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Abstract

This investigation used a combination of oceanographic and marine
ecological techniques to determine the role of rivers in influencing the
benthic community structure of the coral reefs in Los Cayos Cochinos,
Honduras. Principal objectives were; the detection of inter and intra-site
variation in benthic community structure; the comparison of local rivers
and sediment sources; comparison of riverine impact with other sources
of Scleractinian mortality; discussion of the suitability of the
methodologies used, towards further integration of oceanographic and
marine ecological techniques in studying coral reefs and riverine impact.

Reefs in Los Cayos Cochinos were found to have lower Scleractinian
cover (13.31% S.D. ± 19.24) than the regional mean average (~24%).
Almost a third of these corals were Agaricia tenufolia, a putatively
sediment tolerant, foliose coral. Macroalgae were found to be the
dominant cover with a mean of 55% (S.D. ± 29.50). Not all sites had the
reef crest as the region of highest Scleractinian cover or diversity. Sites
did form clear biotopes with 67% dissimilarity in cluster analysis.
Location of the sample sites had an effect, with community structure
varying according to exposure, or suspended particulate matter levels.
Remote sensing data showed that the Rio Aguán was not the principal
cause of high primary productivity or sedimentation, showing coastal
rivers had a greater year-round influence. Fresh water run-off from the
local islands was a stronger signal than the rivers during the dry season.
Variations in δ13C, δ15N and reef patch dynamics showed that areas near
private island developments were of a possible concern than the
community of Chachahuate or rivers. Patch dynamic analysis showed
some high diversity sites were increasingly under threat from
sedimentation, more so than competition, coral disease or bleaching.

The use of Scleractinian cover alone to judge ‘reef health’, was found to
be deficient here, without the use of diversity indices. Dissolved nutrient
analysis was also found unsuitable for this study. Isotopic analysis
successfully determined both anthropogenic inputs and elucidated upon
adaptation and niche differentiation of the dominant macroalgae genera in
Los Cayos Cochinos. Remote sensing was found to be the most cost
effective and powerful tool for determining riverine influence. The use of
a novel intra-site GIS methodology, allowed comparison of community
structure, however it would benefit further from integration with more
advanced statistics such as nearest-neighbour analysis.
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1. General Introduction

1.1 Coral Reefs under threat

It has been estimated that we have lost 19% of coral reefs worldwide,

with a further 15% at serious risk of being lost in the next 10-20 years

and further 20% could be lost in 20-40 years (Wilkinson 2008). Coral

reefs are of considerable scientific, economic and social importance, and

as such there has been a lot of focus on the variety of factors and threats

degrading coral reefs worldwide (Hodgson 1999, Wilkinson 1999,

Hodgson 2001, Hoegh-Guldberg 2004). In the Caribbean, increased

population and development have resulted in a myriad of anthropogenic

stresses on reefs (Wilkinson 2008). In conjunction with localised

problems such as eutrophication, sedimentation, over fishing, chemical

pollution and habitat destruction (Dubinsky and Stambler 1996, Lapointe

and Matzie 1996, McClanahan 1997, Heap et al. 1999, Larcombe and

Woolfe 1999, Croquer et al. 2002, McClanahan et al. 2002b, Munday

2004, Nowak 2004, Fabricius et al. 2005, Mumby et al. 2005a, Mumby

2006b, a, Mumby et al. 2007), there are larger scale issues such as global

sea temperature increase, acidification and increased hurricane / storm

damage as a result of global climate change (Burke et al. 2004, Hoegh-

Guldberg et al. 2007).
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All of these factors have contributed to an unprecedented phase shift in

the community of coral reefs in the Caribbean (Hughes 1994a).

Classically reefs consist of a wide diversity of benthic organisms,

especially Scleractinia (hard corals), such as the branching, fast growing

Acropora spp. These and other important frame (Raymundo et al. 2003)

building corals are being replaced at an alarming rate by dominant,

nutrient-loving macro algae and the sediment tolerant foliose coral

Agaricia spp. Such a shift has not been recorded in geological records for

the last 3000 years (Aronson et al. 2004, Wapnick et al. 2004), and some

are suggesting a change in classification maybe needed from coral reefs

to algal reefs, as macro algal cover increases to over 50% on most

modern Caribbean reefs, and coral cover decreases bellow 30% (Dustan

and Halas 1987, Aronson et al. 1998, Aronson et al. 2004, McManus and

Polsenberg 2004, Wapnick et al. 2004)

Part of the problem is removal of top down regulation. Over-fishing of

principal grazers and the mass die-off of Diadema spp. urchins are

examples of a loss of ‘top-down regulation’ (Hodgson, G., 1999).

However the role of ‘bottom-up regulation’, is of equal importance in

understanding reef degradation (Gorgula, S.K.et al, 2004; Mumby P.J.

et.al, 2005; Szmant, A., 2002). Local river output can have an important
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affect on ‘bottom-up regulation’ of macroalgae. Rivers can not only

directly provide increased nutrients for algae, but also stress corals with

increased sediment loads or spikes of low salinity (Andrefouet et al.

2002). Increased deforestation and coastal development can increase

sediment and nutrient loads within rivers, especially after tropical storms

and increased rainfall, thus furthering the reach of sediment plumes

(Burke et al. 2004, Burke and Sugg 2006).

A study by the World Resources Institute, estimated that Honduran rivers

provide 80% of all the sediment and over half of all the nutrients in the

Mesoamerican Barrier Reef region (Burke and Sugg 2006). The

Honduran Marine Protected Area, Marine National Monument Cayos

Cochinos (MNMCC), is an archipelago situated approximately 10 miles

(16 km) off the coast of mainland Honduras and has been shown to be

within reach of local river sediment plumes following the severe impacts

of Hurricane Mitch in 1998 (Andrefouet et al. 2002). As such this area

provides a unique opportunity to study reefs influenced by nearby rivers.
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1.2 Study Location

Los Cayos Cochinos archipelago is situated approximately 16 Km off the

north coast of Honduras, Central America (Fig. 1.1.). These islands are

about 39 Km to the south of the larger Bay Islands of Roatán, Utila and

Guanaja. Los Cayos Cochinos consist of two main islands, Cayo Menor

(a.k.a. Cochino Pequeño) and Cayo Mayor (a.k.a. Cochino Grande) in

conjunction with 13 smaller sand keys. Cayo Menor is approximately 1.3

Km in length and 1 Km in width with no permanent residents other than a

small research base, rangers and support staff. Cayo Mayor is larger,

approximately 1.7 Km in length and 1.8 Km in width (Fig. 1.2.). There

are several private homes, a small hotel and a village of local Garifuna

artisanal fishers. The only other area of significant population is a small

and very densely populated sand key called Cayo Chachahuate, also

home to Garifuna.
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Figure 1.1. Map showing the location of Los Cayos Cochinos and the Bay Islands off
the coast of Honduras, Central America.
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Figure 1.2. Map of Los Cayos Cochinos, showing the two main islands and
surrounding keys and reefs.

Los Cayos Cochinos are situated on a shallower section of continental

shelf than the more northerly Bay Islands, and as such the local fringing

reefs are younger, and less influenced by oceanic currents. Between Los

Cayos Cochinos and the Bay Islands, are a group of sea mounts in deep

water, known as the Roatán Banks, where reef quality is noticeably

higher. The Cayos Cochinos consist mainly of sedimentary shale uplifted

by the separation of the Caribbean plate away from Central America (Abt

and WHG 2003).
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1.3 Threats to Los Cayos Cochinos archipelago.

1.3.1 Watershed

Honduras is one of the most mountainous countries in Central America.

Out of the entire 53,700 km2 water shed for the Gulf of Honduras (Belize,

Honduras and Guatemala), Honduras constitutes 29,600 km2. This large

drainage basin drains into several rivers, stretching all along the coast

line. Three of the biggest are the Rios Ulua, Chamelecon and Aguán. The

Chamelecon has a mean discharge of 400 m3/sec and the Ulua 1,400

m3/sec, over three times more than the next largest river in Guatemala,

the Motagua, which in turn is the same size as all the other rivers in the

Gulf of Honduras added together. In total the rivers of Honduras

discharge 75 km3 a year into the Caribbean. Land use, erosion,

precipitation (Fig. 1.3.) and the mountainous nature (Fig. 1.4.) constitute

a serious sediment problem for near shore reefs such as those in Cayos

Cochinos. Of these three largest rivers in Honduras, the Rio Aguán has

the closest proximity to Los Cayos Cochinos.
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Figure 1.3. Monthly precipitation and maximum air temperature in La Ceiba,
Honduras. This is the closest weather station to Los Cayos Cochinos.
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Figure 1.4. Percentage slope on agricultural land, illustrating the mountainous
topography of Honduras taken from Burke et al. 2004.

1.3.2 Agriculture

Agriculture plays a principal role in the Honduran economy. The main

crops are coffee and bananas. As with other regions in Central America,

Honduras excessively uses biocides and fertilizers, mainly due to lack of

awareness of environmental impact in the farming community. Officially

the Honduran Government estimate that Honduras has 340,000 Hectares

of land in agricultural use, with 3,000 tons of agro-chemicals used per

annum. However UNEP estimated in 1999, that a total of 1,726,350 kg of
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insecticides and nematocides and 1,186,630 kg of herbicides were

imported into Honduras in one year. The resultant need for agricultural

land led to deforestation, with much of Honduras’ agricultural land now

occurring on steep slopes and mountainous terrain (Fig 1.4). This steep

land, coupled with precipitation and soil erosion, has led to substantial

amounts of sediment and nutrients ending up in rivers and eventually

being deposited at sea. Burke and Sugg’s 2006 World Resources Institute

report stated; ‘Most of the sediment and nutrients delivered by watersheds

along the MAR originate in Honduras. It is estimated that over 80% of

sediment and over half of all nutrients (both nitrogen and phosphorous)

originate in Honduras.’ (Burke and Sugg, 2006).

1.3.3 Water Quality

Of the 6.4 million people living in Honduras, the sewage of around 4.2

million drains directly into the watershed. Combined with the large

amount of animal waste, fertilizers and agrochemicals contaminating the

rivers, eutrophication is a serious threat. The close proximity of Los

Cayos Cochinos to the mainland and their location in shallow water has

been suggested to subject the reefs to a high level of nutrients and

sedimentation (Fig. 1.6.). This problem can be compounded by seasonal
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storms and Hurricanes as shown in Figure 1.5. The domination of the reef

by macro algal species such as Dictyota spp., Lobophora spp., and

Halimeda spp. can be used as bio-indicators of high nutrient loads

(Hodgson 1999, 2001). Industrial discharge has also been identified as a

potential threat. Zinc and Lead from mining have been detected in

Honduras’ rivers, along with chemicals from sugar processing, clothing

and textiles industry, chemical processing and the lumber industry (Abt

and WHG 2003).
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Figure 1.5. Satellite imagery of chlorophyll levels (OC2 Pigment) as a proxy for post-
Hurricane Mitch riverine output, deposition and impact on the bay islands of
Honduras (Andrefouet et al. 2002). Series A-D mark the date order of the frames from
3 November 1998 to 9 January 1999. T= Turneffe Islands; L = Lighthouse Reef; G=
Glover’s Reef
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Figure 1.6. Proxy sedimentary plume from the Aguán River Valley in false colour
(yellow) from Chlorophyll OC2 pigment imaging by Satellite. Image taken post
Hurricane Mitch, 1998 (Source: USGS)

Coastal development and increasing tourism have lead to an average

clearing of ~3,000 Hectares per annum of Mangroves. With only ~54,300

Hectares of Mangroves nationally, this constitutes a serious problem, not

only by removing a natural filter for water quality, but also removing a

nursery for various important vertebrate and invertebrate reef species.

Increased coastal development can also lead to an increase of associated

maritime pollution and permanently change the local hydrological cycle,

increasing run-off (Burke and Sugg 2006).
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There is also potential for a localised nutrient problem in Los Cayos

Cochinos. There is little in the way of human sewage treatment, in some

island communities, and increased development and construction on

some islands (Pers. Obs. and Cubas, 2009. Pers. Comms.)

1.3.4 Mass disturbance events

1998 saw a category 5 Hurricane, Hurricane Mitch (Fig 1.7.), devastate

much of Honduras. Winds reached 180 mph, waves reached 50ft high. In

Honduras 11,000 people were killed and 2 million left homeless. 6 feet of

rain fell in 48 hours. The result was massive wave damage to local reefs,

coupled with a huge increase in river sediment deposition from flooding.

This devastated much of the shallower reefs, removing the once dominant

thickets of Acropora cervicornis (A. Cubas, Pers. Comm.). 1995 and

1998 was also El Niño years, with 16% of the world’s coral reefs killed

off by unusually high water temperatures. It has been suggested that the

local lowering of water temperatures by Hurricane Mitch may have

staved off some of the thermal bleaching, however there is no doubt that

Mitch has left a lasting scar on the reefs of Cayos Cochinos, and that the

increase in anthropogenic pressures on the reef have severely hampered

recovery, lowering hard coral cover significantly (Guzman 1998a,

Guzman and Guevara 1998). 2005 noticeably saw an all time record for
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Hurricanes in the Caribbean, as Meteorologists ran out of names for

Hurricanes, and had to move into the Greek alphabet for the first time in

recorded history. Tropical storm Gamma hit the coast of Honduras on

November 21st, 2005 and caused massive flooding and landslides with

11,600 people having to be evacuated.

Figure 1.7. Hurricane Mitch, October 1998. The eye moved over the Bay Islands and
‘stalled’, causing mechanical damage to local reefs and increasing terrestrial run-off
(source NOAA).
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1.3.5 Fishing

Fishing is not currently considered a major threat in Los Cayos Cochinos.

The archipelago was designated a marine protected area (MPA) in 1996

and is regulated by the Honduran Coral Reef Foundation (HCRF) and

rangers. Most fishing activity is limited solely to line fishing, and non-

local residents must have licenses and permits. The most exploited

fisheries are Lobster and Queen Conch, primarily to support the tourist

trade and restaurants on the mainland, and the more developed and tourist

popular bay islands to the north. There is a buoyed zone of protection

around the MPA, preventing large commercial trawlers and non-

permitted traffic / fishers. There is also a good system of buoys and zonal

protection within the park, to limit anchor damage, and in theory to

regulate the amount of impact reefs experience from diving and other

activities. Most Fin-Fish Fishing activity is either from a small amount of

tourism or subsistence, artisanal fishing primarily for Snapper (HCRF,

Pers. Comm.)
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1.4 History and Previous Research

Prior to 1996, little research had been conducted in the area. In this year

AVINA was formed from a conglomerate of Honduran and Swiss

businessmen. AVINA helped support the creation of the MPA and the

HCRF. Legislation was passed to protect the region, and facilities were

built on Cayo Menor in conjunction with the Smithsonian Institute and

NOAA. The Smithsonian then used these facilities as a research base to

document much of the marine and terrestrial flora and fauna in the region

(Bermingham et al. 1998, D'Croz et al. 1998, Guzman 1998b, a, Guzman

and Guevara 1998, Jacome 1998, Lessios 1998, Ogden and Ogden 1998,

Ogden 1998). Other than these reconnaissance surveys, and some small

surveys by the HCRF, no other substantial ecological or oceanographic

surveys have taken place in Los Cayos Cochinos.

The facilities where then used again by the USGS for assessment of

damage caused by Hurricane Mitch in 1998. Until 2002 the facilities were

used primarily as a base for rangers. In 2003 the HCRF signed an

agreement with the United Kingdom Non Government Organisation

(NGO) Operation Wallacea, for a 5-8 year period of long term

monitoring. The HCRF also employed the services of the World Wildlife
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Fund (WWF) for a consultancy on a management system. The region has

also received assessment as part of the CARICOMP (Caribbean Coastal

Marine Productivity Program), WHOI (Wood’s Hole Oceanographic

Institute), AGRRA (Atlantic and Gulf Rapid Reef Assessment) and

MBRS / SAM programs (Mesoamerican Barrier Reef System / Sistema

Arrecifal Mesoamericano programs) as part of a larger assessment of the

Mesoamerican Barrier Reef System.

As part of employment by Operation Wallacea in 2003 and 2004, the

author conducted baseline surveys of the reefs around Cayos Cochinos

using the Reef Check method, and volunteer assisted pilot studies of reef

community composition. In 2005 the MPA was designated Marine

National Monument Cayos Cochinos (MNMCC) by presidential decree.

Data from the 2005 pilot studies were used to categorize sites into

putative healthy, intermediate and impacted categories. Use of this data

and the contribution to other pilot studies is explained in further detail in

the relevant following chapters.
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1.5 Aims and Objectives of Study

The principal goal of this investigation was to elucidate upon the HCRF’s

concerns of limited recovery by the Scleractinian coral reefs in Los Cayos

Cochinos. The Rio Aguán is considered the principal cause of reef

decline in the region by the HCRF (Pers. Comms.). This study

investigated not just this large river, but three smaller and closer rivers,

on the coastline directly to the south of Los Cayos Cochinos. Remote

Sensing work by the USGS and Andrefout et al (2002), have already

shown the extent of Rio Aguán derived nutrients and sediments in the wet

season and post Hurricane type events (Figs 1.4 and 1.5). To better

elucidate upon the role of local run-off sources and the smaller rivers to

the south of Los Cayos Cochinos, This study was conducted during dry

season months (Fig. 1.3). Other possible causes of Scleractinian decline

and mortality, such as disease, bleaching and domination by macroalgae

will also be considered. A suite of oceanographic techniques will be used

to detect and quantify bodies of less saline water, terrestrial run-off,

sediments and nutrients. This data will then be used in conjunction with

ecological surveys of the reef benthic community, to further understand

the role of competition and benthic community dynamics across a

spectrum of environmental conditions and abiotic factors. A secondary

objective of this study will be compare the relative merits of these
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techniques in successfully achieving the aforementioned primary

objective. Whilst this thesis is unable to comment on the suitability of all

methods for all situations in all locations, it can comment on the

suitability of the methods applied here for studying Los Cayos Cochinos.

This study is also only qualified to look at riverine sources and impacts

during the dry season, and the influence and impact of precipitation

during the wet season and post Hurricane events, should not be forgotten.

It is hoped that this study’s comparisons will at least provide some insight

and considerations towards further integrating oceanographic techniques

into marine ecological studies of coral reefs. A further objective is to

provide detailed oceanographic and ecological data to assist the

management authority (HCRF) of Marine National Monument Los Cayos

Cochinos.

1.5.1 Key Aims:

1) Determine Reef condition and site variation

2) Determine Riverine influence during dry season

3) Detect and quantify impacting factors

4) Discuss the suitability of methodologies, towards further

integrating oceanographic techniques into marine ecological

studies of the coral reefs around Los Cayos Cochinos
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1.6 Study Design

In order to achieve the aforementioned aims and objectives, a suite of

surveys and sampling took place across the fringing reefs of Los Cayos

Cochinos. Permanent quadrats were setup at three sites to monitor change

over three years on several depths and zones on the reef. In conjunction

with this survey, 10 sites were surveyed one year and a further 10

another. At each of these 20 sites, hydrodynamic, geochemical and

ecological assessments were taken for comparison with coastal transects

out to the Rio Aguán and the southerly rivers. These 20 sites (Fig. 1.8.)

were spread across the reefs of Los Cayos Cochinos to allow detection of

either an east to west gradient or north to south gradient in key indicators

of reef condition such as total percentage Scleractinian coral cover or

diversity indices. It is postulated that if there is a gradient of impact from

the Rio Aguán, then there will be a west to east gradient of less saline

water, suspended sediment and heightened nutrient load as sample sites

get closer to the Rio Aguán. Similarly, total Scleractinian coral cover

should decrease, and Scleractinian disease and macroalgal dominance

should increase. Similarly, diversity indices should also decrease.
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Figure 1.8. Location of study sites around Los Cayos Cochinos archipelago. Stars =
2007 study locations. Diamonds = 2008 study locations. Light green areas are
submerged reefs, Dark Green areas are land above sea level.

Several different sampling methods were used, but all applied equally to

each of the 20 samples site and all of the river detection transects. For the

purpose of ease of comparison, each has been grouped to a relevant sub-

discipline of oceanography and marine ecology, and then presented as

individual chapters. Each chapter will thus present the methods and

results of each sub-discipline. Each chapter will also provide further

introductory material to each sub-discipline, and will preliminarily

discuss results within the context of that chapter. The key points and

findings from each chapter will then be considered in a general
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discussion, answering the key objectives of this investigation and drawing

conclusions. The structure and process of how each chapter and sub-

discipline fit into the key questions and title of this investigation are

presented schematically in Figure 1.9 for clarification.

Figure 1.9. A schematic, flow-chart representation of objectives, chapters and the
subsequent process for investigating riverine impact upon the reefs of Los Cayos
Cochinos.
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2. Hydrodynamic Assessment

2.1 Introduction

The rivers of the north coast of Honduras have been described as being

responsible for up to 80% of all sediment and half of all nutrients in the

Mesoamerican Barrier Reef System (Burke and Sugg 2006). Much of this

output occurs during the highest precipitation months of November to

March (Harborne et al. 2001). This has led to some speculation that the

stalled recovery of the reefs of Cayos Cochinos may be due to their close

proximity to the mainland and riverine output (Guzman 1998a, b, Ogden

and Ogden 1998). This study investigates to what extent these rivers have

a year-round extension and influence upon the Los Cayos Cochinos reefs.

This study mapped the local Hydrodynamic environment during one of

the driest periods of the year. Theoretically this is the time of least

precipitation and thus the least amount of river extension. An

investigation at this time will determine whether riverine influence is a

chronic year-round issue, or more of an acute, event based or seasonal

impact.

Surveying a local current regime measures the temporal and spatial

variability of abiotic factors which in turn can influence both mortality
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and recruitment upon a reef. The study of local hydrodynamics has a

direct feed into zonal management. It can identify sites that are

‘upstream’ or ‘downstream’ of sediment and nutrient plumes, or highlight

sites that are important in larval recruitment or dispersion.

In the context of Cayos Cochinos, the development of current maps and

further understanding of prevailing current direction and behaviour can

also help identify regions that are likely to be impacted by fresh water

plumes from either coastal rivers or local island run-off.

Currently the literature is conflicting over the prevailing current direction

in Cayos Cochinos. Harbourne et al (2001), show a current moving along

the Honduran coast from the west. In contrast a time series analysis by

Andrefout et al (2002) of SeaWiFS satellite images following Hurricane

Mitch in 1998, show images of river water planktonic blooms and

plumes moving in a variety of directions, (Fig. 1.5 ) including easterly.
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The directional data provided by an Acoustic Current Meter (ACM) will

provide both local scale mapping and monitoring of current direction

within the Marine Protected Area (MPA) and in conjunction with transect

deployments, map current directions from the coast and nearby rivers.

Salinity, temperature and density are also mapped and calculated with a

Conductivity, Temperature and Depth probe (CTD). The CTD is a useful

tool for investigating water column stratification and character, both

around the MPA and in transects out to potential point sources of

freshwater. This includes the mouths of the Rio Aguán, Rio Esteban, Rio

Lislis and Rio Papaloteca.
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Chapter Objectives:

1) Determine current direction and diurnal pattern within Cayos

Cochinos MPA and the surrounding region of immediate influence.

2) Characterise differences in speed and flow pattern, vertically;

within sites (i.e. over depth), and between sites.

3) Investigate dry season river extent and influence upon Cayos

Cochinos.

4) Detect and measure freshwater inputs and influences both at MPA

sites and across transects leading out from near-by river mouths.

2.2 Methods

Sample Sites

Current mapping and water profiling took place at the same 18 reef sites

around Los Cayos Cochinos, as used in the geochemical and benthic

survey studies. In 2007, two transects were conducted for comparison of

river influence. One transect was conducted towards the east to detect the

Rio Aguán’s waters and influence. A second transect was conducted to
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the south to map the influence of the Rio Papaloteca and other mainland

rivers to the south of the MPA. Following the results of the 2007 study, a

further 3 transects were conducted to the south of Los Cayos Cochinos, to

further investigate the influence of the Rio Papaloteca, Rio Lislis and Rio

Esteban (Fig. 2.1)

Figure 2.1. Location of sample points making up coastal tra
discharge and effects on waters around Los Cayos Cochinos
from 2007. Yellow Diamonds are 2008 samples. Note, the 1
around the reefs of Los Cayos Cochinos, are not shown.
nsects for detecting river
. Red stars are transects
8 common sample sites

15 Km
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ACM: Current Mapping

Surveying a local current regime measures the temporal and spatial

variability of abiotic factors which in turn can influence both mortality

and recruitment upon a reef. The study of local hydrodynamics has a

direct feed into zonal management. It can identify sites that are

‘upstream’ or ‘downstream’ of sediment and nutrient plumes, or highlight

sites that are important in larval recruitment or dispersion.

An acoustic current meter (ACM) was used to create both a current map

of the region and compare diurnal changes in flow speed and direction.

Deployment of the ACM at two different depths also allows an intra-site

comparison of flow direction and speed, detecting any interaction

between reef topography and water column. This in turn has implications

for discussing site variation in turbidity, re-suspension of sediments upon

a reef and increased mixing of dissolved nutrients.

The ACM is manufactured by Falmouth Scientific. Inc. (FSI) and was

deployed as an additional fitting to the top of an FSI conductivity,

temperature, depth (CTD) probe. The 2 dimensional ACM measures

horizontal current flow with two transducer arms. These arms are spaced
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0.11m vertically, and are at right angles to each other, covering a

horizontal area approximately 0.023m2, sampling a volume

approximately 0.002m2. A continuous 1MHz sound wave is emitted with

alternate phase shifting. The Doppler shift of the wave is then recorded

for current speed. The data is also recorded as directional data by the on

board microprocessor, using a non-gimballed 3 axis flux-gate

magnetometer compass and a two axis accelerometer, to account for any

tilt bias. The microprocessor can also compensate for any eddies and

wake given off from the central strut. The data is then recorded onto the

onboard flash memory as a 2 axis true cosine measurement of velocity.

The data logger has a variable sample rate, pre-set before deployment via

an ASCII serial connection to computer. Current velocity can be

measured in a range of 0 to 600 cm/s, with an accuracy of 2% of reading

or 1 cm/s and a resolution of 0.01 cm/s. Directional data is recorded on a

range of 0 to 360 degrees, an accuracy of ±2° and a resolution of 0.01°.

Maximum operating depth is 200m on the epoxy encased model used.

Samples at each site would consist of one morning and one afternoon

sample, each consisting of two deployments; one at one meter off bottom,

and one at one meter below the sea surface. This totals four ACM

deployments at each site. Within each year group of observations, sites

were sampled same day, for afternoon and morning comparison, with all
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sites sampled within a 48 hour period to remove any tidal or weather

influence that may bias between site comparisons. In each deployment the

ACM sampled continuously, vectoring current direction and speed every

second, for approximately 5 minutes each deployment. After a series of

deployments, data was downloaded to computer, and manually binned

into spread sheets. Any obviously erroneously high measurements were

removed, for example; prop wash from the boat or dragging of the ACM

during deployment. On average 300 rows of sample data were recorded

per deployment. Fixed depth deployments were managed through the use

of a line, weight and float. Although boat deployed, snorkelers were used

to accurately place the weighted end of the line on the reef crest or fore

reef at a 6m deep isobath at all sites.

In conjunction with deploying the ACM at two different depths at each

site, a third observation type was also conducted. A GPS data logger was

attached to a float and drogue, to compare surface transport (net wind and

wave effect) with water column flow.

Data Analysis

Directional data was converted into radians to be analysed using a

circular statistics package in ‘R’. Mean angles were calculated to compare
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average direction of flow between times, sites and observation methods /

deployment depths. The data set was compared to a ‘von Mises’

population; the circular geometric analogue to a normal or Gaussian

distribution in traditional linear scale statistics. The data set was found to

not deviate significantly from this distribution (P<0.05), so parametric,

Circular Analysis of Variance (CANOVA), F-Tests were then used to

statistically compare between the test variables; time of day, site and

observation type / depth (Crawley 2007).

Current speed was analysed on a traditional linear scale, with speed data

transformed by a 5th root +1 transformation, to meet the normality

assumptions of Analysis of Variance (ANOVA) linear models (Grafen

and Hails 2002, Dytham 2003).
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Temperature, Salinity and Density

A Falmouth Scientific Inc. (FSI) Conductivity, Temperature, Depth

(CTD) probe was used for profiling the water column at all sample sites

and transects. Data is collected and logged every second, as the probe is

‘up-cast’ from the bottom of each site. Data was then downloaded from

the probe and analysed for each site. Both average values and continuous

plots were generated for temperature, salinity and density, allowing

comparison between samples and locations.



34

2.3 Results

ACM: Current Mapping

Current Direction

Figure 2.2. Total mean current direction (degrees), for Los Cayos Cochinos. All
observations are pooled. Arrow indicates mean direction. Dotted lines are standard
deviation angles. Red bars represent frequency histogram of direction (degrees).

Total mean current direction, or prevailing current, is calculated in Figure

2.2 as 223 degrees. There was a statistically significant difference

between morning and afternoon currents, tested using a circular analogue

simplified analysis of variance F-test for circular geometry (P<0.001, Fig.

2.3. and Fig. 2.4.). The circular frequency histogram of current direction

in Figure 2.3 is more evenly distributed around the compass, indicating

the increased variability in morning current direction, versus the
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histogram in Figure 2.4, where the higher frequency of direction

observations are in the south west quadrant of the compass.



36

Figure 2.3. Total mean current direction (degrees), for all morning observations (AM).
All sites are pooled. Arrow indicates mean direction. Dotted lines are standard
deviation angles. Red bars represent frequency histogram of direction (degrees).

Figure 2.4. Total mean current direction (degrees), for all afternoon observations
(PM). All sites are pooled. Arrow indicates mean direction. Dotted lines are standard
deviation angles. Red bars represent frequency histogram of direction (degrees).
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Figure 2.5. Comparison of morning and afternoon patterns in sub-surface current
direction and flow across Los Cayos Cochinos (ACM only). Black arrows and dotted
lines are morning (AM) mean observations and standard deviation in direction. Red
arrows and dotted lines are afternoon (PM) observations and standard deviation in
direction.

Figure 2.5 further illustrates the variation between sites in morning

current direction and deviation. Note that the red, afternoon arrows are

both larger (indicating increased speed) and more uniform in direction.

