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Distribution patterns of larger symbiont-bearing Foraminifera of the Florida reef tract, USA 

Rebekah Duncan Baker 

ABSTRACT 

Studies of larger symbiont-bearing foraminifers on reefs have revealed their potential as 

indicators of environmental stress because of their physiological analogies to corals (dependence 

on algal symbionts for growth and calcification) and relatively short life cycle (a few months to 2 

years or more).  The purpose of this study is to report distribution patterns and population 

densities of larger benthic foraminifers (LBF) of the Florida reef tract, specifically reporting 

abundance data collected from offshore (1995-2000, 2006, 2007) and patch reefs (1996, 2006, 

2007). 

Six years of quarterly data collected from two offshore reefs, Conch (10, 18 and 30m) 

and Tennessee (8 and 20m), revealed that LBF assemblages primarily varied with habitat depth, 

in turn reflecting available light and water motion.  These assemblages were dominated by 

Amphistegina gibbosa dôOrbigny and Laevipeneroplis proteus dôOrbigny, which tended to occur 

together, making up ~40-50% of the assemblages and up to 80% at the Tennessee 20m site.  Both 

overall abundance and evenness of the LBF assemblage structure exhibited the greatest variability 

at shallower depths.  Evenness was inversely related to densities of A. gibbosa, which were 

typically higher at depth keeping evenness below 0.5. 

Across the Keys, region (location along the reef tract), reef type (offshore shallow, deep 

or patch reefs) and symbiont type strongly influenced LBF assemblage dynamics.  Upper Keys 

sites shared the highest degree of inter-region similarity among assemblages (73%), while 

Biscayne National Park (BNP) and lower Keys sites had the lowest similarity (~60%).  This 

likely reflects the greater variability of habitats found in the latter areas, mainly patch reefs.  



  xi 

Chlorophyte-bearers were typically more abundant in shallower turbid waters, with diatom-

bearers more abundant at depth.  Additionally, I observed a significant two-fold decrease in the 

proportion of chlorophyte-bearers in the middle Keys likely due to light-limitation by turbid 

Florida Bay outflow. 

Finally, data comparisons revealed an inverse relationship between LBF abundances and 

percent coral cover.  Coral cover (2005) was staggeringly low on offshore reefs (5%), but was 

significantly higher on nearshore patch reefs (12%).  Contrastingly, LBF species showed either 

no difference in abundance between reef types or a greater abundance on offshore reefs. 
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INTRODUCTION 

Warm-water larger foraminifers  

Foraminifera comprise a class of single-celled microorganisms in the Phylum Protoctista 

that secrete an organic, agglutinated or mineralized shell, which may have single or multiple 

chambers.  Foraminifers possess reticulating cytoplasmic pseudopods (granuloreticulopodia) that 

extend through apertures in the shell to form dense and extensively branched networks, which are 

used in feeding and chamber construction.  The majority of Foraminifera are benthic; there are 

only about 40-50 planktonic species (Sen Gupta, 1999).  Vagile benthic foraminifers are also able 

to use their reticulopodia to slowly crawl along a surface. 

óLarger Benthic Foraminifersô (LBF) describe a group that are larger in diameter 

(typically >2mm) than the majority of foraminifers and include representatives of several warm-

water porcelaneous and hyaline families (Lee and Anderson, 1991; Hallock, 1999; Murray, 2006; 

others).  Algal symbiosis is prevalent in LBF that inhabit warm, clear, tropical waters, such as 

those found in the Florida Keys.  In such environments, algal symbiosis is considered a form of 

mutualism because both the host and symbiont are thought to benefit from the association.  The 

host provides physical protection, housing and nutrient-rich metabolites to the symbiont.  

