppia marit ima Linnaeus were found.  

Moving seawards from  the turbid backwater areas, the first  habitats encountered were the dark and blue 

mangrove pools. The dark and blue pool assemblages had a significant  lower biot ic cover than the cent ral 

bay and Thalassia assemblages. The dark pool Batophora–Avrainvillea assemblage,  had a lower total 

average cover than that  of the blue pools (Acetabular ia–Cassiopeia–cyano assemblage) ,  but  the 

difference was not  major. However the difference between the dark and blue mangrove pools was 

significant  in terms of both species r ichness and diversity (Figs. 4, 5) . The mangrove pool habitat  is 

formed as a result  of expanding Rhizophora mangle Linnaeus t rees. The dark mangrove pools are located 

further into the mangroves than blue mangrove pools and have a less direct  connect ion to the bay.  

Research elsewhere has shown that  in mangrove systems, the reddish-brown discolorat ion of the water 

column is typically caused by decomposit ion of tannin- r ich mangrove lit ter inside the mangrove forest . 

Phenolic tannic acids are toxic secondary plant  metabolites that  are important  in the defense of plant  

t issues against  herbivory. When they are released through decomposit ion into water  they have important  

ecological effects and can inhibit  bacterial decomposit ion (Kraus et  al. ,  2003) , phytoplankton product ivity 

(Herrera-Silveira and Ram irez-Ram irez, 1996) , meiofaunal development  (Coull,  1999) , even affect  

nut r ient  cycling (Maie, et  al,  2008) . Therefore, aside from  salinity and sediment  characterist ics tannins 

may also cont r ibute to the poor development  of m acrobenthic com m unit ies in these pools. A role for 

other factors such as higher temperatures, lower oxygen concent rat ions and reduced circulat ion which 

would lim it  the influx of larval stages and propagules, should not  be excluded.  

The highest  biot ic cover was found in the Thalassia assemblage, principally found in bay border plots but  

species r ichness and diversit y were significant ly lower than the physically most  closely-associated 

Halimeda-Thalassia assemblage. On the other hand, the cent ral bay Thalassia-Halophila (D)  and 

(principally)  bay border Thalassia (F)  assemblages showed great  resem blance to one-another in term s of 

community descriptors (cover, species r ichness and diversity) , but  did differ important ly in species 

composit ion. Thalassia,  which was documented by Van Moorsel and Meijer (1993)  as form erly being an 

important  component  of the benthic vegetat ion of the mangrove lagoons of Lac, now is no longer found 

in the lagoons but  only in the bay borders and cent ral bay area. I n general ecological studies, all three of 
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these communit ies would have easily been classified as “Thalassia seagrass beds” , but  clearly differ in 

several important  ways. I n Lac, it  appears that  the shallowest  Thalassia beds are being encroached by 

Halimeda while the deeper lying Thalassia fields are being encroached upon by the invasive seagrass 

Halophila st ipulacea.   

The assemblages B (Arenicola assemblage)  and E (Tedania-Haliclona assemblage)  were found at  only 

two locat ions each but  st ill deserve special not ice. The barren cent ral bay Arenicola assemblage basically 

amounted to barren patches dispersed pr incipally among patches of assemblage D (Thalassia-Halophila 

assemblage) . While only two such patches were sampled here, such barren areas may be representat ive 

for large parts of the Cent ral bay area. Evidence of bioturbat ion were prom inent  at  both plots sampled. 

Assemblage E (Tedania-Haliclona assemblage)  was notable for its higher diversity. Basically this 

assemblage occurred as small loose patches of st ructure in an otherwise flat  and or barren seascape 

( “ sponge patch reefs” )  in relat ively deep water where water movement  was likely m inimal and where 

coral patch reefs did not  occur. The available st ructure created by such clumps also meant  a 

concent rat ion of fish species at  such spots. While such spots were few and scat tered, the st ructure and 

shelter possibilit y they provide may be significant  to certain fish species.  

A.4.3 Com parison with the sea grass com m unit ies of Spanish Water Bay Curaçao 

I n general, very few quant itat ive community descript ions are available for t ropical sea grass and algal 

assemblages. The closest  comparable study to ours is a sim ilar study done for the Spanish Water, for the 

adjacent  island of Curaçao (Kuenen and Debrot , 1995) . The Spanish Water is an inland bay about  half 

the size of Lac and possesses much more hard subst rate and much st ronger environmental cont rasts in 

water t ransparency. I n that  study, the highest  biodiversity was associated with communit ies on  hard 

subst rates. The Curaçao study documented a much higher total number of taxa (121)  than we present ly 

documented from  Lac (52) . We ascribe this principally t o the lack of hard subst rates in the Lac 

communit ies we sampled. Van Moorsel and Meijer (1993)  have already pointed out  the apparent  low 

algal species r ichness of the marine meadows of Lac, and also ascribed this to the virtual absence of hard 

subst rate throughout  most  of the bay. The barrier reef area of Lac (Awa Blanku)  was not  sampled by us 

but  according to Van Moorsel and Meijer (1993)  has greater algal diversity because of the presence of 

hard subst rate. Other possible cont r ibut ing factors may have been the lower total surface area sampled 

in the Lac study (392 versus 906 m 2)  and the exclusion of fauna and flora that  were between 0.5 and 1 

cm  in size (second shortest  dimension of 1 cm  or smaller versus 0.5 cm  or smaller in the Spanish Water 

study) .  

Notwithstanding some differences that  may be due to methods, some comparisons are useful. For 

instance, assemblage B and C in the Spanish Water were comparable with the Halimeda-Thalassia 

assemblage in Lac, a shallow bay border assemblage. All three assemblages were principally Thalassia 

beds m ixed with H. opunt ia and had a relat ively high biot ic cover (> 44% ). A notable difference was the 

presence of H. incrassata in relat ive high quant it ies in the Halimeda-Thalassia assemblage of Lac 

compared to the two sim ilar Spanish Water assemblages. This may be due to the preference of this 

(psammophyt ic)  species for growing in sedim ent  as opposed to hard subst rates (Van Tussenbroek and 

Van Dijk, 2007)  which were not  present  in Lac but  were present  in the Spanish Water. Mean depth of the 

Lac Halimeda-Thalassia assem blage was comparable to assem blage C in the Spanish Water, but  the 

subst rate composit ion displays more sim ilarit ies with assemblage B in the Spanish Water. 

Assemblage D in the Spanish Water (Kuenen and Debrot , 1995)  displayed some resemblance to the 

Acetabularia–Cassiopeia–cyano assemblage of the blue mangrove pool habitat  in Lac. These assemblages 

were characterized by relat ively high presence of H. incrassata and relat ively low densit ies (or total lack)  

of T. testudinum .  Biot ic cover was of an average level (15-20% ). Besides the taxa ment ioned above, the 

benthic community consisted of a m ix of mainly green algae and sponges. I n the Spanish Water this 

community with depressed cover and diversity was found in deeper areas with less light  (33.8%  light  

levels) .  

Assemblage L in the Spanish Water was a typical sea grass meadow dom inated by  T. testudinum .  The 

Thalassia assemblage of Lac was sim ilar. This assemblage was situated in the Lac Bay border and cent ral 
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part  of the bay. Both in Curaçao and Bonaire the Thalassia assemblages were characterized by an 

average depth of 1.5-2 m . This dist inguishes them from  the deep (3.7 m)  cent ral bay assemblage in Lac 

which was also characterized by the significant  presence of T. testudinum .  I n the much more turbid 

Spanish Water, light  penet rat ion to such depths was simply too low to support  any Thalassia.  Biot ic cover 

in Thalassia- fields was equally high and diversity values equally low in both Lac and the Spanish Water. 

However, biot ic cover in the Lac Thalassia assemblage (62% ) was significant ly higher than in assemblage 

L in the Spanish Water (30% ). 

A.4.4 Com parison with past  results for Lac 

Wagenaar-Hummelinck and Roos (1970)  provided the first  descript ion of the benthic communit ies of Lac 

in 1967. The sea grass taxa described in their study were also found in the present  study, except  

Halodule beaudet tei den Hartog (syn.  H. wright ii)  which they described from  one locat ion. More recent  

studies have not  found H. beaudet tei as widespread or abundant  either (Van Moorsel and Meijer, 1993;  

Lot t ,  2000)  but  the species was observed by us in small amounts in shallow habitats of Sorobon (e.g. 

also Engel, 2008) . According to Den Hartog (1967)  the species is pr imarily a pioneer species) . We also 

ment ion here the occurrence of Syringodium filiforme Kützing in Lac Bay. Studies by Engel (2007)  have 

found Syringodium  to be present  in different  areas of Lac but  to be patchily dist r ibuted. I n our study this 

seagrass was encountered in five plots. I n the bay border and blue magrove lagoon habitats it  was 

encountered once each at  low densit ies, while in the cent ral bay area it  was encountered in three plots 

with total coverages of between 25 and 50% . A st r iking difference between f indings by Wagenaar-

Hummelinck and Roos (1970)  and the present  study concerns the starfish Oreaster ret iculatus (Linnaeus)  

O. ret iculatus occurred regularly in Lac’s sea grass beds in 1967 (Wagenaar-Hum m elinck and Roos, 

1970) , but  was not  seen during this research. Other studies on the benthic macrofauna in Lac reveal that  

O. ret iculates was st ill present  in 1993 and 1999 but  almost  disappeared in 2007, when only 2 

individuals were found during extensive surveys in the bay (Van Moorsel and Meijer, 1993;  Engel, 2008) . 

Wagenaar-Hummelinck and Roos (1970)  ment ioned only four algal taxa, nam ely, Halimeda opunt ia, 

Avrainvillea nigricans, Acetabularia crenulata and Batophora oerstedii,  all of which we here can confirm  

to st ill be key species in various of the benthic assemblages described. 

Van Moorsel and Meijer (1993)  listed many addit ional algal taxa in their inventory which were not  found 

in the present  study. Most  of these taxa were documented from  their stat ion “Secu di Sorobon”  (Van 

Moorsel and Meijer, 1993) , which is part  of the backreef Awa Blanku area (Fig. 1) . As our study focused 

on the benthic assemblages dist r ibuted along the environmental gradient  associated with the mangrove 

expansion, we did no sampling in the Awa Blanku area.  

Van den Hoek et  al.  (1972)  and Van Moorsel and Meijer (1993)  did some sampling in the mangrove pools 

of Lac. Both studies revealed the lim ited number of taxa in more isolated pools, com pared to pools with a 

more open connect ion to the bay. This is corroborated by our results:  blue pools were found to have a 

higher taxon r ichness than dark pools. Avrainvillea nigr icans and Batophora oerstedii were found to be 

the most  common taxa of the isolated (dark)  mangrove pools both in the studies by Van den Hoek et  al.  