However the site ‘East End’ is the most windward and exposed of all

sample sites, and thus morning and afternoon current direction and speed

are both similar and fast.
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Current Speed
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Figure 2.8. Comparison of morning and afternoon mean current speed at all sites. All
observations pooled. 1=Arena, 2=Cayo Largo Arriba, 3=Cayo Bolanos,
4=Chachahuate, 5=Corbin’s Reef, 6= East End, 7=Jena’s Cove, 8= Peli 1, 9= SW
Limit, 10=Cayo Timon. Bars are 95% confidence intervals. Significant interaction
between site and time of day (MANOVA, P<0.001).
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Figure 2.10. Comparison of mean current speed for three different observation types
in the morning and afternoon. All sites pooled. 1=Deep ACM cast (1m above
benthos), 2=Shallow ACM cast (1m below sea level), 3=GPS Surface Drogue. All
samples have a significant difference of P<0.001 (ANOVA). There is a significant
interaction between time and observation type (MANOVA, P<0.001). Bars are 95%
confidence intervals

PMAM
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Temperature, Salinity and Density

Figure 2.11 compares mean temperature values (Celsius) for each up-cast

taken at all sample sites and transects for both 2007 and 2008. Mean

values are then grouped and coloured according to their corresponding

transect or sample group. Thus r1 to r10 are all coloured dark grey to

easily delineate them from the central transect of c1a to c8, the eastern

transect of em1 to em9 and the corresponding 2008 sample sites. All

values on the left of the chart, from r1 to Victor’s are 2008 values. The

values to the right are from the 2007 transects and sample sites. Note that

in 2007, morning and afternoon comparisons were made at sample sites.

Here the afternoon sites have been hatched and suffixed ‘PM’ to delineate

them from the morning values. This patterning and grouping is replicated

for salinity and density results in Figures 2.12 and 2.13 respectively.

Data was found to be highly dispersed for temperature, salinity and

density. Both classical transformations and Box-Cox transforms were

attempted, but failed to normalize the data. As a result a clustered,

hierarchical non-parametric testing of groups and sub-groups was

employed. Initially all data was tested using Kruskall-Wallis, which

detected a strong difference between all samples’ medians (Asymp. Sig.
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<0.01) and a null hypothesis of homogeneity. Transects and sites were

then compared to each other using Kruskall-Wallis, again detecting a

significant difference from a null of homogeneity (Asymp. Sig. <0.01).

Finally within transect tests were made using Mann-Whitney U tests, as

an analogue to the pair-wise post hoc tests used in Analysis of Variance.

The 2008 samples differed significantly in temperature to those of 2007.

Transect c1a-c8 was on average slightly warmer and varied significantly

to the two transects em1-em9 and r1-9 (Asymp. Sig. <0.01). These two

transects did differ from each other, but to a lesser degree (Asymp. Sig. =

0.19). These Transects also varied from the respective 2008 samples sites

(Asymp. Sig. <0.01). Similarly in the 2007 samples, both transects

differed from each other, with the T1-T3 transect being coolest, and in

turn also differed from the 2007 samples sites (Asymp. Sig. <0.01).

Morning samples also differed significantly to afternoon samples, with

afternoon samples having a higher median average temperature (Asymp.

Sig. <0.01).
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Within both the 2007 and 2008 transects, samples nearer the coast tended

to be the warmest and the most distant samples cooler (Asymp. Sig.

<0.01). Also note, that within water column variation can be

approximated from the variability of each average, by the size of the error

bars in Figure 2.11. The samples points nearest and furthest away from

the coast have the least variation in temperature, whilst the intermediate

samples have the greatest variation.
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Figure 2.11. Comparison of mean Temperature (Celsius) through water column for CTD up-casts of all sites and all transects.
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Salinity

As with the temperature data, Salinity data also had to be analysed using

non-parametric tests. Figure 2.12 presents the mean values for all samples

and transects. Again 2007 data was found to differ significantly to those

of 2008. Transect c1a-c8 had the lowest average salinity, differing

significantly from the em1-em9 transects and the r1-r10 transect (Asymp.

Sig. <0.01). This low average may be driven by the very low value of

c1a, which is in close proximity to the coast (Fig. 2.1 and 2.11.). Again

Transect tended to have more variation in their intermediate samples than

those close to or furthest away from the coast. Only some of the 2008

sample sites varied significantly in salinity. SWSW had the lowest value

and differed significantly from the other sites (Asymp. Sig. <0.01). The

Arena ABC site had the greatest variation in its profile. There was a

significant difference detected between the 2007 transects with the

coastal, c1-c4 transect being slightly more saline than the t1-t4 transect.

Afternoon sample sites were slightly less saline on average (Asymp. Sig.

<0.01), however closer inspection of Figure 2.12 notes some exceptions

such as the Chacha and Corbins sites, where the situation is reversed.

Eastend also had exception variation in salinity through the water

column.
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Density

Density data was again resistant to transformation and was analysed with

the same hierarchal test of Kruskall-Wallis and Mann-Whitney U, as used

for the analysis of temperature and salinity data. 2008 and 2007 data were

found to differ (Asymp. Sig. <0.01). Overall transect c1a-c8 was less

dense than the other transects, again driven by low values for c1a. Waters

at the 2008 sample sites were found to be less dense than transect r1-r10

and em1-em9, but still slightly higher than transect c1a-c8. The

variability in Arena ABC’s salinity is reflected in a similar variance for

the site in density, as are the lower values for SWSW (Fig. 2.13). In the

2007 samples, transect c1-c4 had lower density values for samples closer

to shore, but there was overlap and little difference in the more offshore

values. With the temporal comparison, afternoon samples were mostly

less dense and more variable with the exception of Arriba and Chacha

sites (Fig. 2.13.)
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Figure 2.12. Comparison of mean Salinity (‰) through water column for CTD up-casts of all sites and all transects.
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Figure 2.13. Comparison of mean Density (σ t) through water column for CTD up-casts of all sites and all transects.
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Figure 2.14 compares the density profiles of all three 2008 coastal

transects. With the exception of transect r1-r10, the other transects depict

the transition from uniform low density to uniform higher density waters

offshore. Intermediate sites tend to vary more greatly in density with

depth, as different density waters meet and striate to form layers of

isopycnals (common density).

With transect r1-r10, some of the intermediate samples are recorded as

more dense than the furthest offshore samples, differing to other

transects. Figure 2.15 compares the two 2007 transects, were again the

high variability of intermediate samples and water mixing can be seen in

the coastal transect c1-c4. In contrast the Rio Aguán transect T1-T4, is

relatively uniform.

Figure 2.16 depicts the sample sites of 2008. Most striking is the high

variability in density at shallow depths for the Arena ABC sample.

Figure 2.17 compares morning and afternoon profiles for the 10 sites

sampled in 2007. Of note is the shift in each sites density profile between

morning and afternoon, with some sites becoming less dense over a wider

range than others.
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Figure 2.14. Comparison of the Density profiles (σ t) for the three south to north
coastal transects conducted in 2008.
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Figure 2.15. Comparison of the Density profiles (σ t) for the south to north coastal
transect (C1-C4) and the Rio Aguán east to west transect (t1-t3) conducted in 2007.
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Figure 2.16. The Density profiles (σ t) for the 8 reef sample sites surveyed in 2008

Figure 2.17. Comparison of morning (top) and afternoon (bottom) Density profiles (σ
t) for the 10 reef sample sites surveyed in 2007
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2.4 Discussion

ACM: Current Mapping

Direction

Although the overall prevailing current of 223 degrees was calculated

(Fig.2.2), there is a marked difference between morning and afternoon

regimes. In Figure 2.3, the mean direction of the current in the morning is

around 125 degrees with a greater standard deviation of angle (dotted

lines, Fig. 2.3.) than the afternoon rosette in Fig. 2.4. The red frequency

histogram for direction is more biased towards the south-south-west in

Figure 2.4. The mean direction is also less variable and points at a far

more westerly course of 260 degrees. Similarly wind is observed to build

during the day and take a more south western to western direction

(coming form the north east). As such Ekman transport may be

strengthening the current direction to mirror that of the prevailing winds.

A Circular Analysis of Variance (CANOVA) shows a highly significant

difference between morning and afternoon data sets (P<0.001). Similarly,

Figure 2.5 illustrates the differences in both current direction and flow

across the samples sites in Los Cayos Cochinos. In the morning, current
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direction was observed to point in a wide variety of directions, with large

standard deviations in angle (Fig. 2.5). However afternoon current vectors

tend to be more uniform in their direction, again suggesting the role of the

increased afternoon prevailing winds and Ekman transport. Again the

CANOVA supports this theory, with a significant difference in current

direction between sites in the morning (P<0.001). However when

considering the role of depth and observation type, there was no

significant difference between deep and shallow ACM casts, or between

ACM and surface drogue (CANOVA, P=0.77). However Figure 2.5, does

show that off shore channel sites tended to have less variable afternoon

current direction, than those sites in more topographically complex and

shallow regions. It is possible that the off shore sites suffer from less reef-

water column resistance or turbulence, or suffer less of a wind shadow

effect from the larger islands.

Speed

Similarly to direction, speed was shown to be significantly different in the

afternoons to the mornings (Fig. 2.6. ANOVA P<0.001), with the

afternoons on average receiving current that is 4 cm/s faster. Like wise

the majority of sites are significantly different to each other in current

speed (Fig. 2.7 ANOVA). East End receives the fastest currents, and is
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one of the most easterly sites, thus most probably receives waves and

current at full force, with greater fetch than the other sites. Interestingly

this was also the only site where morning current was recorded to be

stronger than afternoon (Fig. 2.8). This may be due to such large amounts

of wave action causing turbulent flow. Even so the relatively high

exposure of this site is evident by the high speed morning current

received at 14 cm /s, higher than most other sites afternoon current speeds

(Fig. 2.8).

All though there was no significant difference in direction of the three

different observation methods, there is a significant difference in speed

(Fig. 2.9 ANOVA P<0.001). The Surface GPS Drogue (Observation type

3, Fig. 2.9) has the highest average speed and the greatest variation in

speed. The 1 meter below sea surface, shallow ACM cast, is then

significantly slower (Observation type 2, Fig. 2.9), and the deeper, 1

meter above benthos ACM cast (Observation type 1, Fig. 2.9.) is the

slowest of the three observations. The difference between surface drogue

and sub surface measurements could be explained by wind effect on the

drogue, however the difference between shallow and deep ACM readings

may well be due to turbulent water interacting with the topography of the

benthos. Figure 2.10 supports this hypothesis to some extent. Deep water

does increase in speed significantly (ANOVA P<0.05), but not to the
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extent of sub surface shallow ACM measurements or of the surface

drogue. However it is difficult to determine if this is just from increased

current flow in line with Ekman transport, or in the case of the drogue

some wind forcing/sailing.

Temperature, Salinity and Density

Coastal transects detected more of a fresh water input than the Rio Aguán

transect which rapidly delineated and mixed with offshore waters. The

Rio Papaloteca’s influence was detected in the low salinity and low

density, warm waters, of transect c1a-c8. These waters were markedly

warmer, less dense, less saline and more variable than the transects either

side. However caution should be used when using water temperature

alone as a proxy for river influence. More coastal sites tended to be

shallower than the offshore sites. This may allow more rapid heating than

deeper offshore waters, with a greater degree of circulation. However

here temperature has been analysed along with salinity to understand the

drivers in variation of water density across the transects. In figures 2.14-

2.17, the density profiles detected the intersection of the river influenced,

coastal waters, with the more marine influenced offshore waters.

However the influence of these waters was still detected on Cayos

Cochinos, with the most southerly site of SWSW having lower density
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values and salinity than other sample sites. However the 2007 morning

and afternoon comparisons of temperature, salinity and density show a

more complex story. With the fine scale detection afforded by the CTD

upcasts, it was possible to detect local freshwater inputs and influences

around Cayos Cochinos, at a similar level or higher than those

influencing the southerly site of SWSW. For example the variability in

Density profile of the site Arena ABC (Fig. 2.16) suggest a nearby source

of freshwater. This site is in close proximity to the island of Cayo

Culebra, which does have a small hotel / lodge development.

Alternatively this site may be influenced by water moving downstream

from Cayo Menor, with either natural or anthropogenic sources. The

movement of less dense, less saline water was also detected in the

morning / afternoon comparisons of the 2007 samples (Fig. 2.16).

The Peli 1 site for example, although upstream of any anthropogenic

influences, maybe receiving freshwater input from some of the freshwater

streams that can be found on the larger Cayo Major Island. Similarly the

variation in density and salinity of the Cayo Timon site, may be detecting

freshwater influence from the Chacha site near the densely inhabited

Cayo Chachahuate. In Figure 2.17, Chacha is the least dense site and has
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a clear lens of low salinity at the surface. By the afternoon many of the

other sites downstream of Chachahuate and other main islands, have

become less dense and also show similar shallow depth lenses of low

density. This data indicates, at least during the dry season these samples

were taken, that anthropogenic inputs from all islands and all

communities are having just as great an influence on the waters around

reef sites, as the coastal rivers to the south.
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3. Benthic Community Assessment

3.1 Introduction

To better understand the role of local rivers in influencing coral reef

benthic communities and reef recovery, we need to quantify and map the

reefs themselves. In both terrestrial and marine ecology, it is common to

find a gradient or pattern in community structure with relation to proximal

sources of pollution (Daan et al. 1994, Chernenkova and Kuperman 1999,

Anand et al. 2003, Lapointe et al. 2004, Fabricius et al. 2005, Smith et al.

2008). In the context of coral reef benthic communities, proximity to a

point source of nutrients or sediment, will cause a decline in the population

of Scleractinia, and facilitate phase shifts from coral to algae dominance

(Hughes 1994b, Nugues and Roberts 2003, McManus and Polsenberg

2004). As well as regional-scale, geographic changes in diversity and

abundance, anthropogenic changes in the physical environment can alter

communities along one of the key drivers of zonation in a reef; depth

(Heap et al. 1999, Larcombe and Woolfe 1999, Thomas et al. 2003). The

rapid attenuation of light in water with depth, coupled with high

competition for space and resources on a reef, will lead to noticeable

zonation of species (Rowan and Knowlton 1995). Typically the shallower

reef crest will be the area of highest diversity and location of greatest reef
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growth (Glynn 1976, Tomascik and Sander 1987). In un-impacted reef

communities, the reef crest is host to the fast growing, key framework

building Scleractinian corals, such as Acropora spp. (Bottjer 1980, Jordan-

Dahlgren and Rodriguez-Martinez 1998, Pandolfi et al. 1999, Madin and

Connolly 2006). Sites with high turbidity and thus low light levels may

exhibit an altered succession and community structure, where deeper water

species of more heterotrophic Scleractinia are dominant at shallower

depths (Larcombe and Woolfe 1999, Thomas et al. 2003).

With these points in mind, this study needed to compare not just regional,

inter-site differences, but also within, or intra-site, differences in diversity,

abundance, density and distribution of dominant and common benthic

species. The following are the objectives of this chapter:

Chapter Objectives

1) Assess and measure reef benthic community structure

2) Establish if there are intra-site (within region) patterns in benthic

community structure and distribution

3) Establish if there are inter-site (across region) patterns in benthic

community structure and distribution

4) Are all sites relatively homogenous in community structure, or do

some form discrete biotopes?
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These objectives are designed to isolate any discrete patterns or biotopes in

community structure. They will assess if there are any associated trends,

and what scale these trends occur at (i.e. inter or intra-site). Whether these

patterns are associated to anthropogenic impacts will be discussed in a later

chapter, along with results from the hydrodynamic, geochemical and

Scleractinian mortality chapters. The results from this chapter’s study will

test the following hypotheses:
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Chapter Hypotheses:

Intra-site:

1) Density and abundance of Scleractinia, decreases with increased

abundance of competitors or increased depth within a site

2) Diversity Indices decrease within a site, according to depth

3) Diversity Indices decrease within sites with high abundance of

sediment, macroalgae or dominance by any one benthic group

4) Intra-site community structure varies significantly enough for areas

of zonation to be detected.

5) Zonation is detectable along spatial gradients within sites

Inter-site:

1) Diversity Indices decrease with geographic position (between sites)

and relative proximity to putative sediment and nutrient sources

2) Density of Scleractinia between sites decreases with increased

abundance of competitors or increased proximity to putative

sediment and nutrient sources

3) Community structure varies significantly enough for discrete

biotopes to emerge
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4) Biotopes form along a detectable gradient or spatial pattern

Pilot Studies and Design Methodology

There are several methodologies available for a coral reef ecologist to

assess benthic populations and communities (Hill and Wilkinson 2004).

Each has their merits and limitations, and although some are for specific

hypothesis testing or scale of comparison, there is a degree of over lap.

For example, whilst point transects can cover long tracts of reef in one

dive, they may fail to detect rarer species or subtle difference in

community structure. Set points along a transect also suffer from bias

compared to a randomized sampling system. Prior to this study, the

author had conducted several base line surveys in the region using the

‘Reef Check’ rapid assessment technique (Hodgson 1997, 1999,

Shrives 2003). The results from these studies were compared to pilot

studies such as point photo transects/ maps and set quadrat photographs

along a transect length. Several limitations were found with the

methods. They lacked a purely random distribution, and failed to

adequately map the distribution of benthic species across depth. An

optimum methodology was designed by running the several tests in a

‘virtual reef’ designed in MS PowerPoint. This simulated a substratum /
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benthos of known area, with 9 ‘virtual species’ of varying size and

abundance, and 1 background ‘algae species’ as the canvas. With this

tool it was possible to work out exact ‘real’ values for area and

abundance etc. to be compared with ‘observed’ values from different

techniques. Point transects were compared for precision and accuracy

against random quadrats, random quadrats on a fixed horizontal

(representing set depths) and standardized quadrats at fixed lengths

along a transect. Sampling effort was set and ease / rapidity of method

was also considered. For each ‘scenario’, data was recorded directly off

the screen, as if observing a real reef. Figure 3.1 shows the design

process and Figure 3.2 is a screen capture example of this assessment at

work.

Figure 3.1. Design Process for choosing benthic community assessment method
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Figure 3.2 Example of the ‘virtual reef’ created in MS PowerPoint for cost / benefit
analysis and precision analysis of the various techniques available for recording benthic
community data.

From both the pilot studies and the virtual reef simulations, randomly

place photo quadrats were found to be the best method for detecting

both rare and common species, whilst theoretically allowing parametric

statistical comparison. However in order to maintain spatial information

for developing distribution maps, a method of assigning and recording

the coordinate position of each quadrat had to be developed. Whilst

logistically more complex underwater, this would allow one method to

provide data on diversity, density, abundance and distribution, whilst



68

allowing inter-site average to be compared. In turn this allowed an

increase in site replicates per sampling season. The choice of photo

quadrats versus traditional ‘slate and pencil’ method also allowed an

increase in intra-site replication. For example, the traditional method

relies upon the observer correctly identifying benthos to species level,

whilst underwater. As such the author could only achieve identification

in six quadrats per 50 minute dive. By photographing quadrats, the

identification effort is shifted to ‘on land’ identification, where the

observer can compare pictures with references and identification

guides, reducing identification error. By changing the location and

emphasis of sample identification, an observer and buddy can sample

30 quadrats per 50 minute dive. It is also possible to have other divers

collect photo-quadrat data and have one source of identification, thus

limiting a potential source of error or bias in identification.
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3.2 Methods

Sample sites

Site locations were identical to the common adapted sample grid used in

the hydrodynamics and geochemistry chapters (Fig. 1.8). Unlike transects,

points in a grid make no assumptions over direction of trend, thus limiting

sampling bias. Points of the grid did have to be adapted and moved to the

nearest viable reef, as some points would be in reef-less open water. All

sites also provided, as near as possible, similar conditions in topography, to

account for depth, thus making location the principal factor for testing.

Several ‘scout dives’ were conducted to reconnoitre and establish common

site topography. The sites ‘Arena’ and ‘Peli 1’ were included from

previous studies and pilot studies, and thus provided a known difference in

‘reef health’ according to previous Reef Check surveys conducted and

published by Reef Check and the author. The site ‘Arena’ was also

replicated spatially (sites ‘Arena A’, ‘Arena B’ and ‘Arena C’) across the

site to test for different aspect influences. The ‘Arena A’ site was also re-

sampled with a different set of random quadrat coordinates, in-order to

establish resolution of the methodology and establish error terms. This

sample was analysed separately as ‘Arena D’.
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Benthic cover and distribution

Benthic communities were assessed for percentage cover of all observable

benthic reef species. The data was collected using randomized photo-

quadrats. Rather than the ‘diver throws a quadrat’ haphazard sampling

used in a random surveys, a novel sampling strategy was designed to

achieve as near to random as possible, whilst still recording an accurate

position and depth for each quadrat.

In order to achieve this, a portion of each reef at each sample site was

designated for sampling and acted as a limit for the spread of quadrats. The

limits of the sample area were centred around a six meter depth isobath, on

the outer reef slope. Light availability is a principal factor in controlling

the assembly and makeup of a coral reef benthic community (Glynn 1976,

Franklin and Forster 1997). Light attenuates rapidly with depth (Beer

1853) and thus it was considered important to keep depth as uniform as

possible between sites. The common six meter depth isobath thus acts as

reference to maintain a uniform depth comparison between sites. The

second constraint on designing the sampling area was safety whilst diving.

15 meters was the maximum depth allowable for repetitive dives during

sampling. With the worst case scenario of a wall, the maximum depth the

lower half of the sample plot could be was 9 meters below the reference
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isobath, a total of 15 meters depth. The x length was set at 10 meters,

creating a 10 meter by 18 meter sampling area at each site. Both dry land

trial runs and practice SCUBA trials set this as the optimum width for

detecting spatial variation and vertical zonation of corals, whilst allowing

for the sites to be sampled in adequate time to allow sampling of all 20

sites.

Several sizes of quadrat were trialled for suitability of use in digital photo-

quadrating. To be able to detect differences in algal genus and species, 25

cm x 25 cm quadrats were chosen as the optimum size. Coincidently, this

size is also used in AGRRA’s (Atlantic and Gulf Rapid Reef Assessment)

protocol for the monitoring of benthic macro algae (Hill and Wilkinson

2004).

In calculating the optimum number of quadrats to be used at each sample

site, the following were considered:

 Amount of area sub-sampled by a 25 cm x 25 cm quadrats

 Statistical viability and representation of sample area

 Ability to detect rare species

 Ability to map zonation or patterns in species distribution

 Feasibility of number of quadrats to be laid per dive
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Ultimately after calculations and field trialling ‘dry run’ dives on land, a

total was reached of 60 quadrats per sample site. The next step was to

generate coordinates for each quadrat. A selection of random numbers was

taken from an online data set of numbers generated by random atmospheric

disturbance. Numbers were selected in the range between 0 and 9.75 on the

x axis and between 0 and 17.75 on the y axis. These random numbers

generated coordinates for the placement of each quadrat within the sample

area. Each coordinate was then plotted in MS Excel with x and y error bars

of 25cm (relative to the 10m x axis and 18m y axis) used to simulate

quadrat sides. This facilitated a simple, graphical way of checking for

quadrat overlap. If a particular coordinate led to an overlap, then a new set

of random coordinates were generated for that point, until there was no

longer any quadrat overlap.

To facilitate the placement of the quadrats underwater, the 18m y axis was

sub-divided into three 6m wide sections. Along the middle of each section,

a 10m glass fibre transect tape was lain. Quadrat coordinates were then

calculated as distance left or right of this meridian for their given section.

Divers then used a 3 meter length of PVC tube, marked with centimetre

and meter graduations, to place the quadrats accurately underwater.

Relative coordinates for each section were listed on a dive slate. For each
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section one diver would swim to the correction section of transect tape,

place the PVC tube on the correct section and then read off the tube for the

corresponding location ‘out’ from the tape for placing the quadrat and

taking a photo. Thus the transect tapes provided a frame of reference for x

coordinates and the PVC tube a reference for the y axis coordinates. At

each quadrat, the photograph number was recorded on the dive slate, next

to the corresponding coordinate, and the quadrat’s depth was measured to

within 10cm with a digital depth gauge.

Each quadrat was photographed more than once, and in the case of

obstructive objects such as soft corals (e.g. sea fans), photographs were

taken with the soft coral covering the quadrat and then gently held back, so

cover beneath could also be photographed and recorded.

Each digital photograph was then analysed using UTHSCA Image Tool 3.0

(IT3). Originally designed for medical imaging, IT3 was adapted by Smith

and Crabbe (Crabbe and Smith 2002) for measuring Acroporan coral

growth rates. When photographs include an object of known size, the IT3

software can then calculate the size or area of any other object in the

photograph. Here the know width of quadrats were used to calibrate the

software. IT3 was then used to outline and record the area of all benthic

species observed in each digital photo. Data was then inputted into MS

Excel and calculated from area to percentage cover.
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Group Analysis

With 145 species recorded across the quadrats (Appendix I), a species by

species analysis was unwieldy and difficult to analyse. A similar problem

in community ecological studies was reported with the attempted species

level analyses of macroalgae in the Florida Keys. Collado-Vides et al.

(2005) turned to functional group analysis as an alternative method for

grouping together species and detecting both spatial and temporal trends in

community ecology. In a similar functional group analysis study by

Murdoch and Aronson (2008), corals were grouped according to life

history traits such as reproductive strategies, a technique adopted from

botany (Murdoch and Aronson 2008). Here a derivative of functional

group analysis is employed, were groups are defined as ‘Groups of

Interest’ (GOIs) according to there importance or influence on reef

dynamics. Below is list of the 14 GOIs used and their corresponding

rationale for use:

 % Cover, Total Scleractinia: All hard corals as primary reef builders

and a common indicator of reef health (Wilkinson, 2004)
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 % Cover, Agaricia tenufolia: A foliose hard coral that is putatively

sediment tolerant and considered to be out-competing other coral

species (Wapnick et al. 2004)

 % Cover, Acropora spp.: All species of branching corals, the fastest

growing coral family, a primary contributor to reef growth, but in

rapid decline Caribbean-wide, due to intolerance to disease,

sedimentation and extended storm damage

 % Cover, Octocorallia: All soft corals and Gorgonians. Potential

competitors with Scleractinia for primarily light, but also space and

plankton

 % Cover, Total Algae: All macroalgae and turf algae species

combined. Algae maybe indicators of nutrient pollution, but are also

fast growing spatial competitors, with importance in preventing

Scleractinian larval settlement and growth

 % Cover, Lobophora spp.: Due to their importance as a primary

competitor of corals, algae have been further separated into the 3

most dominant species of macroalgae to investigate niche

differentiation and zonation under riverine influence

 % Cover, Dictyota spp.: As above

 % Cover, Halimeda spp.: As above
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 % Cover, Other Algae spp.: Primarily the collection of smaller algae

spp, collectively called ‘turf algae’ in the literature

 % Cover, Total Porifera: All sponges have been grouped together

and collectively used for both nutrient indicators and spatial

competitors with corals

 % Cover, CCA: Coralline Crustose Algae (CCA) is considered

separately to the three dominant species of macroalgae and is

influential in reef recovery and Scleractinian settlement

 % Cover, Porolithon pachydermum: Also known as ‘Reef Cement’,

Porolithon is important in both solidifying rubble and provides a

surface that Scleractinia can actively settle and colonize

 % Cover, Sand and Silt: Direct source of mortality through burial

and prevents colonisation.

 % Cover, Other: All other miscellaneous species, including

ahermatypic hydrozoans, anemones, corallimorphs and zooanthids.
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GIS Analysis

Percentage cover data was compiled into .txt tab delimited spread sheets

for use in MapInfo Professional 7.8 Geographic Information System (GIS)

software. Two separate runs of analysis were conducted using the software,

addressing two different questions. The first was an analysis of within site

spatial variation in percent cover. The second analysis addressed between

site, regional variation in benthic cover. For each analysis, the species were

clustered into 14 groups of interest (GOI).

The intra site analysis compared all 20 sites in one ‘thematic map’, per

GOI, constructed for each of the 14 GOI’s individually and for depth. Each

quadrat’s x and y coordinate generated a point for interpolation upon the

thematic map. These points were mapped using non-earth, metric datums.

An Inverse Distance Weighted (IDW) interpolation was used for radial

interpolations, as used by Gratwicke and Speight in interpolating

abundance and habitat complexity scores in the British Virgin Islands

(Gratwicke and Speight 2005). The size of search radius and cell size was

automatically configured by the software from the data set. Five Iterations

were used for designing the colour spectrum of the resultant gradient map.

Due to the nature and distribution of data for each GOI, iterations are not
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fixed increments of 25%. Some GOI’s have a maximum value of 10% or

less, and thus if an equal colour spectrum was used across all GOI’s, finer

detail would be lost in the maps. Thus the legend is specific to each GOI

benthic category. For example if green is 25% cover for Dictyota, it may

not be the same for Total Scleractinia, whose green band is 11% cover.

This difference in ‘binning’ of percent cover to one of the five colours of

the five iterations preserves some information about the nature of the data

set behind each GOI’s distribution map. For example, although red is

100% for total Scleractinia cover, it quickly drops to 18% cover for the

next, yellow colour. This suggested a highly skewed data set, where around

75% of the quadrats had 18-0% coral cover, and only a few have the full

100% cover. However some GOI’s will have an evenly distributed data set.

Here the iteration increments will be 100%, 75%, 50%, 25% and 0%,

ranging from red to blue. Of note is that Octocorallia cover can be higher

than 100% - due to its high relief, 3 dimensional structure, much like

botanical quadrats. Also of note is the colour reversal for the depth maps

generated using this technique. Shallow depths (i.e. low values) have been

coloured red, and deeper depths blue, in convention with bathymetric

charts. In all other GOI distribution maps, red and lighter values are high

and blue low.
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The inter-site, region wide comparison of dive sites, uses a similar IDW

interpolation, but more as an illustrative guide to support the values for

each GOI displayed. One difference is the grid limit has been increased to

4km – the same as the search radius, again automatically set from the data

set and calculated by point distribution. Here the IDW thematic map is

used more as a visual cue to regional patterns of percentage cover, and in

no way suggests that the entire Cayos Cochinos region is one continuous

reef flat. Conventionally, data values are reported to two decimal places,

however in some locations the average cover for a GOI is so low, that four

decimal places had to be used. This is an important distinction, as some

sites do actually record 0. In other words, 0 equates to no recorded

presence of a GOI species, as opposed to a very low presence of 0.0010,

which would get rounded up to 0.00.
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Statistical Analysis; Univariate

Percentage cover data was compared by site and by species, initially with

univariate statistics and then multivariate. For each univariate statistical

test, the data set was tested for normality using Kolmogorov-Smirnov

(Grafen and Hails 2002, Dytham 2003), with the view to using parametric

statistics. The data was found to be both skewed and leptokurtic (Table

3.1).