Endosymbiotic algae capitalize on the recycled nutrients available from the host in nutrient-

limiting environments and fix carbon by photosynthesis (Hallock, 1981, 2000a).  In turn, the 

symbiont passes up to 95% of its photosynthate to the host where it can be used for respiration, 

growth or calcification.  Under oligotrophic conditions, the enormous amount of energy supplied 

by algal symbiosis and algal productivity facilitates high rates of calcification and reef formation 

(Hallock, 1981; Cowen, 1988; many others).  Studies have found that growth to large size is 
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primarily advantageous under relatively predictable conditions where resources are limiting, such 

as warm, shallow oligotrophic seas with favorable light conditions (Hallock, 1985; Falkowski et 

al., 1993).  Higher nutrient flux supports more abundant phytoplankton and macroalgal growth, 

thereby promoting dominance by heterotrophic rather than mixotrophic foraminifers. 

Foraminifers hosting endosymbiotic algae are found within 12 families in the orders 

Miliolida, Rotaliida and Globigerinida (Lee and Anderson, 1991; Hallock, 1999).  

Endosymbionts may be of several different algal types, including rhodophytes, chlorophytes, 

dinoflagellates, diatoms and chrysophytes.  Hosts typically house one dominant algal taxon, 

though other species may be present in much lower densities. 

Because both corals and LBF are sustained by their relationship with endosymbiotic 

algae and have similar water-quality requirements, Hallock (2000a,b) and Hallock et al. (2004) 

proposed the use of LBF to monitor the response of the benthic community to environmental 

stressors.  Foraminifers can be useful indicators in this way for several reasons.  They are easily 

collected from reefs in high abundance with minimal impact on the reef itself.  Also, they have 

relatively short life spans as compared to hermatypic corals and thus can respond to chronic stress 

more quickly.   

In general, distributions of LBF are constrained by a world-wide climatic belt that exists 

along winter minimum isotherms between 15 and 20°C.  Thus, in shallow tropical seas, larger 

foraminiferal faunal provinces are defined latitudinally by winter isotherms and longitudinally by 

steep trophic gradients (Langer and Hottinger, 2000).  Local influences on foraminiferal 

distributions include substrate availability, turbidity and nutrient flux. 

Bleaching in Amphistegina &  data set origin 

Bleaching is a stress response exhibited by both corals and larger foraminifers where 

endosymbionts lose their photosynthetic pigment, are expelled or are digested (e.g., Glynn, 1996).  
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The lack of algal cells or pigment reveals the white calcium carbonate skeleton and transparent 

host tissue, accounting for their óbleachedô appearance. 

Bleaching was discovered in the Florida reef tract in Amphistegina gibbosa d'Orbigny in 

summer 1991 (Hallock et al., 1993).  This species is abundant in the Florida Keys and exhibits a 

distinct ómottledô or óbleachedô appearance when photo-oxidative stress causes the degradation of 

its diatom endosymbionts (Talge and Hallock, 2003; Williams and Hallock, 2004).  Williams et 

al. (1997) found significant bleaching in A. gibbosa at Conch Reef in the Florida Keys that 

resulted in a population crash in late 1991 and low reproductive success through 1992.  The 

discovery of extensive bleaching in field populations of A. gibbosa in 1991 prompted monthly 

sampling at Conch Reef beginning in 1992.  Sampling was reduced to quarterly intervals, but 

broadened to include sites at Tennessee Reef and all larger taxa (Table 1) in 1995.  This effort 

continued through 2000, providing a six-year multi-species data set. 

Following the discovery of bleaching in Amphistegina spp. worldwide (e.g., Hallock et 

al., 1995; Hallock, 2000a), combined with data documenting the long-term decline of larger 

foraminiferal assemblages that paralleled the decline of coral cover along the Florida reef tract 

(Cockey et al., 1996), Hallock (2000b) proposed the development of environmental bioindicators 

using larger benthic foraminifers, both live and accumulating in the sediments (see also Hallock 

et al., 2003, 2004).  Seven patch reef sites were sampled quarterly in 2001-2003 by Fisher (2007) 

as part of a study comparing coral health as indicated by a suite of molecular biomarkers with the 

rate of recovery of the lesions created on the coral when the biomarker samples were collected.  

Foraminiferal assemblage samples were collected at the same sites and sample dates (Fisher, 

2007). Keys-wide sampling of foraminiferal assemblages at the Coral Reef Evaluation and 

Monitoring Program (CREMP) sites (e.g., Porter et al., 2002) was conducted during the summers 

of 2006-2007.  Finally, samples were collected at 32 patch and bank reef sites in Biscayne 

National Park as part of the thesis research of Ramirez (2008).  Except for data from the Fisher 
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sites (2001-2003) and the Ramirez sites, the resultant assemblage data were never analyzed.  