(1972)  and Van Moorsel and Meijer (1993)  as well as in our study.  

The main difference between the observat ions of Van den Hoek et  al.  (1972) , Van Moorsel and Meijer 

(1993)  and this study were the notably high densit ies of T. testudinum  in som e m angrove pools in 1972 

and 1992, while at  present , the ident ical mangrove pools have grown shut  by mangroves and have a 

very low to no T. testudinum cover left .  During the course of t ime the quality of the mangrove pool 

habitats has clearly declined. 

A.4.5 The possible effect s of Halophila st ipulacea 

I n the Cent ral bay Thalassia-Halophila assemblage the invasive sea grass Halophila st ipulacea was found 

at  13 of the 21 plots. The mean cover in the plots where Halophila was found was 40% , but  som et im es 

cover was as high as 80% . H. st ipulacea was also found in five plots in the blue mangrove pool Puitu. 

The mean cover in these plots, which belong to the Acetabularia-Cassiopeia-cyano assemblage, was 5% . 

The species was not  found in either the Thalassia or the Halimeda-Thalassia assemblages which showed 
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the highest  biot ic cover and which in spat ial context  lay between the cent ral bay and the blue pool 

habitats. 

H. st ipulacea was not  reported in the sea grass characterizat ion studies which had been done in Lac in 

2000 and 2007 (Lot t ,  2000;  Engel, 2008) . This means that  all H. st ipulacea growth took place within the 

last  four years. H. st ipulacea originates from  the Red Sea and East  Afr ica and has been invasive in the 

Mediterranean Sea since the opening of the Suez Canal (Green and Short , 2003) . The first  report  of H. 

st ipulacea in the Caribbean was in Grenada in 2002 (Ruiz and Ballant ine, 2004) . I n 2007 it  was 

addit ionally found in Dom inica and in St . Lucia (Willet te and Ambrose, 2009) , and has since been 

documented in Simpson Bay, St . Maarten (Debrot  et  al.  2011) . I n the Gazi Bay, Kenya, Coppejans et  al. 

(1992)  indicated that  H. st ipulacea behaved as a pioneer species. Bare sand and disrupted areas were 

quickly colonized by this fast  growing sea grass, where after other sea grass and algal species can 

colonize the area. T. testudinum is the climax species of this ecosystem and stabilizes the bot tom  

(Coppejans et  al. ,  1992) . According to our observat ions, H. st ipulacea likewise seem s to colonize 

principally low coverage assemblages. However, it  remains to be seen if the same succession process will 

occur as in East  Afr ica. I t  is also possible that  H. st ipulacea interferes with local sea grass succession or 

persistent ly invades exist ing sea grass beds (Willet te and Ambrose, 2009) , which in Lac mainly consist  of 

Thalassia I n Flam ingo bay, Grenada, no other sea grass species were left  after the invasion of H. 

st ipulacea,  while neighbor ing bays which had not  been affected by Halophila were home to Syringodium  

and Thalassia (Ruiz and Ballant ine, 2004) . The authors suggest  that  it  is possible that  the other sea 

grass species were outcompeted by H. st ipulacea.  I f H. st ipulacea replaces other sea grass species it  

m ight  result  in an ult imate loss of T. testudinum cover, and a permanent  change in species composit ion. 

Expansion of H. st ipulacea m ight  therefore have severe effects on the Lac biotopes. I t  will be interest ing 

to see to what  extent  Halophila fulfills important  ecosystem funct ions in terms of fish nursery funct ions, 

and habitat  funct ions for the green turt le, Chelonia mydas,  and the queen conch, Strombus gigas.  

Prelim inary observat ions by sea turt le researchers in Lac suggest  that  Halophila is not  being consumed 

by the green turt le (M. Nava, pers. comm.) .  

A.4.6 The process of land reclam at ion by m angroves in Lac 

The large differences docum ented between communit ies across the mangrove forest  are clearly caused 

and driven by the act ive process of land reclamat ion by the mangrove forest . The main results of this 

process are apt ly captured by means of aerial photographs which accurately document  the locat ion and 

extent  of mangrove coverage in the bay since 1961. The results show that  the back of the bay is filling in 

relat ively rapidly as the mangroves m igrate seaward towards the coral barrier r idge that  encloses the 

bay. I n the process, the net  coverage of clear, well-circulated open bay waters has declined by 81 ha 

while the surface of shallow muddy stagnant , hypersaline back-waters unable to support  either 

mangroves and sea grass or nursery fish species has grown by 82 ha.  

I n most  estuarine situat ions, such as in r iver deltas or along open coasts, expansion due to such 

succession processes in mangrove communit ies is not  an ecological problem , as they have space to 

freely expand. However, Lac is an enclosed bay and, because of the very narrow and steep shelf area 

surrounding the volcanic island, it  is also the only and lim ited area of the island with major sea grass and 

mangrove development  can occur. I f the process runs due course, the sea grass beds will likely first  

disappear, followed by the mangroves, ult imately convert ing the bay into a hypersaline salina. This 

process of land reclamat ion by the mangroves, may be caused or cont r ibuted to by a combinat ion of 

sediment -dynam ic processes such as input  of terr igenous sediments due to run-off,  organic leaf lit ter 

product ion by the mangroves themselves, accumulat ion of sand inside the bay which originates from  the 

coral reef outside the bay, and endogenous sediment  product ion, for instance by calcareous algae within 

the bay.  

From old maps (Wagenaar-Hummelink and Roos 1969)  it  is further clear that  hypersaline waters were 

formerly only a m inor part  of the Lac system. Today such saline areas have grown in importance and it  is 

therefore not  surprising that  the abundance of the West  I ndian flam ingo, Phoenicopterus ruber  Linnaeus, 

in Lac has grown from  average daily counts of 10-35 birds, prior to the early 1990s to numbers typically 

well in excess of a 100 birds today (Van Moorsel and Meijer 1993) . Due to their shallowness and poor 
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circulat ion, these backwater areas are much more prone to produce hot , hypersaline condit ions that  

cause st ress to the nearby Thalassia and algal meadows. While seagrasses have the abilit y to 

osmoregulate, worldwide, salinity is a key factor affect ing seagrass community st ructure and product ivity 

(Short  and Neckles, 1999;  Trevathan et  al. ,  2011;  Sandoval-Gil et  al. ,  2012) . Hence, salinity and thermal 

st ress caused by this new and growing habitat  in Lac may also be part ially responsible for the lower 

diversity and declining t rends in certain taxa inside the bay, where our results indicate that  salinity is a 

main driver of community st ructure inside Lac.  

The process of land reclamat ion by the mangroves is likely great ly accelerated by the anthropogenic 

pressures in and around the bay and its catchment  area. I n a nearby example for Curaçao, studying 

sedimentary cores, Klosowska (2003)  has shown that  t radit ional agricultural land-use pract ices such as 

the felling of t rees, clearing of fields and extensive livestock grazing were the cause of a highly elevated 

rate of filling in of the shallow lagoon of St . Michiel in Curaçao over the last  centuries. The same 

processes are evident  for Lac where a comparison of vegetat ion maps (De Freitas et  al. ,  2005 versus 

Beers et  al. ,  1997)  shows that  barren ground cover caused by excessive grazing by feral animals and 

poor land-use pract ices rem ains a much more persistent  problem  in Bonaire today than in Curaçao.  

While more study is recomm ended on the various processes that  cont r ibute to the filling- in of Lac, this is 

certainly also cont r ibuted to by endogenous sediment  product ion in the bay, not  only by the mangroves, 

but  also by the benthic seagrass and algal communit ies as described in this study. I n this respect  the 

calcareous green algae, notably Halimeda spp. can be direct ly implicated. Dense Halimeda algal fields are 

found in much of the bay, and much of the calcareous sand present  in the lagoon is evident ly made up of 

degraded Halimeda segments (Wagenaar-Hummelink and Roos, 1969;  Lot t ,  2000) .  

A.4.7 The role of Halim eda 

Halimeda algal communit ies have been more extensively described by Kuenen and Debrot  (1995)  for 

Curaçao and are principally comprised of H. incrassata and H. opunt ia.  I n Curaçao these sand-producing 

green algae have led to filling- in of isolated sect ions of the eut rophic Spanish Water. For the early 1990s, 

Van Moorsel and Meijer (1993)  discuss Halimeda banks in Lac as occurring in up to 3 m  depths between 

the principal Thalassia fields of the cent ral bay and the mangrove fr inge. Many of these banks even 

displayed a groove and spur st ructure, rem iniscent  of coral reefs. The banks play a crit ical role in the 

seaward expansion of the mangroves and eventually develop into a mangrove barrier as mangrove 

propagules easily find foot ing in these shallow areas (Van Moorsel and Meijer 1993) .   

Worldwide Halimeda species figure among the principal producers of carbonate sediment  and sand in 

t ropical reefal environments (Freile et  al. ,  1995;  Rees et  al. ,  2007;  Van Tussenbroek and Van Dijk, 

2007) . Annual CaCO3 product ion for Halimeda species can vary between 50 and 2323 g m -1 y -1,  but  this 

was largely based on short - term  studies. Van Tussenbroek and Van Dijk (2007)  measured growth and 

turnover in Halimeda incrassata and documented average calcificat ion rates at  815 g m -1 y -1and an 

average turnover t ime of 30 days. Harney and Fletcher (2003)  calculated average carbonate sediment  

product ion for a 12 km 2 t ropical back reef at  0.53 kg m -1 y -1.  Freile et  al.  (1995)  discuss Halimeda 

species as form ing draperies and vines along reef slopes in the Bahamas.  

Chazot tes et  al.  (2008)  point  out  that  eut rophicat ion leads to an increase in Halimeda and a change in 

sediment  characterist ics. As such Halimeda abundance may be an important  indicator of eut rophicat ion, 

which has recent ly been documented as a problem  in Lac (Slij kerman et  al. ,  2011) . Due to calcificat ion, 

Halimeda is also less palatable to herbivorous grazers and is even an important  carrier of coral disease 

(Nugues et  al. ,  2004) . 