Table 3.1. Summary of Skewness and Kurtosis for Percentage cover data.

Descriptive Statistics

N Mean Variance Skewness Kurtosis

Statistic Statistic Statistic Statistic Std. Error Statistic Std. Error

PercentCover 15267 11.6084 503.714 2.271 .020 4.520 .040

Valid N (listwise) 15267

An arcsine transform for proportional data is normally recommended for

percentile data (Grafen and Hails 2002, Dytham 2003). However the

transform was unsuccessful and power transforms were derived from a
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Box-Cox transform instead. The Box-Cox transform provides a lambda

value associated with the lowest root mean square error (RMSE). This

lambda value is then used in a power transform to raise the data to that

value (i.e. y^lambda). This in effect, provides a wide range of

transformations from logs to square roots, through to inverse logs,

depending on how close lambda is to -1 or 1. Lambda values of 0 infer no

transformation. However no transformation met with success, and upon

closer inspection of the data’s distribution, it was found to be zero inflated

and over-dispersed (Fig. 3.3)
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Figure 3.3. Frequency distribution of raw, un-transformed percentage cover data. Note
the high frequency of zeroes, preventing all attempts at transformation and leading to
the adoption of a zero-inflated negative binomial distribution for model fitting.

Zero inflation can be a common problem with count data, and data that

relies on presence and absence (UCLA 2009). The data was found to have

variance higher than the mean, suggesting the use of a zero-inflated

negative binomial (ZINB), rather than a zero-inflated Poisson (ZIP)

distribution for model fitting (Crawley 2007).Through-out analysis both
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models were compared with each other and to non-zero-inflated negative

binomial and Poisson equivalents for goodness of fit and suitability.
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Statistical Analysis; Multivariate

Principal Component Analysis (PCA) was used to initially explore how the

14 GOI’s influenced variation in the data. Due to differences in scale and

abundance between family or phylum based GOI’s and species level, an

equal weighting, correlative PCA was used and compared with covariant

PCA. The results from these PCA’s were then also compared to a De-

trended Correspondence Analysis (DECORANA). DECORANAs are more

tolerant of environmental gradients that can lead to the ‘horse shoe effect’

dispersion of data in other multivariate ordinations (Henderson and Seaby

2008). Quadrats were grouped by site to see if sites formed distinct clusters

in the ordination space. Mean values for sites were also compared with a

DECORANA, and grouped into similar community structures and biotopes

using agglomerative cluster analysis. This generated a Dendrogram using

complete linkage and Euclidian distance for grouping sites. These groups

were then tested using an Analysis of Similarity (ANOSIM).
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Diversity

Species level percentage cover data was compiled into a comma delimited

spreadsheet for analysis in SDR 4.1.3. SDR (Species Diversity and

Richness) is a software package developed by Pisces Conservation Ltd for

generating and comparing several different diversity indices. Three

different alpha diversity indices were compared with species number.

Diversity index scores and number of species observed were generated for

each quadrat. This data was then used in GIS spatial maps of diversity for

intra site comparison of community structure. These ‘thematic maps’ were

compiled using IDW interpolation in MapInfo Professional 7.8 Geographic

Information System (GIS) software. Inter-site comparison of diversity

indices was also conducted using GIS and regional maps of Cayos

Cochinos.
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The three alpha diversity indices used were Simpson’s D, Shannon’s

Diversity (Formerly Shannon-Wiener) and Berger-Parker dominance.

Simpson’s D is defined as the following:

It takes in to account both number of species present and their relative

abundance. It was primarily developed to represent the probability that two

randomly selected individuals would belong to the same species. As such it

can be considered a dominance index

Shannon’s Diversity index (Shannon-Wiener) has been widely used for

generating diversity indices:

Shannon is also use as an index that provides addition information about

eveness of diversity. However Southwood and Henderson (2000) point out
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that the equation for the index is originally from information theory and

communication entropy and tells us little about the relationship between

species richness and number, with the most abundant species biasing the

results (Southwood and Henderson 2000).

A more robust index is considered to be Berger-Parker dominance. In

SDR, the following equation is used:

d = Nmax / N

This diversity index is also discussed by May (May 1977) as far more

robust in dealing with highly abundant species, dominating diversity index

equations. This relatively simple equation, where Nmax is the number of

individuals in the most abundant species, takes in to account the numerical

importance of the most abundant species.

For between site comparisons, Renyi Diversity Ordering was used to

compare indices for inconstancies.

Species accumulation curves were also generated for analysis of the

effectiveness of the random quadrat method and sampling design.
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3.3 Results

Benthic cover and distribution

Intra-site maps

Depth

Figure 3.4 depicts the topography at each of the 20 sample sites. Whilst

the majority of sites are typical of the outer reef crest and slope, some sites

are atypical and relatively uniform in depth. Most notable are the site

SWSW Limit and SWSW. All site maps were compiled together, with the

mid point of each sample at 6 meters depth – the green range of the

interpolated thematic maps. Some sites also presented extremes in depth.

For example Peli 1 had some of the deepest quadrats recorded at 16 m

below sea surface. Corbin’s reef recorded the shallowest quadrat at only

0.2 m or 20 cm below surface. Some sites also showed heterogeneity in the

distribution of depth values. For example sites such as Corbin’s and

Redondo show gradual slopes with stratified depth values. However sites

such as Jena’s, FK and Timon show some spots of relatively shallow

values in amongst deeper values. These ‘peaks and troughs’ could be used

as proxies for a course assessment of rugosity at sites.
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Figure 3.4. Bathymetry maps for each site. Note colouration has been inverted, so shallow areas (low values) are red.
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% Cover, Total Scleractinia:

The sites Arriba, Chachahuate (Chacha) and Corbin’s are the only sites to

conform as predicted. The hypothesised trend is for shallower regions of

the site to have the highest % cover of Scleractinia, forming a clear zone of

Scleractinian dominated reef crest (Fig. 3.5). These sites show such

zonation, with the deeper, bottom regions of the plot, having low density

and % cover of Scleractinia. The site Eastend counters this hypothesis,

with the highest areas of coral cover at the deeper, bottom end of the map.

The majority of other sites have no clear spatial pattern conforming to

zonation theories. In comparison to other GOI’s, Total Scleractinia %

cover appears to be highly heterogeneous and dispersed with isolated

clusters of high or low coverage. Most notable is that all sites had at least

some quadrats recording Scleractinian coral cover as 100%. This is in

contrast to some GOI’s, even those that look at whole phylum level, such

as Total Porifera (Fig. 3.14), where sites never reach 100% cover. This

suggests that coral cover is almost a binary response in quadrats, with a

high reliance on presence / absence, with relatively few quadrats recording

partial cover or partial mortality. However it is important to consider these

results with the understanding of a limitation of
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Figure 3.5. Distribution maps for the benthic category ‘Total Scleractinia.’.
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this method. In some quadrats, more than one colony or species of

Scleractinia would be recorded; totalling up to 100% and that this scale of

data is not adequately presented in this form of analysis.

Agaricia tenufolia:

A. tenufolia (Fig. 3.6) formed the expected shallow water zones at Arriba,

Chacha and Corbin’s. A. tenufolia is distributed across most of Redondo,

in high abundance, with some spots of low cover. At the remaining sites,

% cover is low with isolated clumps or stands of A. tenufolia, forming no

discernable pattern of zonation. In Figure 3.6 the green, yellow and red

colour interpolation iterations all reflect 100% cover. The next iteration,

blue, is only 9% cover; highlighting the highly binary distribution of A.

tenufolia. This reflects the presence/ absence of A. tenufolia in quadrats.

When present in quadrats, it often dominated. This is to be some what

expected for a species level GOI. However this will be considered further

in the discussion section, as there are concerns in the literature over the

emergence of dominant, mono specific stands of A. tenufolia (Aronson et

al. 2004, Wapnick et al. 2004) and thus needs to be considered in

conjunction with diversity data.
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Figure 3.6. Distribution maps for the benthic category ‘Agaricia tenufolia’.
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Acropora spp:

In the thematic maps, Acropora spp. were only detected at one site;

Corbin’s (Fig. 3.7). Again the data is skewed, due to low overall

abundance. The one stand found at Corbin’s only registered as 41% cover.

It is of interest though that this stand did occur where expected, in the

shallow (i.e. top of the map) section of the site.

Octocorallia:

Octocorallia (Fig. 3.8) most notably forms uniform, high coverage at the

SWSW and SW Limit sites. Conversely they form relatively uniform low

coverage at Corbin’s, Eastend and Redondo. At these sites there are a few

clumps of relatively high coverage in the shallowest regions of the site.

Similarly in Chacha and Arena D, the regions of highest % cover appear to

be shallower regions. Otherwise there is no clear stratification at other sites

that would suggest some form of zonation. Note that quadrat recording is

adapted from terrestrial botany, so Octocoral cover can exceed 100% as

different Octocorallia species form different ‘tiers’ or ‘stories’ in vertical

relief. Again the data is relatively skewed, with a sharp drop off between

high % cover, red iterations and the next, yellow iteration at 17 % cover.
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This suggests a few quadrats with very high coverage, but unlike A.

tenufolia, there is a long tail of distribution data for relatively low % cover

of Octocorallia. This suggests slightly greater persistence of Octocorallia

in the community, i.e. the majority of quadrats all detected some

Octocorals, even at low levels.
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Figure 3.7. Distribution maps for the benthic category ‘Acropora spp.’.
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Figure 3.8. Distribution maps for the benthic category ‘Octocorallia’.
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Macroalgae:

One of the key competitors of Scleractinia on reefs are macroalgae and so

here they are represented in four GOI’s for more detailed analysis:

Lobophora spp.:

At sites Arena A, Arriba, Arena D, Jena’s, Peli 1 and Eastend, there is an

increase in % cover at the deeper, lower regions of each map (Fig. 3.9).

Sites Arena B, Arena C, Channel, FK and Vic have uniform, homogenous

distributions of Lobophora spp. All other sites have relatively low

abundance and random distributions of clumped populations.
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Figure 3.9. Distribution maps for the benthic category ‘Lobophora spp.’.
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Figure 3.10. Distribution maps for the benthic category ‘Dictyota spp.’.
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Figure 3.11. Distribution maps for the benthic category ‘Halimeda spp.’
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Figure 3.12 Distribution maps for the benthic category ‘Total Algae.’
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Dictyota spp.:

Peli 1 is the only site with a shallow band of high % cover of Dictyota spp.

(Fig. 3.10) Else where in Peli 1 there is also a homogenous, high % cover

of Dictyota. SW Limit is also comparatively homogenous in Dictyota spp

coverage. Arena D, Arriba, Chacha and Corbin’s all have randomly

distributed spots or eyes of very high coverage relative to the rest of the

site. At Eastend, Dictyota is again restricted to the deeper portion of the

site. All other sites have scattered, heterogeneous populations of Dictyota

spp.

Halimeda spp.:

Peli 1 again has some zonation of this genus, with the band of high %

cover limited to the deeper portion of the site (Fig. 3.11). Eastend,

Redondo and Arriba have large regions of high % cover and dominance by

Halimeda. Bolanos and SWSW sites have only a few isolated clusters of

Halimeda, with all other sites having randomly distributed, heterogeneous

clusters of Halimeda spp.
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Total Algae:

Total Algae (Fig. 3.12): The data is evenly distributed with each iteration

representing one fifth of 100% cover. Peli 1 and Channel appear to be

dominated by algae with a relatively homogenous, even distributions.

There is some discrete, depth related bands in Eastend and Arena D, but all

other sites have a fairly random distribution of algae, with some sporadic

clusters of high cover.

Other Algae spp.:

This represents the remaining species of algae on a reef that are not in the

three dominant macro-algae geneses previously mentioned (Fig. 3.13.).

Elsewhere in the literature this GOI is often described as ‘algal turf’ a

community of filamentous algae and larger rhodophytes. In Figure 3.13,

most noticeable is the uniform, homogenous dominance of Other Algae at

the SWSW site. Balfate, Channel, FK and Redondo sites appear to have

randomly distributed sections of high percent cover, suggesting large

sections of these sites have become dominated by turf. Arena B is the only

site with a deep band of other algae spp. Arena C, LH and Arena D have

shallow zones of high percent cover. All other sites have a mid section of
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high % cover, with the exception of Jena’s which is top and bottom. Note

again the iterations and data are skewed, with maximum % cover reaching

only 83 %, then sharply tailing off at the yellow iteration of 19.8 %.
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Figure 3.13. Distribution maps for the benthic category ‘Other Algae spp.’
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Total Porifera:

Porifera (Fig. 3.14) were found in mid section zones at Peli 1, Bolanos and

Arena B. At all other sites, populations formed either distinct random

clusters, with no clear zonation, or homogenous stands. Porifera were

detected at low % cover levels, with the highest value being 64.5 % with

the low levels driving a skew in the data, with iterations rapidly dropping

off to just 3.2% cover. Again this suggest a relatively binary ‘present or

not’ record within the quadrats.

CCA:

Coraline Crustose Algae (CCA) had a shallow zonation at Corbin’s and

Eastend and a deep zone at Jena’s (Fig. 3.15). Redondo and LH had mid

section distributions of CCA, with Arena C and Balfate having the

converse ‘top and bottom’ distributions of CCA. All other sites had

randomly distributed clusters of CCA or uniformly low or absent

populations. Again the data was skewed with a lot of records for presence

of around 56.4 %, then rapidly dropping of just 3.4% for the blue, low

density iterations.
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Figure 3.14. Distribution maps for the benthic category ‘Porifera’
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Figure 3.15. Distribution maps for the benthic category ‘CCA’.



110

Figure. 3.16. Distribution maps for the benthic category ‘Porolithon pachydermum’.
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Figure. 3.17. Distribution maps for the benthic category ‘Sand and Silt’.
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Figure. 3.18. Distribution maps for the benthic category ‘Other’.
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Porolithon pachydermum:

The Site Eastend stands out as having a distinct shallow zone of Porolithon

pachydermum in high abundance and density (Fig. 3.16). All other sites

have a low abundance of randomly distributed and clustered records of

Porolithon pachydermum % coverage.

Sand and Silt:

Jena’s cove is striking for it’s large swathe of mid section sand and silt at

100% cover (Fig. 3.17). When compared to the other GOI’s, this is

reflected in a reciprocal band of absence, i.e. 0% cover, for Total

Scleractinia (Fig. 3.5), Octocorallia (Fig. 3.8) and Total Algae (Fig. 3.12).

Redondo, Arriba, Bolanos, Chacha, Corbin’s and Eastend all have bands of

high sand and silt coverage at depth. Arena A, Arena D and Peli 1 all have

shallow distributions of sand and silt. All other sites have random

distributions of % cover with randomly distributed spots of 27 % cover.

Again caution has to be exercised in interpreting these maps, as there is a

sharp tail off between 100% in the red iteration and 27% in the yellow
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iteration. This suggests a long tailed distribution of lots of low values, but

with some clusters of quadrats recording high % cover.

Other:

Eastend, FK, Channel and LH all have some shallow zones of the GOI

‘other spp.’ at around 58.9% cover (Fig. 3.18). As the putative area of high

diversity, this fits with theory, however the other Arena sites have mid

section distributions or top and bottom, with other sites having randomly

distributed clusters. This GOI also suffers from a skewed data set with a

sharp drop off to 5.1 % suggesting low value or zero being recorded in a

large proportion of quadrats. This in turn highlights that the majority of

quadrats have successfully been identified and grouped into the previous

13 other GOIs.
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Inter-site maps

Total Scleractinia:

The Northerly site, LH has the highest mean percentage cover of Total

Scleractinia at 24.16% (Fig. 3.19a). SW Limit has the lowest at 5.79%

With the exception of Eastend, Channel and Jena’s, there is a tendency for

NE sites to have a slightly higher mean % cover Scleractinia than the SW

sites.

Agaricia tenufolia:

Redondo has the highest mean % cover of A. tenufolia at 14.55% (Fig.

3.19b). Redondo, Arriba and Chacha also have relatively high mean %

cover. With the exception of Corbin’s, A. tenufolia is more abundant on

easterly sites than westerly.

Acropora spp:

Acropora spp was found in low abundance (Fig. 3.19c), with the highest

mean % cover at Corbin’s reef (0.69%), however colonies were still
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detected around some of the northerly and centrally located sites around

Cayo Menor, such as Jena’s, Channel and the Arena sites.

Octocorallia:

With the exception of Corbin’s, mean % cover of total Octocorallia is

highest in the south west of the region (Fig. 3.19d). For example the site

SWSW

has an average of 31.5 % cover, and SW limit 21.05%. This is in contrast

to the NE sites such as Eastend with 0.71% mean cover and LH with

5.12% mean cover.

Total Algae:

Total Algae is highest in the NNW sites with a slight westerly trend (Fig.

3.20a). However the difference between these sites and the lower mean %

cover is slight and around 10%. The site with highest mean % cover is Peli

1 (75.87%) and the site with the lowest is LH with 40.08% mean cover.



117

Lobophora spp.:

Lobophora spp. tends to follow the trend of total algae, with a NNW

concentration (Fig. 3.20b). Notable exceptions are Corbin’s, Peli 1 and SW

Limit where mean % cover is relatively lower. The highest value for mean

% cover is Arena C with 30.52%, lowest is SW Limit with 0.27% cover.

Dictyota spp.:

In contrast to Lobophora, there is no clear geographical or regional trend

(Fig. 3.20c). However the three sites with highest Dictyota spp. cover are

also regions of low Lobophora coverage: Corbin’s, Peli 1 and SW Limit

with the addition of Chacha. Highest mean % cover is at Peli 1 with 54%

cover, lowest at Eastend with 11.12% cover.

Halimeda spp.:

Has a strong geographical trend (Fig. 3.20d), with the Easterly sites having

the highest mean % covers. For example Eastend has 25.09% compared to

the complete absence of Halimeda at SW Limit. It is interesting to note
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that these sites are also low in mean % cover of both Dictyota and

Lobophora spp.:
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Other Algae spp.:

Other Algae species mean percent cover is highest at SWSW (37.8% mean

cover) (Fig. 3.21a), a site which is also relatively low in percent cover of

the other 3 macro algae geneses. Other than this area of high % cover,

there is little regional patterning, with some sites having high or low %

cover at easterly and westerly regions and northerly and southerly

locations.

Total Porifera:

There is a slight NE-SW trend in Porifera distribution (Fig. 3.21b), with

the exception of a high mean % cover for the site FK. Higher values tend

to be in the SW, with the site SW Limit having the highest value at 4.57%

and Eastend the lowest with 0.02%.

CCA:

With the exception of Corbin’s reef, CCA is highest in the NE and Easterly

sites (Fig. 3.21c), with LH having the highest mean % cover of 5.58%.

However there is a small range and these results must be taken with
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caution. Most other sites barely reach above 1% mean cover, and several

sites in the south and Peli 1 have no CCA recorded.

Porolithon pachydermum:

Porolithon pachydermum follows a similar distribution to CCA, with

Eastend dominating the results with a mean of 43.54% cover (Fig. 3.21d).

Except for LH, the majority of other sites barely reach above 10% cover,

with the lowest values at Chacha (0.3%) and SW Limit (0.56%)

Sand and Silt:

With the exception of Eastend (6.74%) (Fig. 3.22a), there is an easterly

trend for mean percent cover of sand and silt. Timon and the Arena sites

also have a relatively high % cover of 17-11% cover. The lowest value is

at SW Limit with 5.79% cover.
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Other:

Sites with highest mean % cover other (Fig. 3.22b), follow a similar

distribution to the GOI total Scleractinia (Fig. 3.19a); an easterly trend

with the exception of Corbin’s which also has high mean % cover.

Redondo is highest with 14.56%, and there are several sites with 0% cover

categorized as other.
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ure 3.19. Regional maps for the comparison of mean % Cover between sites for the Benthic categories; a) Total Scleractinia; b) Agaricia
folia; c) Acropora spp.; d) Total Octocorallia.

c) % Cover Acropora spp. d) % Cover Total
Octocorallia
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Figure 3.20. Regional maps for the comparison of mean % Cover between sites for the Benthic categories; a) Total Algae; b) Lobophora spp.; c)
Dictyota spp.; d) Halimeda spp.

a) % Cover Total Algae b) % Cover Lobophora spp.

c) % Cover Dictyota spp. d) % Cover Halimeda spp.
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Figure 3.21. Regional maps for the comparison of mean % Cover between sites for the Benthic categories; a) Other Algae spp; b) Total Porifera; c)
CCA.; d) Porolithon pachydermum

a) % Cover Other Algae spp. b) % Cover Total Porifera

c) % Cover CCA d) % Cover Porolithon
pachydermum
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Figure 3.22. Regional maps for the comparison of mean % Cover between sites for the Benthic categories; a) Sand and Silt; b) Other

a) % Cover Sand and Silt b) % Cover Other



126

ZINB

The zero-inflated negative binomial (ZINB) regression model was used to

test for significant difference between percentage cover for sites and GOI’s

in the software program ‘R’ (Crawley 2007, UCLA 2009). Both site and

GOI were found to cause significant difference in percent cover with

P<0.01. Quadrat (i.e. replicate number) was found to be the principal cause

of zero inflation (P<0.01). Theta was found to be 0.633, indicating over

dispersion and that ZINB is more suitable a model than Poisson. A Vuong

test also compared ZINB model against a negative binomial model,

indicating that ZINB is a significant improvement model fit. Data was also

compared in a correlation matrix for detection of relationships and

correlations between GOIs (Fig. 3.23).
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Figure 3.23. Correlation matrix for all quadrats and all GOI’s. Only four correlations
had coefficient values approaching significance: a) Scleractinia v. A. tenufolia = 0.61;
b) Total Algae v. Dictyota = 0.54; c) Total Algae v. Sand and Silt = -0.51

a

b

c
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PCA

GOI % cover data was explored using both correlative and covariance

principal component analyses (PCAs). The Community Assessment

Package (CAP) from Pisces Conservation Ltd, was used to develop several

graphical representations of PCA data exploration. Figure 3.24 shows both

the PCA scores for all quadrats, and the explanatory vectors plotted on

Principal component axis one and two. The vectors are somewhat obscured

by the dense clustering of PCA scores for each quadrat, so Figure 3.25

shows the vectors minus the scores. It is interesting to note, when

comparing Figure 3.25 with Figure 3.24, that the few dispersed, outlying

scores, tend to be more in the direction of Total Hard Coral (Scleractinia)

and Agaricia tenufolia vectors, than in other axis directions.
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Figure 3.24 . Correlative PCA output of vectors and scores for all quadrats, all sites
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Figure 3.25. Correlative PCA output, vectors only for all quadrats, all sites.

Figure 3.26. Covariance PCA output, vectors only for all quadrats, all sites
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Initially a correlative PCA was used as it gave equal weighting to all

factors and is suitable for comparing mismatched scales. This type of PCA

would allow for some GOI’s being several decimal places lower in

abundance than others. However the percentage of variance explained by

Principal Component 1 was comparatively low, explaining only 15.93% of

the variance in the data. Principal component two also only explains

13.56% of the variation in the data. As such a covariance PCA was also

undertaken for comparison, Figure 3.26 shows the vectors only for

comparison, as scores were similar in dense clustering around the origin.

Although not accounting for variation in scale between GOI’s the covariant

PCA still indicates that Total Hard coral (Scleractinia), Total Algae,

Dictyota and Substrate (sand and silt) are the principal factors driving

variability in the data set. Contrasts with the correlative PCA are the

reduced size of the A. tenufolia, Lobophora and Halimeda vectors.

However the covariance PCA had greater success in explaining variation in

the data. Principal component 1 (axis 1) explained 35.06% of the variation

in the data, and principal component 2 (axis 2) explained 16.81%. It is of

interest to note that in both PCAs, Total Algae are inverse to Substrate (silt

and sand) on axis 1. This is likely to be driven by Dictyota and Lobophora

vectors, also strong on axis 1, in contrast to the comparatively week

Halimeda and Other Algae vectors. In both PCAs, Hard coral

(Scleractinia) is covariant with Substrate on axis 1, but inverse on axis 3.
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In both PCA’s, Scleractinian coral is also inverse to Total Algae, Dictyota

and Lobophora on axis 1, but not on axis 2 of the covariance PCA.

DECORANA

The next step in multivariate analysis was to compare sites as groups in a

De-trended Correspondence Analysis (DECORANA). DECORANAs are

recommended for scenarios were an environmental gradient may cause a

false ‘horse-shoe effect’ in the distribution of the data (Henderson and

Seaby 2008). Figure 3.27 shows the DECORANA ordination plot for all

samples. Samples from common sites were grouped together and assigned

a site-specific colour. However the large volume of data and thus scores,

plus the variation in dispersion of scores in the ordination space, made

analysis difficult. As such, scores were removed and the perimeter of each

site’s data cloud was mapped in the ordination space. Figure 3.28 shows

how all sites overlap and do not form discrete clusters at this stage of

analysis. However it is interesting to note the variation in size of the

perimeters in Figure 3.28, illustrating how some sites are more variable in

their community structure than others. Another important factor for

consideration is the power of outliers to drive perimeter overlap. Figure

3.29 shows how the scores for sites Peli 1 and SWSW are almost discrete

groups, were it not for some outliers.
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Figure 3.27. DECORANA for all quadrats and all sites, showing scores and group
perimeters (sites).

Figure 3.28. DECORANA for all quadrats and all sites, but showing just the variables
and group perimeters as a comparison of data dispersion for each site
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Figure 3.29. Detail of DECORANA, illustrating how the two sites SWSW and Peli 1
form discrete clusters.

In order to reduce outliers, without deleting data points, a second

DECORANA was run using averaged data for each site. For a site by site

comparison of community structure, agglomerative cluster analysis was

conducted, again using CAP. The complete linkage comparison of
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similarity was used with Euclidian distancing to generate the branching

and nodes of a Dendrogram. The resulting Dendrogram classified sites into

a ‘family tree’ of shared and similar community structure traits (Fig. 3.30).

From this analysis 6 groups were defined and then analysed in a

DECORANA (Fig. 3.31) and contrasted by Analysis of Similarity

(ANOSIM) with CAP (Table 3.2).
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Figure 3.30. Dendrogram of site similarity created using complete linkage and
Euclidian distance measures in agglomerative cluster analysis

Figure 3.31. DECORANA of sites using mean % coverage data and grouped according
to Dendrogram agglomerative cluster analysis.
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Table 3.2. Analysis of Similarity (ANOSIM) results for contrasting the six groups of
sites defined by cluster analysis in Figure 3.30

Full Data ANOSIM

Sample Statistic 0.900724

P Value 0.001

Level % 0.1
No
Randomizations 1000

No >= Obs 1

Pairwise Tests

1st Group
2nd
Group Permutations

Perms.
done P Value Level %

No >=
Obs

Sample
Stat.

grp1 (6) grp2 (2) 28 28 0.035714 3.57143 1 0.96875

grp1 (6) grp3 (4) 210 210 0.004762 0.47619 1 0.900794

grp1 (6) grp4 (1) 7 7 0.142857 14.2857 1 1

grp1 (6) grp5 (1) 7 7 0.142857 14.2857 1 1

grp1 (6) grp6 (6) 462 462 0.001082 0.21645 1 0.955556

grp2 (2) grp3 (4) 15 15 0.066667 6.66667 1 0.821429

grp2 (2) grp4 (1) 3 3 0.333333 33.3333 1 1

grp2 (2) grp5 (1) 3 3 0.333333 33.3333 1 1

grp2 (2) grp6 (6) 28 28 0.035714 3.57143 1 0.947917

grp3 (4) grp4 (1) 5 5 0.2 20 1 0.833333

grp3 (4) grp5 (1) 5 5 0.2 20 1 1

grp3 (4) grp6 (6) 210 210 0.004762 0.47619 1 0.670635

grp4 (1) grp5 (1) 1 1 0.5 100 1 -1

grp4 (1) grp6 (6) 7 7 0.142857 14.2857 1 1

grp5 (1) grp6 (6) 7 7 0.142857 14.2857 1 1

Group Names Samples

grp1 Arena A Arena B Arena C Channel FK Vic

grp2 Arena D Peli 1

grp3 Balfate Bolanos Jenas SWLimit

grp4 SWSW

grp5 Eastend

grp6 LH Redondo Arriba Chacha Corbins Timon
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Diversity maps

All four measures of diversity (Species Number, Shannon Diversity (H),

Simpson’s D and Berger-Parker Dominance) were regressed against all

GOI’s but were not found to have any significant correlation.

Intra-site maps

Figure 3.32 compares the 4 measures of diversity in a selection of 10 sites.

Conventional expectations are for the shallower reef crest portion of each

site to have highest diversity. When considering Species number, there is

some suggestion of this being the case in Arena A and LH sites, however

with each successive Diversity index, points of high diversity become less

zonated and more dispersed. SWSW is striking in its relatively high and

homogeneous species number. It remains a relatively homogenous site

when analysed by Diversity indices, with the exception of Berger-Parker

dominance, where the sight becomes slightly more ‘top and bottom’

distribution. Redondo is presented as a relatively homogenous, low

diversity site when considering just species number. However successive

diversity indices highlight isolated clusters of highly diverse quadrats. The

remainder of sites have little in structure to the dispersion of diversity.
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Areas of high and low diversity are randomly located, and heterogeneously

presented.

Inter-site maps

In Figure 3.33, Species number tends to favour the site Vic, more than the

diversity indices. Shannon, Simpson’s D and Berger-Parker tend to favour

sites in the NE more than species number, and all present the site FK as

more diverse than considering species number alone. Simpson’s D and

Shannon are similar in which sites they present as more diverse, with the

exception of Vic and the Arena sites, which Simpson’s D down weights

slightly more. The Berger-Parker Dominance index records the Easterly

and SE sites as having higher diversity than the other indices. In all four

measures, SWSW is dominant as the most highly diverse site. Species

number, Shannon and Simpson’s D present Redondo as the least diverse

site. However Berger-Parker differs and presents Vic and Arena B sites as

the least diverse.
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Figure. 3.32 Diversity distribution maps for ten sites, comparing three different diversity indices and species number
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Figure. 3.33. Regional thematic maps for comparing three different diversity indices and species number at different sites in Los Cayos Cochinos.