These multiple, and in most cases, multi-year data sets provide the data sets for my study (Table 

2). 

Calcification &  projected climate change effects 

Larger foraminifers are well known for their prolific calcification, which is enhanced by 

their association with algal symbionts.  Several mechanisms for photosynthetically-enhanced 

calcification have been proposed.  Some suggest that photosynthesis promotes calcification by 

splitting bicarbonate and removing CO2 (ter Kuile, 1991).  Others have hypothesized just the 

opposite in that calcification converts bicarbonate to CO2 and promotes photosynthesis 

(McConnaughey and Whelan, 1997).  Under the latter explanation, a decreased ability to calcify 

could have a negative impact on photosynthesis by the symbiont.  Increased atmospheric CO2, 

associated with fossil fuel burning, lowers carbonate saturation levels in seawater and makes 

precipitation of calcium carbonate more difficult (Kleypas et al., 1999). 

Currently, most temperate and tropical oceanic surface waters are supersaturated with 

respect to calcium carbonate.  At higher degrees of saturation, Mg
2+

 ions interfere with calcite 

formation.  Some foraminifers, especially the Miliolida, secrete their shells in equilibrium with 

seawater and, under higher carbonate saturation levels, incorporate more Mg
2+

.  The more Mg
2+

 

incorporated into the shell, the weaker the crystal structure (e.g., high-Mg calcite).  Other 

foraminifers may actively exclude Mg
2+

 to form low-Mg calcite shells (e.g., many Rotalida and 

Globigerinida).  Aragonite is much stronger than calcite and Mg
2+

 does not interfere with crystal 

structure formation.  However, aragonite is more energetically expensive to build and maintain at 

lower saturation levels than calcite (Hallock, 2000a).  No larger foraminifers and very few 

smaller foraminifers secrete aragonite shells. 
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This study will provide baseline information for larger foraminiferal research and has 

implications for carbonate production/calcification with increasing ocean acidification and global 

climate change (CO2 increase).  These changes could potentially alter foraminiferal distributions 

because higher atmospheric CO2 will further decrease surface seawater pH and carbonate 

saturation states, which will be less favorable for high-Mg calcite miliolid LBF than for the low-

Mg calcite larger rotaliids (Hallock, 2000a).   Aragonitic corals and calcareous green algae are 

also potentially at-risk organisms whose loss precipitates changes at the ecosystem level 

(Hallock, 2005). 

Research Objectives 

1. Map distributions of 12 LBF species (Table 1) along the Florida reef tract. 

2. Determine if patterns of distribution are related to depth, reef type, algal symbiont taxa or 

seasonal, interannual or spatial trends (e.g., depth or off-shore reefs versus patch reefs). 

3. Compare findings with other related data sets, including data comparing foraminifers 

with data on Biscayne and upper Keys patch reefs (Fisher, 2007), and with coral cover at 

Keys-wide Coral Reef Evaluation and Monitoring Project (CREMP) and Atlantic and 

Gulf Rapid Reef Assessment (AGRRA) sites (Table 2). 
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Table 1. Larger foraminiferal species are listed alphabetically by order with reference to 

species author, shell composition and symbiont type. 

 