I n Lac Bay today, whereas H. incrassata form s m eadows, H. opunt ia typically forms mounds, 

overgrowing enveloping and excluding most  other species including Thalassia.  Encroachment  by 

mangroves, combined with the growth of thick m ounds of Halimeda opunt ia in the various mangrove 

channels which formerly kept  the northwest  sect ion of Lac vital,  today means that  many of these 

channels hardly funct ion in terms of water exchange. I n the past  fishermen kept  the channels open (Lot t ,  

2001)  and removed mangrove biomass for charcoal product ion, but  this t radit ional use of the mangrove 

forest  has stopped.  



Report number C129/ 12 25 of 52  

A.5 Conclusion  

The valuable sea grass and mangrove habitats of Lac are essent ially t rapped in an enclosed bay. As 

shallow, warm  and saline back-water habitat  cont inues to increase in importance in the bay due to the 

process of land reclamat ion by mangroves, these current  nursery habitats will come under addit ional 

salinity st ress and likely cont inue to decrease in coverage and quality at  an accelerated rate. I f no 

measures are taken, the benthic communit ies can be expected to deteriorate along the sequence of 

communit ies we here described from  the range of environmental condit ions already present  in the bay. 

To relieve the bay ecosystem of thermal and salinity st ress caused by the shallow backwaters measures 

would need to be taken to help restore water depth, and circulat ion. Excavat ion of accumulated erosional 

and biogenic sediments as well as dredging to restore former feeder channels by removal of mangrove 

overgrowth (as already started by St inapa)  are among the measures that  need to be taken. For Lac, the 

need to restore hydrology to stem  mangrove forest  mortality and further erosion of habitat  quality was 

first  pointed out  by a team of experts in 1970 (Debrot  et  al.  2010a)  and act ive measures are called for, 

following the simple restorat ion principles out lined by Lewis and St reever (2000)  and Lewis (2005) . Such 

measures could also help alleviate the problem  of eut rophicat ion as documented by Slij kerman et  al. , 

2011) . Finally, our study documents the alarm ingly rapid invasion of the bay by the invasive seagrass, 

Halophila st ipulacea. Further studies are needed to assess the impacts that  this species may have on the 

flora and fauna of the bay. 
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Abstract  

The fish community st ructure of a variety of interconnected habitats of the t ropical lagoon of Lac in 

Bonaire, Dutch Caribbean, were invest igated using visual census to test  the degree to which these 

habitats provide a potent ially disparate habitat  funct ion for fishes of different  species and life stages. We 

quant itat ively sampled the fish species abundance, composit ion, and size-st ructures at  a total of 139 

sites dist r ibuted among nine different  sub-habitats that  are common to mangrove and seagrass 

ecosystems. Fish community variables differed consistent ly among habitats and were mainly influenced 

by the percent  cover of seagrass vegetat ion or presence of mangrove- root  st ructure. Mangrove fr inge 

habitats were a prem ier habitat  since mult iple life stages of a variety of species showed highest  densit ies 

there. Several reef fish species had a dist r ibut ion pat tern suggest ing a unique step-wise post -set t lement  
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life cycle m igrat ion in which larger juveniles and/ or subadults appear to move from  the open bay 

environment  (seagrass beds or bay mangrove fr inge)  to the interior mangrove fr inges along mangrove 

pools, before later depart ing to the adult  habitat  of the coral reef. I n the case of the well- lit  and well-

circulated cent ral bay habitat , the lim it ing factor to fish abundance and diversity appeared to be the 

paucity of three-dimensional shelter due to the predom inance of the invasive seagrass Halophila 

st ipulacea with small and short  leaves. I n the warm  and hypersaline backwaters, physiological tolerance 

lim its were likely a key factor. Long- term  changes driven by mangrove expansion into this non-estuarine 

lagoon have been steadily reducing the net  coverage of clear bay waters, while the surface of shallow, 

muddy, stagnant  and hypersaline backwaters has been increasing by an almost  equal amount . The 

current  study shows how this natural process of mangrove land reclamat ion could affect  the nursery 

funct ion within this t ropical lagoons. Depending on local condit ions, act ive measures may need to be 

considered to stem  the deteriorat ion of nursery habitat  quality and ensure that  a t ipping-point  is not  

reached beyond which ecological recovery may be difficult  or impossible. 

B.1 I nt roduct ion 

Coastal marine ecosystems such as mangroves and seagrass beds provide important  ecosystem services 

(Constanza et  al. ,  1997;  Gladstone, 2009) . I n part icular, there has been an interest  in the role they play 

as nurseries for fish and decapods (Heck et  al. ,  2003;  Sheridan and Hays, 2003;  Nagelkerken, 2009) . 

The presence of these habitats enhances the diversity, density and biomass of fish populat ions of nearby 

reef ecosystems (Nagelkerken et  al. ,  2002, 2012;  Dorenbosch et  al. ,  2004;  Mumby et  al. ,  2004) .  Recent  

otolith and stable isotope studies on various reef fish species have provided direct  evidence for the life-

cycle m igrat ion of fishes from  seagrass beds or mangroves to nearby reefs (Chit taro et  al. ,  2004;  Verweij  

et  al. ,  2008;  Nakamura et  al.,  2008)  and provide st rong support  for this nursery role. High food 

abundance, low predat ion pressure through st ructure and shade, and a good environment  to intercept  

fish larvae have been hypothesized to be the main drivers for the nursery funct ion of seagrass beds and 

mangroves (Parrish, 1989;  Laegdsgaard and Johnson, 2001;  Verweij  et  al. ,  2006) . However, the 

importance of enhanced food provisioning by nursery habitats has been recent ly disputed (Nakamura 

and Sano, 2005;  Grol et  al. , 2008)  and fish may actually t rade-off growth for reduced predat ion r isk 

(Grol et  al. ,  2011;  Kim irei et  al. ,  subm.) . 

While the nursery role of mangroves and seagrass beds has been acknowledged, much debate rem ains 

about  the extent  to which they fulfill this role (Blaber, 2007) . Different  views exist  on the definit ion of a 

nursery habitat  (Beck et  al. , 2001;  Dahlgren et  al. ,  2006;  Sheaves et  al. , 2006;  Nagelkerken et  al. ,  

subm.)  and studies have used different  crit eria to assign habitats as nurseries (Beck et  al. ,  2001) . 

Another issue that  has led to confusion about  the role that  mangroves and seagrass beds play as juvenile 

habitats, is related to how the habitats themselves are defined (Faunce and Layman, 2009) . I nshore 

vegetated habitats show great  spat ial variabilit y in their appearance due to differences in bay 

geomorphology, t idal regim e, seascape configurat ion, and presence of m icrohabitats. For example, 

mangrove fr inges, inland mangrove forest , mangrove pools, mangrove t idal channels, mangrove creeks, 

and mangrove estuaries have all been referred to as ‘mangrove habitat ’,  yet  they are likely to differ 

significant ly in their f ish communit ies and the advantages that  they provide to associated fauna (Ewell et  

al. ,  1998;  Rönnbäck et  al.,  1999;  Blaber, 2007) . 

Nursery funct ion is often evaluated at  the level of complete habitat  units (e.g. mangrove, seagrass, algal 

beds, patch reefs) . Consequent ly, no dist inct ion is made between the various types or m icrohabitats 

found within seagrass, mangrove or other vegetated habitats typical to bays and lagoons. Yet  such 

insight  is crit ically needed to bet ter understand the consequences that  various environmental and biot ic 

processes have on the quality and dist r ibut ion of fish habitats and their nursery funct ion (Faunce and 

Layman, 2009) . I n the case of a many t ropical lagoons, one such process of part icular concern is that  of 

act ive land reclamat ion by mangroves. Long- term  observat ions document ing the loss of seagrass cover 

as such habitat  becomes entrapped and isolated in the m igrat ing mangrove forests in Lac, Bonaire 

(Debrot  et  al. ,  subm it ted) , demonst rate that  this process negat ively impacts the mangrove channel 

habitat , which has been found to be of special value to the larger juveniles of several fish species, and 

which energet ically connects different  m icrohabitats within the larger mangrove forest  ecosystem (Blaber 

et  al. ,  1985;  Valent ine-Rose et  al. ,  2007;  Sheaves, 2009) . 
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A bet ter understanding of how different  species ut ilize smaller-scale habitats within coastal ecosystems 

throughout  the different  life-cycle stages can help us to also bet ter understand how dynam ic processes 

that  affect  the occurrence, hydrology, and geomorphology of vegetated habitats may affect  their value to 

(commercially)  important  species of decapods and fish. Such studies provide insight  into the m id-  to 

long- term  consequences of ongoing land reclamat ion by mangroves for the nursery funct ion of 

mangroves and connected habitats, and into how habitat  fragmentat ion or disrupt ion of hydrological 

connect ivity may affect  mangrove fish communit ies. Therefore, the object ive of this study was to 

compare and cont rast  the fish species composit ion, abundance, r ichness and diversity of an array of 

inshore fish habitats in a t ropical Caribbean bay. These habitats st retched from  seagrass beds in a clear-

water open bay close to coral reefs to stagnant  and saline backwaters found on the landside of the 

mangroves. To this end we quant itat ively sampled fish communit ies at  139 sites dist r ibuted among nine 

dist inguished bay habitats. We specifically tested the hypothesis that  due to their unique environmental 

and biot ic habitat  characterist ics, smaller-scale habitats that  exist  within major mangrove and seagrass 

ecosystems, will harbor dissim ilar fish assemblages and play different ial roles in the life-cycle of certain 

fish species. 

B.2 Mater ials & methods 

B.2.1 Study area 

Lac Bay lagoon is located along the eastern coast  of the Caribbean island of Bonaire (Fig. 1)  and covers 

an area of somewhat  m ore than 700 ha. I t  is a sem i-enclosed non-estuarine bay, largely 0–3 m  deep 

and protected from  the waves of the wind-exposed eastern coast  by a shallow coral barrier. The main 

channel connect ing the bay to the fr inging reef is about  5 m  deep. Lac is essent ially a clear-water marine 

bay and horizontal Secchi visibilit y ranges from  some 4.5 to more than 21 m  in the cent ral parts of the 

bay (van Moorsel and Meijer , 1993) . Hence, apart  from  the sediment - r idden murky backwaters, various 

levels of seagrass and macroalgal development  are found throughout  the Bay.  