Simpson’s D

Shannon Diversity (H)

Berger-Parker Dominance

Species Number
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3.4 Discussion

Intra-site: Zonation and Benthic Community structure

Scleractinian distribution vs. depth

Figures 3.5 to 3.18 show that intra-site patterns were detected in some

members of the benthic community, and that the null hypothesis of a

uniform homogeneous spatial distribution can be rejected. These spatial

patterns did vary with depth, as predicted, however they were not universal

across one species or GOI, and often varied according to site. For example,

Total Scleractinia (Fig. 3.5) can be seen to form a shallow zone at the reef

crests of Arriba, Chacha and Corbin’s. However the site Eastend, even with

a similar topography, contradicts with the zone of high % cover Scleractinia

in the deeper portion of the site. Other sites, such as LH have a more

homogenous distribution, and other sites quite scattered and random. At first

it would seem that the shallow areas of high Scleractinia cover at Arriba,

Chacha and Corbin’s, support the hypothesis of a conventional depth related

distribution of hard corals due to light attenuation with depth. However this

is a dangerous assumption. Closer examination of other GOI maps for the

three sites, show an increasing % cover of sand and silt with an increase in

depth (Fig. 3.17). Sand and silt would collect at the base of sloped reefs like
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Arriba, Chacha and Corbin’s. Sand and Silt could be burying Scleractinia

further down the reef slopes. At other sites, where there is less cover by sand

and silt, Scleractinia distribution is randomly scattered (Fig. 3.5). However

the correlation between Total Scleractinia and Sand and Silt is not detected

in either correlation matrices (Fig. 3.23) or DECORANAs (Fig. 3.27, 3.28,

3.29 and 3.31). Both Correlative and Covariate PCAs did detect a slight

negative correlation, but only on PC2 axis (Fig. 3.25 and 3.26). On the PC1

axis which explains more of the variation of the data set, Total Scleractinia

and Sand and Silt are covariate. The results of the PCA suggest sites with

high variation in Scleractinian coral cover, also highly vary in Sand and Silt

cover. The GOI thematic distribution maps are a useful tool for elucidation

of these results. Comparing Figure 3.5 and 3.17, the maps show sites with

dense, homogenous ‘clumps’ of high % cover Total Scleractinia, also have

regions of ‘clumped’ high % cover sand and silt.
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Scleractinia vs. Algae (phase shift)

Diversity lower at sites with high algal cover?

The interaction between the Sand and Silt GOI and Total Scleractinia could

be considered an example of zonation occurring due to an abiotic gradient.

Another key driver of zonation is the biotic component. One of the chief

concerns in current literature is the ‘phase shift’ from Scleractinian reefs, to

one dominated by out-competing macro algae.

There was no direct correlation detected in the correlation matrix. One

would expect a negative correlation coefficient. In Figure 3.25, the

correlative does show an inverse relationship in variability between the two,

chiefly on the PC1 axis. However this is principally being driven by

Lobophora spp. and Dictyota spp., which are covariant with total algae. The

other algae GOI, a proxy for algal turf, is largely covariant with total

Scleractinia on the PC1 axis of both PCAs. At Arriba, Arena B, Bolanos,

Redondo and SW Limit GOI distribution maps, Total Algae does appear to

form discrete zones. However at most other sites, there is a good degree of

overlap between the two GOI’s (Fig. 3.5 and 3.12). When examining the

individual Macroalgae GOIs, Lobophora spp are largely independent of

Scleractinia distribution and co-occurred at several sites (Fig. 3.9). Dictyota

spp. is homogenous at all sites, except for areas of high sand and sediment
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cover and the shallow zone of high abundance on the reef crest of Peli 1

(Fig. 3.10). Halimeda spp show some discrete high % cover zones occurring

at Eastend and Bolanos sites, which do not overlap with Scleractinia cover.

However at other sites, co-occurrence does occur, most noticeably Peli 1

and Redondo (Fig. 3.11)

With the concerns in the literature (Hughes 1994, Nugues and Roberts 2003,

McManus and Polsenberg 2004) that reefs are degrading into macroalgae

and algal turf monopolies, another hypothesis for testing in this study, is that

sites with high algal cover should have lower diversity. However this was

not the case and the site with consistently the highest diversity score and

species number was site SWSW (Fig. 3.32 and 3.33). Closer analysis shows,

that whilst Scleractinia coral diversity and cover was lower at this site,

SWSW is host to high algal and Octocorallia cover and diversity.
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Scleractinia vs. competitors (spatial and light):

Another key spatial competitor for Scleractinia are sponges (Holmes 2000,

Lopez-Victoria and Zea 2004, Lopez-Victoria and Zea 2005) represented

here as the phylum Porifera grouped into one GOI. Porifera were in

generally low abundance, with 64.5 % cover being the highest recorded.

Other than the site Bolanos, there did not appear to be any relationship

between Scleractinia and Porifera, nor is there any clear zonation in the

distribution maps (Fig. 3.14). No correlation was detected in the correlation

matrix (Fig. 3.23), however there was a inverse relationship in variability

detected in the correlative PCA (Fig. 3.25).

Whilst not all Octocorallia are high relief, branching species, the majority of

species in this GOI could be considered to be resource competitors, with the

resource in question being light. Although Scleractinia and Octocorallia are

both heterotrophic and autotrophic, the large branches of Octocorallia such

as Gorgonia spp and Pseudoplexaura spp can cause shading of the reef

benthos beneath them. In this context the hypothesis for testing, is that sites

with more Octocorallia will have less Scleractinia. Similarly, areas on the

GOI distribution maps with dense Octocorallia cover will have low

Scleractinia % cover. At the sites Chacha and Peli 1 there is some degree of
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over lap between Total Scleractinia and Octocorallia (Fig. 3.5 and 3.8).

However at most sites areas of high % cover are relatively exclusive and

support the hypothesis. In both the DECORANAS and PCAs, Octocorallia

is inversely related to Total Scleractinia, but when directly tested with

regression analysis, no correlation was detected. This is most likely due to

some of the over lap occurring at sites such as Peli 1 and Chacha.

Octocorallia appear somewhat sediment tolerant at the SW Limit site,

occurring in high % cover at areas equally high in % cover of sand and

sediment. However, elsewhere their distribution is as equally susceptible

and limited by high % cover sand and sediment as other GOIs (Fig. 3.8 and

3.17).

A.tenufolia vs Acropora?

A.tenufolia distribution

A specific experiment for testing was the concern by Aronson et al. (2004)

and Wapnick et al. (2004), that key frame-work building Scleractinia genus,

Acropora, was undergoing an unprecedented phase shift to the more

sediment tolerant, Agaricia tenufolia species of foliose hard coral. Using the

GOI distribution maps and statistical analyses it is possible to look at

patterns of Acropora spp and A. tenufolia distribution. One of the immediate

problems found in investigating this hypothesis were the very low numbers
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of Acropora spp recorded. Only Corbin’s reef detected a sizeable cluster of

Acropora spp, at 41 % cover upon the reef crest (Fig. 3.7 and 3.4). In

contrast to the hypothesis of an inverse relationship between Acropora spp

and A. tenufolia, Corbin’s reef has a zone of high A. tenufolia % cover

across the reef crest and the location of the Acropora spp cluster. There was

no positive or negative correlation detected between the two in any of the

statistical analyses. However the low number of Acropora spp. colonies may

be driving the statistical insignificance, rather than any suggested

relationship or cohabitation. Another consideration is that this study may

have already missed the ‘phase shift’ from Acropora spp dominated reef

crests to A. tenufolia domination. There are anecdotal stories from Divers

who dived these study sites in the 1970’s, of dense thickets of Acropora

cervicornis and sizeable colonies of Acropora palmata. Branching coral

species are more prone to storm damage, and again, anecdotal evidence,

suggests much of these ‘thickets’ were destroyed in 1998 by Hurricane

Mitch.

A. tenufolia was detected as one of the most abundant Scleractinia species.

The high % cover Total Scleractinia reef crests of Arriba, Chacha and

Corbin’s (Fig. 3.5) were all areas of equally high % cover A. tenufolia (Fig.

3.6.) A. tenufolia and Total Scleractinia cover positively correlated with a

correlation coefficient of 0.61 (Fig. 3.23) and are shown as covariant in both

PCA types (Fig. 3.25 and 3.26). A threshold to A. tenufolia’s sediment
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tolerance was also shown in the GOI distribution maps. At the site Redondo

(Fig. 3.6), A. tenufolia is relatively homogenous and abundant, despite a

considerably dense clump of high % cover sand and silt (Fig. 3.7). However,

as with most of the other GOIs, most noticeably Total Scleractinia, A.

tenufolia is conspicuously absent at the deeper regions of Arriba, Chacha

and Corbin’s, were Sand and silt dominate.

Diversity at reef crest?

When considering the hypothesis that the due to favourable light conditions,

nutrient mixing and intermediate disturbance hypothesis (Grimes 1973,

Connell 1978, 1997), the shallowest portion of the reef should be the most

diverse, i.e. the reef crest, this does not hold true for all sites in Cayos

Cochinos. When considering species number only, only two sites, Arena A

and LH have regions of highest diversity at the reef crest. All other sites are

either homogenously low or high, or display a random scattering of diversity

‘hotspots’. The Diversity indices do tell a slightly different story, taking into

account dominant species, with the Sites Vic and Channel showing some

zonation of Diversity in the shallower regions. It is interesting to consider

that the site with highest diversity, SWSW is also one of the flattest sites.

Lacking significant topography at this site, would allow the benthos to

receive more sun light during the day. Other more sloping sites, would have
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their aspect restricted, and thus would receive less sunlight during the

morning or evenings, dependent on the direction they face.

Diversity and species number were found to be lowest at the site Redondo

(Fig. 3.32 and 3.33). This site is largely dominated by A. tenufolia with

Halimeda spp. A probable reason for this low diversity is the co-dominance

of Halimeda spp. at this site. Although high % cover A. tenufolia providing

significant habitat complexity, the Halimeda spp co-habiting within the

‘leaves’ of this foliose coral, effectively prevent any other species

colonizing or using this resource.

Algal niche differentiation

In terms of investigating algal niche differentiation in Cayos Cochinos, there

is little significant zonation upon the GOI distribution maps. At Peli 1 there

does appear to be a clear separation, with Dictyota spp. at the shallow, top

end of the map, and Lobophora spp. and Halimeda spp. at the bottom end.

This may be due to the steep sloping topography of Peli 1, with Halimeda

and Lobophora more tolerant to lower light conditions and shade.

Lobophora spp. and Halimeda spp. are relatively conspecific at the majority

of sites, with the exception of Eastend, where Halimeda is abundant in the

lower regions of the map. Other algae – the proxy for mixed algal turf, has
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the clearest niche differentiation. Other algae is most noticeably at high

abundance in areas with low % cover of macro algae, for example SWSW

(Fig. 3.13).

Inter-site: Regional Patterns and Biotopes

Regional trends were detected in some GOIs, with differences in GOI’s

mean % cover between sites. Statistical analysis using a zero-inflated

negative binomial model for regression, showed that % cover differed

significantly (P<0.01) depending on site or GOI. Thus we can reject the null

hypothesis that sites do not differ and that % cover for GOIs would be

homologous.

Whilst we can reject the null hypothesis of no geographic trend, the

grouping of sites according to the DECORANA in Figure 3.31, does not

support the expected east-west or north-south gradient one would predict

from riverine impact. This may be driven by the overlap of several point

sources or diffuse sources of pollution, or by the difference between

individual GOI’s in geographical distribution, according to differing

preferences, site suitability and niche differentiation. However it is

interesting to note that the sand and silt GOI did conform to an east-west
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gradient (Fig. 3.22a) which will be compared in the discussion chapter with

the geochemical studies of sediment flux.

The disparity in GOI distribution may be driven by niche differentiation and

not environmental gradients alone. For example compare the difference in

distribution of the three macro algae genus GOI’s and the ‘other algae’ GOI

in Figures 3.20 and 3.21a. In Figure 3.20b, Lobophora spp are highest in %

cover in the North and NNW of Cayos Cochinos. This is in contrast to

Halimeda spp, which are more abundant in the East only (Fig. 3.20d) and

Dictyota which forms distinct spots of high % cover in the SW, South and

North. Other algae are most abundant in the SWSW site (Fig. 3.21a), a

region of Cayos Cochinos, were none of the three macroalgae GOI’s are

abundant.

Cluster analysis showed that sites do form common or closely related

biotopes according to community structure. This analysis also highlighted

some sites as having considerably different communities, enough to drive

67% dissimilar branches for Eastend and SWSW on a Dendrogram (Fig.

3.30.). A review of these sites’ intra-site thematic distribution maps, sheds

some light on these differences. Eastend is a relatively exposed site with the

reef crest subject to severe wave action in the afternoons (Pers. Obs.). As

such both corals and algae struggle to grow on the reef crest, which can be
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seen in Figures 16 and 21d as clearly dominated by Porolithon

pachydermum – an encrusting rodophyte, commonly known as ‘reef

cement’. As such, this unique environment is considerably different in

structure to all other sites, leading to the distinct branching in Figure 3.30.

Also of note is the position of Eastend’s score in the DECORANA of Figure

3.31. This site is pulled along the x axis, away from the main cluster of other

sites. Similarly on the other side of the cluster, SWSW is in an equally

distant orbit, driven by the high variability in % cover of Octocorallia,

Sponge and Other Algae GOI’s. It is interesting to note that SWSW

represents the most southerly and most westerly site in this study, and

Eastend the most exposed easterly site. Both sites are as equally dissimilar

to each other as they are to all the other sample sites, which are, in

comparison, relatively close relations.
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4. Geochemical Assessment

4.1 Introduction

Sedimentation and elevated nutrients are well documented as having lethal

or sub-lethal deleterious effects on coral reef communities (Rogers 1990,

Larcombe and Woolfe 1999, Croquer et al. 2002, McClanahan et al.

2002b, Thomas et al. 2003, Wapnick et al. 2004, Crabbe and Smith 2005,

Smith et al. 2008). Sediments can cause both direct smothering and burial

of benthos, or in a suspended state increase turbidity and reduce light

penetration (Dubinsky and Stambler 1996, Larcombe and Woolfe 1999,

McClanahan et al. 2002b, Thomas et al. 2003, Storlazzi and Jaffe 2008).

Tropical coral reefs have evolved to oligotrophic conditions. Increase in

nutrients such as Nitrogen or Phosphates, can cause excessive plankton and

bio-film growth, or enable macroalgae to out compete reef building

Scleractinian corals (Hughes 1994b, Nugues and Roberts 2003, Aronson et

al. 2004, McManus and Polsenberg 2004). Increased nutrients have also

been implicated in the increase of coral diseases (Dubinsky and Stambler

1996, Kuta and Richardson 2002, Bruno et al. 2003, Harvell et al. 2004,

Nowak 2004). Coastal development and deforestation can increase the

levels of both nutrients and sediment reaching a coral reef (Dubinsky and
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Stambler 1996, Munday 2004, Wapnick et al. 2004). Of principal concern

to Los Cayos Cochinos is the increased output of the Rio Aguán, the

largest watershed in Honduras (Harborne et al. 2001, Burke and Sugg

2006).

In this chapter, a suite of geochemical techniques is used to achieve the

following key objectives for this study:

Chapter Objectives:

1) To detect and map differences in nutrient and sediment regime

across Los Cayos Cochinos.

2) To identify sources of nutrients and sediments and confirm the

influence of the Rio Aguán upon the region.

The following is a summary and rationale of the methods used in this

chapter:

Dissolved nutrient analysis looks directly at the levels of phosphates,

ammonia, nitrates and nitrites in the water column. Strong point sources of

human waste or fertilizer will often exhibit distinct readings above the

usually low, oligotrophic waters (Lapointe et al. 2004).
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Sediment samples were gathered from both Suspended Particulate Material

(SPM) and trapped material. The traps generate a sediment flux value for

each site, indicating how much sediment that site is receiving per square

centimetre per day. The following is a table taken from a review by Rogers

(1990) indicating SPM (mg/L) and Flux (mg/cm2/d) detected in other

studies (Table 4.1).
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Table 4.1. Summary comparison of SPM and Flux rates from other studies, taken from
a review by Rogers (1990)
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Isotopic analysis is a useful tool to investigate the potential origins of

sediments, and also the biochemical ecology of macroalgae; key spatial

competitors of Scleractinian corals. Here stable isotopes of Carbon and

Nitrogen are compared. Carbon occurs in two stable isotope forms; 12C and

13C. 12C is lighter, with one less neutron than 13C and thus preferred by

organisms. The statistic for measuring the preference or abundance of 12C

is δ13C in parts per thousand (‰). Thus the more negative δ13C, the more a

sample differs from an inorganic source, and contains more 12C. Figure 4.1

is an example of δ13C values varying in plankton with latitude.

Figure 4.1. Latitudinal variation of Plankton δ13C values (Taken from Rau et al, 1989)
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Note that in Figure 4.1 (Rau et al. 1989), tropical plankton are less

concerned with acquiring 12C than Polar plankton. This may be due to

variations in light availability and differences in water temperature, that

have selected polar plankton to preference the energetically favourable 12C

Nitrogen has similarly been used in studies of anthropogenic impact on

coral reefs (Capone et al. 1992, Yamamuro et al. 1995, Marguillier et al.

1997, Sammarco et al. 1999, Udy et al. 1999). The difference between

stable isotopes 14N and 15N are presented by the statistic δ15N ‰. Here

sewage derived Nitrogen is atomically heavier, with higher, positive values

of δ15N. For example in a study by Lapointe et al. (2002), values for

sewage impacted, shallow macro algae are +4.0‰ to +6.5‰, contrasting

with deeper samples ranging from +0.5‰ to +2.5‰.
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Remote sensing provides a continuous set of observations over several

years, and allows the ‘snap shot’ information garnered from SPM, Flux,

dissolved nutrients and isotopic data, to be considered in context. This

study was deliberately conducted during the dry period (June to

September), to explore the run-off and influence of all potential nutrient

and sediment sources, without the masking of large, wet season signals.

Although ocean colour data is available from the SeaWiFS (Sea-viewing

Wide Field-of-view Sensor) satellite for the period 1998-2006, this was

provided at only the 9Km resolution. The Aqua satellite (Fig. 4. 2) of the

Earth Observation System (EOS) provided data at the 4Km resolution –

allowing a finer observation grid to be sampled. The six year data set

(2002-2008) would provide chlorophyll a concentrations as both a proxy

measure of nutrient pollution and river influence, as used in the paper by

(Andrefouet et al. 2002).Sea Surface Temperature was also used as a proxy

of river output. The data set from the Aqua satellite also encompasses the

period of the two main field seasons, when all other geochemical,

hydrodynamic and ecological studies were conducted.
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Figure 4.2. Artist’s impression of NASA’s Aqua Satellite on orbit, showing the position
of the Moderate-resolution Imaging Spectroradiometer (MODIS) (NASA)

MODIS
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Chapter Hypotheses:

1) Dissolved nutrients, SPM and sediment flux increase in proximity to

rivers or islands

2) Sites closer to rivers or islands are more turbid.

3) Sites have a discernable gradient or trend east-west for dissolved

nutrients, SPM, Flux and isotopic content, suggesting an influence

by Rio Aguán output.

4) Sites have a discernable gradient or trend north-south, for dissolved

nutrients, SPM, Flux and isotopic content, suggesting an influence

by Rio Papaloteca and other southern coastal rivers.

5) Sites with more negative δ13C also have higher δ15N content,

reflecting anthropogenic impact.

6) Macroalgae differ in their content of C:N, δ13C and δ15N, depending

on location or genus, reflecting niche differentiation and

anthropogenic impact.
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7) Using remote sensing, chlorophyll a and SST can detect a east-west

or north-south trend.

8) Remote sensing provides clear cycles of chlorophyll a and SST

detecting the end of year ‘wet season’.



164

4.2 Methods

Dissolved Nutrients

Sub-surface water samples were collected at all core sample stations for

comparison of dissolved nutrient content. 1000 ml of each sample station’s

water sample was then passed through a pre-weighed Whatman

Nucleopore Track-Etch filter. This removed suspended sediment from the

samples, leaving a filtrate that could be analysed by colourimetric methods.

The samples were then analysed and compared for nitrate, nitrite,

phosphate, ammonia, chlorophyll and phaeopigment concentrations using

absorbance spectrophotometry. Nitrate and ammonia were developed with

reagents and compared against absorbance standards using (Parsons et al.

1984) methods but with an automated reduction column built by Cowie

and Mowbray (2007) for the nitrate method. Pilot studies in 2006 found

phosphate at trace levels of detection. Therefore phosphate was

concentrated with isobutanol, as used by (Stephens 1963) and (Entsch and

al. 1984). Chlorophyll and other photo-pigments were extracted using

acetone and analysed colourimetrically using Arar’s methods (Arar 1997),

as a proxy for assessing any nutrient related increase in phytoplankton

density and productivity.
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Sediments

Suspended Particulate Matter (Suspended Sediments)

1000 ml water samples were taken at all sites, within 2 meters radius of the

sediment traps. This resulted in all water samples being taken from a

similar depth of approximately 5-6 meters. Samples were collected by

SCUBA and then chilled until filtering. For the filtering process, a

pressurized filter column was used to pass the 1000 ml sample through a

pre-weighed Whatman Nucleopore Track-Etch filter.

1000 ml water samples were also taken on coastal transect sampling

points, and similarly analysed. Putative terrestrial end member samples

were also taken from four principal rivers in the region; The Rio Aguan in

2007 and the Rios Papaloteca, Esteban and Lis Lis in 2008. Marine end

members were taken from the northern most point of the MPA. The depth

at this point is approximately 1 km deep, in the Roatán Channel, and away

from the sub-littoral shelf that connects Cayos Cochinos to mainland

Honduras.
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Sediment traps

Sediment traps were constructed out of PVC piping in accordance to the

9:1 internal diameter to length ratio commonly used in oceanographic

sediment studies (Cowie, G. Pers. Comms.). This resulted in traps that had

an internal diameter of approximately 74 mm and 675 mm long. The traps

were also fitted with baffles. The baffles were constructed out of plastic

with vertical and horizontal blades that minimized turbulent flow washing

out the traps, whilst minimizing the chance of large objects obstructing or

biasing the traps. These baffles were then placed in the mouth of the trap,

with the opposite end sealed for sediment collection. Traps were then

attached at to a 1meter length of concrete re-enforcing bar, which in turn

was hammered into a suitable crack in the reef at 6 meters depth. All traps

were placed on the reef at a 6 meter isobath at all locations, for inter-site

comparison. Traps were deployed at sites for seven days, recovered by

SCUBA and then processed and filtered in the same manner as the

suspended sediment water samples to estimate filtrate mass.
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Isotopic Analysis

The Suspended Particulate Matter (SPM) filtered from all water samples,

was also analysed for Carbon and Nitrogen stable isotopes 13C and 15N and

Carbon to Nitrogen ratio (C:N). Filtrate from the sediment traps deployed

at each site, were also analysed. Filters were acid vapour treated to remove

any excess carbonate, prior to analysis.

Three of the most dominant reef macroalgae genera were also analysed for

C:N, 13C and 15N. These three genera were Halimeda spp., Dictyota spp.

and Lobophora spp.. Samples of all three were taken from close proximity

to the sediment traps at each site. In 2008, samples were also taken of any

cyanophyta ‘tufts’ found at the sites. These tufts often occur wrapped

around branches of Octocorallia or Acropora spp.. Large populations of

cyanophyta are considered a bio-indicator of nutrient problems at a site ().

Sample were washed to remove salt, freeze-dried, ground and then treated

with acid vapour to remove carbonate prior to analysis.

Results were then compared with univariate statistics and by interpolated

thematic maps, generated through MapInfo Professional 7.8 Geographic

Information System (GIS) software.
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Remote Sensing

The Aqua satellite’s MODIS (Moderate-resolution Imaging

Spectroradiometer) 4 Km resolution, Level 3 processed data, was kindly

provided by the National Aeronautical and Space Administration (NASA)

of the United States of America. This ocean colour data is processed by

NASA with established formula and algorithms for discerning the correct

reflectance of several ocean colour products. The two products of interest

to this study were chlorophyll a and Sea Surface Temperature (SST).

Chlorophyll a concentrations (mg / m3) is used here as a proxy for nutrient

concentration. High concentrations of Chlorophyll a indicate high

phytoplankton productivity, and thus suggest elevated nutrient levels. SST

has been used here as a simplified proxy for salinity, with fresh water

inputs being noticeably cooler.

A sampling grid was constructed of three transects and two controls. All

transects started a uniform distance of 5 Km from the coast. This is due to

the 4km size of the pixels provided by NASA, and to thus prevent

interference from terrestrial sources of Chlorophyll. All other transect point

were 10 km apart, to prevent any overlap or interference. An exception to

this is the central transect, which ran from the coast of Honduras, directly
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north, and included a fifth point in proximity to Cayos Cochinos. All other

transects contained only 4 sample sites. The east transect was placed 39

Km to the east of the central transect, as median between Cayos Cochinos

and the Rio Aguán mouth. A westerly transect was placed 34 Km to the

west of the central transect, in order to detect any western gradient and any

nutrient source from Isla Utila. Two controls were chosen. The expected

high reading control was place 5km off the coast, but directly in front of

the Rio Aguán mouth. This is an area that had been identified previously

with high chlorophyll a concentrations from the SeaWiFS satellite

following Hurricane Mitch in 1998 (Andrefouet et al. 2002). The low

reading control was placed on the same line of latitude as the central

transect, but 45 Km north of Isla Roatan, some 87 Km north of Cayos

Cochinos. It is the intention that this control serves as a remote sample site,

as unaffected as possible by terrestrial run-off, rivers and high nutrients.

Level 3 data is grouped by NASA into 8 day composites. The Period from

2002 to 2008 was analysed, so in total 4486 data points were provided for

the six year period. 8 day composites are more reliable than daily data, as

daily over flights do not necessarily pass directly over Los Cayos

Cochinos, and on some days cloud would obscure sample points. The

Level 3 data was then check for consistency. Any erroneous outliers
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caused by exceptionally cloudy weeks were removed. This still left 3120

data points for Chlorophyll a analysis and 4426 for SST analysis.

Six year means were then generated for each sample point, in order to

detect any geographic trends in chlorophyll a or SST. Sites were compared

by both univariate statistics and thematic maps in MapInfo Professional 7.8

Geographic Information System (GIS) software. An Inverse Distance

Weighted (IDW) interpolation was used for radial as opposed to

Triangulated Irregular Network (TIN) vector interpolations. The size of

search radius and cell size was automatically configured by the software

from the data set. Five Iterations were used for designing the colour

spectrum of the resultant gradient map.

Individual 8 day composites were also used to compare the Rio Aguán

results with those of the central transect sites that pass through Cayos

Cochinos. These graphical comparison are then used to identify trends in

Chlorophyll and SST, and if the regime at the transects is coupled or

independent of the Rio Aguán river.
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4.3 Results

Dissolved Nutrients

For dissolved ammonia, nitrates and phosphates, the majority of sites were

found to be bordering on the limits of detection by colourimetry (Table

4.2).

Table 4.2. Concentrations of dissolved nutrients and chlorophyll-a in sea water
samples measured by colourimetry. Concentrations are in micromoles (μM), except for
chlorophyll-a, which is presented in milligrams per Litre (mg/L). BDL = Below
Detection Limits. - = no sample. C1- C4 = Coastal Transect. T1-T4 = Trujillo Transect.

Sample
Location

Nitrate
(μM)

Ammonia
(μM)

Phosphate
(μM)

Chlorophyll- a
(mg/L)

Arena 0.326 0.004 0.038 BDL

Arriba 0.261 0.009 0.032 3.472

Bolanos 0.715 - 0.088 2.338

Chacha 0.536 BDL 0.068 BDL

Corbin 1.437 0.010 0.111 BDL

Eastend - 0.011 0.064 7.931

Jenas 0.100 0.028 0.060 1.697

Peli 1 0.851 BDL 0.047 BDL

SW Limit 1.245 BDL 0.086 BDL

Timon 1.341 0.006 0.043 3.723

Timon 1 - BDL 0.032 -

Timon 2 - BDL 0.053 -

Rio Aguan - 0.379 0.192 1.020

C1 0.139 0.062 0.161 1.939

C2 0.152 0.047 0.497 1.097

C3 0.212 0.083 0.580 4.277

C4 0.166 0.042 0.828 0.178

T1 0.556 0.027 0.317 1.968

T2 BDL 0.034 0.511 3.508

T3 BDL 0.089 0.245 0.677

T4 BDL 0.062 0.474 BDL

Sites Mean 0.757 0.011 0.064 3.832

Sites S.D. 0.496 0.008 0.025 2.436

Coastal
Mean 0.167 0.058 0.516 1.873

Coastal S.D. 0.032 0.019 0.275 1.757

Transect
Mean - 0.053 0.387 2.051

Transect S.D. - 0.028 0.126 1.417

Timon Mean - - 0.043 -

Timon S.D. - - 0.010 -
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As such, no reliable comparison could be made between sites, and

dissolved nutrients were not collected again in 2008.

Sediments

Suspended Particulate Matter (SPM) was collected from the water column

at both sample sites and along coastal transects. SPM at sample sites

around Cayos Cochinos, was collected only for surface water in 2007,

however in 2008, samples were also collected form just above the reef

bottom by divers at an isobath of 6m depth. This allowed for an

approximation of re-suspended sediment, and comparison of SPM through

the water column. For example in Figure 4.3, the Channel (2.49 mg/L) and

SWSW (1.36 mg/L) sites are noticeable for their highest levels of surface

water SPM relative to the other sites. However when comparing bottom

water SPM (Fig. 4. 4), the more easterly site, Balfate, has the highest levels

of SPM (1.34 mg/L). Mean SPM values for surface water and bottom

water were compared using a one way ANOVA. The means did not

significantly differ at P=0.05 level (P=0.31).