Order Species Reference Shell Composition Symbiont 

Miliolida Archaias 

angulatus 

Fichtel and Moll (1798) High-Mg calcite, 

porcelaneous 

Chlorophyte 

 Borelis  

pulchra 

dôOrbigny (1839)  Diatom 

 Broeckina 

orbitolitoides 

Hofker (1930)  Chlorophyte 

 Cyclorbiculina 

compressa 

dôOrbigny (1839)  Chlorophyte 

 Laevipeneroplis 

bradyi 

Cushman (1930)  Chlorophyte 

 Laevipeneroplis 

proteus 

dôOrbigny (1839)  Chlorophyte 

 Peneroplis 

pertusus 

Forskål  (1775)  Rhodophyte 

 Sorites 

marginalis 

Lamarck (1816)  Dinoflagellate 

Rotaliida Amphistegina 

gibbosa 

dôOrbigny (1839) Low-Mg calcite, 

perforate wall 

Diatom 

 Asterigerina 

carinata 

dôOrbigny (1839)  Diatom 

 Gypsina sp.   Unknown 

 Heterostegina 

antillarium 

dôOrbigny (1839)  Diatom 
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Table 2. Sampling sites are ordered by data set.  Reef type (Patch, P, Offshore Deep, OD, and Offshore Shallow, OS) is given along with 

respective locations in degrees and minutes, depth sampled (m), years sampled, sample source (or new unpublished data) and notes on 

the site history. 

Data Set Sites Type Latitude Longitude Depth (m) Years Sample source Site history 

Time series 

(quarterly) 

Conch Reef OS 24° 57.369' N 80° 27.443' W 10 1995 ï 2000 Williams 2002 Foram 

bleaching 

Time series 

(quarterly) 

Conch Reef OD 24° 57.113' N 80° 27.082' W 18 1995 ï 2000 Williams 2002 Foram 

bleaching 

Time series 

(quarterly) 

Conch Reef OD 24° 57' N 80° 27' W 30 1995 ï 2000 Williams 2002 Foram 

bleaching 

Time series 

(quarterly) 

Tennessee Reef OS 24° 44.699' N 80° 46.87' W 8 1995 ï 2000 Williams 2002 Foram 

bleaching 

Time series 

(quarterly) 

Tennessee Reef OD 

 

24Á 45.166ô N 80Á 45.456ôW 20 1995 ï 2000 Williams 2002 Foram 

bleaching 

Time series 

(quarterly) 

Alina's Reef P 25° 23.185' N 80° 09.775' W 6 8/2001 ï 

2/2003 

Fisher 2007 Fisher 2007 

Time series 

(quarterly) 

Algae Reef P 25° 08.794' N 80° 17.588' W 6 8/2001 ï 

2/2003 

Fisher 2007 Fisher 2007 

Time series 

(quarterly) 

White Banks P 25° 02.243' N 80° 22.513' W 6 8/2001 ï 

2/2003 

Fisher 2007 Fisher 2007 

Time series 

(quarterly) 

Three Sisters (KL 

6m) 

P 25° 01.105' N 80° 23.852' W 6 8/2001 ï 

2/2003 

Fisher 2007 Fisher 2007 

Time series 

(quarterly) 

Rodriguez Key 

(KL3m) 

P 25° 02.448' N 80° 25.439' W 3 8/2001 ï 

2/2003 

Fisher 2007 Fisher 2007 

Time series 

(quarterly) 

Key Largo 9 m OS 25° 00.146' N 80° 23.626' W 9 8/2001 ï 

2/2003 

Fisher 2007 Fisher 2007 

Time series 

(quarterly) 

Key Largo 18 m OD 25° 00.206' N 80° 23.023' W 18 8/2001 ï 

2/2003 

Fisher 2007 Fisher 2007 

Summer only Alligator Reef OS 24° 50.777' N 80° 37.392' W 7.6 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Alligator Reef OD 

 

24° 50.697' N 80° 37.271' W 11.9 1996, 2006-07 Williams 2002 

& new 

CREMP 
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Summer only Carysfort Reef OS 25° 13.282' N 80° 12.603' W 4.3 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Carysfort Reef OD 

 

25° 13.282' N 80° 12.603' W 15.3 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Conch Reef OS 24° 57.369' N 80° 27.443' W 6.7 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Conch Reef OD 

 

24° 57.113' N 80° 27.082' W 14.9 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Looe Key Reef OS 24° 32.687' N 81° 24.484' W 8.2 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Looe Key Reef OD 

 

24° 32.562' N 81° 24.763' W 14.3 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Molasses Reef OS 25° 00.584' N 80° 22.451' W 8.8 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Molasses Reef OD 

 

25° 00.445' N 80° 22.478' W 13.7 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Sand Key Reef OS 24° 27.111' N 81° 52.627' W 8.8 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Sand Key Reef OD 