 

Fig. 1. Map of the study area in Lac, Bonaire, Southeastern Car ibbean. Survey sites are indicated per habitat . 
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An analysis of cartographical maps dat ing back to 1866, aerial maps dat ing back to 1961 (Wagenaar-

Hummelinck and Roos, 1969) , and more recent  satellite maps, shows that  the north-western sector of 

Lac Bay as well as other bay margins have been filling in relat ively rapidly due to mangrove expansion 

within the Bay. Comparing mangrove dist r ibut ion between 1961 and 1996, it  was found that  the 

expansion of the mangroves during that  period amounted to a growth of 81 ha of mangroves on the 

seaward margin (average:  2.34 ha per year)  and a pract ically equal loss of mangrove surface area on 

the landside of the lagoon (of 82 ha)  during the same period. I n the process, the net  coverage of clear, 

well circulated open bay waters declined by 81 ha, while the surface of shallow, muddy, stagnant , 

hypersaline backwaters grew by an almost  equal amount  (82 ha) . The lat ter are unable to support  

funct ional mangroves, seagrass or algal meadows. Consequent ly, this process may seriously threaten the 

long- term  biodiversity and ecosystem funct ion of the bay, even though its exact  causes and 

consequences are poorly understood.  

I n most  estuarine situat ions, such as in r iver deltas opening onto unobst ructed coast lines, expansion due 

to such successional processes in mangrove communit ies is not  an ecological problem , as they have 

space to freely expand. However, Lac is a sem i-  enclosed bay, and because of the very narrow and steep 

shelf area surrounding the volcanic island, it  is also the only and lim ited area of the island allowing 

substant ial seagrass and mangrove development . From old cartographical maps dat ing back to 1866 it  is 

further clear that  hypersaline waters were form erly only a m inor part  of the Lac system  (Wagenaar-

Hummelink and Roos, 1969) . Today such saline areas have grown in surface area. 

The sem idiurnal t idal amplit ude in this part  of the southern Caribbean averages about  30 cm  (de Haan 

and Zaneveld, 1959) , which, along with the shallow depth of large sect ions of the Bay t ranslate into low 

circulat ion. This means that  salt  concent rat ions and water temperature can effect ively build up in any 

shallow areas of the Bay that  have obst ructed connect ion to the Bay’s open waters, whether it  be due to 

accum ulat ion of sediments in t idal channels or the narrowing of those channels due to m angrove growth. 

The result  of these factors is a dynam ic environmental gradient  along which different  benthic “ seagrass”  

communit ies are found but  which are not  necessarily of equal value to the species that  depend on these 

habitats. Current  total coverage of mangroves in the bay amounts to about  238 hectares. As is the case 

with the seagrass beds, different  mangrove prop root  habitats can be dist inguished, depending on their 

posit ion along the environm ental gradient  st retching from  bay shorelines, through the mangrove channel 

systems out  into open bay waters. 

Based on its nature values the Bay has been legally designated as a Ramsar site (since 1980)  and has 

also been ident ified as an I UCN I BA ( I mportant  Bird Area)  (Wells and Debrot , 2008) . The area is 

managed by the Nat ional Parks Foundat ion of Bonaire, STI NAPA Bonaire, based on their recent  

managem ent  plan in which several issues are addressed. The main managem ent  tool used is the zoning 

of recreat ional act ivit ies and a moratorium  on the fishing of queen conch, Strombus gigas.  Aside from  

spearfishing, which is prohibited, fishing act ivity is not  rest r icted or regulated. Nevertheless, art isanal 

subsistence fishing pressure, showed a declining t rend from  1987 to 1992 (van Moorsel and Meijer, 

1993) , and has cont inued to decline in the last  20 years. For instance, whereas in 1992, van Moorsel and 

Meijer st ill documented som e 36 small open fishing boats at  Lac, today that  number averages six (Debrot  

et  al. ,  2012) . Van Moorsel and Meijer (1993)  further indicated that  whereas Lac formerly had the highest  

density of fish t raps in Bonaire, today this kind of fishery has all but  disappeared from  the bay. The use 

of gillnets has also shown a dramat ic drop since former t imes (van Moorsel and Meijer, 1993) . So 

t radit ional subsistence fishing act ivity by means of several gear types in Lac has great ly declined, most  

likely due to the growth of dive- tourism  and greater em phasis on more-profitable sources of income. As 

such, Lac can be considered a relat ively prist ine t ropical lagoon, ideal to study natural fish habitat  

ut ilizat ion pat terns with lit t le bias from  human disturbances.  

B.2.2 Habitat  t ypes 

Nine different  habitat  types were studied in the Bay ( in cont rast  to only two by Nagelkerken et  al. ,  

2000) , consist ing of three sub-habitats in each of three main habitat  types ( i.e., seagrass bed, mangrove 

pools, and mangrove fr inges) . All data collect ion and sampling of fish communit ies took place between 

September and Decem ber of 2011. For the seagrass beds (Fig. 1) , we ident ified the following sub-
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habitats:  (1)  “ cent ral bay”  habitat  reflect ing study sites that  were located in the deeper-water parts of 

Lac and had relat ively low cover of seagrass (Table 1) ;  (2)  “Thalassia”  habitat  which was predom inant ly 

found in the shallower zone between the mangrove fr inge and the cent ral bay and was characterized by 

a relat ively high cover of seagrass. However, eight  of the sites for this habitat  were located in deeper-

waters of the bay (Fig. 1) ;  (3)  “Thalassia/ Halimeda”  habitat  which was dom inated by macroalgae, 

especially Halimeda sp. I t  was predom inant ly located in the shallower “bay border”  zone between the 

cent ral bay and mangrove fr inge.  

Mangrove pools were open water pools fr inged by mangroves and were found throughout  the mangrove 

forest  of Lac. For this study we ident ified three sub-habitats:  (4)  “blue pools”  which are mangrove pools 

that  appear blue on satellite images. Their sparse macroflora consisted principally of a brown 

cyanobacteria and the green algae Acetabularia crenulata (Debrot  et  al. ,  subm.) . The upside-down 

jellyf ish, Cassiopeia sp. was especially common. Notable was that  average depth in these pools was 

deeper than in the average Thalassia or Thalassia/ Halimeda habitats sampled (Table 1) .;  (5)  “dark 

pools” , which appear as dark pools on satellite images. These had an even lower vegetat ion cover, 

mainly consist ing of the green macroalgae Batophora and Avrainvillea.  Dark pools were located more 

land- inwards than and were shallower than the blue pools (Fig. 1, Table 1) ;  (6)  “backwaters” , result ing 

from  the death of mangrove t rees at  the landward margins of the Bay. These were large, muddy, barren 

areas inundated with hypersaline water. 

Table 1. Number of survey sites (N)  and mean depth, temperature, salinity, hor izontal Secchi disk depth (SDD) 

and percentage biot ic cover per habitat . nd= no data. 

 
Cent ral bay Thalassia 

Thalassia/ -

Halimeda 
Blue pools Dark pools Mangroves Mangroves 

Mangroves 

dark pools 
Backwaters 

N 19 31 6 19 19 15 15 15 23 

Abiot ic var iables: 
       

Depth (m)  3.7 ±  0.7 2.0 ±  1.3 1.7 ±  0.6 2.6 ±  0.8 1.4 ±  0.4 0.9 ±  0.2 1.1 ±  0.2 1.0 ±  0.5 0.4 ±  0.2 

Temperature ( °C)  28.8 ±  0.4 29.3 ±  0.8 29.3 ±  0.5 30.0 ±  0.0 29.6 ±  0.5 29.1 ±  0.8 29.6 ±  0.5 29.3 ±  0.6 32.3 ±  1.1 

Salin ity  (ppt )  36.8 ±  0.4 36.9 ±  0.7 36.9 ±  0.6 37.8 ±  0.5 40.6 ±  4.6 36.9 ±  0.6 36.4 ±  0.9 37.1 ±  0.8 52.1 ±  1.7 

Horizontal SDD (m )  7.7 ±  1.7 4.7 ±  1.6 6.2 ±  1.8 4.4 ±  1.2 4.3 ±  1.4 nd nd nd <  0.4 

Percentage cover: 
       

Sponges  0.3 ±  0.5 0.3 ±  0.7 1.0 ±  0.5 0.1 ±  0.1 0.0 ±  0.0 nd nd nd nd 

Macroalgae 3.6 ±  6.1 7.0 ±  8.9 37.2 ±  12.3 12.5 ±  16.9 11.3 ±  20.1 nd nd nd nd 

Seagrasses 35.1 ±  32.2 51.4 ±  20 4.8 ±  10.3 1.7 ±  3.9 0.0 ±  0.1 nd nd nd nd 

Other cover  12.2 ±  10.7 3.7 ±  13.1 1.0 ±  2.0 7.6 ±  5.3 0.5 ±  1.1 nd nd nd nd 

Bare subst rate 48.8 ±  27.7 37.6 ±  20.4 56.0 ±  16.1 78.2 ±  18.7 88.2 ±  20.1 nd nd nd nd 

 
The third main habitat  type consisted of mangrove fr inges and was subdivided into the sub-habitats:  (7)  

mangrove fr inges along the open bay water;  (8)  interior  mangrove fr inges along the blue pools;  and (8)  

interior mangrove fr inges along the dark pools.  

Physico-chem ical variables were measured at  each survey site to help define habitat  differences. 

Tem perature was measured with a dive computer (Suunto Zoop)  with an accuracy of one degree Celcius. 

Field measurem ents were obtained by correct ing temperature measurements of the dive computer with 

temperature measurements of a calibrated thermometer. Horizontal Secchi-disk distance was taken at  

the surface to measure water clarity. The Secchi disk was hung at  a water depth of 0.5 m  facing the sun, 

while a swimmer est imated the visibilit y using a marked line with a 0.1 m  accuracy. At  each survey site, 

water samples were collected to measure salinity using a YSI  556MPS salinity measuring device. Water 

depth (±  0.3 m  due to t idal influence)  was measured using a weighted marked line (0.10 m  accuracy) .  

The measured values of abiot ic variables supported the dist inct iveness of the three sub-habitats within 

each main habitat (Table 1) . Comparison between the dist inguished communit ies in terms of depth, 

Secchi-disk t ransparency, temperature and salinity using ANOVA demonst rated significant  differences (p 

<  0.01)  for all four of these parameters. Mult iple comparisons highlighted as “ significant ”  are only those 

in which 95%  confidence lim its showed no overlap between habitat -associated assemblages ( i.e., p < <  

0.01) . For instance, water tem perature, salinity, depth and Secchi-disk t ransparency of the backwaters 

differed significant ly from  all other habitats (p < <  0.01) . Water depth decreased across the different  
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habitat  types from  3.7 m  in the cent ral bay, to 1.7-2.0 m  on the Thalassia and Thalassia/ Halimeda beds 

and 1.4-2.6 m  in the mangrove pools, to around 1 m  along the mangrove fr inges, and to 0.4 m  in the 

mangrove backwaters. Mean temperature ranged between 28.8 and 30.0 °C, except  for the backwaters 

where it  reached 32.3 °C. Temperatures in the blue pool habitats were significant ly higher than recorded 

in the cent ral bay (p < <  0.01) , while salinity in dark pools differed significant ly with that  of the cent ral 

bay, Thalassia,  and Thalassia/ Halimeda beds (p <  0.01) . Mean salinity in all habitat  types, except  the 

more saline backwaters, ranged between 36.4 and 40.6 ppt .,  but  habitats situated more land- inward 

general had a higher salinity and water temperature than the open bay habitats. Water t ransparency in 

the cent ral bay habitat  was significant ly higher than in both the blue and dark pools and the shallower 

and more turbulent  Thalassia beds (p < <  0.01) . 