2007 samples were not analysed in conjunction with the 2008 samples, for

fear that SPM could variably considerably between seasons. Indeed, the

mean SPM for surface water in 2007 was 5.39 mg/L, compared to 2008
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surface water mean of 1.14 mg/L and bottom water of 0.92mg/L. Although

variation between sites was greater in 2007 (SD 2.92, compared to SD of

0.53 for 2008 surface SPM and SD 0.4 for bottom SPM), a one way

ANOVA confirmed that 2007 SPM was strongly significantly different to

both 2008 means (P<0.001).

In 2007, the south-western sites again have comparatively high SPM, but

the highest is the southern site, Chacha, in proximity to the island of

Chachahuate (Fig. 4. 5).
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Figure 4.3. Thematic map comparing sites for surface water Suspended Particulate
Matter (SPM (mg/L)) collected during the 2008 field season.

Figure 4.4. Thematic map comparing sites for bottom water Suspended Particulate
Matter (SPM (mg/L)) collected during the 2008 field season.
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Figure 4.5. Thematic map comparing sites for surface water Suspended Particulate

Matter (SPM (mg/L)) collected during the 2007 field season. Note only surface SPM
samples collected in 2007.

Two transects were conducted in 2007. The first transect, points T1-T4,
sampled water along an eastern route from Cayos Cochinos, towards the
mouth of the Rio Aguán. The T2 sample of this transect detected the
highest SPM of any of the SPM samples at 8.03 mg/L. When comparing
the T1-T4 samples in Figure 4.6, it is interesting to note how rapidly the
SPM drops to 4.76 mg/L at T3, suggesting that at the time of sampling
(June 2007), the river’s influence did not extend beyond this point. The
second transect, C1-C4, was conducted in a southern direction from Cayos
Cochinos, towards the Rio Papaloteca. Although the maximum result is
less than T1-T4, standard deviation is lower at 1.55 versus 1.94. Thus this
transect is slightly more uniform at 4.99 mg/L, but still depicts a peak
nearer the coast of 5.87 mg/L. Means for both transects were again
compared by ANOVA, but showed no significant difference (P>0.05).
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Figure 4.6. Thematic map comparing two transects for surface water Suspended

Particulate Matter (SPM (mg/L)) collected during the 2007 field season. Note only
surface SPM samples collected for these transects

The low SPM found in proximity to both river results (T1 and C1) was

thought to be the result of freshwater lensing, forming a cleaner, seawater

level above the riverine fresh water with high SPM content.

With the rapid delineation of the Rio Aguan’s output established in 2007,

2008 focused on a more detailed survey of the rivers on the coast south of

Los Cayos Cochinos. Figure 4.7. Depicts the results of three transects

which approximate a grid to detect east-west patterns as well as north-

south. The most southerly sites in proximity to the coast, detected the

highest levels of SPM for the entire study at 13 mg/L. Although the more

easterly transect (Em1-Em9) had the highest overall value at point EM1,

the high SPM results delineate more rapidly than the central (C1-C4) or

8.3
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western (R1-R8) transects. These points maintain an SPM of 3 mg/L, as far

north as the southern limit of the MPA, where the equivalent latitude

points on the eastern transect detect only 1 mg/L

Figure 4.7. Thematic map comparing three transects for surface water Suspended

Particulate Matter (SPM (mg/L)) collected during the 2008 field season. Note only
surface SPM samples collected for these transects
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Three coastal rivers directly to the south of Los Cayos Cochinos were

samples for SPM, as was the Rio Aguán. The results, for comparison to

each other and reef sample sites, are shown in Table 4.3. Note that the Rio

Papaloteca, the river directly south of Los Cayos Cochinos (near C1A), has

half the SPM of the Rio Aguán. However the Rio Papaloteca is still

approximately 9 times higher in SPM than the Rio Lislis and 22 times

higher than the Rio Esteban rivers, both to the east and near sample point

EM1.
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Table 4.3. Results of SPM sampled from river streams inland from the coast

Rivers:
SPM
mg/L

Rio Aguán 195.00

Rio Esteban 4.49

Rio Lislis 11.12

Rio Papaloteca 98.32

Flux

Sediment filtrate weight from fixed sediment traps was calculated with

volume, area and exposure time, to calculate flux in milligrams per square

centimetre per day (mg/cm2/d). Here the results have again been analysed

separately for 2007 and 2008 due to concerns over seasonal and temporal

differences. Also in 2008, a second round of exposure was conducted for

the sediment traps. Here this second deployment has been presented

independently for comparison, but also a mean generated between both

rounds of exposure.

In Figure 4.8, the highest flux occurred at the sites SWSW (5.02 mg/cm2/d)

and Arena (8.08 mg/cm2/d). This is in contrast to the second round of trap

exposures (Fig. 4. 9), where although SWSW is still relatively high at 3.64
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mg/cm2/d, the more eastern sites Balfate and Redondo have the highest

flux of 6.94 mg/cm2/d and 5.37 mg/cm2/d respectively. The mean reflects

this, with SWSW and the eastern sites having the higher values in Figure

4.10. A one way ANOVA detected no significant difference between the

means of either deployment or their resulting mean (P>0.05).

The 2007 study detected the northern and eastern sites as having higher

flux (Fig. 4. 11). Peli 1 had the highest value of any sample or year, at

11.18 mg/cm2/d. Although on average the 2007 samples have higher flux

values, a one way ANOVA comparing mean values for all rounds of

sediment trapping, detected a significant difference only between the 1st

round of tests in 2008 and those in 2007 (P<0.05). The 2nd round of tests

were detected as approaching significance with P=0.058 in Bonferroni and

Tukey’s Post-Hoc analyses.
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Figure 4.8. Thematic map comparing sediment flux (mg/cm2/d) derived from the 1st

round of 7 day exposure sediment traps. Data was collected during the 2008 field

season.
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Figure 4.9. Thematic map comparing sediment flux (mg/cm2/d) derived from the 2nd

round of 7 day exposure sediment traps. Data was collected during the 2008 field
season
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Figure 4.10. Thematic map comparing mean sediment flux (mg/cm2/d) derived from the
mean average of 1st and 2nd round sediment traps. Data was collected during the 2008
field season
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Figure 4.11. Thematic map comparing sediment flux (mg/cm2/d) derived from sediment
traps set for 7 days during the 2007 field season. Note only one round was conducted.
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Isotopic Analysis

SPM

Isotopic analysis was conducted only on SPM and Algal samples, due to

contamination of sediment trap samples with bio-films that had grown in

situ during deployment. The values from these samples would thus not

reflect the true elemental composition of sediments collected.

Table 4.4 summarises the isotopic and elemental ratio data for Carbon and

Nitrogen found in the SPM samples from both sample sites in 2007 and

2008. Note that in 2008, samples were also collected from a 6m depth

isobath by divers. Summary values for transects carried out in 2007 and

2008 and presented in Table 4.5.
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Table 4.4. Comparison of δ13C, δ15N and C:N values for sediment from Suspended
Particulate Matter (SPM) samples from sites in 2008 and 2007.

Site Name δ
13

C‰ δ
15

N‰ C:N

2008 Sites:

Arena surface -23.30 0.18 6.71

Arena A bottom -23.39 5.24 8.84

Arena B bottom -21.24 3.10 7.96

Arena C bottom -25.24 2.77 10.58

Balfate surface -21.69 4.54 9.83

Channel surface -22.56 1.43 9.52

FK surf 1 -23.08 3.00 10.68

FK bottom -24.17 3.23 11.69

LH surface -21.73 4.34 8.29

LH bottom -22.59 4.00 9.48

Redondo surface -23.54 5.28 9.00

Redondo bottom -23.46 3.37 9.10

SWSW surface -22.91 2.82 6.97

SWSW bottom -23.69 2.29 9.58

Vic surface -21.42 2.59 7.07

Vic bottom -17.36 2.56 10.01

2007 Sites:

Arena -26.26 0.19 5.96

Arriba -25.83 3.40 5.35

Bolanos -13.75 -1.74 5.04

Chacha -24.96 0.78 5.72

Corbin’s -22.30 4.25 5.87

Eastend -25.40 5.47 4.47

Jena’s -24.24 1.42 5.16

Peli 1 -22.89 4.43 10.42

Timon -23.95 4.96 6.88
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Table 4.5. Comparison of δ13C, δ15N and C:N values for sediment from Suspended
Particulate Matter (SPM) samples from rivers and transects sampled in 2008 and 2007.

Sample Name δ
13

C‰ δ
15

N‰ C:N

2008 Transects:

T1 C1A -20.84 4.02 9.50

T1 C1B -21.87 5.66 9.39

T1 CB -21.94 3.39 7.27

T1 C2B -21.48 3.61 8.83

T1 C2 -23.59 2.59 8.10

T1 C3B -19.25 3.51 10.20

T1 C3 -21.10 3.76 6.15

T1 C4 -22.21 3.30 7.97

T2 R1 -21.53 3.43 10.48

T2 R3 -23.43 2.41 8.71

T2 R6 -23.26 2.03 8.30

T2 R7 -19.59 2.86 11.46

T2 R8 -23.85 1.67 7.86

T3 EM1 -22.35 3.61 9.96

T3 EM2 -23.98 3.90 6.49

T3 EM4 -23.85 -0.20 7.43

T3 EM6 -23.34 2.79 6.53

T3 EM 8 -21.14 1.96 7.71

T3 EM9 -24.33 -0.11 8.33

2007 Transects:

C1 -23.52 3.15 5.01

C2 -21.03 3.93 9.97

C3 -22.51 3.19 10.72

C4 -20.57 0.45 6.68

T1 -24.84 1.54 6.30

T2 -23.48 0.09 5.61

T3 -26.35 3.84 5.16

T4 -22.44 0.53 5.81

Rivers:

Rio Aguán -24.01 2.84 9.36

Rio Esteban -23.95 2.74 9.97

Rio Lislis -23.43 4.00 8.38

Rio Papaloteca -24.36 3.68 9.72

N. Point of MPA (Control) -22.92 3.02 8.25



188

Both transect and sample site values were compared for correlation. δ13C

was compared against δ15N using regression analysis. Only one group of

results, transect C1-C4 from 2007 showed a correlation of δ13C becoming

increasingly negative as δ15N increased (R2 = 0.83). However as this

analysis is based on only four data points, it would be unsuitable to draw

any considerable conclusions from it.

Mean values for δ13C, δ15N and C:N were calculated for 2007 surface and

bottom waters, 2008 and all transects individually. Means were compared

with 0ne way ANOVA. For both δ13C and δ15N, no significant difference

was found between any of the sites or transects (P>0.05). For C:N, The

2007 sites were found to be significantly different to both types of 2008

samples (P<0.05) and the western transect(R1-R8) from 2008 (P<0.01).

The only other significant difference was the Rio Aguán, eastern transect

from 2007 (T1-T4), was significantly different to bottom water samples

from 2008 and the central transect (T1 C1A-T1 C4) from 2008 (P<0.05).
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Macroalgae

Samples from 2008’s survey of Macroalgae were pooled, and means

calculated for δ13C, δ15N and C:N by genera. Figure 4.12. Shows the

resulting means and variance for the four genera sampled. Genera were

then compared for difference by one way ANOVA. Halimeda spp. was

found to differ significantly (P<0.01) than Dictyota spp. or Lobophora

spp., but not Cyanophyta. Cyanophyta did not differ significantly from any

of the other genera sampled (P>0.05). Dictyota spp. and Lobophora did not

differ from each other in mean δ13C ‰. Halimeda had the most negative

δ13C ‰ of -20.31.
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Figure 4.12. Comparison of pooled mean δ13C for macroalgae and cyanophyta sampled
at all sites during the 2008 survey.
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Figure 4.13. Comparison of pooled mean δ15N for macroalgae and cyanophyta sampled
at all sites during the 2008 survey.

None of the genera were found to differ significantly in δ15N ‰ when

compared with a one way ANOVA (P>0.05). This may be due to the large

inter-sample variation, indicated by the error bars in Figure 4.13
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Figure 4.14. Comparison of pooled mean C:N for macroalgae and cyanophyta sampled
at all sites during the 2008 survey.

In contrast, C:N (Fig. 4. 14) was found to be significantly different

between all genera when tested by one way ANOVA (P<0.01). Dictyota

spp. was the most strongly significantly different with P<0.001 for all post-

hoc comparisons with Tukey’s and Bonferroni.

Figures 4.15 and 4.16 present plots δ13C against δ15N for regression

analysis. Although no correlation was detected, it is interesting to note that
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in both 2007 and 2008 samples, a similar pattern of δ13C distribution for

the three macroalgae genera can be seen along the x axis. Also note that

Cyanophyta is distributed in 3 distinct groups, suggesting more than one

species or variety of microbial consortium may have been sampled.
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Figure 4.15. Plot of δ13C against δ15N for all macroalgae samples at all sites sampled
in 2007.
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Figure 4.16. Plot of δ13C against δ15N for all macroalgae and cyanophyta samples at
all sites sampled in 2008.
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Figures 4.17 to 4.25 present the geographic trends for δ13C, δ15N and C:N

across Los Cayos Cochinos, for each of the three genera of macroalgae.

Note that sites with most negative δ13C for each macroalgae genus, rarely

overlap, and the distributions are discrete and relatively separate. Also note

that regions of most negative δ13C do not correspond to regions of high

δ15N. Similarly, C:N distribution does not follow that of δ13C or δ15N,

with the exception of Dictyota spp. and Halimeda spp. δ15N, which do

approximate each other (Figs. 4.20, 4.21, 4.23 and 4.24).
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Figure 4.17. IDW Thematic map of δ13C ‰ in Dictyota spp. sampled across Los Cayos
Cochinos
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Figure 4.18. IDW Thematic map of δ13C ‰ in Halimeda spp. sampled across Los
Cayos Cochinos
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Figure 4.19. IDW Thematic map of δ13C ‰ in Lobophora spp. sampled across Los
Cayos Cochinos

-11.84

-12.68

-13.55

-15.18

-21.04

Lobophora
δ13C ‰



199

Figure 4.20. IDW Thematic map of δ15N ‰ in Dictyota spp. sampled across Los Cayos
Cochinos
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Figure 4.21. IDW Thematic map of δ15N ‰ in Halimeda spp. sampled across Los
Cayos Cochinos
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Figure 4.22. IDW Thematic map of δ15N ‰ in Lobophora spp. sampled across Los
Cayos Cochinos

ISOTOPES by C_N_lobo

2.92

1.89

1.48

1.17

0.43

Lobophora
δ15N ‰



202

Figure 4.23. IDW Thematic map of C:N in Dictyota spp. sampled across Los Cayos
Cochinos
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Figure 4.24. IDW Thematic map of C:N in Halimeda spp. sampled across Los Cayos
Cochinos
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Figure 4.25. IDW Thematic map of C:N in Lobophora spp. sampled across Los Cayos
Cochinos
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Remote Sensing

There is a clear north-south trend detected in the three transects (Fig. 4.

26). The first sample site in each transect (T1, E1 and W1), has the highest

concentrations of Chlorophyll, with concentrations gradually diminishing

in the successively more northern sample sites. There was no significant

difference between T1 and W1, however both these sites have significantly

higher concentrations of chlorophyll than E1. There was no other

significant difference along an east-west or west-east comparison of

sample sites. As expected, the Rio Aguán had the highest concentration of

Chlorophyll a for all sample sites, and the offshore, Roatan site the least

(Fig. 4. 26).
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Figure 4.26. Mean Chlorophyll a concentrations (mg/m3) for all sample sites, for 2002-
2008. Means derived from Aqua MODIS level 3, 8-day composites.

Thematic maps show two significant trends. In Figure 4.27, the Rio Aguán

is clearly the area with highest concentration of Chlorophyll from 2002-

2008. However the influence drops of rapidly, with the eastern transects

(E1-E4) showing lower concentrations of Chlorophyll than the central or

western transects. In these transects there is a marked area of relatively
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high chlorophyll concentration, that reaches as far north as between T2 and

T3. This places Cayos Cochinos right on the edge of a region of relatively

high chlorophyll concentration. Standard Deviation was then mapped in

Figure 4.28 as a guide to within data set and thus within year variation.

The regions with highest concentrations of chlorophyll were also the

regions of highest seasonal variation. This is with the exception of sample

point E1, which although in Figure 4.27 shows relatively low

concentrations of Chlorophyll, is susceptible to as much variation in the

data as E1 and W1 (Fig. 4. 28). The maps confirm the more northerly

sample sites as low in chlorophyll and variation.
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Figure 4.27. Mean Chlorophyll a (mg/m3) from 2002-2008, mapped thematically at
each sample site. Means derived from Aqua MODIS level 3, 8-day composites.
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Figure 4.28. Standard deviation (±1 SD) for Chlorophyll a (mg/m3) from 2002-2008,
mapped thematically at each sample site. Means derived from Aqua MODIS level 3, 8-
day composites.
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Figure 4.29 shows chlorophyll a concentrations for the Rio Aguan and

Central transect for 8 day composites from 2002-2008. Initial inspection of

this graph shows a clear distinction between the high concentration peaks

of the wet season and the relatively low spikes of the dry season. During

the dry months, chlorophyll concentrations get barely above 1.5 mg/m3.

This is in contrast to the rainy season, at the end of the year and start of a

new year (Yeardays 300 – 050). In these winter months, concentrations can

get above 3.5 mg/m3.

The Rio Aguán is indicated in Figure 4.29 by a white line. Areas indicated

a, are examples of peaks in the Rio Aguán chlorophyll concentration that

are either far greater than corresponding peaks in Transect sample sites, or

peaks that are altogether separate from corresponding peaks or similar

abnormally high concentrations in transect sites.

The Rio Aguán is also clearly the highest concentration of the sites, with

chlorophyll regularly reaching over 4 mg/m3 and in one incidence reaching

as high as 6.3 mg/m3. This peak and subsequent peaks are marked as b in

Figure 4.29, and coincide with Hurricane Dean, which made land fall in

the Yucatan on August 21st, and Hurricane Felix, which made landfall on

the eastern border of Honduras and Nicaragua on September 4th, 2007.
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Point C, highlights an exceptional spike in chlorophyll for T1, T2 and T3.

This also coincides with the after effects of Hurricane Stan and Wilma and

Tropical storm Beta, which all occurred in October to November 2005.

2005 holds the record for most active Hurricane season in history ().

Chlorophyll a concentrations were also analysed as yearly averages for

sites and pooled for total mean chlorophyll concentration per year.

However no significant difference (P>0.05) was found between any of

these comparison, with no significant increase or decrease in

concentrations over time, at any sample site, or the region as a whole for

the six year groups (2002-2008).
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Figure 4.29. Six year cycle of Chlorophyll a (mg/m3) at sites T1-T5 in comparison to the Rio Aguán (White line). Data derived from Aqua
MODIS level 3, 8-day composites. Points marked ‘a’ are example of Rio Aguán signals far greater than, or separate to, other sample sites. Point
‘b’ is the Rio Aguán signal that coincides with Hurricanes Dean and Felix. Point ‘c’ coincides with the 2005 record Hurricane season
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Figure 4.30. Mean Sea Surface Temperature (SST) in degrees Celsius, for all sample
sites, for 2002-2008. Means derived from Aqua MODIS level 3, 8-day composites.

Sea surface temperature was found to be relatively stable, only varying by

around 0.6 of a degree Celsius within sites. Overall mean average SST

varied from 28.1 °C to 29.1 °C. The only significant difference detected

was between W1 and E3, W1 and Roatan and Roatan and Rio Aguán

(Fig. 4. 30). All other sites did not differ significantly when explored by

ANOVA (P>0.05).

Remote Sensing
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Sea surface temperatures were also compared over time in Figure 4.31.

Here there was considerable overlap in SST, showing similarities

between sites, with the exception of yearday 2005265; the 22nd of

September 2005, where SST spiked above 32 °C.
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Figure 4.31. Six year cycle of Sea Surface Temperature (Degrees Celsius) at sites T1-T5 in comparison to the Rio Aguán (White line). Data
derived from Aqua MODIS level 3, 8-day composites.
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4.4 Discussion

Dissolved nutrients were found to be an unsuitable method for this

investigation. Bordering on the limits of detection, it is most likely that in

the oligotrophic environment of a coral reef, excess nitrogen and

phosphates are used up readily. However ammonia has been shown to be

detectable in studies of the Florida Keys (Dustan and Halas 1987,

Lapointe and Matzie 1996, Collado-Vides et al. 2005) where strong point

sources occur. The lack of a clear signal in Cayos Cochinos suggests

sources of nutrients are either diffuse, or rapidly mixed in the afternoons

by the increased wind and resultant wave action (pers. obs.).

Suspended particulate matter (SPM) was found to be higher in 2007 than

2008, underlining the temporal variation in sediment regime and the need

to analyses the two field season separately. However the values are still

of use for comparison to those described in the literature. SPM was found

to be mainly below the 10 mg/L threshold described in a review by

Rogers (1990). However the high value of 7.03 mg/L detected at Chacha

in 2007 (Fig. 4. 5) is of concern, and suggest that even in the dry season,

reefs can still receive relatively high inputs of SPM from local islands.

The 2007 transects did detect the expected high SPM associated with

sample points near rivers (Fig. 4. 6). However the rapid delineation of
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SPM on the eastern transect (T1-T4) suggests that the Rio Aguán’s

influence is more limited than hypothesised. As such the 2008 transects

focused primarily on the rivers directly south of Cayos Cochinos. Here

values close to the river mouths were found to be above the 10 mg/L

threshold at 13.7 mg/L. SCUBA diving to collect samples, confirmed

visually a fine alluvial grain bed, with only the very occasional sprig of

Halimeda spp. or Udotea spp. macroalgae (pers. obs.). Again the lack of

Rio Aguan influence was detected in the 2008 transects, which

collectively formed a grid of points. The central and western transects

showed higher levels of SPM than the eastern points, which rapidly

delineate after point EM4 (Fig. 4. 7). It is unfortunate that no significant

difference was found between surface water SPM and bottom samples,

which prevented the inferring of any turbidity, by consideration of the

difference between the two.

Sediment flux over 10 mg/cm2/d is considered to be the threshold for

coral mortality by Rogers (1990). In 2008 Arena, Balfate and Redondo

are noticeably close to this threshold (Figs. 8 and 9), but in 2007, Peli 1 is

detected as over this level with 11.17 mg/cm2/d and Arriba close with

9.21 mg/cm2/d. When considering 2007 results alone, it is tempting to

consider this evidence of the Rio Aguán’s effects, however it must be

taken into account the proximity of theses site to islands. The site SWSW,
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however, is not a fringing reef site, and yet was still recorded as having

significantly higher flux than some of the other sites fringing islands. This

could either be influence from the southern rivers, or the site is

downstream from run-off of the local islands within the MPA, or a

confluence of the two sources. The SW site in 2007 is not so heavily

impacted by sediment flux, but still had one of the higher SPM values.

This would suggest that sediment material is of a more alluvial nature,

staying in suspension more than the northern sites, which may be heavier,

reef derived sediments such as the carbonaceous flakes of dead Halimeda

spp. (Figs. 5 and 11). Overall SPM and flux analysis tend more towards a

southern influence by coastal rivers, rejecting the hypothesis of dry

season influence by the Rio Aguán.

The isotopic analysis of SPM did not find any significant difference in

mean δ13C or δ15N between transects or sites. There was also no

correlation between increasingly negative δ13C and increasingly positive

δ15N. This would have suggested that samples with high primary

productivity by phytoplankton also contained nitrogen derived from

sewage. There was also no inverse relationship detected, which would

suggest high phytoplankton productivity correlated with fertilizer derived

run-off. Inspection of the data in tables 4.4 and 4.5 show that whilst δ13C

remained relatively consistent across most sites δ15N varies considerably.
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There are some interesting results when considering individual sites. For

example Chacha, the point near Chachahuate Island, has relatively

negative δ13C at -24.96 ‰ suggesting relatively high phytoplankton

productivity (Yamamuro et al. 1995, Marguillier et al. 1997, Udy et al.

1999). A hypothesis is that this may be derived from human sewage,

originating from the ‘long drop’ toilets of the local community. Lapointe

et al. (2004) consider results of > +3‰ δ15N as indicative of human

sewage, however at Chacha, a considerably low result of +0.78‰ δ15N is

found. This result is in the range for agriculturally derived, inorganic

nitrogen. This is in contrast to sites like Redondo that have a similar δ13C,

but with +5.28 δ15N, suggesting human sewage pollution (Lapointe et al.

2004).

All transects, except the Rio Aguán transect (T1-T4) tended to have

higher δ15N ‰ closer to shore, but no discernable trend in δ13C ‰ (Table

4.5).
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One of the most interesting results of isotopic analysis are the differences

observed in the different genera of macroalgae sampled. Halimeda spp.

was the only genera found to differ significantly (P<0.01) in mean δ13C

‰, with no significant difference between genera for mean δ15N ‰. C:N

ratios were found to differ significantly in all genera (P<0.01). This was

to be expected due to the differing cellular construction and physiology of

the genera. For example Halimeda spp. is far more calcareous than the

biofilms and microbial consortium of cyanophyta. It is interesting to note

that although Halimeda normally contains the most calcium carbonate of

any of the macro algae, it varied most from inorganic carbon with the

most negative δ13C and had the lowest C:N ratio. This may be

representative of Halimeda spp. tissues secreting more ‘inorganic carbon

-13’ into their defensive calcium carbonate structure. This structure is

unpalatable to herbivores, and absent or lessened in the other macroalgae

genera sampled. This structure was dissolved away in the acid vapour

treatment prior to analysis, in theory leaving the tissues enriched with 12C.

Alternatively, it may be than in the incredibly competitive environment of

a coral reef, were Halimeda often grow in dark cracks and between the

blades of corals, they have adapted to be more efficient in absorbing the

lighter 12C, much like polar phytoplankton in Figure 4.1.
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When comparing δ13C and δ15N in plots, there was no direct correlation,

however Figures 15 and 16 did show that for samples collected

independently in 2007 and 2008, a stratification of genera according to

δ13C. Again this suggests that macroalgae are more light-limited than

nutrient-limited, where the ability to sequester lighter isotopes of Carbon

for photosynthesis, is a competitive advantage. As such cyanophyta, used

as a bio indicator for high nutrient events (Goreau and Hodgson 1997,

Hodgson 1997) has the most efficient absorption of Carbon-12. However

it is also interesting to note that in Figure 4.16, cyanophyta forms three

different groups of varying efficiency. One group is centred around -25

‰ δ13C, another between Halimeda and Dictyota at -17 ‰ δ13C, and a

final group close to inorganic carbon at -5 ‰ δ13C. It is interesting to note

that these two groups have δ15N values indicative of fertilizer as a source

of nitrogen (Derse et al. 2007, Jupiter et al. 2008), yet the -25 ‰ δ13C

group is in a similar range of δ15N as the three macroalgae genera. It is

also interesting to note, that δ15N values are all below the >+3‰

threshold cited by Lapointe et al. (2004) for sewage pollution. This

suggests that fertilizer derived, riverine nutrients are more influential than

local human sewage. Lapointe considers δ15N between +1‰ and +3‰ to

be agriculturally derived. A normal, oligotrophic reef would be +0.3‰

δ15N or lower for macroalgae species (France et al. 1998).
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Further support of the varying use of isotopes by genera, in accordance to

niche differentiation is presented in Figures 17 to 25. Here the peaks of

δ13C, δ15N and C:N do not overlap. This suggests that conditions for

efficient up take of Carbon-12 at one site, for one species, is not the same

for all genera.

The remote sensing data clearly establishes the influence of the southern

coastal rivers, and discounts the Rio Aguán as a primary source of

nutrients. Whilst the Rio Aguán control sample point has clearly the

highest Chlorophyll a concentration over the six years (Figs. 26-28), the

eastern transect points (E1-E4) do not detect this influence(Figs. 26 and

27). Although the most northerly transect sample points are all higher and

more variable than the Roatan offshore control, the closer, coastal sample

points, form a clear trend in increase of Chlorophyll a and thus primary

production (Fig. 4. 26)

Further evidence of the de-coupling of the Rio Aguán output and the

chlorophyll a concentrations for waters around Cayos Cochinos, is

provided Figure 4.29. Here the yearday spikes of high productivity and

thus output by the Rio Aguán do not always coincide with spikes in

Chlorophyll a for sample points T1-T5 (points a and b in Fig. 4. 29).

Point c in Figure 4.29, illustrates that out put from T1, in proximity to the
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Rio Papaloteca can approximate that of the Rio Aguán, with T2-T4

tracking and mirroring this peak. For reference, Los Cayos Cochinos are

located between points T3 and T4. Peaks at point b coincide with the

impact of Hurricanes Dean and Felix in late August and September 2007.

These Hurricanes, particularly Felix, had considerable influence on the

eastern coast and mountainous regions of the Rio Aguán watershed. This

increased output was not followed to the same extent by the Rio

Papaloteca and sample points T1-T5. However the effects of Hurrican

Stan, Wilma and Tropical Storm Beta are illustrated in the spike marked

by point c. These storms all occurred in a short period between October

and November 2005, which hold the record as the most active hurricane

season in history.

In contrast Sea Surface Temperature (SST) was not as useful a tool for

tracking river output. Values were largely uniform (Fig. 4. 30) and SST

values for all points tended to mirror each other over time in Figure 4.31.

SST although not significantly different, did appear to be slightly warmer

near rivers – contra to the hypotheses of cold fresh water. This may be

due to underlying bathymetry, where near the coast, waters are only 12

meters in depth, versus the Roatan trench of several Km deep.
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5. Scleractinian Disease and Mortality

5.1 Introduction

In the global degradation of coral reefs, coral diseases have been

identified as one of the most important yet least understood causal factors

(Harvell et al. 2004). For example it has been estimated that the disease,

White Pox, has been responsible for reducing the population of the

Elkhorn coral, Acropora palmata, by up to 87% in the Florida Keys

during 1996 to 2002 Black Band Disease is unusual in being a microbial

consortium upon the surface of a coral, rather than an internal infection

(Carlton and Richardson 1995, Frias-Lopez et al. 2002, Frias-Lopez et al.

2003).

Black band disease is unusual in consisting of a pathological microbial

consortium formed on the surface of the infected coral, and not directly

infecting tissues. The scaffold is primarily formed by filamentous

cyanobacterium, but contains many other microorganisms (Richardson

and Kuta 2003) including species of Desulfovibrio and the sulphide

oxidizing Beggiatoa spp. It is the resulting anoxic and sulphide rich
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micro-environment in proximity to the coral’s tissue that causes mortality

(Richardson and Kuta 2003, Frias-Lopez et al. 2004).