 

24° 27.083' N 81° 52.781' W 11 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Sombrero Reef OS 24° 37.514' N 81° 06.704' W 7.3 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Sombrero Reef OD 

 

24° 37.373' N 81° 06.640' W 16.2 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Tennessee Reef OS 24° 44.699' N 80° 46.87' W 6.4 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Tennessee Reef OD 

 

24° 45.166' N 80° 45.456' W 13.7 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Western Sambo 

Reef 

OS 24° 28.750' N 81° 43.041' W 7.3 1996, 2006-07 Williams 2002 

& new 

CREMP 

Summer only Western Sambo 

Reef 

OD 

 

24° 28.750' N 81° 43.041' W 12.8 1996, 2006-07 Williams 2002 

& new 

CREMP 
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Summer only Eastern Sambo Reef OS 24° 29.477' N 81° 39.814' W 6.4 2006 ï 2007 new CREMP 

Summer only Eastern Sambo Reef OD 24° 29.293' N 81° 39.955' W 15.3 2006 ï 2007 new CREMP 

Summer only Rock Key OS 24° 27.291' N 81° 51.584' W 5.5 2006 ï 2007 new CREMP 

Summer only Rock Key OD 24° 27.193' N 81° 51.408' W 13.3 2006 ï 2007 new CREMP 

Summer only Grecian Rocks P 25° 06.464' N 80° 18.433' W 7 2006 ï 2007 new CREMP 

Summer only Cliff Green P 24° 30.208' N 81° 46.073' W 6.7 2006 ï 2007 new CREMP 

Summer only Dustan Rocks P 24° 41.394' N 81° 01.776' W 4 2006 ï 2007 new CREMP 

Summer only East Washerwoman P 24° 39.904' N 81° 04.335' W 5.2 2006 ï 2007 new CREMP 

Summer only Jaap Reef P 24° 35.150' N 81° 34.893' W 3.4 2006 ï 2007 new CREMP 

Summer only Porter Patch P 25° 06.199' N 80° 19.459' W 5.5 2006 ï 2007 new CREMP 

Summer only Turtle Patch P 25° 17.757' N 80° 13.048' W 5.2 2006 ï 2007 new CREMP 

Summer only West Turtle Shoal P 24° 41.960' N 80° 58.025' W 7.6 2006 ï2007 new CREMP 

Summer only West 

Washerwoman 

P 24° 35.212' N 81° 34.860' W 5.5 2006 ï 2007 new CREMP 

Summer only Western Head P 24° 29.863' N 81° 48.337' W 9.2 2006 ï 2007 new CREMP 

Summer only Admiral Patch P 25° 02.730' N 80° 23.654' W 4.3 2006 ï 2007 new CREMP 

Summer only Long Key Patch P 24° 47.832' N 80° 47.047' W 4 2006 new CREMP 

Summer only Seagrass Patch P 24° 29.465' N 81° 40.711' W 5.2 2006 ï 2007 new none 

Summer only Coral Gardens P 24° 50.244' N 80° 43.735' W 4.6 2006 new AGRRA 

Summer only Rodriguez Key P 25° 02.448' N 80° 25.439' W 3 2006 new Fisher 2007 

Summer only Three Sisters P 25° 01.105' N 80° 23.852' W 6 2006 ï 2007 new Fisher 2007 

Summer only Algae Reef P 25° 08.794' N 80° 17.588' W 6 2006 ï 2007 new Fisher 2007 

Summer only White Banks P 25° 02.243' N 80° 22.513' W 6 2006 ï 2007 new Fisher 2007 
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Questions &  Hypotheses 

1. Are there seasonal trends in LBF distributions? 

Ho: There will be no seasonal trends in distribution. 

H1: I hypothesize that there will be seasonal trends in LBF distributions, 

corresponding with reproductive cycles of individual species. 

2. Are there interannual trends in distribution? 

Ho: There will be no interannual differences in LBF distributions. 

H1: There will be significant interannual differences.  

3. Are there spatial trends in LBF distributions? 

Ho: There will be no spatial trends in distribution. 