B.2.3 Site select ion 

The number of replicates for each of the three sub-habitats of mangrove fr inges was set  at  15. The 

further select ion of the visual survey sites in the mangroves was based on water depth (> 0.5 m)  and 

visibilit y (> 2 m  horizontal Secchi-disk visibilit y) , thus making sure visual census was possible. A 

m inimum distance between replicate t ransects was set  at  25 m  per site. For the other habitat  categories, 

sites were chosen using a random locat ion generator without  a priori knowledge of t he specific 

vegetat ion present  at  each sampling site (Fig. 1) . Here, the m inimum number of sites to be achieved per 

habitat  type was set  at  15 each, but  more sampling was deemed necessary, especially in the larger 

zones (bay border and cent ral bay habitats) . Quant ificat ion of benthic cover at  these sites was 

subsequent ly used to dist inguish the different  types of seagrass beds as described earlier.  

B.2.4 Faunal assessm ent  

I n each sub-habitat , except  for the backwaters where sampling was done using a cast  net , size-

frequency data of all the encountered fish species were collected using a visual census technique 

(Nagelkerken et  al. ,  2000) . The 139 preselected visual survey sites were reached by boat  or kayak using 

a Garm in GPS 12 XL device. During each visit ,  underwater visibilit y was first  measured as horizontal 

Secchi-disk distance and the site was surveyed on a different  day if the visibilit y was < 2 m . At  each site 

a 25 m  t ransect  line was anchored onto the bot tom  with two iron poles. A delay of 15 m in was used 

between placing the t ransect  line and surveying the site;  this appeared sufficient  to restore the init ial f ish 

communit ies (personal observat ion) . For the mangrove fr inge sites, a 25-m  t ransect  line was laid out  

parallel to the mangrove fr inge. Fish swimming inside the mangroves within one meter of the t ransect  

line were ident if ied and counted via visual census, covering an area of 25 m 2 per t ransect . I n all other 

sub-habitats all fishes swimming within one meter at  each side of the t ransect  line were counted, 

covering an area of 50 m 2 per t ransect . At  some mangrove sites where the subst rate was easily 

disturbed and would reduce the visibilit y to less than two meter, the data were collected immediately 

while laying out  the t ransect  line.  

Faunal assessments were done using SCUBA for water deeper than 1 m  or snorkeling gear for shallower 

sites. Visual census is subject  to differences in est imat ion of sizes and numbers between observers 

(Nagelkerken et  al. ,  2000b) . To m inim ize these differences, size est imat ion was regularly pract iced with 

the use of fish-shaped objects of known size placed on the sea bot tom . Prior to data collect ion, test  

t ransects were pract iced by both observers unt il size est imates were sim ilar between both divers. Size 

est imat ion was done within size classes of 5 cm  total length. Schools smaller than 10 fish were counted. 

I n the case of larger groups of fish, numbers were est imated in a manifold of 10, or even 100 in case of 

bigger schools. As the backwaters were too shallow and visibilit y was too low to perform  m eaningful 

visual censuses, a cast  net  was used instead to assess the fish diversity in this habitat  ( i.e. 

presence/ absence) . The net  had a mesh size of 5mm and a radius of 2 m . At  23 random ly chosen sites 

the net  was thrown 2-4 t imes, result ing in a total of 50 throws. 

Fish ident ificat ion was pract iced prior to the surveys by diving and snorkeling at  the survey area. 

Unknown species were photographed and ident ified using Hum ann and DeLoach (1994) . At  the start  of 

the t rue surveys, all fish in Lac could easily be ident ified at  first  sight  by both observers. However, the 

silver j enny Eucinostomus gula and the slender mojarra E. jonesi could not  be dist inguished in the field 
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and were grouped together as a single taxon. For small schooling bait fish species such as scads (Selar 

crum enophthalmus)  and species belonging to the fam ilies Atherinidae (silversides) , Clupeidae (herr ings 

and sardines)  and Engraulidae (anchovies) , only their presence was noted but  no counts were made. 

Crypt ic species like Blenniidae and Gobiidae were not  taken into account  in this study.  

Table 2. Mean density per 100 m 2 of all encountered fish species per sub-habitat .  P =  present  (not  counted) , -  

=  absent . Total densit ies per fish fam ily per sub-habitat  are given in the rows with the fam ily names. 

Spec. 

No. 
Family/  Species, com m on nam e 

Cent ral 

Bay 
Thalassia 

Thalassia/  

Halimeda 
Blue pools Dark pools 

Mangroves 

bay 

Mangroves 

blue pools 

Mangroves 

dark pools 

Back-

waters 

 
Acanthuridae 

         
1 Acanthurus chirurgus, doctorfish 0.9 ±  3.3 0.8 ±  2.1 -  -  -  -  3.5 ±  8.0 -  -  

 
Atherinidae 

         
2 Atherinom orus st ipes, hardhead silverside -  -  -  -  -  P P P P 

 
Carangidae  3 .9  6 .7  0  1 .2  0 .1  0 .3  1 .6  2 .7  

 
3 Caranx crysos, blue runner  3.9 ±  7.7 6.6 ±  19.8 -  1.2 ±  3.5 -  0.3 ±  1 1.6 ±  6.2 -  -  

4 Caranx latus, horse-eye jack -  -  -  -  0.1 ±  0.5 -  -  2.7 ±  10.3 -  

5 Caranx ruber , bar jack -  0.1 ±  0.5 -  -  -  -  -  -  -  

6 Selar crum enophthalmus, bigeye scad -  -  -  -  P -  -  P -  

 
Centropom idae 

         
7 Cent ropom us undecim alis, com m on snook  -  -  -  -  -  -  -  0.5 ±  2.1 -  

 
Chaetodont idae  

         
8 Chaetodon capist ratus, foureye but terflyfish 0.3 ±  1.4 0.2 ±  0.8 0.3 ±  0.8 0.1 ±  0.5 -  3.5 ±  4.7 -  0.3 ±  1.0 -  

 
Cyprinodont idae 

         
9 Cyprinodon dearborni -  -  -  -  -  -  -  P P 

 
Diodont idae 

         
10 Chilom ycterus schoepfi, st riped burrfish -  0.1 ±  0.4 -  -  -  -  -  -  -  

 
Elopidae  

         
11 Elops saurus, ladyfish -  -  -  -  -  -  -  -  P 

 
Gerreidae 3  0 .4  2 .6  0 .9  6 .7  2 9 .5  5 1 .7  5 7 .3  

 
12 Diapterus auratus, I rish pom pano -  -  -  -  -  0.5 ±  2.1 0.5 ±  1.4 0.5 ±  1.4 P 

13 Eucinostomus spp., other m ojarras 2.9 ±  12.4 0.3 ±  1.2 2.3 ±  5.7 0.3 ±  1.4 3.3 ±  8.5 19.7 ±  22.7 38.4 ±  68.1 19.2 ±  33.6 P 

14 Gerres cinereus, yellowfin m ojarra 0.1 ±  0.5 0.1 ±  0.5 0.3 ±  0.8 0.6 ±  1.3 3.4 ±  5.8 9.3 ±  10.5 12.8 ±  14.7 37.6 ±  28.0 P 

 
Haem ulidae  4 .3  4 .8  0  0  0  1 9 .7  1 6 .3  0 .8  

 
15 Anisot rem us surinam ensis, black m argate 0.1 ±  0.5 1.2 ±  6.1 -  -  -  -  -  -  -  

16 Haem ulon flavolineatum , French grunt  4.2 ±  18.4 1.3 ±  7.2 -  -  -  18.4 ±  32.0 14.4 ±  51.4 -  -  

17 Haem ulon sciurus, bluest riped grunt  -  2.3 ±  5.3 -  -  -  1.3 ±  3.3 1.9 ±  3.0 0.8 ±  1.7 -  

 
Labridae  3 .5  1 2 .1  1 2 .3  0  0  0 .5  0  0  

 
18 Halichoeres biv it tatus, slippery dick 2.4 ±  4.8 11.9 ±  23.9 12 ±  16.1 -  -  0.5 ±  1.4 -  -  -  

19 Serranus t igrinus, harlequin bass 0.1 ±  0.5 -  -  -  -  -  -  -  -  

20 Thalassom a bifasciatum , bluehead wrasse -  -  0.3 ±  0.8 -  -  -  -  -  -  

21 Xyrichthys m art inicensus, rosy razorfish 0.9 ±  4.1 0.1 ±  0.4 -  -  -  -  -  -  -  

22 Xyrichthys splendens, green razorfish 0.1 ±  0.5 0.1 ±  0.7 -  -  -  -  -  -  -  

 
Lut janidae 0 .3  1 9 .7  3  5  2 .9  3 3 .6  6 0 .8  2 5 .6  

 
23 Lut janus apodus, schoolm aster -  1.4 ±  2.7 -  1.4 ±  2.6 0.4 ±  1.4 22.1 ±  15.0 23.5 ±  17.4 7.5 ±  8.7 -  

24 Lut janus cyanopterus, Cubera snapper -  -  -  -  -  0.3 ±  1.0 0.5 ±  2.1 0.5 ±  1.4 -  

25 Lut janus griseus, grey snapper -  14.6 ±  23.7 3.0 ±  3.9 3.6 ±  7.5 2.5 ±  9.2 10.9 ±  17.0 36.8 ±  40.3 17.6 ±  19.6 -  

26 Lut janus m ahogoni, m ahogany snapper -  0.1 ±  0.4 -  -  -  -  -  -  -  

27 Ocyurus chrysurus, yellowtail snapper 0.3 ±  1.0 3.6 ±  6.2 -  -  -  0.3 ±  1.0 -  -  -  

 
Mugilidae  

         
28 Mugil curem a, white m ullet  -  -  -  -  -  -  -  -  P 

 
Mullidae  0  0 .2  0  0  0  0 .5  0 .3  0  

 
29 Mulloidichtys m art inicus, yellow goat fish -  -  -  -  -  0.5 ±  2.1 0.3 ±  1.0 -  -  

30 Pseudupeneus m aculatus, spot ted goat fish  -  0.2 ±  0.8 -  -  -  -  -  -  -  

 
Ost raciidae 0 .6  0 .1  0  0  0  1  0 .3  0  

 
31 Lactophrys bicaudalis, spot ted t runkfish -  -  -  -  -  0.5 ±  1.4 -  -  -  

32 Lactophrys t r iqueter , sm ooth t runkfish 0.6 ±  1.9 0.1 ±  0.5 -  -  -  0.5 ±  1.4 0.3 ±  1 -  -  

 
Pom acentr idae  0 .3  2 .8  3 .3  0  0  9 .9  0  0  

 
33 Abudefduf saxat ilis, sergeant  m ajor -  -  -  -  -  2.4 ±  5.8 -  -  -  

34 Microspathodon chrysurus, yellowtail dam sel -  0.1 ±  0.5 -  -  -  -  -  -  -  

35 Stegastes diencaeus, longfin dam selfish -  0.1 ±  0.5 -  -  -  0.3 ±  1.0 -  -  -  

36 Stegastes leucost ictus, beaugregory  0.3 ±  0.7 2.6 ±  4.7 3.3 ±  4.1 -  -  7.2 ±  15.1 -  -  -  
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Spec. 