Unlike other coral diseases, BBD is often found in low incidences but last

within a reef for long periods, with the black band progressing over the

surface of a coral at speeds of 3-10 mm per day (Antonius 1981,

Edmunds 1991, Carlton and Richardson 1995). The distinctive patterning

of healthy coral, black band and then recently killed white skeleton,

makes BBD a distinctive infection on coral reefs. As such it is ideal for

visual and ecological surveys, where microbiology techniques such as

CSUP are not required to identify the pathogen. This facilitates the study

of BBD in creating space on a reef for primary spatial competitors to

corals, such as macroalgae and Poriferas. Most studies have concentrated

on acute, extremely virulent epidemic and novel pathogens (Cervino,

Goreau et al. 1998; Sutherland, Porter et al. 2004). Little is known about

slow, chronic diseases such as black band disease, which may also have

an important influence on reef community dynamics (Edmunds 1991;

Bruckner, Bruckner et al. 1997; Bruckner 2002; Kuta and Richardson

2002). A putative link between acute, virulent

diseases such as white plague and coral’s main primary space competitor,

macro algae, has been suggested (Nugues and Roberts 2003, Nugues et
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al. 2004, Kline 2006). Similar links involving black band disease

epizoology have yet to be studied.

Sedimentation and elevated nutrients have been attributed as causal

factors for increased disease prevalence on coral reefs (Bruckner,

Bruckner et al. 1997; Kuta and Richardson 2002; Bruno, Peters et al.

2003; Nugues and Roberts 2003), and as such the study site, Los Cayos

Cochinos provides a unique opportunity to study this connection.

A study by the World Resources Institute, estimated that Honduran

rivers provide 80% of all the sediment and over half of all the nutrients in

the Mesoamerican Barrier Reef region (WRI, 2006). The Honduran

Marine Protected Area, Marine National Monument Cayos Cochinos

(MNMCC), is an archipelago consisting of two rocky islands and 13

smaller sandy cays. The archipelago is situated approximately 10 miles

(16 km) off the coast of mainland Honduras and has been shown to be

within reach of local river sediment plumes following the severe impacts

of Hurricane Mitch in 1998 (Andrefouet et al. 2002). As such this area

provides a unique opportunity to study Scleractinian coral diseases,

bleaching, mortality and patch dynamics on reefs influenced by

sedimentation and disturbance from local rivers.
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Chapter Objectives:

1) Examine the impact of Scleractinian diseases and bleaching upon

the reefs of Los Cayos Cochinos

2) Further investigate the epizoology and etiology of Black Band

Disease

3) Examine the main sources of Scleractinian mortality and their role

in coral reef benthos patch dynamics

Chapter Hypotheses:

1) Scleractinian Disease incidence is dependent on site quality and

host abundance

2) Different Scleractinian diseases occur at different locations, depths

and zones on the reef, as host species form discrete zones.

3) Black Band Disease results in total colony mortality

4) Black Band Disease distribution shows signs of direct transmission

5) There is a relationship between degree of infection and speed of

mortality

6) There is an inverse relationship between the increase in Macro

algal cover and Scleractinian cover.



228

7) Putative ‘un-healthy’ sites have greater Scleractinia mortality and

lower recruitment than putative healthier sites.

8) There is a general decline in Scleractinia across all sites in Cayos

Cochinos

Methods

Pilot studies and site selection

Three sites were selected for continuous monitoring and comparison over

a three year period. These sites were chosen according to pilot studies

made in 2004 and 2005 with the Reef Check survey methodology based

around point transects for surveying sessile benthos and belt transects for

fish and more mobile invertebrates (Hodgson 1997, 1999, 2001). Each

site represented a putative impacted, putative healthy and putative

intermediate condition across the spectrum of dive site condition found in

Los Cayos Cochinos. The three sites chosen were Peli 4 as putative

healthy, Arena as putative impacted site and Peli 1 as the putative

intermediate site (Fig. 5.1).
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Figure 5.1. A map of the Marine National Monument Cayos Cochinos (MNMCC)
and the three sample sites used in this investigation. Inset is a different scale map,
showing the limits of the marine protected area and illustrating the relative close
proximity of Los Cayos Cochinos to mainland Honduras. P1 is an abbreviation of Peli
1 and likewise, P4 is Peli 4.

At these sites all forms of disease and bleaching were recorded with the

use of 100m belt transects replicated at the reef crest (~6m), and at 10m

and 15m on the reef wall.

These pilot studies found that belt transects were ineffective for mapping

disease, and so timed searches within set areas were used, in a similar

manner to that used by Edmunds and Bruckner (Bruckner et al. 1997,

Bruckner 2002).
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Distribution and incidence of all diseases and bleaching

At the three survey sites, Arena, Peli 1 and Peli 4, timed swims of 50

minutes were used to record disease and bleaching levels within the 40m

x 80m plots at each site. Each site was visited at least once a week for 8

weeks between June and August in 2005, 2006 and 2007. Percentage of

Scleractinian corals affected was recorded and calculated as incidence

amongst the Scleractinian population. Incidence levels of Black Band

Disease, Scleractinian bleaching and total Scleractinian disease levels

were recorded.

Distribution and Progression rates of BBD

At each site a 80x40m search area was created around permanent transect

pins, which in turn had been used as a basis for Reef Check surveys. The

mid point of the search area was centred on the reef crest at each site (6m

depth), thus encompassing both the reef outer reef slope and reef flat.

80x40m was chosen as it was the maximum search area that could be

used within one dive, adhering to Operation Wallacea dive safety

standards. Thus in effect searches became ‘timed swims’ of the search
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area. Between June and September 2005, colonies affected by Black

Band Disease (BBD) were identified and tagged using 3mm diameter

pins. These colonies were then photographed every other day, and using

Image Tool 3 software, progression rate and disease are was calculated.

Colonies were then revisited in successive years for re-photographing and

tracking of colony fate. Other sources of mortality, such as bleaching,

predation, burial by sediment or other diseases were also recorded with in

the search area.
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Inoculation Experiment

It has been previously proposed that Black Band Disease (BBD) could be

transferred from infected corals to healthy corals as material directly

picked up from an active area of infection (Sutherland et al. 2004).

Another hypothesis is that macro algae such as Dictyota spp. can act as a

reservoir for diseases, or provide a source of mechanical stress that allows

infections such as Black Band disease to occur (Nugues and Roberts

2003, Nugues et al. 2004). An experiment to test these theories would

involve directly inoculating corals with diseased material. However there

are ethical concerns with inoculating healthy individuals of a threatened

species, already undergoing stress not just in Cayos Cochinos, but in the

wider Caribbean. These concerns are further heightened, in that due to the

relatively low background incidence of BBD, an experiment inoculating

just six healthy colonies at the sites Arena or Peli 4, would triple the

existing natural incidence of BBD. A solution to these problems was to

use a colony that was already severely infected with BBD, and most

likely to suffer 100% mortality in one season. As such the colony with the

thickest BBD band and greatest level of exposed bare skeleton was

selected. Previous studies in 2005 had already shown that colonies with

greater exposed, un-colonized, bare skeleton and thicker BBD bands were
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the most virulent in progression. In 2006 a colony of Diploria strigosa

was selected at the site Peli 4. Approximately 1cm3 portions of BBD

material were extracted from the BBD band at the top of the infected

colony. These pieces of BBD material were then placed further down the

colony onto healthy tissue (Fig. 5.2). Two treatments were used; just

BBD material, and BBD material held in place by pieces of near-by

Dictyota cervicornis. As a control for the second treatment, a piece of D.

cervicornis was placed on healthy tissue without any BBD material. The

colony was then tagged with a 3mm pin in the white, bare skeleton at the

top, so that the progress of the parent/ donor BBD band could be

measured and any subsequent infection could be monitored. The Colony

was then revisited 24, 48, 72 hours after infection, and then every 48

hours for two weeks subsequently.
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Figure 5.2. Photograph of Diploria strigosa and Black Band Disease (BBD) infection
used in 2006 inoculation experiment.

Patch Dynamics

Six permanent pins were placed at 10 meter intervals along an isobath

transect and distinct zone of the reef. At each site these transects were

place on the reef crest at 6m depth, the reef flat at 6-7m depth and along

the reef wall at 10 and 15m depth. In total this gave 24 quadrats per site,

at three sites, sampled as near to biannual as possible. At each permanent

pin, a 25 x 25 cm quadrat was placed. This size of quadrat was chosen by

both camera resolution, but also is the recommended size for identifying

macro algae and smaller species, as specified by AGGRA’s sampling
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methodology and recommended by AIMS (Australian Institute for

Marine Science) (Hill and Wilkinson 2004).

Digital photography was used to record percent cover data in 25 cm x 25

cm quadrats. Photographs were then analysed using UTHSCA’s Image

Tool 3 (IT3) software.

Percent cover data was then compared over time for individual colonies

and discrete patches or stands of benthos. The creation of increase and

decrease metrics and changes in diversity, were also calculated. Of

particular interest were the change in colony size for Scleractinian corals,

and the recording of any new recruits and larvae settling to form new

coral colonies.

Data analysis

In the patch dynamics study, data was tested for normality using a series

of Kolmogorov–Smirnov goodness of fit tests for each benthic category

().The diversity indices, Shannon’s H and Berger-Parker Dominance,

were found to have normal distributions, as was the category ‘Total

Algae’. The data for the other benthic categories was resistant to
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transformation and had to be tested using non-parametric statistical

methods. For testing between transects and sites, Analysis of Variance

(ANOVA) was used for normally distributed data, or Kruskall-Wallis for

non-parametrics. For testing between 2005 and 2007 data sets, a repeated

measures ANOVA was used for parametric data and a Friedman repeated

measures test for non-parametrics.

Results

Distribution and incidence of all diseases and bleaching

For Black Band Disease (BBD) incidence in 2005, Peli 1 had the highest

incidence at 0.38% (Table 5.1). Of the three sites, Peli 1 remained with

the highest overall levels of BBD through 2006 (0.09%) and 2007

(0.01%). However as with the other sites, there was a marked decrease in

BBD incidence from 2005 to 2007. For the putative impacted site, Arena,

BBD was only observed in 2005 (0.1%) and was not observed in 2006 or

2007. For the putative healthiest site, Peli 4, BBD also declined over the

years, starting at 0.03% in 2005 then dropping to 0.01% in 2006, before

ceasing to be found in the survey site at all in 2007.
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Similarly with total Scleractinian disease levels, the incidence levels at all

sites declined from 2005 to 2007 (Table 5.1). However levels of total

Scleractinian diseases were much closer than in BBD. Also the putative

impacted site, Arena had the lowest levels in 2005 and 2007 (0.2% and

0.01%) of the three sites, but marginally higher in 2006 (0.13% versus

Peli 1’s 0.1% and Peli 4’s 0.122%). Also in 2006, Peli 4 had a marginally

higher incidence of total disease than Peli 1 (0.122% versus 0.1%).

Bleaching was only detected in noticeable levels in 2005 (Table 5.1). Peli

4 had the highest incidence of 3%, followed by Peli 1 with 2.35%. The

lowest levels of bleaching were observed at Arena with 1.7%.

Table 5.1. Percentage incidence of Black Band Disease (BBD), All Scleractinian
Diseases and Bleaching observed at Arena, Peli 1 and Peli 4 from 2005-2007

Observation Incidence (%)

Arena Peli1 Peli 4

BBD 2005 0.1 0.38 0.03

BBD 2006 0 0.09 0.01

BBD 2007 0 0.01 0

Diseases 2005 0.2 0.4 0.3

Diseases 2006 0.13 0.1 0.122

Diseases 2007 0.01 0.05 0.043

Bleaching 2005 1.7 2.35 3

Bleaching 2006 0 0 0

Bleaching 2007 0 0 0
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Distribution and Progression rates of BBD

Of the Scleractinia found at the putative most impacted site, Arena, only

50% of the corals were identified as potential host species for Black Band

Disease (BBD). The overall incidence of BBD was calculated as 0.1%. At

the putative healthy site, Peli 4, around 30% of corals were found to be

potential host species for BBD. BBD incidence at this site was the least at

0.03%. The putative intermediate site, Peli 1, had the highest incidence of

BBD at 0.38%, but only 20% of Scleractinia were potential host species.

The majority of infected corals were Diploria strigosa, with only 1

infection being Montastrea cavernosa and 2 infections being on Diploria

labyrinthiformis. Infected corals were all found upon the reef flat at

between 7 and 5m depth.
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Figure 5.3. Cumulative spread of Black Band Disease over 8 Diploria spp. colonies
with linear response in triangles and dashed lines, and cessation of spread and
asymptotic response after 7-14 days in circles and bold lines. Caps identify different
colonies.

Analysis of BBD band progression rates found that not all infections

progress at the same rate (Fig. 5.3.). Disease bands accelerate across a

colony in linear fashions, but also progress in an asymptotic or more

curved fashion, sometimes slowing down and dissipating altogether to

leave patches of colonies alive in partial mortality events. Average

progression rate of BBD was for all sites pooled, was found to be 6mm

per day.
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Figure 5.4. Percentage area of colonies infected by BBD versus percentage area of
corresponding bare coral skeleton. There is a linear correlation of R2 0.83, P<0.05.
Values have been arcsine transformed (ASIN).

BBD infected colonies from the three study sites in 2005, were compared

for common trends in etiology. There was no correlation (P>0.05)

between size of colony and percentage of colony infected or thickness of

the black band. However there was a correlation (R2 0.83, P<0.05)

between the size of a black band disease infection (% area infected) and

the amount of bare, un-colonized skeleton exposed (Fig. 5.4).
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Inoculation Experiment

Of the two treatments, only one of the replicates in the ‘Just BBD’ had

any discernable impact (Table 5.2). The transplanted BBD material

persisted on the surface of the D. strigosa colony for around 48 hours, but

when examined the following day, all the material had been removed,

leaving a small portion of exposed skeleton, 0.68cm2 (Table 5.2). For all

other replicates and treatments, the BBD and Dictyota had been removed

within 24 hours, with no discernable impact on the area of the coral

where they had been transplanted to. The coral was monitored for a

further two weeks, before the regions of inoculation were overrun by the

advancing black band from further up on the colony. During this time, no

secondary outbreaks or infections were detected at the former inoculation

sites.

Table 5.2. Results of inoculation experiments, placing Black Band Disease material
onto the healthy tissue of an already infected colony of Diploria strigosa

Persistence:

Treatment Replicate Replicate Replicate Replicate Replicate Replicate Control

1 2 3 4 5 6

Just BBD <24 hrs <24 hrs <24 hrs <24 hrs <24 hrs 48 hrs No treatment

BBD plus Dictyota <24 hrs <24 hrs <24 hrs <24 hrs <24 hrs <24 hrs Just Dictyota

Effects:

Treatment Replicate Replicate Replicate Replicate Replicate Replicate Control

1 2 3 4 5 6

Just BBD No effect No effect No effect No effect No effect
0.68cm

2

tissue
loss

No effect

BBD plus Dictyota No effect No effect No effect No effect No effect No effect No effect
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Patch Dynamics

Table 5.3 presents the mean average percent cover for each of the three

study sites in 2005; Arena, Peli 1 and Peli 4, as well as a combined

average for all sites and quadrats combined (n=48). The standard

deviation for each average is also included to allow comparison of within

site variability and heterogeneity. The highest values for both mean

percentage cover and standard deviation are highlighted in bold.

Statistical analysis with Kruskall-Wallis test (Table 5.4), indicates that

only the benthic categories Dictyota, Halimeda and Turf Algae had any

between site significant difference in 2005 (P<0.01).

Table 5.3. Mean percentage cover (or index score for diversity) for the three sample
sites; Arena, Peli 1 and Peli 4, at the start of the study in 2005. STDEV abbreviates
for standard deviation.

Arena Peli 1 Peli 4 All Sites
%

Cover
2005

STDEV
%

Cover
2005

STDEV
%

Cover
2005

STDEV
%

Cover
2005

STDEV

Species No. 6.556 1.854 8.278 2.164 9.231 2.488 7.898 2.374

Shannon Diversity (H) 1.250 0.340 1.407 0.271 1.712 0.260 1.430 0.343

Berger-Parker Dominance 0.534 0.162 0.528 0.143 0.411 0.104 0.499 0.149

Total Scleractinia 9.953 17.440 9.982 13.967 8.346 6.585 9.537 13.718

Total Octocorallia 6.705 10.062 8.979 9.996 11.352 13.981 8.773 11.114

Total Algae 60.289 23.594 65.552 25.635 58.982 22.381 61.876 23.736

Lobophora 5.099 12.795 8.206 15.480 4.162 6.562 5.992 12.516

Dictyota 45.239 26.731 37.794 28.129 13.626 15.608 34.117 27.557

Halimeda 5.321 7.450 1.429 1.986 10.925 9.753 5.378 7.682

Turf Algae 3.806 10.614 17.931 20.806 29.721 22.364 15.870 20.649

Sand 12.674 19.084 8.204 17.385 5.774 10.457 9.201 16.475

Sediment 6.258 9.296 2.055 2.925 0.412 0.786 3.163 6.316

Total Porifera 2.823 6.725 3.090 8.068 7.309 12.814 4.111 9.160

Cyanophyta (NIA) 1.212 2.972 0.841 1.495 5.207 7.513 2.136 4.640

CCA 0.025 0.107 0.000 0.000 0.000 0.000 0.009 0.065

Porolithon 5.408 11.234 7.883 17.565 9.447 14.532 7.389 14.473
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Species number also differed significantly when tested with Kruskall-

Wallis (P<0.01), as did Shannon’s H diversity index when tested by

Analysis of Variance (ANOVA) (Table 5.5).

Table 5.4. Comparison of Kruskall-Wallis tests for differences between sites or
between transects for both 2005 and 2007 samples. * = P<0.05. **=P<0.01.
***=P<0.001. n.s.= not significant

Using a Bonferroni post-hoc analysis of the ANOVA on the 2005

Shannon diversity values, the sites Arena and Peli 4 do not differ

significantly in diversity from the site Peli 1 however the sites Arena and

Peli 4 do differ significantly from each other (P<0.001)(Table 5.5) .

Kruskall- Wallis 2005 2007

Transect Site Transect Site

Species No. * ** * **

Total Scleractinia n.s. n.s. n.s. n.s.

Total Octocorallia * n.s. n.s. n.s.

Lobophora *** n.s. *** n.s.

Dictyota ** ** * n.s.

Halimeda * ** ** n.s.

Turf Algae ** *** ** **

Sand *** n.s. ** n.s.

Sediment *** n.s. ** n.s.

Total Porifera n.s. n.s. n.s. n.s.

Cyanophyta (NIA) ** n.s. n.s. n.s.

CCA n.s. n.s. n.s. n.s.

Porolithon * n.s. ** n.s.



244

Table 5.5. Analysis of Variance (ANOVA) results for tests of difference between
sites and between years for mean Shannon diversity (H). **=P<0.01. ***=P<0.001

Species number and Shannon diversity indices are highest for Peli 4 and

lowest for Arena (Table 5.3). Similarly, Berger-Parker Dominance is

lowest (reflecting highest diversity) at Peli 4 and highest at Arena.

However variability (standard deviation) is greatest at Arena and lowest

at Peli 4 for the two diversity indices, and visa versa for species number.

Dictyota has the highest mean percent cover at Arena and the lowest at

Peli 4. Standard deviation is highest at Peli 1 and lowest at Peli 4.

Halimeda has the highest mean percent cover and standard deviation at

Peli 4, and the lowest mean percent cover and standard deviation at Peli

1. Turf Algae has the highest mean percent cover and standard deviation

at Peli 4, and the lowest of both at Arena.

For comparison of the different 2005 transects within each site, and

between sites, Kruskall Wallis tests were again used for analysing

differences in benthic cover. There was no significant difference (P>0.05)

between transects for Scleractinian, Total Porifera or Coralline Crustose

Shannon (H) ANOVA Arena
2005

Peli 1
2005

Peli 4
2005

Arena
2007

Peli 1
2007

Peli 4
2007

Arena 2005 *** **

Peli 1 2005

Peli 4 2005 ***

Arena 2007 **

Peli 1 2007

Peli 4 2007
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Algae (CCA) percentage cover medians (Table 5.4). However there were

significant differences between transects in median percentage cover of

all other benthic categories (P<0.05), with strong differences in

Lobophora, Sand and Sediment percentage cover (P<0.001).

Table 5.6 compares the percentage cover means and standard errors for

each transect at each site surveyed in 2005. For those benthic categories

found to be significant by the Kruskall Wallis tests, Lobophora cover was

highest at the site Peli 1, at the deepest transect at 15m depth (23.53%).

However the greatest variability and thus standard deviation was found at

Arena 15m (20.16). At all sites, Lobophora percentage cover and

standard deviation was greater on the deeper, 15m transects than the

shallower transects. For Peli 1 and Arena sites, sand cover was greatest

on the shallow reef flats, in contrast to Peli 4, where it was greatest on the

deeper, 15m transect. Peli 1 had the greatest standard deviation in sand

cover (24.06%) and percentage cover tended to lessen with depth. The

inverse is true for Peli 4, and Arena had higher sand percentage cover at

15m than 5m, but highest on the reef flat transect, which was also the

highest for any of the sites (26.85%). Sediment percentage cover,

however, does not follow these trends, and is highest of all at the 15m

depth transect of Arena (15.7%). The highest of all standard deviations

for mean percentage sediment cover is also along this transect (9.91%).
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At Peli 1 there is little difference in percentage cover or standard

deviation between the reef flat and the 5m transect (1.54%, 1.57%).

However the 15m transect is slightly higher, but still at low overall levels

(3.04%). There were negligible levels of sediment detected at the 15m

transect of Peli 4 (0.89%), and none on the reef flat. For the other benthic

categories, significant at the P<0.05 level, Total Octocorallia were found

to be overall highest in mean percent cover at Peli 1 at 5m depth

(17.85%). However the greatest variability was at Peli 4, 15m depth

(16.6). At Peli 4, the greater percentage cover Octocorallia was found at

15m. This is in contrast to Arena, where Octocorallia were found to

follow the trend of higher percent cover at the reef flat, and reducing as

the transects became deeper. Total Algae had the highest overall percent

cover of all categories at 84.44% cover at the Peli 1 5m transect. At

Arena, the middle transect at 5m also had slightly more Total Algae than

the others, with the reef flat having the least amount. Dictyota had the

highest percent cover at Peli 1 5m (55.75%) and the greatest variability at

Arena 5m (s. d. = 34.22). At both Peli 1 and Peli 4, the shallowest

transects have noticeably less Dictyota percentage cover than their

respective deeper transects. At Arena coverage is relatively uniform.

Halimeda had highest percentage cover at Peli 4, 15m depth (13.78%, s.

d. = 12.13) considerably more so than Peli 1 at 0.14 -2.3% mean cover.

Halimeda was relatively uniform between transects at Arena, varying
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from 7.17-4.34% mean cover. However often variability was higher than

these values, with standard deviation ranging from 4.81-11.41. Turf algae

had the highest mean percent cover at Peli 4, 5m (39.66%) with the

greatest standard deviation at Peli 1, 5m (28.75). At Both Peli 1 and Peli

4, turf algae tended to be greater on the shallower transects than the

deeper transects. However at Arena the reverse was found. Cyanophyta

(Nutrient Indicator Algae (NIA)) was found to be most variable and at the

highest level at the 15m transect of Peli 4. At 11.84% this was

considerably higher than the 0-2.54% mean cover found at other

transects. Porolithon was highest at Peli 4 5m (16.82%) with the greatest

standard deviation occurring at the Peli 1 reef flat transect (28.88). At

both Peli 1 and Peli 4, the highest mean percent cover was found on

shallower transects than deeper, but at Arena, the 5m transect had the

highest level (13.43%) with none found on the 15m depth transect. In all

cases standard deviation followed the same trends as percentage cover.
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Table 5.6. Mean percentage cover (or index score for diversity) for the differing transects at each of the sample sites, at the start of the study in
2005. STDEV abbreviates for Standard Deviation. RF stands for Reef Flat. 5m and 15m are depths in meters.

Benthos Arena RF Arena 5m Arena 15m Peli 1 RF Peli 1 5m Peli 1 15m Peli 4 5m Peli 4 15m

%
Cover
2005

ST DEV
%

Cover
2005

ST DEV
%

Cover
2005

ST DEV
%

Cover
2005

ST DEV
%

Cover
2005

ST DEV
%

Cover
2005

ST DEV
%

Cover
2005

ST DEV
%

Cover
2005

ST DEV

Species No. 6.5 2.51 7.5 1.225 5.667 1.366 7.833 1.835 8.833 3.125 8.167 1.472 8.143 2.34 10.5 2.168

Shannon Diversity (H) 1.299 0.45 1.142 0.386 1.31 0.144 1.492 0.339 1.338 0.309 1.39 0.157 1.565 0.258 1.885 0.13

Berger-Parker Dominance 0.516 0.16 0.592 0.216 0.495 0.105 0.457 0.191 0.596 0.112 0.531 0.096 0.469 0.113 0.343 0.019

Total Scleractinia 13.9 28.27 9.573 10.36 6.383 9.663 12.99 7.954 3.434 2.871 13.52 22.68 7.154 5.335 9.736 8.099

Total Octocorallia 15.49 12.45 4.394 6.305 0.234 0.573 6.138 7.45 17.85 11.15 2.951 3.487 7.522 11.05 15.82 16.68

Total Algae 47.65 23.01 67.86 22.77 65.35 23.52 39.6 23.26 84.44 8.309 72.62 18.11 57.61 25.47 60.58 20.45

Lobophora 0 0 1.154 1.514 14.14 20.16 0.341 0.835 0.746 1.2 23.53 19.74 1.96 5.185 6.731 7.508

Dictyota 39.14 28.86 54 34.22 42.58 16.74 15.74 11.52 55.75 32.14 41.89 23.1 7.344 8.768 20.95 19.3

Halimeda 7.175 11.41 4.449 4.814 4.339 5.401 0.148 0.363 1.835 2.066 2.305 2.433 8.479 7.239 13.78 12.13

Turf Algae 0 0 8.124 17.68 3.294 5.516 23.11 17.13 26.07 28.75 4.619 5.255 39.66 21.41 18.13 18.74

Sand 26.85 23.86 0.515 1.263 10.66 15.61 23.94 24.06 0.673 1.648 0 0 0 0 12.51 12.7

Sediment 3.075 5.429 0 0 15.7 9.912 1.543 3.779 1.575 2.632 3.047 2.47 0 0 0.892 0.984

Total Porifera 2.9 5.588 4.826 10.49 0.744 1.602 0.949 2.251 1.949 4.02 6.372 13.42 10.29 16.67 3.831 5.786

Cyanophyta (NIA) 2.541 4.352 0 0 1.094 2.681 1.459 1.782 0.38 0.931 0.686 1.679 0 0 11.28 7.295

CCA 0 0 0.076 0.186 0 0 0 0 0 0 0 0 0 0 0 0

Porolithon 2.796 6.378 13.43 16.37 0 0 17.91 28.88 3.676 4.854 2.067 2.971 16.82 16.78 0.85 2.082
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Shannon Diversity (H) index values for 2006 were compared with 2007

values using Analysis of Variance statistical tests (Table 5.5). Arena 2005

was significantly different from Peli 4 2007 values (P<0.001). Peli 4 2005

was significantly different to Arena 2007 values (P<0.001). Berger-

Parker Dominance index of diversity and Total Algae were found to not

differ significantly between 2005 and 2007. All other benthic categories

and indices did differ significantly when tested with Friedman tests

(P<0.05).

Table 5.7 presents both the change in percent cover from 2005 mean

values to 2007 mean values as both an absolute change in percentage

cover and as a relative percentage change on 2005 values. Table 5.8

presents the change in percentage cover from 2005 values with the

standard deviation for comparison of within site variation. Both tables

also include a pooled ‘all sites’ mean. When looking at this pooled mean,

the largest negative decrease in percentage cover by area was for the

Dictyota benthic category at -27.2%. However this was only a -30.37 %

change on 2005 values, with Cyanophyta (NIA) having the largest

relative decrease at – 75% of 2005 values. The largest increase in actual

area was for Turf Algae, which increased in size by 13.15% percent



250

cover. However again this only represented a 66.21% increase on 2005

values, with Halimeda having the largest relative percentage increase of

139.59%, even though actual area in percentage cover only increased by

1.92% cover. Mean species number increased by 8.19% on 2005 values,

with Shannon Diversity (H) increasing by 3.64%. Berger-Parker

Dominance only increased by 0.66% upon 2005 values.

The highest change in Species number was Arena, which increased by

11.18% on 2005 values. Peli 1 had the biggest increase in Shannon

Diversity (H) with an 8.84% increase on 2005. Peli 4 had the biggest

change in Berger-Parker Dominance, of 6.07% on 2005’s index value.

The overall mean change in Total Scleractinia % cover was 0.65% on

2005’s cover. This represented an average increase of 1.03% on 2005’s

values and the least significant change in percentage cover of all benthic

categories. The biggest percentage change was at Peli 1, at 7.03%,

however the biggest change in area was at Arena with a -1.13% cover

loss of Scleractinia. Other than Cyanophyta (NIA) which lost 100% of its

cover at Peli 1, the biggest losses were Dictyota at a -63.99% decrease at

Peli1, and Halimeda at -46.5% decrease at Peli 4 on 2005 values.

However Halimeda had also one of the largest increases, with percentage

cover at Peli 1 increasing by 423.04% upon 2005 values, however only

constituting an increase in area by 4.23% cover. Lobophora also had a
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large relative increase in cover at this site, increasing by 221.63%, but

again only representing a small area of 9.46% cover. The largest increases

in area were Sand and Turf Algae at Arena with 17.03% cover (41.06%

change) and 17.75% cover (117.41% change) respectively. Sand at Arena

had some of the highest intra-site variation, with a standard deviation of

25.1. Overall, for the average of all benthic categories, Dictyota has the

largest standard deviation of 24.11 and CCA the least with 1.52 (Table

5.8). There is a positive power correlation between % change in benthic

cover and standard deviation with an R2 of 0.96 (P<0.01).
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Table 5.7. 2007 change in mean percentage cover (or index score for diversity), for
the three sample sites, compared to relative percentage change upon 2005 values.