No. 
Family/  Species, com m on nam e 

Cent ral 

Bay 
Thalassia 

Thalassia/  

Halimeda 
Blue pools Dark pools 

Mangroves 

bay 

Mangroves 

blue pools 

Mangroves 

dark pools 

Back-

waters 

 
Scaridae  9 .1  1 3 1  7 3 .7  0 .1  0 .2  2 5 2 .8  2 1 .6  2 3 .9  

 
37 Cryptotom us roseus, bluelip parrot fish 0.1 ±  0.5 0.1 ±  0.7 2.7 ±  3.0 -  -  -  -  -  -  

38 Scarus coeruleus, blue parrot fish -  -  0.3 ±  0.8 -  -  -  -  1.3 ±  5.2 -  

39 Scarus guacam aia, rainbow parrot fish -  0.1 ±  0.7 -  -  0.2 ±  0.9 34.7 ±  56.9 19.2 ±  28.6 22.1 ±  43.5 -  

40 Scarus iseri, st riped parrot fish 5.4 ±  11.2 118.8 ± 143.6 66.7± 163.3 -  -  195.2± 311.9 2.4 ±  6.7 -  -  

41 Sparisom a aurofrenatum , redband parrot fish 0.1 ±  0.5 0.1 ±  0.4 -  -  -  -  -  -  -  

42 Sparisom a radians, bucktooth parrot fish 3.5 ±  7.3 11.0 ±  14.3 4.0 ±  4.6 0.1 ±  0.5 -  18.4 ±  35.1 -  -  -  

43 Sparisom a rubripinne, yellowtail parrot fish  -  -  -  -  -  -  -  0.5 ±  2.1 -  

44 Sparisom a vir ide, stoplight  parrot fish -  0.9 ±  1.8 -  -  -  4.5 ±  6.6 -  -  -  

 
Sphyraenidae 

         
45 Sphyraena barracuda, great  barracuda -  -  -  -  0.1 ±  0.5 2.4 ±  2.5 2.9 ±  2.8 1.3 ±  2.5 -  

B.2.5 Data analysis 

Various fish community st ructure variables were invest igated:  fish density, total number of fish species S 

(per 50 m 2) ,  and Shannon’s index of diversity H' (Sodhi and Ehrlich, 2010) . To compare S and H’ of the 

mangrove t ransects (25 m 2)  with the other t ransects (50 m 2) ,  each mangrove t ransect  was combined 

with the nearest  other mangrove t ransect  of the sam e habitat  into a single 50 m 2 sam ple.  

Sim ilarity in fish assemblage st ructure among habitats was analyzed using the program PRI MER (Clarke 

and Warwick, 2001) . To incorporate spat ial differences in the Bay among study sites, fish densit ies were 

averaged across sites that  were located close to one another, for each of the sub-habitats separately. 

This resulted into the following higher-order mean values per sub-habitat  and represented replicates for 

stat ist ical analysis in PRI MER:  two replicates for blue pools ( reflect ing the two sampled pools;  Fig. 1) , 

four replicates for dark pools ( reflect ing the three isolated pools, and averaging the four small connected 

pools shown as an inset  at  the northeastern part  of the bay as a fourth replicate) , two replicates for 

mangrove fr inges along the two blue pools, three replicates for mangrove fr inges along the dark pools 

( two isolated dark pools and the average for the smaller connected dark pools in the northeast ) , one 

replicate for mangrove fr inges along the bay border, one replicate for the Thalassia/ Halimeda sites, two 

replicates for Thalassia beds (separat ing seagrass sites along the Bay border at  an average water depth 

of 0.7–2.8 m  vs. those at  greater depths of 2.9–5.0 m  in the cent ral port ion of the Bay) , and two 

replicates for the low-seagrass-cover cent ral bay sites ( located at  a mean water depth of 2.6–2.8 m  vs. 

3.0–5.2 m) . 

All data were fourth- root  t ransformed and Bray-Curt is sim ilarity coefficients were calculated among the 

sub-habitats, using the stat ist ical software package PRI MER (Clarke and Warwick, 2001) . The result ing 

sim ilarity mat rix was used to generate a non-met ric mult i-dimensional scaling plot . Differences in fish 

community st ructure among habitats as well as sub-habitats were tested using a 1-way ANOSI M. 

CLUSTER analysis based on group averages was then used to generate clusters consist ing of sub-

habitats that  showed 40%  sim ilarity in assemblage st ructure. Addit ionally, the RELATE-procedure (a non-

parametric analogue of the Mantel test )  was used to test  the relat ionship (Spearman rank)  between the 

resemblance mat rices of the fish density data and benthic cover data at  the level of sub-habitats, but  

excluding the three mangrove fr inge habitats as no benthic cover data were collected there (see Table 

1) . Likewise, potent ial relat ionships between environmental variables (standardized by subt ract ing the 

mean and dividing by the standard deviat ion for that  variable)  and the fish community st ructure of these 

sub-habitats were studied using the BI O-ENV procedure (Clarke and Warwick 2001), which calculates the 

correlat ion (Spearman rank) between the sim ilarity mat r ices of the biological (Bray-Curt is)  and 

environmental (Euclidean)  data. All significancies for the above tests were calculated on the basis of 999 

permutat ions. 
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B.3 Results 

B.3.1 Fish com m unit ies  

Total fish density was highest  in the mangroves fr inging the bay, with an average of 350 fish per 100 m 2 

(Fig. 2a) . Stat ist ically, this did not  differ from  the fish densit ies in mangroves fr inging the blue or dark 

pools nor the Thalassia or Thalassia/ Halimeda habitats. However, the mean fish density in all three 

mangrove fr inge habitats and the Thalassia habitat  was significant ly higher than that  in the cent ral bay 

and the two mangrove pool habitats. Mean species r ichness showed a sim ilar t rend to that  of fish 

densit ies (Fig. 2b) . On average, there were 12 (±  2.8)  species found per 50 m 2 in the mangroves 

fr inging the bay, which is significant ly higher than that  for the cent ral bay, blue pool and dark pool 

habitats. Compared to the lat ter three habitats, the Thalassia habitat  and mangroves fr inging the blue 

and dark pools also had a significant ly higher species r ichness. The Shannon index for diversity was 

highest  in the three mangrove fr inge habitats, and differed significant ly from  that  in the cent ral bay, and 

blue and dark pool habitats, but  not  from  the Thalassia and Thalassia/ Halimeda habitats (Fig. 2c) . Fish 

density, species r ichness and diversity in the cent ral bay habitat  was low, notwithstanding relat ively high 

levels of biot ic (seagrass)  cover (>  50% ). 
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Fig. 2. Mean (±  95%  confidence interval)  (a)  f ish density per 100 m 2, (b)  species r ichness (S)  per 50 m 2, and 

(c)  Shannon’s diversity index (H’)  per 50 m 2 in each sub-habitat  (1:  cent ral bay;  2:  Thalassia beds;  3:  

Thalassia/ Halimeda beds;  4:  blue pools;  5:  dark pools;  6:  mangrove fr inge bay;  7:  mangrove fr inge blue pools;  

8:  mangrove fr inge dark pools) .  
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Table 3. Relative abundance (%) of 10 common (density ≥ 2.3 100 m-2 in at  least  one sub-habitat )  nursery 

species in each sub-habitat .  

Species, com mon name 
Cent ral  

bay 
Thalassia 

Thalassia/  

Halimeda 

Blue 

pools 

Dark 

pools 

Mangroves 

bay 

Mangroves 

blue pools 

Mangroves 

dark pools 

Acanthurus chirurgus,  doctorfish  3.4 0.4 
    

2.2 
 

Chaetodon capist ratus,  foureye but terflyf ish 1.1 0.1 0.3 1.4 
 

1 
 

0.3 

Haemulon flavolineatum ,  French grunt  16 0.7 
   

5.2 9.1 
 

Haemulon sciurus,  bluest r iped grunt  
 

1.3 
   

0.4 1.2 0.7 

Lut janus apodus,  schoolmaster  
 

0.8 
 

19.2 4 6.2 14.8 6.7 

Lut janus gr iseus,  grey snapper  
 

8.2 3.2 49.3 25 3.1 23.1 15.7 

Ocyurus chrysurus,  yellowtail snapper  1.1 2 
   

0.1 
  

Scarus guacamaia,  rainbow parrot f ish  
 

0.1 
  

2 9.8 12.1 19.7 

Scarus iser i,  st r iped parrot f ish 20.6 66.4 70.1 
  

55.2 1.5 
 

Sphyraena barracuda,  great  barracuda         1 0.7 1.8 1.2 

Total 42.2 80 73.6 69.9 32 81.7 65.8 44.3 

 

 
Fish community st ructure differed signif icant ly (ANOSI M, global R =  0.57, p =  0.001)  among the three 

main habitat  types (pools vs. mangroves:  R =  0.60, p =  0.002;  pools vs. seagrass:  R =  0.50, p =  0.015;  

mangroves vs. seagrass:  R =  0.69, p =  0.004) . No significant  differences were found, however, among 

the sub-habitats (R =  0.50, p >  0.057) , although blue pools and dark pools formed separate clusters at  

40%  sim ilar ity (Fig. 3) . On average, the shallower cent ral bay sites showed more sim ilarity in their 

comm unity st ructure to that  of the dark pool sites than to that  of the other seagrass-harboring sites (Fig. 

3) . There was a high resemblance (RELATE, R =  0.706, p =  0.005)  among the ordinat ion of the sub-

habitats based on their fish communit ies vs. their benthic communit ies (seagrasses, macroalgae, 

sponges, corals, etc.) . Seagrass cover was the single best  environmental factor that  explained 

differences in fish communit ies among all sub-habitats in which benthic cover was quant ified  (BEST, R =  

0.45, p =  0.01) . Addit ion of the second and third best  explanatory variables, water depth and 

temperature, only increased the global R to 0.461 and therefore did not  play an important  role.   

 

Fig. 3. Non-metr ic mult i-dimensional scaling plot  for  f ish densit ies in different  sub-habitats belonging to 

mangrove (MG), seagrass (SG;  incl.  cent ral bay)  and mangrove pool (Pools)  main habitats. Clusters showing 

40%  sim ilar ity in community st ructure (ellipses)  are over laid onto the sub-habitats. 

The three most  abundant  species in the cent ral bay habitat  were the herbivorous Scarus iseri,  the 

benthivorous Haemulon flavolineatum  and the piscivorous Caranx crysos (Table 2) . High densit ies were 

also found for E. jonesi/ gula, Halichoeres bivit tatus and the parrot fish Sparisoma radians.  I n the 

Thalassia and Thalassia/ Halimeda habitats, S. iseri represented 66 and 70% , respect ively, of all fish that  

were encountered. Other abundant  species were H. bivit tatus, S. radians and Lut janus griseus.  Members 
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of the Gerreidae were almost  absent  in these two habitats. The three mangrove fr inge habitats showed 

notable differences in the abundances of certain species. I n the mangroves fr inging the bay, the 

parrot fish S. iseri and Scarus guacamaia were the most  abundant  species with a relat ive abundance of 

55 and 10% , respect ively. However, S. guacamaia was also abundant  in the mangroves fr inging the blue 

and dark pools, whereas S. iseri was (nearly)  absent  in these two habitats. For the Gerreidae and the 

snappers L. apodus and L. griseus, the mangroves fr inging the two pool types were notably important  

habitats. The blue and dark pools were mainly inhabited by species belonging to the Gerreidae and 

Lut janidae. The backwater habitat , which was sampled with a cast  net , showed the exclusive presence of 

Elops saurus and Mugil curema.  Other species collected here were Cyprinodon dearborni,   Atherinomorus 

st ipes and three species of Gerreidae. These species were also observed in the mangrove fr inge habitats. 

B.3.2 Ontogenet ic habitat  use by nursery species 

Ontogeny refers to the study of how part icular aspects of the ecology and biology of a species change as 

it  develops through different  stages of its life-cycle. Nursery species were defined as reef fish species 

whose juveniles use bay habitats as nursery areas and whose adults use primarily reef habitats (sensu 

Nagelkerken et  al. ,  2000b) . Of 17 Caribbean documented nursery species, 12 were observed in Lac Bay. 

The dist r ibut ion of nursery species varied across sub-habitats (Table 3) , with some species occurring 

predom inant ly in seagrass sub-habitats (Ocyurus chrysurus) ,  some mainly in mangrove fr inge and 

mangrove pool habitats (Lut janus spp., S. guacamaia,  Sphyraena barracuda) ,  some being absent  from  

pool habitats (Haemulon spp., S. iseri) ,  or some occurring across a range of sub-habitats (C. 

capist ratus) .  The nursery species Lut janus mahogoni and Scarus coeruleus were only observed in one 

sub-habitat  (Table 3) , and therefore their habitat  ut ilizat ion pat terns could not  be evaluated. 

Table 4. Mean length at  f irst  matur ity (Lm)  for  10 common nursery species. Data are from Bouchon –Navaro et  

al. (2006) , Faunce and Serafy (2007) , Faunce and Serafy (2008) , Mart inez-Andrade (2003) , Mateo and Tobias 

(2001) , Munro (1983) and Xavier et  al. (2012) . nd =  no data. 

Species Lm  (cm) 

Acanthurus chirurgus 14 

Chaetodon capist ratus 7 

Haemulon flavolineatum 18.8 

Haemuleon sciurus 22 

Lut janus apodus 25.8 

Lut janus gr iseus 19 

Ocyurus chrysurus 32.3-42.1 

Scarus guacamaia nd 

Scarus iser i 15.9 

Sphyraena barracuda 58 

 
Juveniles of Acanthurus chirurgus mainly used the cent ral bay and Thalassia habitats, while adult -sized 

fish (see mean length at  first  maturity Lm  in Table 4)  were observed in the mangrove fr inges of the blue 

pools (Fig. 4) . All observed size classes of Chaetodon capist ratus mainly used the mangroves fr inging the 

bay. Lm  in this species is 7 cm  (Table 4) , which makes it  difficult  to conclude if the observed fish in the 

size class 5-10 cm  were large juveniles or adults. The Lm for H. flavolineatum  is 18.8 cm , so most  

encountered individuals were juveniles. The mangrove fr inges of the bay and blue pools were the main 

dayt ime habitat  for this species, while the cent ral bay harbored only large indiv iduals. Haemulon sciurus 

was encountered in all mangrove fr inge sub-habitats and in the Thalassia beds. Most  individuals were 

observed in the size class 15-20 cm , which can be regarded as large juveniles as the Lm  of this species is 

22 cm . Adults were mainly observed in the mangroves fr inging the Bay. The snappers L. apodus and L. 

griseus were both found in large numbers. Almost  all individuals of L. apodus could be regarded as 

juveniles (Fig. 4) , because they were smaller than the Lm  of 25.8 cm  (Table 4) . Many of the observed L. 

griseus (Fig. 5)  were also juveniles (Lm= 19 cm) , although adult -sized fish were also regularly observed in 

Lac. Juveniles of both species m ainly used the mangrove fr inges of the bay, dark and blue pools. Larger 
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juvenile L. griseus (10-20 cm)  also used the Thalassia habitat  while adult -sized L. griseus mainly ut ilized 

the mangrove fr inges of the blue and dark pools. For O. chrysurus,  the Lm  is > 32.3 cm . Therefore, all 

observed indiv iduals were juveniles and Thalassia beds were their most  important  habitat . Scarus iseri 

juveniles, all which were smaller than Lm= 15.9 cm , were mainly observed in the mangroves fr inging the 

bay, and in the Thalassia and Thalassia-Halimeda habitats (Fig. 5) . For the parrot fish S. guacamaia no Lm  

data could be found. However, body colorat ion indicated that  all observed individuals were juveniles. The 

different  mangrove fr inge habitats were clearly very im portant  for this species, because they were not  

observed in any other habitat . The larger size-classes of this species (> 20 cm)  were found predom inant ly 

in the mangroves of the blue and dark pools (Fig. 5) . Finally, Sphyraena barracuda individuals were 

found in all size classes up to 60 cm  and with an Lm  of 58 cm  alm ost  all of them  were juveniles. Sm all 

juveniles of 0-20 cm  were m ainly found in mangroves fr inging the bay, while larger j uveniles of 20-50 

cm  mainly used the mangrove fr inges along the blue and the dark pools. 

 

Fig. 4. Summed mean densit ies per habitat  for  5 common nursery species:  a)  Acanthurus chirurgus, b)  

Chaetodon capist ratus,  c)  Haemulon flavolineatum, d)  H. sciurus, and e)  Lut janus apodus. 
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Fig. 5. Summed mean densit ies per habitat  for  5 common nursery species:  a)  L. gr iseus, b)  Ocyurus chrysurus, 

c)  S. iser i,  d)  Scarus guacamaia, and e)  Sphyraena barracuda. 

B.4 Discussion 

B.4.1 Drivers of fish assem blage st ructure 

The present  study shows that  dist inct  lagoon habitats present  in this t ropical mangrove and seagrass bay 

are used different ly and therefore likely serve different  habitat  funct ions for the various fish species. The 

largest  difference in community variables (density, species r ichness, species diversit y, and assem blage 

st ructure)  was found between three major lagoon habitat  types:  seagrass habitats, mangrove- fr inge 

habitats, and mangrove-pool habitats. Sub-habitats that  occur within these three major habitat  types 

also showed some unique propert ies, albeit  with smaller-scale differences. The st rongest  predictor 

variable explaining differences in fish communit ies among sub-habitats (excluding mangrove fr inge 

habitats)  was presence of seagrass vegetat ion. Cover of bot tom  vegetat ion (seagrass and macroalgae)  

decreased from  the seagrass beds, to the seagrass/ Halimeda beds, to the cent ral bay habitat , to the low-

cover and almost  barren mangrove pools and backwaters. Fish density, species r ichness, and diversity 

followed a sim ilar decreasing t rend across these sub-habitats. A decrease in bot tom vegetat ion cover 

results in less shelter and feeding opportunit ies, which are the two factors that  appear to be main drivers 

for use of these sub-habitats by juveniles of many reef fishes (Laegdsgaard and Johnson, 2001;  Verweij  

et  al. ,  2006) . Mangrove fr inges did not  have much bot tom  vegetat ion cover but  provided ample shaded 

st ructure with their complex prop- root  mat rix. Previous studies have shown the at t ract iveness of dark 

and st ructure- r ich mangrove prop- roots habitats to many nursery fish species (Cocheret  de la Morinière 

et  al. ,  2004;  Verweij  et  al. ,  2006;  Nagelkerken and Faunce, 2008;  Nagelkerken et  al. ,  2010) , explaining 

why mangrove fr inges around pools that  were isolated from  the open bay water st ill showed fish 

densit ies nearly as high as those of the mangroves fr inging the open bay. The low fish density in the 

cent ral bay habitat , notwithstanding relat ively high seagrass cover levels is interest ing and may have to 
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do with the different  species of seagrass that  it  harbors (Halophila st ipulacea)  compared to the other 

sub-habitats (Thalassia testudinum ) .  H. st ipulacea has recent ly invaded the Caribbean (Ruiz and 

Ballant ine, 1984)  and due to its much shorter and smaller leaves compared to T. testudinum  fish are 

more exposed to piscivores. This is further supported by the fact  that  the cent ral bay sites that  harbored 

some T. testudinum  in addit ion to H. st ipulacea showed a fish community sim ilar to that  of the seagrass 

bed sub-habitat , whereas the cent ral bay sites that  harbored H. st ipulacea alone showed a reduced fish 

community sim ilar to that  of the barren blue and dark pool habitats (Fig. 2) . 