Arena Peli 1 Peli 4 All Sites
Change

in %
Cover

%
Change
on 2005

Change
in %

Cover

% Change
on 2005

Change
in %

Cover

%
Change
on 2005

Change
in %

Cover

%
Change
on 2005

Species No. 1.056 11.180 0.444 5.404 0.643 7.895 0.723 8.193

Shannon Diversity (H) 0.115 2.814 0.119 8.839 -0.052 -2.921 0.075 3.640

Berger-Parker Dominance -0.087 2.884 -0.035 -5.165 0.022 6.069 -0.041 0.662

Total Scleractinia 1.130 -1.630 0.751 7.033 -0.208 -3.998 0.653 1.027

Total Octocorallia -0.874 43.048 0.120 17.835 2.538 20.595 0.352 27.980

Total Algae -11.769 -19.023 -0.021 0.196 7.572 12.782 -2.528 -3.865

Lobophora 15.734 18.540 9.467 221.631 -0.370 10.077 9.358 92.584

Dictyota -50.127 -42.158 -25.304 -63.997 4.334 39.085 -27.203 -30.037

Halimeda 4.222 -19.806 4.235 423.037 -5.018 -46.501 1.917 139.586

Turf Algae 17.747 117.408 11.581 50.550 8.626 38.514 13.154 66.213

Sand 17.032 41.062 -0.255 -1.066 0.000 0.000 6.291 14.999

Sediment -8.255 102.646 -0.394 -19.957 0.640 71.749 -3.084 48.945

Total Porifera 1.374 32.658 0.662 74.359 2.311 28.104 1.341 47.157

Cyanophyta (NIA) -3.036 -66.667 -0.841 -100.000 -5.624 -50.000 -2.860 -75.000

CCA 1.082 - 0.560 - 0.196 - 0.665 -

Porolithon 0.013 -1.783 0.617 -10.917 -2.532 -29.950 -0.397 -12.250

Table 5.8. 2007 change in mean percentage cover (or index score for diversity)
compared to standard deviation (STDEV), for each sample site.

Arena Peli 1 Peli 4 All Sites
Change

in %
Cover

STDEV
Change

in %
Cover

STDEV
Change

in %
Cover

STDEV
Change

in %
Cover

STDEV

Species No. 1.056 2.102 0.444 1.199 0.643 1.377 0.723 1.603

Shannon Diversity (H) 0.115 0.398 0.119 0.305 -0.052 0.159 0.075 0.316

Berger-Parker Dominance -0.087 0.178 -0.035 0.172 0.022 0.090 -0.041 0.156

Total Scleractinia 1.130 5.709 0.751 1.907 -0.208 1.914 0.653 3.762

Total Octocorallia -0.874 11.130 0.120 6.722 2.538 4.409 0.352 8.179

Total Algae -11.769 21.962 -0.021 9.176 7.572 17.058 -2.528 17.859

Lobophora 15.734 7.583 9.467 15.530 -0.370 2.943 9.358 11.166

Dictyota -50.127 24.613 -25.304 23.667 4.334 10.169 -27.203 24.107

Halimeda 4.222 9.684 4.235 8.868 -5.018 9.202 1.917 9.833

Turf Algae 17.747 10.653 11.581 18.035 8.626 16.810 13.154 15.205

Sand 17.032 25.099 -0.255 5.024 0.000 0.000 6.291 15.792

Sediment -8.255 21.341 -0.394 1.213 0.640 2.130 -3.084 12.794

Total Porifera 1.374 7.276 0.662 8.165 2.311 5.530 1.341 7.161

Cyanophyta (NIA) -3.036 2.972 -0.841 1.495 -5.624 7.526 -2.860 4.643

CCA 1.082 0.749 0.560 2.376 0.196 0.578 0.665 1.520

Porolithon 0.013 3.730 0.617 5.545 -2.532 11.501 -0.397 7.125
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Table 5.9 presents change data in a similar format to Table 5.7, however

with mean values for each transect at each site. Similarly, Table 5.10

presents standard deviation data, also broken down to transect level. For

species number, Arena 5m transect increased the most with a 17.87%

increase as a result of an overall increase by 1.33 in mean species

numbers. At all sites, the deepest transects had the least amount of change

in species number. Unlike the Arena site, Peli 1 Reef Flat had the greatest

change of the three Peli 1 transects (8.51% increase on 2005). For

Shannon Diversity (H), Peli 1 5m, had the greatest percentage change of

all transects at 20.69%. The Peli 1 Reef Flat only increased marginally in

Shannon Diversity (H), with a 0.11% increase on 2005, compared to the

15m depth transect which increased by 5.71%. This is in contrast to

Arena, where the reef flat lost both Shannon Diversity (H) and for Berger

Parker Dominance, had the largest percent change of all transects and

sites (24.48%). For Total Scleractinia, Arena Reef Flat had the largest

percent change of all transects and sites with a -3.42% reduction in cover,

a loss of 24.61%. Similarly, Peli 4 lost 14.02% of Total Scleractinia from

the 2005 values. However all other transects saw a small percentage gain

of Scleractinia, with deeper transects gaining more than shallower

transects. The largest percentage gains were for Halimeda at Peli 1 Reef

Flat (630.6%), Peli 1 5m for Lobophora (535.9%) and Arena Reef Flat

with Sediment (345.5%). Other than Cyanophyta (NIA), which often lost
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100% of 2005 values at several sites, the greatest losses were at Peli 1 5m

for Dictyota (-78.19%) , Halimeda at Arena Reef Flat (-98.08%) and

Total Algae at Arena Reef Flat (-53.31%). Overall, Peli 1 5m had the

greatest variability in change when considering the standard deviation of

all percentage changes (227.9). This is in comparison to Arena 5m, which

changed the least with 30.65. Arena Reef Flat changed the most in Arena

with a standard deviation of 125.1, Arena 1m had a standard deviation of

86.08. Peli 1 had a lower value for 15m with 53.22, however the Reef

Flat had a greater standard deviation than Arena at 180.66. Peli 4 5m had

a standard deviation of all changes of 32.13, and 15m had 56.66.

Variation in mean change values across transects can be considered using

standard deviation values from Table 5.10. Arena Reef Flat has the

greatest standard deviation of mean change in species number (2.64),

Shannon Diversity (H) (0.576) and Berger-Parker Dominance (0.22).

This Transect also has the largest standard deviation of all transects and

benthic categories with 35.44 for Sediment and 30.35 for Dictyota. Total

standard deviation for all benthic categories was combined to test if

variability across transects was correlated to those transects that had

undergone the greatest changes since 2005. There was no direct

correlation with any linear or curved models with the best R2 being 0.03
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and also non significant (P>0.05). Arena had the overall greatest

variability across transects and particularly at the Reef flat (195.5) and the

15m transect (108.3) versus 5m (59.69). Peli 1 was the inverse with the

5m transect having the greatest variation (94.37), with the reef flat having

a sum standard deviation of 63.23, versus 15m’s 85.84. Peli 4 5m transect

had a sum standard deviation of 95.9, 15m had 57.08. Diversity indices

were also tested for correlation against sum standard deviation and

standard deviation of change data to see if sites that changed the most or

had the most heterogeneous benthos were the most diverse. None of these

tests found significant correlations (P>0.05).
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Table 5.9. 2007 change in mean percentage cover (or index score for diversity), for all transects at sample sites, compared to relative percentage
change upon 2005 values. RF stands for Reef Flat. 5m and 15m are depths in meters.

Benthos Arena RF Arena 5m Arena 15m Peli 1 RF Peli 1 5m Peli 1 15m Peli 4 5m Peli 4 15m

Change
in %

Cover

%
Change

on
2005

Change
in %

Cover

%
Change

on
2005

Change
in %

Cover

%
Change

on
2005

Change
in %

Cover

%
Change

on
2005

Change
in %

Cover

%
Change

on
2005

Change
in %

Cover

%
Change

on
2005

Change
in %

Cover

%
Change

on
2005

Change
in %

Cover

%
Change

on
2005

Species No. 0.833 12.82 1.333 17.78 1 2.941 0.667 8.511 0.5 5.66 0.167 2.041 1.286 15.79 0 0

Shannon Diversity (H) -0.16 -12.32 0.192 16.78 0.313 3.982 0.002 0.112 0.277 20.69 0.079 5.713 -0.03 -2.136 -0.07 -3.706

Berger-Parker Dominance 0.132 25.58 -0.03 -4.566 -0.37 -12.36 0.051 11.24 -0.14 -24.06 -0.01 -2.669 0.012 2.478 0.033 9.66

Total Scleractinia -3.42 -24.61 0.247 2.582 6.565 17.14 0.4 3.079 0.199 5.792 1.653 12.23 -1 -14.02 0.587 6.026

Total Octocorallia -7.42 -47.9 3.395 77.27 1.4 99.77 0.584 9.519 -1.83 -10.23 1.6 54.22 1.305 17.35 3.772 23.84

Total Algae -25.4 -53.31 -1.01 -1.49 -8.89 -2.267 0.162 0.41 -2.53 -2.993 2.302 3.169 6.631 11.51 8.514 14.05

Lobophora 0 0 0 0 47.2 55.62 0.087 25.67 4 535.9 24.31 103.3 0.861 43.92 -1.6 -23.77

Dictyota -30.4 -77.65 -1.27 -2.355 -119 -46.47 -9.24 -58.71 -43.6 -78.19 -23.1 -55.09 4.161 56.66 4.507 21.51

Halimeda -7.04 -98.08 -1.99 -44.64 21.69 83.3 0.933 630.6 11.51 626.9 0.267 11.57 -4.45 -52.43 -5.59 -40.58

Turf Algae 10.05 - 2.246 27.65 40.94 207.2 8.382 36.28 25.56 98.05 0.8 17.32 6.054 15.27 11.2 61.76

Sand 20.03 74.59 0 0 31.07 48.59 -0.77 -3.198 0 0 0 0 0 0 0 0

Sediment 10.62 345.5 0 0 -35.4 -37.57 -0.46 -30 -0.2 -12.92 -0.52 -16.95 0 0 1.28 143.5

Total Porifera 0.127 4.377 -2.43 -50.35 6.426 143.9 0.601 63.36 3.875 198.8 -2.49 -39.08 3.933 38.22 0.689 17.99

Cyanophyta (NIA) -2.54 -100 0 0 -6.57 -100 -1.46 -100 -0.38 -100 -0.69 -100 0.033 - -11.3 -100

CCA 0.164 - 0 0 3.082 - 0 0 0 0 1.68 - 0.392 - 0 0

Porolithon -0.2 -7.133 0.239 1.783 0 0 2.858 15.96 0 0 -1.01 -48.71 -4.8 -28.53 -0.27 -31.37
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Table 5.10. 2007 change in mean percentage cover (or index score for diversity), for all transects at sample sites, compared to standard deviation
(STDEV). RF stands for Reef Flat. 5m and 15m are depths in meters.

Benthos Arena RF Arena 5m Arena 15m Peli 1 RF Peli 1 5m Peli 1 15m Peli 4 5m Peli 4 15m

Change
in %

Cover

ST
DEV

Change
in %

Cover

ST
DEV

Change
in %

Cover

ST
DEV

Change
in %

Cover

ST
DEV

Change
in %

Cover

ST
DEV

Change
in %

Cover

ST
DEV

Change
in %

Cover

ST
DEV

Change
in %

Cover

ST
DEV

Species No. 0.833 2.639 1.333 0.816 1 2.563 0.667 0.816 0.5 1.871 0.167 0.753 1.286 1.254 0 1.265

Shannon Diversity (H) -0.16 0.576 0.192 0.258 0.313 0.257 0.002 0.241 0.277 0.39 0.079 0.241 -0.03 0.172 -0.07 0.157

Berger-Parker Dominance 0.132 0.223 -0.03 0.15 -0.37 0.098 0.051 0.112 -0.14 0.183 -0.01 0.175 0.012 0.108 0.033 0.071

Total Scleractinia -3.42 5.799 0.247 0.606 6.565 7.936 0.4 0.714 0.199 0.334 1.653 3.203 -1 2.061 0.587 1.437

Total Octocoralia -7.42 17.93 3.395 5.006 1.4 0.572 0.584 2.114 -1.83 11.24 1.6 3.919 1.305 3.049 3.772 5.619

Total Algae -25.4 28.8 -1.01 15.06 -8.89 10.81 0.162 8.021 -2.53 7.454 2.302 12.34 6.631 23.59 8.514 5.345

Lobophora 0 0 0 0 47.2 12.08 0.087 0.214 4 9.798 24.31 17.83 0.861 1.123 -1.6 3.919

Dictyota -30.4 30.35 -1.27 17.92 -119 17.21 -9.24 12.27 -43.6 23.05 -23.1 22.49 4.161 12.38 4.507 8.007

Halimeda -7.04 11.16 -1.99 4.864 21.69 10.12 0.933 1.468 11.51 13.02 0.267 0.653 -4.45 7.639 -5.59 11.5

Turf Algae 10.05 7.967 2.246 2.787 40.94 16.66 8.382 16.18 25.56 21.31 0.8 1.96 6.054 21.89 11.2 9.285

Sand 20.03 41.2 0 0 31.07 13.59 -0.77 9.239 0 0 0 0 0 0 0 0

Sediment 10.62 35.44 0 0 -35.4 11.13 -0.46 1.134 -0.2 0.498 -0.52 1.845 0 0 1.28 3.135

Total Porifera 0.127 5.684 -2.43 11.03 6.426 4.273 0.601 0.937 3.875 6.741 -2.49 12.49 3.933 7.406 0.689 0.876

Cyanophyta (NIA) -2.54 4.352 0 0 -6.57 2.681 -1.46 1.782 -0.38 0.931 -0.69 1.679 0.033 0.087 -11.3 7.295

CCA 0.164 0.402 0 0 3.082 1.258 0 0 0 0 1.68 4.115 0.392 0.764 0 0

Porolithion -0.2 6.429 0.239 2.42 0 0 2.858 9.161 0 0 -1.01 3.313 -4.8 15.91 -0.27 0.653
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Discussion

The impact of Scleractinian diseases and bleaching upon the reefs of Los

Cayos Cochinos

Overall, diseases of Scleractinian corals were found in low numbers, and

decreased during the study period 2005-2007 (Table 5.1). Similarly,

bleaching was also found at a low incidence during 2005, compared to

reports elsewhere in the Caribbean. These reports indicated 2005 was a

particularly warm year, with moderate to severe bleaching. For example,

in Tobago, there were reports of bleaching incidence ranging from 20%

to 85% at sample locations (Bucco Reef Trust 2005, Wilkinson 2008).

However there was no further observation of bleaching in Cayos

Cochinos after 2005. This suggests that the limited bleaching detected in

2005, may have actually been from mechanical or allopathic sources or

actually the disease white plague, rather than the wide spread bleaching

usually associated with increased, sustained higher water temperatures.

However disease levels were slightly higher in 2005 than in 2006 and

2007, which may be due to slightly increased water temperatures, but

equally could be due to increased nutrient levels or an increase in other

factors than can stress Scleractinia (Kuta and Richardson 2002).
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Black Band Disease was also found at a much higher incidence in 2005

than the following two years, and again may be linked to increased

temperatures or nutrients (Kuta and Richardson 2002). Inter site

differences were also more noticeable in BBD than those observed in

total diseases or bleaching. The putative healthy site, Peli 4, did have the

lowest incidence in 2005 of 0.03%, however contrary to expectations; the

putative intermediate site had a higher incidence of BBD than the

impacted site. This site also had the least amount of potential host species

of Scleractinian corals found at the three sites (20%). Interestingly, the

putative impacted site, Arena had the most potential host Scleractinia at

50%. Neither site differed significantly (P>0.05) in percentage

Scleractinia cover either (Tables 3&4). Nor was there a difference in reef

flat Scleractinian cover between the sites versus total site Scleractinian

cover (Tables 3,4&6). One possibility is that the putative impacted site

had already undergone some infection by BBD and those remaining

corals had developed resistance. However this is unlikely as BBD is an

external infection that dissolves away the tissue, and once infection

occurs, there is unlikely to be any immunological defence to smothering

and digestion (Sutherland, Porter et al. 2004). An alternate, possible

explanation, is that the increased turbidity from suspended sediment at an

impacted site, would reduce light levels, which in turn would the limit the
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development of the photosynthetic cyanobacteria, Phormidium

corallyticum found as the principal structural component of BBD mats

(Richardson and Kuta 2003).

Also the site with the highest incidence of both total Scleractinian

diseases and BBD did not lose Scleractinian coral cover between 2005

and 2006 (Tables 1 and 9), even in the area of principal disease incidence,

the reef flat. In comparison to the reef flat of Arena, Peli 1 actually

increased in coral cover by 3.07%, compared to Arena’s loss of -24.61%

(Table 5.9), suggesting disease is not the principal source of mortality on

the reefs of Los Cayos Cochinos.

Investigating the epizoology and etiology of Black Band Disease

There was no observed link between number of available hosts for BBD

and BBD incidence. The site Peli 4 had 30% of Scleractinian corals as

potential hosts for BBD, compared to Peli 1’s 20%. However incidence

was found to be higher at Peli 1 (0.38%) than at Peli 4 (0.03%). This

would suggest that host to host transfer and host density does not play a

critical part in the development of BBD infections. Although Black Band

disease has been described in () species of Scleractinia in the Caribbean,
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in Los Cayos Cochinos it was only observed in Diploria strigosa,

Diploria labyrinthiformis and Montastrea cavernosa. Of these three

species the majority of infections were found on Diploria strigosa, and as

a result they were mainly found on the reef flat regions of the coral reefs,

in depths from 7m to 5m. On the reef crest and reef wall, few colonies of

these potential host species were found if at all. The morphology of

Diploria strigosa is most likely adapted to shallower depths, as a massive

coral it is more dependant on the autotrophic than heterotrophic forms of

nutrition, with relatively under-developed polyp tentacles, compared to

deeper water species such as the black corals and Montastrea cavernosa.

The wall-like corallite surface morphology may also play a role in either

retaining fine sediment or preventing the coral’s mucosal secretions from

‘sloughing’ off. Both fine sediment and a fault in Scleractinian coral’s

mucosal system have been suggested as possible sources for the

formation of the BBD microbial consortium (Richardson 1996,

Richardson and Kuta 2003, Sutherland et al. 2004). Direct transmission

of material by vectors such as Parrotfish or on the bodies of other

coralivores, can most likely be ruled out. The inoculation study used an

already infected colony and also used Dictyota cervicornis as a potential

mechanical stressor or reservoir. In all bar one replicate, the transplanted

BBD material had been removed from the surface of the coral, most

likely by the sloughing of the coral’s mucosal layer. However of the 12
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inoculations, one did remain in place for between 24 and 48 hours (Table

5.2). In this location there was evidence of some digestion of the coral’s

tissue, most likely from the sulphur reducing microbial consortium in the

material. This suggests that if there is a fault in the sloughing of the

coral’s mucosal layer, opportunistic microbes can cause damage within

48 hours. However, the inoculation used mature, active BBD material and

future experiments could use different isolates of the microbial

consortium, perhaps held in place with fine sediment or sand to better

resist sloughing. This would better reflect a gradual build up of elements

of the microbial consortium, rather than using fully matured BBD

material.

Black Band Disease was also found to vary in rate of progression. As

shown in Figure 5.3, some colonies proceeded at a linear rate of

cumulative spread, and resulted in 100% colony mortality, whilst others

reached an asymptote and spread ceased after 7-14 days. There was no

direct correlation between size of colony or location with this variation in

progression rate. One possibility is that the components of BBD persist in

the water column all year round, and only have a short summer season of

progression, before light levels decrease in the autumn, with the advent of

the cloudier Hurricane season in August. Thus some of the colonies

observed had perhaps started their infection earlier, perhaps due to other
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environmental stressors that occurred before the study commenced. There

was however, a direct relationship between size of BBD infection band

and the amount of bare skeleton (Fig. 5.4). Due to the rapidity of

colonisation in Cayos Cochinos of bare surfaces by biofilms and algae

(Shrives 2007), it is possible to interpret this correlation as the larger the

band of BBD, the more area is ultimately digested off by BBD. Thus the

thicker a BBD band, the greater likely-hood of the colony facing 100%

mortality.

The main sources of Scleractinian mortality and their role in coral reef

benthos patch dynamics

Sites were originally assigned the terms ‘putative impacted’, ‘putative

healthy’ and ‘putative intermediate’, based on 2003 and 2004 pilot

studies and Reef Check base line surveys of the region (Shrives 2003,

2006). Data in the 2005 study was recorded to species level, and grouped

into 13 benthic categories and three measures of diversity. This allowed a

more detailed analysis of the reef benthos and a reassessment of the initial

triage of sites by ‘site quality’ and ‘reef health’. The 2005 samples were

compared as sites, but also as three different transects, representing the

reef flat, 5m depth on the outer reef wall and 15m depth on the reef wall.
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Some categories had to be compared with non parametric statistics such

as Kruskall-Wallis, whilst Shannon Diversity (H) indices could be

compared by Analysis of Variance.

No significant difference was found in % cover of total Scleractinia

between either sites or transects (P>0.05) (Table 5.4). However this may

be driven by low replicates and the large amount of variation found

between quadrats within transects. For example, the highest cover of total

Scleractinia was at Arena reef flat with 13.9%, over double that of the

site’s 15m depth transect at 6.38%. However the variability at the reef flat

transect is reflected in the standard deviation of 28.27, which is greater

than the actual mean value reported. This suggests a highly heterogeneous

environment, where Scleractinian cover can vary from domination in one

quadrat, to absence in another. It is also interesting to note that although

this transect has the highest Scleractinian coral cover of all the sites and

transects, it has the lowest species number and Shannon diversity indices.

This, plus the large amount of Scleractinian heterogeneity maybe driven

by the large amount of sand found at the site, which at 26.85% is also the

highest for any of the other sites or transects (Table 5.6). When

comparing the pooled mean percentage cover of each site, Arena has the

lowest species number, Shannon Diversity (H) index and the worst

Berger-Parker Dominance index (Table 5.3). It also has the highest
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percentage cover of sand, sediment and Dictyota spp. for any of the three

study sites. However it does not have the least total Scleractinian

percentage cover. Peli 4 has the least at 8.34% cover, yet still has the

highest mean species number, the highest Shannon Diversity (H) index

and the best Berger-Parker Dominance index. It does however, have the

least amount of total algae (58.98%), the most Octocorallia cover

(11.35%), the most Porolithon cover (9.44%), most Total Porifera

(7.30%) and the least amount of Sand (10.45%) and Sediment (0.786%).

So the initial triage for reef health is supported by the 2005 data, however

with total Scleractinian percentage cover absent as a key ‘barometer’ of

site quality.

Even with the large amount of intra site and intra transect variability

driving large standard deviations, statistical analysis with Kruskall-Wallis

was able to detect a key competitor of Scleractinia. The Dictyota species

of macro-algae can out compete and smother important, frame-work

building, hermatypic Scleractinia. Arena had significantly higher

percentage cover of Dictyota spp. than the other sites, which is considered

when analysing and comparing the changes in 2007 data.

Although Arena was considered the most impacted of the three sites by

the 2005 data, it is by no means the site that suffers the most between
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2005 and 2007. Mean species number increases by 11.18% and both the

Shannon Diversity (H) index and Berger-Parker Dominance index

improve. Although there is a net mean loss of total Scleractinian coral (-

1.63%), it is not as much as the putative healthiest site, Peli 4, which lost

-3.99%) of total Scleractinian cover. There is also a -42.15% loss in

Dictyota spp, which allows an increase in turf algae (117.4%) and

Lobophora species (18.5%), as well as total Porifera (32.655). However

there is still an increase in sand and sediment. However this is not as

concerning as Peli 4, the putative ‘healthiest site’ which saw a -2.92%

loss in Shannon Diversity H and a worse Berger-Parker Dominance

index. This site also had the largest loss of Total Scleractinian cover (-

3.99%) and a 12.78% increase in total algae cover, mainly driven by a

39.08% increase in Dictyota spp. cover and a 38.51% increase in turf

algae. The increase in these benthic categories may be due to the opening

up of space by the loss of -46.5% of Halimeda spp., or this loss may be

coincidental, due to the loss in Scleractinian coral cover or the 71.75%

increase in sediment, both of which could remove key habitat for the

calcareous Halimeda algae species. A similar interaction between the

macroalgae genera can be seen at the putative intermediate site Peli 1.

The -63.99% loss of Dictyota spp. has allowed a considerable increase in

Lobophora spp. and Halimeda spp, which have increased by 221.63%

and 423.04% respectively. Interestingly this site has also increased in
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Shannon Diversity (H) by 8.84% and the highest increase in total

Scleractinian coral cover (7.03%). Across all sites there has been a

reduction to near absence of cyanophyta and nutrient indicating algae

(NIA). Overall, for all Cayos Cochinos, there has been a very slight

increase in Total Scleractinian cover (1.02%) and a reduction in total

algae (-3.86%), mainly driven by a -30.03% loss of Dictyota spp.

However there has also been a 48.94% increase in sediment and a 14.99%

increase in sand.

Analysis at transect level (Table 5.9), also shows a trend towards least

growth or even increased loss of Scleractinia at shallower depths and the

reef flat, which are areas were the greatest growth should be occurring

().At Peli 4 5m there is a -1% loss of Scleractinian cover, co-occurring

with increases in all macro-algae except Halimeda spp. Sand and

sediment remain at or near 2005 levels. At the Arena reef flat, the -

24.61% loss of Scleractinia is co-occurring with a 74.59% increase in

sand, a 345.5% increase in sediment and loss in all algae categories,

except Lobophora spp., which has remained at 2005 levels. This suggests

that important regions of reef growth, like the reef flats are under threat

from either increased sedimentation in the case of Arena, or competition

from macro algae in the case of Peli 4. Different depths or zones of sites

need to be triaged and assed independently, and in Los Cayos Cochinos,
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some of the more ‘healthy’ sites are being degraded down to a common

lower level of diversity. Total Scleractinian cover, alone, may not be the

best indicator of reef health in Los Cayos Cochinos.
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6. General Discussion

6.1 Introduction

The purpose of this chapter is to draw together and compare the results of

previous chapters into a common synthesis, as described by the flow

diagram in the general introduction chapter (Figs. 1.9 and 6.1). The

summary, key points of each chapter are discussed in the wider context of

the principal objectives of the study as a whole.
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Figure 6.1 The schematic, flow-chart representation of objectives, chapters and the
subsequent process for this investigation. Of relevance to this discussion are the three
topics at the bottom of the diagram.

6.2 Reef condition and site variation

The benthic community assessment established a baseline data set for the

rest of this investigation to work from. This study looked at both regional

trends in percentage cover of benthos, as well as intra-site trends. As such

it was possible to explore any riverine impacts on not just geographical,
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between site scales, but also at the much smaller scale of affecting

zonation upon a reef. Coral reefs can be considered a model ecosystem

for zonation and other ecological process. For example much of Connell’s

work on the intermediate disturbance hypothesis (Connell 1978, 1997)

draws directly on the reef crest zone of a coral reef, making comparisons

with zonation on temperate climate, inter-tidal communities. This study

explored several reef community ecological processes, and if they can be

detected or applied to all reef sites in Los Cayos Cochinos. Of particular

interest are processes governing Scleractinian coral’s role in the coral reef

community. As a key frame builder and ‘ecosystem engineer’, the loss of

Scleractinia world-wide is a concern (Wilkinson 1999, Wilkinson 2008),

and understanding the possible role of rivers, locally in Los Cayos

Cochinos, is a principal objective of this study.

Not all sites conformed to the concept of the reef crest being either the

area of highest diversity or the area of greatest Scleractinian percentage

cover (Begon et al. 1986, Rogers 1990, McClanahan et al. 2002a,

Richardson and Voss 2005). Sites such as Arriba, Chacha and Corbin’s

did fit these theories (Fig. 3.5), however the Site East End, had the

highest Scleractinian cover at the deepest depths (Fig. 3.5), whilst other

sites have ‘hot-spots’ of high diversity scattered around, irrespective of

depth or Scleractinian cover (Fig. 3.32). Location of the sample sites
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played a key role. Use of dendrogramatic cluster analysis illustrated how

a site like East End, could be 67% dissimilar in community structure to

the other sites (Fig. 3.30). Comparison with the GOI thematic maps

showed how, along with the unusually deep region of high Scleractinian

cover, East End stood out as having the shallower section, reef crest and

reef flat dominated by the encrusting reef cement Porolithon

pachydermum (Figs. 3.5 & 3.16). Comparison with data from the

hydrodynamics assessment chapter, shows that this is one of the most

exposed sites with the highest current speed (Fig. 2.7). Similarly the site

SWSW had just as discrete a biotope as East End (Fig. 3.30). This

difference from the rest of the reef sites was principally driven by the

high variability in percentage cover of Octocorallia, Porifera and turf

algae species (Figs. 3.24 to 3.31). The site SWSW illustrates the

importance of site location in Cayos Cochinos. This site had the highest

amount of turf algae (Fig. 3.21), and is closest to the coastal rivers. It was

shown to be downstream of any fresh water bodies or material from the

other islands in Los Cayos Cochinos (Figs. 2.2, 2.5 & 2.11 to 2.17). The

Geochemical assessment chapter considers more southerly sites to be

affected by readily suspended alluvial sediments than northerly sites,

which have a lower Suspended Particulate Matter (SPM) load and greater

sediment flux (Figs. 4.3 to 4.11). This may go some way to explaining

why it has one of the lowest Scleractinian percentage cover, yet high
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Octocorallian cover (Figs 3.19a & 3.19d). Alluvial sediments and high

SPM can block up and congest Scleractinian polyps, limiting

heterotrophy, but also lowering light levels and thus impacting

autotrophy. It is possible that more well developed polyp tentacles, plus

the dynamic movement of the ‘swaying’ Octocorallia prevent excessive

build up of fine alluvial sediment, and as such they cope better in high

SPM loads. SWSW is also an interesting site in terms of diversity.

Although it has a relatively low Scleractinian coral cover, it has

consistently, one of the highest diversity scores for Species number,

Shannon Diversity (H), Simpson’s D and Berger-Parker Dominance (Fig

3.33). This is contrary to the opinion that the ‘healthiest’ sites have

highest Scleractinian cover and highest overall diversity. Indeed an

ahermatypic reef, with few Scleractinia, may well open up a host of

niches for opportunistic algae, Octocorallia and Porifera species.