Even though the mangroves fr inging the dark and blue pools were situated inside the pools, both sub-

habitats appear to be funct ionally disconnected in terms of fish habitat  usage, at  least  during dayt ime. 

The dark, st ructure- r ich mangrove fr inges harbored high densit ies of nocturnally act ive nursery species 

of Lut janidae, Haemulidae and some other reef species (presumably for shelter;  Verweij  et  al. ,  2006) , 

and high densit ies of diurnally act ive species of Gerreidae (presumably for feeding;  Verweij  et  al. ,  2006) . 

I ndividuals of nursery species may have st rayed into the adjacent  open pool areas as these were among 

the few species observed in that  habitat . Backwater habitat , with high salinit ies and lacking adjacent  

mangrove fr inge habitat  indeed showed complete absence of juvenile reef fish species and only presence 

of some bay species like Gerreidae. While it  is unknown how the mangrove pool habitats are used at  

night , it  is possible that  they funct ion as night - t ime foraging areas for fish sheltering in adjacent  

mangroves, just  as is commonly observed for fish undertaking nocturnal feeding m igrat ions from  

mangroves to adjacent  seagrass beds (Ogden and Erlich, 1977;  Verweij  and Nagelkerken, 2007) . I t  is 

clear that  distance to the open bay played a relat ively small role in explaining the above pat terns, as 

mangrove fr inges located far away from  the open bay area also harbored high fish abundances.   

I n cont rast  to what  was observed for the mangrove fr inge vs. unvegetated pool habitats, juxtaposit ion of 

two vegetated habitats may result  in increased habitat  connect ivity and higher species abundance and 

r ichness at  their borders (Nagelkerken et  al. ,  2001;  Dorenbosch et  al. ,  2006) . Mangroves fr inging the 

open bay showed highest  values for fish density and species r ichness of all habitats studied. Their 

occurrence next  to seagrass beds with high vegetat ion cover is likely to create edge effects that  result  in 

increased fish density and species r ichness. Such edge effects have also been observed among other 

types of vegetated habitats, such as patch reef–seagrass ecotones (Dorenbosch et  al. ,  2005;  Tuya et  al.,  

2011)  and provide a t ransit ion area for movement  between two habitat , while providing benefits (shelter, 

food, etc.)  from  both habitats at  small spat ial scales. Fishes that  feed in seagrass beds during dayt ime 

(Robblee and Zieman, 1984)  have the advantage of increased protect ion from  predat ion in direct ly 

adjacent  mangroves when at tacked by larger predators roam ing in the open waters of the bay. 

Furthermore, many nocturnally-act ive species undertake foraging m igrat ions at  night  from  mangroves to 

seagrass beds (Ogden and Ehrlich, 1977;  Nagelkerken et  al. ,  2000a) , so mangroves that  are located 

close to seagrass foraging areas will likely be more favorable to fish species. The deeper, cent ral bay 

seagrass beds may have had lower fish density, species r ichness and diversity in part  because of this 

effect . 

Land reclamat ion by mangroves is a natural process occurring over t imescales of decades to centuries 

(Bingham 2001) . The present  study shows that  this could potent ially have negat ive effects on the 

nursery funct ion of marine embaym ents. As discussed in the study area descript ion, over the last  35 

years, land reclamat ion by mangroves in Lac has been expanding into the bay at  an average rate of 2.34 

ha per year and has formed hypersaline and warm  habitats with bare subst ratum  land- inwards of the 

mangroves. Although sampling methods used in the backwater areas differed from  the visual census 

used in the other habitats, the results indicate convincingly that  the backwaters are inhabited by totally 

different  fish species than the other habitats, and nursery reef- fish species were not  found there at  all.  

The ongoing bay-ward mangrove extension has lead to t ransformat ion of open bay habitats (Thalassia 

and Thalassia/ Halimeda beds)  with high fish abundance and diversity into depauperate mangrove pools 

(see Fig. 1)  with very low fish abundance/ diversity. This process especially affects nursery fish species, 

which are preferably associated with mangrove/ seagrass vegetat ion. However, mangrove extension has 

also lead to an increase in mangrove fr inge area with r ich fish communit ies, and this may have (part ially)  

offset  the loss of habitat  harboring bot tom  vegetat ion.  
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B.4.2 Ontogenet ic habitat  use 

Four of the nursery fish species (Acanthurus chirurgus,  L. griseus,  S. guacamaia and S. barracuda)  had 

dist r ibut ion pat terns suggest ing a step-wise post  set t lement  life cycle m igrat ion (Cocheret  de la Morinière 

et  al. ,  2002;  Nagelkerken et  al. ,  2000b)  from  open water habitats to more isolated inland habitats, 

before moving to the coral reef (Nagelkerken et  al. ,  2000b, c) . For these species, small juveniles 

predom inated in seagrass and/ or mangrove fr inge habitats in the bay, while larger j uveniles and/ or 

subadults predom inated deeper in the mangrove system  ( fr inges along the blue and dark pools) . Our 

focus on sub-habitats provides a more detailed insight  into potent ial habitat  shifts compared to earlier 

studies that  regarded mangrove and seagrass habitats as single habitat  units (e.g., Nakamura et  al. ,  

2008;  Cocheret  de la Morinière et  al. ,  2002;  Nagelkerken et  al. ,  2000b) . Usage of land- inward mangrove 

habitats at  greater distances from  the adult  reef habitat  could perhaps be driven by factors such as 

increased feeding opportunit ies in areas that  are less accessible to other reef species. While the exact  

reasons are not  known, it  shows that  the variety of niches that  occur in the mangrove ecosystem  are all 

occupied by certain life stages of various fish species. 

Ontogenet ic habitat  shifts from  open water mangrove fr inges to interior mangrove fr inges was not  the 

norm  for all nursery fish species. Smaller juveniles of H. flavolineatum ,  H. sciurus and L. apodus also 

occurred in mangrove fr inges along the two pool habitats, but  for the largest  individuals of these species, 

the mangroves fr inging the open bay were more important , suggest ing a movement  from  the interior 

mangroves towards the open bay. The apparent ly cont rast ing st rategies in ontogenet ic movements 

suggests that  different  life stages of various nursery species have adapted to occupy cont rast ing non-

reef habitats, probably in a way to m inim ize compet it ion for resources among life-stages and species 

(Nagelkerken et  al. ,  2006) .  

Juvenile O. chrysurus were mainly encountered in the Thalassia beds. This confirms results of earlier 

studies that  indicate their dependence on seagrass beds (Robblee and Zieman, 1984;  Nagelkerken et  al. ,  

2000;  Verweij  et  al. ,  2008) , although there are also studies which suggest  the preference of juvenile O. 

chrysurus for mangrove fr inges (Nagelkerken 2007) .  Scarus iseri showed a sim ilar pat tern of habitat  

usage as in other studies (Cocheret  de la Morinière et  al. ,  2002) , occurring in seagrass as well as 

mangrove habitats, while C. capist ratus was most  abundant  in mangroves as was the case elsewhere 

(Nagelkerken et  al. ,  2000b) .  

During our surveys no groupers were recorded during count  nor seen outside of the counts. I n the past , 

up unt il the early 1990s various grouper species had been documented for the bay, among which 

Epinephelus itajara, Mycteroperca rubra, Epinephelus gut tatus, Epinephelus st r iatus, and Epinephelus 

adscencionis (van Moorsel and Meijer, 1993) . While the nursery funct ion of non- reef habitats like 

mangroves and or algal beds for several species of large groupers like E. itajara (Frias-Torres, 2006;  

Koenig et  al. ,  2007)  and E. st r iatus (Eggleston, 1995;  Dahlgren and Eggleston, 2000)  has been known 

for some t ime, most  of these species have largely disappeared from  the waters of the island due to 

overfishing in the past  and have not  since recovered (Debrot  and Criens, 2005) . Nurse sharks which 

were formerly regularly encountered in the mangrove creeks of Lac (van Moorsel and Meijer (1993)  were 

also not  observed in this study. 

Since first  being observed on the reefs of the island in October 2009, the invasive lionfish (Pterois 

volitans/ m iles)  has developed into a major problem  on the reefs of Bonaire (Debrot  et  al. ,  2011) . The 

species was not  observed in our t ransects, nor anywhere else in the seagrass or mangrove habitats 

studied. However, during separate dives to isolated coral heads in the cent ral bay area, lionfish were 

seen on numerous occasions. As the lionfish has been abundant  for some t ime already on the fr inging 

reefs of the island, it  would appear that  somehow the bay habitats are not  being selected by the lionfish. 

However, Barbour et  al.  (2010)  have found that  the lionfish can also invade mangrove areas. 
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B.5 Conclusions 

Our results indicate that  the spat ial set t ing of various habitat  types within a shallow-water seascape has 

important  consequences for the way in which these habitats are used by fishes during their ontogeny. 

While mangroves fr inging open waters had highest  overall fish densit ies and species diversity likely due 

to edge effects and complex shaded st ructure, the various vegetated sub-habitats all played a unique 

role for different  size-classes of different  fish species. The results suggest  that  maintenance of habitat  

connect ivity and smaller-scale habitat  diversity is a key management  priority for ensuring secondary 

product ivity of coastal marine habitats. 

The cent ral bay and blue pool habitats were hardly used as a juvenile habitat  by reef fish, while in the 

more isolated dark pools and backwaters, nursery species were almost  totally absent . I n the case of the 

cent ral bay habitat , the lim it ing factor likely was the low degree of three-dimensional shelter offered by 

an invasive seagrass species , while in the isolated, dark pools and warm  and hypersaline backwaters, 

physiological tolerance lim it s were likely the most  important  factors.  

Long- term  changes driven by mangrove expansion into this non-estuarine lagoon have been steadily 

reducing the net  coverage of clear, well circulated open bay waters by an average of more than 2 

hectares per year, while the surface of shallow, muddy, stagnant, hypersaline backwaters has been 

increasing by an almost  equal amount . These backwaters are unable to support  either meaningful 

mangroves, seagrass or algal meadows. Consequent ly, the long- term  biodiversity and ecosystem 

funct ion of the bay could be at  stake and management  act ion is needed to stem  further erosion of 

nursery habitat  quality and ensure that  a t ipping-point  is not  reached beyond which recovery may be 

difficult  or impossible.  
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