However this could be indicative of intermediate disturbance, and also

transitory. In geological terms, such a reef would not last for very long

without the habitat created by hermatypic Scleractinia, and would most

likely be eventually buried by sedimentary processes, leaving a very low

diversity sandy benthos. One must also consider this study only considers

the benthos of the reef community and not the effects upon the pelagic or

demersal species of fish and invertebrates. As such it would be an

interesting future experiment or simulation to try and test the hypothesis
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that coral reefs trade some short term diversity for persistence in longer,

geological time scales. An alternative explanation for SWSW’s higher

diversity is aspect. This site was one of the flattest surveyed (Fig. 3.4) and

being offshore compared to the other fringing reefs, it receives more

sunlight for a great duration during a diurnal period. As much of the

benthic species rely directly or indirectly on photosynthesis, this may

give this site an energetic advantage over sites that face different aspects.

Although some sites were found to differ significantly in benthic

community structure, according to location in the Los Cayos Cochinos,

the patterning did not clearly follow an east to west or north to south

trend across all sites (Figs. 3.27 to 3.31). This may be due to the overlap

of several different species and GOI’s, or suggest more diffuse sources of

nutrients and sediment from the islands themselves. The importance of

island derived inputs is again illustrated by both the salinity studies in the

Hydrodynamics chapter and the isotopic analysis from the Geochemistry

chapter. In the Hydrodynamics chapter, a lens of less dense, fresher water

was detected in the morning in proximity to the island of Chachahuate,

and then detected again in the afternoon moving further down stream to

Cayo Timon (Figs. 2.11 to 2.17). Similarly a fresh water input was

detected from Cayo Grande at the Peli 1 site and from Cayo Culebra to

the site Arena (Figs. 2.11 to 2.17). With the isotopic analysis, samples
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from the Chacha study site, near the island of Chachahuate had strongly

negative δ 13C values associated with high primary productivity nearby,

however the δ 15N data did not support untreated sewage as the likely

cause. Although there are ‘long-drop’ style toilets in Chachahuate, they

are all located on the most exposed and highest speed current side of the

island (Pers. Obs. and Figs. 4.12 to 4.25). In contrast samples from the

site near Cayo Redondo have similar δ 13C values as Chachahuate, but

also high δ 15N values of +5.28‰, where the literature states above +3‰

indicates anthropogenic impact from untreated sewage (Lapointe et al.

2004). This island has recently undergone some development and is now

host to a private lodge and buildings with continued occupancy and

toilets situated in a more sheltered location (Pers. Obs.).

Overall the reefs in Cayos Cochinos suffer from low total Scleractinian

cover (13.31%, n=1200) compared to elsewhere in the Caribbean (~24%

for comparable latitude (Wilkinson 2008). There are very low levels of

Acroporan corals (0.07%, n=1200), with Agaricia tenufolia having the

largest single species share (29.05% of total Scleractinian cover) of what

Scleractinian cover remains. Macroalgae dominate (55% versus regional

average of 18% (Wilkinson 2008), particularly Dictyota species (27.38 %

actual cover, or 49.79% share of total algal cover). Patch dynamic

analysis of a subset of sites raise concerns over reef condition. Areas of
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high diversity, such as the reef flat are receiving increases in sediment

and sand (Table 5.9). A particular example is the site Arena, which is in

close proximity to the recently developed island of Cayo Culebra, and

down stream of the other Cayos Cochinos. More worryingly, sites of

higher diversity and coral cover, like Peli 1, are losing diversity and

Scleractinian coral cover, whilst increasing in sediment and Dictyota

cover (Table 5.7).

6.3 Riverine influence

The results of both the Hydrodynamics and Geochemistry chapters reject

the hypothesis that the Rio Aguán is the principal river influencing Los

Cayos Cochinos all year round. In the Hydrodynamics chapter, the 2007

and 2008 transects detected a gradient of fresh water extending from the

rivers directly south of Cayos Cochinos (Figs. 2.11 to 2.15). However the

east to west transects from the mouth of the Rio Aguán, showed a rapid

delineation in the river’s extent (Figs. 2.11 to 2.15). This was confirmed

by the suspended particulate matter (SPM) samples presented in the

Geochemistry chapter. There was again delineation in SPM from the Rio

Aguán, whose influence did not extend as far as the coastal transect rivers

to the south (Figs. 4.6 & 4.7). The SPM and Flux levels of sediment upon



277

the reef samples sites, also suggest a more southerly influence. Sites in

the south and west of Los Cayos Cochinos had low flux and high SPM,

suggesting riverine alluvial sources. In contrast the sites in the north and

east, nearer to the Rio Aguán, had a higher flux and lower SPM (Figs. 4.3

to 4.5 & 4.8 to 4.11), suggesting a biogenic calcareous source such as the

calcareous Halimeda spp of macro algae. The most conclusive results

came from the Remote Sensing study. This study compared chlorophyll a

levels as an established proxy for riverine output and an associated

increase in primary production (Andrefouet et al. 2002). Whereas field

sampling could determine only the river regime during the period of

sampling, in the dry summer season, remote sensing allowed the

comparison of river output every eight days over a six year period. With a

grid of sampling points set around Cayos Cochinos, it would be possible

to detect the extent and movement of river output from origin at mouth.

The results were able to differentiate between the Rio Aguán and

southern, costal rivers Rio Papaloteca, Rio Lislis and Rio Esteban (Figs

4.26 to 4.29). Whilst the output of the Rio Aguán was seen to extend as

far north as the island of Guanaja, it never extended far enough to the

west to directly influence Los Cayos Cochinos. Similarly large

precipitation events such as Hurricanes Dean and Felix, could be detected

in the data set. Their differing influences on the separate watersheds of

the Rio Aguán and Rio Papaloteca could be delineated as separate events
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in Figure 4.29. This showed the two rivers as decoupled, with the sample

points near Cayos Cochinos only increasing, when those of the Rio

Papaloteca increased.

6.4 Detecting and quantifying impacting factors

6.4.1 Note on Coralivores

An extensive survey of all pelagic and demersal coralivores and bio-

eroders was not possible within the scope of this study. However, whilst

not a key focus of this study, coralivore damage was noted and recorded

in the patch dynamics study in the Geochemistry Chapter. Spot-biting

scars and lesions from Parrotfish, and coralivore feeding damage at the

margins of Scleractinian colonies were recorded and measured when

detected in the quadrats. However none of these activities resulted in

colony mortality, and on comparison with the 2007 quadrats, all of the

scars and lesions had healed, only to be replaced with new scars and

lesions in alternative regions of the colony. This suggests that such

activity is sub-lethal, and that coralivores do not present an abnormal

source of mortality on Scleractinia in Los Cayos Cochinos. As such this

study focused primarily on sources of mortality that are listed as areas of

concern in the wider literature; Scleractinian coral diseases, phase-shift
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to macro algal dominance through increased nutrients and competive

exclusion of Scleractinia (McManus and Polsenberg 2004) and burial by

excessive sedimentary processes (Rogers 1990, Birkeland 2004, Munday

2004, Crabbe and Smith 2005).

6.4.2 Role of disease

Scleractinian diseases were found to have a minimal role in reef benthos

community dynamics. Levels of infection were highest in 2005, but

rapidly tailed off during 2006 and 2007. A similar pattern was found with

Bleaching, which was only noticeable in 2005. Even then, bleaching was

found at a low incidence compared to other reports from around the

Caribbean (Wilkinson 2008), where 2005 was reported as a particularly

bad year for temperature induced bleaching. It is possible that even the

relatively low incidence of disease and bleaching found in Cayos

Cochinos in 2005, was the result of increased water temperatures. Disease

incidence was found to be independent of site quality and sites with

increased disease did not necessarily suffer a significant decrease in coral

cover from 2005 to 2007.

As a study in detail, Black Band Disease (BBD) was relatively easy to

identify visually, without the potential of confusing white plague with
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temperature induced bleaching or coralivore feeding. However BBD also

tailed off in incidence through 2006 and 2007, limiting the number of

infected colonies available for a wider study (Table 5.1). Even with this

restriction, some interesting epizoological and etiological results were

gathered. BBD was found predominantly on the reef flat, and principally

on Diploria strigosa colonies, and not on deeper regions of the reef.

However comparison of host numbers, found that the highest incidence

rates were independent of host availability, and that between the three

study sites, Scleractinian cover was not significantly different (Table 5.4).

One possible explanation comes from the results of sediment flux studies

from the Geochemistry chapter, which found that the site with the highest

incidence of BBD also had the highest amount of sinking sediment of the

three sites (Figs. 4.8 to 4.11). It has been suggested that sediment can act

as either a ‘scaffold’ for BBD microbial consortium formation, or simply

stress the coral, making it more prone to infection (Croquer et al. 2002,

Nugues and Roberts 2003, Jones et al. 2004, Sutherland et al. 2004).

Inoculation experiments also ruled out direct transmission as a potential

cause of BBD, suggesting that infections independently start on colonies,

and most likely a group of corals are subjected to a similar suite of

environmental stress. The importance of the mucosal shedding system

was also indicated by the removal of inoculation transplanted BBD

material within 24 hours (Table 5.2). However in the one replicate where
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the mucus was not successfully shed, there was some damage to the

underlying coral tissue, approximating a mucosal failure.

6.4.3 Role of competitors

Macroalgae, Porifera and Octocorallia are considered the primary

competitors with Scleractinia for space upon a reef (Connell 1997,

Murdoch and Aronson 1999, Burke et al. 2004, Munday 2004, Mumby et

al. 2005a, Box and Mumby 2007). Octocorallia can most likely also

vertically outgrow Scleractinia. They thus would compete for light with

Scleractinia, shading them in the process. Consequently, as illustrated in

the benthic community assessment chapter, regions of reefs or whole

study sites with high percentage Octocorallia, do not tend to have high

percentage cover of Scleractinia, (Figs. 3.5 & 3.8, also Fig 3.19a and d).

Similarly the patch dynamics study in the coral disease and mortality

chapter, showed Octocorallia tended to increase in percentage cover at

sites which lost Scleractinian cover (Table 5.8). It is also hypothesised

that Octocorallia are better adapted to high SPM loads, as their larger

polyps are less prone to clogging than many massive and encrusting

species of Scleractinia. Also their flexible, Keratin-based structure allows

swaying movement, and may be a beneficial adaptation, passively

removing sediment from their surfaces, in conjunction with increasing the
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likelihood of encountering prey items. Certainly in this study,

Octocorallia are found in sites with higher SPM, such as the SWSW site,

where Scleractinia are limited (Figs. 3.19 & 4.3 to 4.5). Whilst the faster

growing, shading nature of Octocorallia may not actively remove

Scleractinia, they could certainly increase stress on Scleractinia and

compound other impacting factors. Porifera was also found to be higher

in percent cover at sites that have lower Scleractinia, however there was

no relationship with changes in Scleractinian percent cover, increasing

even at sites which increased in Scleractinia (Table 5.8). Similarly, total

algal cover was not found to be directly inversely correlated to

Scleractinia cover. Sites that lost Scleractinian percentage cover also lost

total algal cover. However the site that did increase in Scleractinian cover

did have an almost static change in total algal cover (Table 5.8 and 5.9).

This concurs with the literature (McClanahan 1997, McClanaban et al.

1999, Thacker et al. 2001, Collado-Vides et al. 2005, Fabricius et al.

2005, Mumby et al. 2005b, Mumby et al. 2006) that macroalgae may not

always directly cause coral mortality, but their growth can inhibit

recovery, recruitment or further growth of Scleractinia.
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6.4.4 Role of sediment

The most influential cause of change, both spatial and temporal, was

found to be levels of sediment and sand. In the patch dynamics study,

sites and transects with the highest amount of sand and sediment, also

suffered the greatest loss of not just Scleractinia, but often total

macroalgae also (Tables 5.8 & 5.9). Porifera tended not to decrease at

sites with high sediment and sand, but did increase less compared to Peli

1, which had a net loss of sand and sediment percent coverage (Table

5.8). This was also the only site where there was some net increase in

Scleractinian cover. Octocorallia seemed relatively unaffected by

increases in sand coverage. Octocorallia increased in percentage cover in

some of the transects which suffered from an increase in sand percentage

cover (Table 5.9). However at sites with a large increase in sediment, like

Scleractinia, Octocorallia suffered losses in percentage cover. For

example, at the Arena reef flat transect, sediment has increased by 345%,

with a -24.61% loss of Scleractinia, a -47.9% loss of Octocorallia and a -

53.31% loss of total algae cover (Table 5.9). Conversely, the deeper 15m

depth transect received a 48.59% increase in sand cover, and with a loss

of sediment cover, had Scleractinian cover increase up from 2005 levels

by 17.14%. The thematic maps from the benthic community assessment



284

chapter, mirror this temporal pattern, spatially. Sites with areas of high,

homogenous cover of sediment, such as Jena’s, have no other species or

GOI’s co-habiting the region of the reef. In all other thematic maps for

other GOI’s the region of high sediment coverage is conspicuous as a

deep blue area, devoid of any other cover (Fig. 3.17). However areas with

high sand coverage, not sediment coverage, tended to have some

Octocorallia cover (Fig. 3.8). Although both sand and sediment can bury

live benthos, this difference in effect on community structure and

dynamics, may be due to differences in the physical properties of the two.

Sediment is much finer, alluvial material that can readily be re-suspended

in the water column. This increased turbidity can in turn reduce light

penetration and hamper Scleractinian and Octocorallia alike. Fine alluvial

sediments such as clays, can also clog polyps and stick together to form a

layer that is far more difficult for Scleractinia to remove and slough off.

In this study ‘sand’ was considered a far more coarse material. Whilst still

having the potential to directly bury benthos, much of this material is of a

greater size and biogenic in origin, most often the calcareous remains of

dead Halimeda spp. Although this material can also be re-suspended, its

larger size and weight are more susceptible to movement by current flows

(greater surface area) and gravity (moving down a reef slope). These

‘flakes’ of Halimeda spp. do not readily bind together like alluvial clays

and thus do not form a resistant covering over the benthos. Scleractinian
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colonies were seen to be able to remove small amounts of Halimeda sand

by shedding of mucus, or moving it to the colony’s margins (Pers. Obs.).

Whilst the sediment studies of the Geochemistry chapter did differentiate

suspended particulate matter and sediment flux, these results could only

infer differences between alluvial and biogenic sediment regimes. In

hindsight, a more traditional classification and grading of sediment would

have been a useful addition. Emerging technologies such as top-down,

aerial LIDAR and bottom-up laser diffraction sediment sensors are

beginning to replace traditional sediment traps and can automatically

perform and log particle classification and grading, as well as volume

(Browne 2009).

6.5 Suitability of methodologies and integrating oceanography and

marine ecology

Whilst this thesis is unable to comment on the suitability of all methods

for all situations in all locations, it can comment on the suitability of the

methods applied here for studying Los Cayos Cochinos. It is hoped that

such a comparison will at least provide some insight and considerations

towards further integrating oceanographic techniques into marine

ecological studies.
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6.5.1 Total Scleractinian cover versus diversity indices

Comparing the results of the inter and intra-site thematic maps from the

benthic assessment chapter with results from the patch dynamic study,

showed that not all traditional methods for assessing reef health apply in

Los Cayos Cochinos. ‘Hard coral cover’, or ‘Total Scleractinian cover’ as

used in this study, is often considered a lone barometer of reef health

(Hodgson 2001, Hill and Wilkinson 2004). Understandably, Scleractinia

are a key-stone species in being the ‘ecosystem engineers’ responsible for

reef formation and growth. However this study found that recording total

cover alone would not necessarily provide enough information about the

reef benthic community and could lead to a false impression of ‘reef

health’. In this study, diversity indices were found to be an important

additional tool. Sites with the highest Scleractinian cover did not

necessarily have the highest diversity indices. Conversely sites with the

highest diversity scores did not necessarily have the most Scleractinian

cover. This was found to be the case regardless of which of diversity

index was used; Shannon Diversity (H), Simpson’s D or Berger-Parker

Dominance. However it would also be unwise to use diversity indices

alone. Sites such as SWSW have the highest of all diversity scores, even

with Berger-Parker Dominance taking into account the over abundance of
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turf algae. Yet this site has a relatively low total Scleractinian cover.

Much of the diversity is being driven by Porifera, Octocorallia and

macroalgae species. However with this site’s proximity to the Rio

Papaloteca and high SPM sediment loads, it may not persist at such levels

of diversity, with the threat of burial. Similarly with Scleractinian cover,

two sites could be 20% cover, yet one may have 15 species of

Scleractinia, and the other only 1 species monopolising. Similarly one site

may have more Scleractinian cover than another, yet only have one

species. Managers and conservationists would have to consider if putting

in place a system to protect one site over another, whether a monocot of

Scleractinia, even at higher percentage cover, is really preferable to a

more diverse assemblage of Scleractinia, all be it, at less coverage. Thus

it is proposed, that for Cayos Cochinos at least, a diversity index and total

Scleractinian cover, or ‘Hard coral cover’ be used in conjunction when

considering ‘reef health’ or ranking sites for priority of conservation and

management. This does also have implications for monitoring strategies.

Currently much of the assessment work in Los Cayos Cochinos use a

volunteer led underwater visual census technique. In these methods,

Scleractinian coral is often recorded as simply ‘Hard coral’ with no

attention to species or genus. This makes calculating diversity indices

impossible. However if volunteers could at the minimum record coral

morphology, such as branching, or sub-massive etc., then managers could



288

at least identify reef sites that are mono-specific versus sites with a range

of Scleractinian morphologies and thus species and habitats.

6.5.2 Successes and failures

One of the least successful Oceanographic methods used was the analysis

of dissolved nutrients. This methodology had hoped to be able to track

point sources of elevated ammonia, nitrates, nitrites and phosphates. It

was also hoped, that results from dissolved nutrient analysis would

elucidate upon anthropogenic impact and altered nitrogen cycle chemistry

upon the reef. As such considerable time went into sampling a wide range

of survey points and considerable expense went into processing and

analysing water samples, including setting up an extensive field

laboratory and shipping a laboratory grade spectrophotometer to the field

site. However nutrients were found to only border on the limits of

detection and provided no conclusive data. We can consider two possible

explanations for this failure. Firstly, the waters around Los Cayos

Cochinos are only receiving a diffuse source of elevated nutrients, which

are rapidly mixed in the water column by wave action and the increased

hydrodynamic activity recorded in the afternoons. Secondly, reefs have

evolved to oligotrophic conditions, and any dissolved nutrients are

rapidly absorbed out of the water column by the benthos. A combination
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of the two is most likely. Remote sensing and isotopic analysis provided

much better tools for exploring nutrient levels. Both methods are

approximations of nutrient levels over time. The isotopic analysis looked

at the variations on macro algal and sediment chemistry, which capture a

better image of terrestrial versus marine influences over time. By

comparison, singular water samples for dissolved nutrients provided only

a ‘snapshot’ of nutrient levels. However isotopic analysis was still a

relatively costly methodology to this investigation, in comparison to the

Remote Sensing study. With data kindly provided for free by NASA, the

Remote Sensing study allowed definitive tracking of increased

phytoplankton productivity as an established proxy for increased nutrient

levels. By analysing eight day composites over a six year period, not only

were nutrient levels traced back to rivers such as the Rio Papaloteca, but

the Rio Aguán was able to be discounted as the main source of riverine

influence on Los Cayos Cochinos. Although cost effective and powerful,

Remote Sensing does have its limitations. Imaging pixels were still

between 1Km and 4Km in size, and thus fine scale tracing of nutrients or

surface run-off form some the larger islands in Cayos Cochinos, could not

be detected. In contrast, both the isotopic analysis and the CTD/ACM

casts were able to track nutrient and fresh water sources from some of the

islands in Los Cayos Cochinos.
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6.5.3 New approaches

Some novel methodologies were also trialled in the course of this

investigation, and elucidated upon some interesting ecological patterns

and dynamics. For example the application of GIS thematic mapping

techniques to ‘within site’ or ‘intra-site’ community structure elucidated

on the inter-play between macroalgae species and provided a novel

approach to presenting quadrat data and exploring zonation upon a reef.

Although quadrats had to be accurately mapped with x and y coordinates,

and depth, they provide an alternate to traditional transect mapping of

zonation on a coral reef. At a glance, they provide the opportunity to

compare presence, absence and co-habitation of benthic species. For

example areas of high percentage cover of Halimeda spp. tended not to

overlap with areas of high Dictyota spp. cover or turf algae cover (Fig.

3.20). Similarly sites of high overall cover by one genus of macroalgae

did not tend to overlap those with a high cover of another genus of macro

algae (Figs. 3.19 to 3.23). Further to this, the Patch Dynamics study

showed that sites that lost Dictyota spp. cover, often increased in

Halimeda spp. cover (Table 5.8). This suggests that each macro algae

genus is adapted to a specific niche, and co-existence is infrequent. Either

conditions are changing at one site to better suit a particular genus, or the

change in conditions allow another genus of macro algae to competitively
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exclude the other. The Carbon and Nitrogen isotopic study was primarily

designed to try and detect anthropogenic sources of nutrients upon the

reefs. However it inadvertently also provided some interesting insight

into how the three genera of macroalgae may differentiate in their use of

Carbon. Halimeda spp. was found to be more efficient at sequestering the

lighter isotope Carbon-12 (Figs 4.15 & 4.16), whilst probably secreting

the heavier Carbon-13 into its defensive calcium carbonate structures.

Halimeda spp. are adapted to living in relatively shaded cracks and

beneath overhangs or between the blades of foliose Scleractinian like

Agaricia tenufolia. As such, the increased efficiency in sequestering 12C

maybe an energetically efficient adaptation to living in sections of a reef

with lower light levels.

6.6 Conclusions

In conclusion, this study found that during the dry season, the easterly

Rio Aguán is not the principal source of riverine impact on the reefs of

Los Cayos Cochinos. A combination of techniques, but most conclusively

Remote Sensing, showed that more southerly rivers such as the Rio

Papaloteca have a greater influence during the dry season. A combination

of hydrodynamic and geochemical techniques also showed that during the
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dry season, run-off from islands within Los Cayos Cochinos could be

detected over that of coastal rivers. However this does not discount the

impact of wet season and Hurricane derived riverine run-off, which this

study was not qualified to measure. Sedimentation is the principal

concern for Scleractinian mortality, with completive exclusion playing a

secondary role. Scleractinian disease, bleaching and predation were found

at only minor levels.

Not all Oceanographic methods were found to be suitable for studying

Los Cayos Cochinos, most noticeably water chemistry and dissolved

nutrients. Remote Sensing proved to be a relatively economic and

powerful tool for assessing river outputs and nutrient associated

phytoplankton productivity over time. However there were limitations

with scale, and fine scale studies in-situ should not be discounted. Carbon

and Nitrogen isotopic analysis proved to be useful in both detecting

terrestrially derived waters and anthropogenic impact, but also in

elucidating upon the different energetic strategies employed by macro-

algae. The novel use of coordinate placed quadrats and intra-site GIS

also proved useful in assessing differences in benthic community

structure and zonation of groups of interest and benthic species.

Traditional methods of judging ‘reef health’ such as purely using ‘Total

Hard coral cover’ were found to be unsuitable. The combination of

ranking this measure along with diversity indices is recommended. The
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use of Diversity indices alone is also not recommended, as some sites that

lose Scleractinia, may have a higher diversity driven by the increase in

Octocorallia, Porifera and macroalgae.

This investigation found that sites around Los Cayos Cochinos differ in

benthic community structure and face a differing variety of threats. As

such, it is recommended that managers of the MPA in Los Cayos

Cochinos consider differing, multi-zonal conservation strategies and

management techniques for differing reef sites. These should be

prescribed to locations independently, along with an increased awareness

of the impact of local island development. Conclusions and

recommendations are summarised below in Table 6.1.
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Recommendations

• Sedimentation principle
concern for Scleractinian
mortality in Los Cayos
Cochinos

• Competitive exclusion
secondary concern

• Disease, bleaching and
predation found only at
minor levels during dry
season

• Remote sensing most
conclusive and economic
method used

• Not all Oceanographic
methods suitable for
studying Los Cayos
Cochinos. Water Chemistry
and dissolved nutrients
worst. Carbon and
Nitrogen Isotopic studies,
though expensive, provided
valuable insight into run-off
sources

• Total hard coral cover
found unsuitable method
unless used in conjunction
with diversity indices.
Similarly, use of diversity
indices on their own were
equally unsuitable

• GIS interpolation can be
misleading when
presenting reef / site
specific data on a regional
scale

• Rio Aguán not principal
source of riverine impact
during dry season

• Rio Papaloteca has
greater influence during
summer months

• Hydrodynamic and
geochemical methods also
detected run-off from
islands within Los Cayos
Cochinos, over and above
riverine influence

•Sites around Los Cayos Cochinos were found to vary both in benthic community
structure and threats

•Managers are recommended to use multi-zonal conservation strategies and
management techniques for differing reef sites

•Awareness needs to be increased of the impact of local island development and
associated run-off

Conclusions

Other factors
hampering reef

recovery

Success of
methodology

Significance of
riverine impact

Recommendations

• Sedimentation principle
concern for Scleractinian
mortality in Los Cayos
Cochinos

• Competitive exclusion
secondary concern

• Disease, bleaching and
predation found only at
minor levels during dry
season

• Remote sensing most
conclusive and economic
method used

• Not all Oceanographic
methods suitable for
studying Los Cayos
Cochinos. Water Chemistry
and dissolved nutrients
worst. Carbon and
Nitrogen Isotopic studies,
though expensive, provided
valuable insight into run-off
sources

• Total hard coral cover
found unsuitable method
unless used in conjunction
with diversity indices.
Similarly, use of diversity
indices on their own were
equally unsuitable

• GIS interpolation can be
misleading when
presenting reef / site
specific data on a regional
scale

• Rio Aguán not principal
source of riverine impact
during dry season

• Rio Papaloteca has
greater influence during
summer months

• Hydrodynamic and
geochemical methods also
detected run-off from
islands within Los Cayos
Cochinos, over and above
riverine influence

•Sites around Los Cayos Cochinos were found to vary both in benthic community
structure and threats

•Managers are recommended to use multi-zonal conservation strategies and
management techniques for differing reef sites

•Awareness needs to be increased of the impact of local island development and
associated run-off

Conclusions

Other factors
hampering reef

recovery

Success of
methodology

Significance of
riverine impact

Table 6.1. Summary conclusions and recommendations, grouped under headings with
respect to the schematic in Figures 1.9 and 6.1.
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8. Appendix I

List of Species Identified in Quadrats:

Acoropora cervicornis
Acropora palmata
Agaricia agaricites
Agaricia fragilis
Agaricia humilis
Agaricia lamarcki
Agaricia tenuifolia
Agelas citrina
Agelas clathrodes
Aiolochroia crassa
Amphimedon compressa
Amphiroa rigida
Amphiroa spp.
Amphiroa tribulous
Anthosigmella varians
Aplysina archeri
Aplysina cauliformis
Aplysina fulva
Argarcia humilis
Bispira brunnea
Briareum asbestinum
Bronze encrusting millepora spp.
Brown tube tunicate
Callyspongia vaginalis
Carijoa rissei
Caulerpa spp.
Cinachyrella spp.
Clavelina puertosecensis
Clavelina tunicate
Cliona aprica
Cliona caribbaea
Cliona delitrix
Cliona laticavicola
Cliona tenuis
Cliona varians
Colangia immersa
Colpophyllia natans
Condylactis gigantea
Coraline Crustose Algae (CCA) spp.
Cyanophyta (Fluff balls)
Cyanophyta (mucus-like)
Cyanophyta Spp.
Dentitheca dendritica
Dichocenia stokesii
Dictyota bartayresii
Dictyota cervicornis
Dictyota divaricata
Diplastrella megastellata
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Diplastrella spp.
Diploria labrynthiformis
Diploria strigosa
Erythropodium caribaeorum
Eunicea calyculata
Eunicea laciniata
Eunicea mammosa
Eunicea pallida
Eunicea palmari
Eunicea Spp.
Eunicea succinea
Eunicea tournefort
Favia fragrum
Gorgonia mariae
Gorgonia ventalina
Halimeda goreaui
Halimeda opuntia
Halimeda Spp.
Hydroidcspp.
Ircinia felix
Lissodendoryx colombiensis
Lobophora variegata
Madracis decactis
Madracis mirabilis
Madracis pharensis
Madracis senaria
Meandrina meandrites
Millepora alcicornis
Millipora complanata
Millipora squarrosa
Monanchora arbuscula
Monanchora barbadensis
Montastrea annularis
Montastrea cavernosa
Montastrea faveolata
Montastrea franksi
Muriceopsis flavida
Mycale laevis
Mycetophyllia danaana
Mycetophyllia ferox
Myrmekioderma styx
Neofibularia nolitangere
Niophibularia nolitangere
Niphates digitalis
Notaulax spp.
Padina Spp.
Palythoa caribaeorum
Phorbas amaranthus
Plakinastrella onkodes
Plexaura flexosa
Plexaura homomalla
Plexaurella dichotoma
Plexaurella grisea
Plexaurella nutans
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Plexuarella grisea
Polyandrocarpa tumida
Porites asteroides
Porites colonensis
Porites divaricata
Porites porites
Porolythion pachydernum
Psedoplexaura flagellasa
Pseudoplexaura crucis
Pseudopterogorgia acerosa
Pseudopterogorgia americana
Pseudopterogorgia bipinnata
Pseudopterogorgia elisabethea
Pterogorgia anceps
Rhopalaea abdominalis
Sabellastarte magnifica
Sargassum hystrix
Siderastrae radians
Siderastrae siderea
Siponodictyon coralliphagum
Solenastrae bournoni
Spirastrella coccinea
Spirobranchus giganteus
Stephanocoenia intersepta
Stylaster roseus
Stypopodium zonale
Svenzea zeai
Symplegma viride
Tedania ignis
Tunicate: Overgrowing matt - dark brown
Tunicate: Overgrowing matt - purple
Turbinaria spp,
Turf Algae
Udotea spp.
Unknow Putty-like Sponge
Unknown Anemone
Unknown Ball Sponge
Unknown Black sponge
Unknown Dictyota spp.
Unknown overgrowing matt tunicate
Unknown red sponge spp.
Velonia spp.
Xestospongia subtriangularis