H1: I hypothesize that spatial distributions will be affected by the type of reef 

environment, such that groupings will depend on depth and distance from 

shore. 

4. Are there trends (spatial, depth, etc.) related to taxa of algal symbionts?  

Ho: There will be no distributional trends related to symbiont taxa. 

H1: I hypothesize that LBF distributional trends will be related to symbiont taxa. 
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METHODS 

Sampling 

Data analyzed for this project were originally collected for several different studies at a 

variety of sites (Table 2).  The basic sample collection and processing methods are well 

established and previously described by Hallock et al. (1995, 2006), Williams et al. (1997), Talge 

et al. (1997) and others.  To summarize, SCUBA divers collected three sets of three or four palm-

sized pieces of reef rubble into re-sealable plastic bags at depth and brought them to the surface.  

The sealed plastic bags of rubble were placed into a covered bucket containing ambient seawater 

to protect the specimens from exposure to high light intensities and temperature fluctuations until 

the samples could be processed.  Each piece of rubble was carefully scrubbed with a toothbrush 

to remove microorganisms from the rock surface.  The resultant sediment-organism slurry was 

decanted into a petri dish and placed into an incubator, maintained between 24 and 28°C, 

depending on ambient seawater temperature, and on a 12-hour light/dark cycle. 

 Taxa of interest (Table 1) were isolated using forceps and placed into separate petri 

dishes containing seawater from the collection site.  All living specimens were enumerated by 

species.  Densities for all species were calculated using the individual counts and area of bottom 

covered by rubble samples, which were estimated by analyzing digital images of each rock using 

Coral Point Count w/ Excel extensions (CPCe V3.4) software. 

 Nearly quarterly from June 1995 to 2000, samples were collected at 10, 18 and 30m from 

Conch Reef, and 8m (though a few samples were collected at 7 and 10m) and 20m from 

Tennessee Reef in the Florida Keys (Fig. 1).  Samples were also collected and processed during 

the summer of 1996 at nine offshore reefs, each with a shallow (Ò10m) and a deep (>10m) 
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sampling site, in the same manner as above.  Sampling during the summers of 2006 and 2007 

expanded on the number of offshore reefs as well as patch reefs surveyed (Table 2).  The 

resulting data are hence referred to as Keys-wide data.  Data sets were similarly collected, 

processed and analyzed in 2001-03 from sites in Biscayne National Park and the upper Keys by 

Fisher (2007) and from Biscayne National Park by Ramirez (2008).  Results from these studies 

also are included in my analyses. 

Limitations of the data set 

 The data analyzed in this study were originally collected to assess bleaching responses in 

Amphistegina gibbosa.  Reef rubble, which typically provides suitable microhabitats for A. 

gibbosa, was the only substrate sampled and thus represents some degree of sampling bias.  

Rubble pieces were chosen as the sampling unit because they are easily collected with no damage 

to surrounding reef, and they provide a variety of microhabitats including turf algae, sediment and 

sometimes macroalgae on the upper surface, and coralline algae on the lower surface.  The major 

substrates that this method undersamples are macrophytes, especially those that grow in sands, 

such as seagrass.  Thus, the data from this study provides no information on presence and 

abundance of LBF in seagrass, and is not representative of LBF abundances on other 

macrophytes or soft substrates. 
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Figure 1. Florida Keys sampling sites listed by reef type: patch (P, triangles), offshore shallow (OS, squares) and offshore deep (OD, 

circles) and set within the context of benthic habitat type (from Florida Fish and Wildlife Conservation Commission-National Ocean 

Service, 1998): bare substrate, seagrass, hardbottom with seagrass, hardbottom, platform mar gin reef and patch reef using ArcMap 

(v. 9.2).  Some sites appear to overlap due to the map scale.  Note: the original document contains color that is necessary for 

understanding the data presented here.  The original thesis is on file with the USF library in Tampa, Florida.  
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Statistical analysis 

The statistical methods used in this study are similar to those by Fisher (2007), i.e., two-

way analysis of similarities (ANOSIM2) to determine if LBF assemblages differ significantly 

among sites (averaged over the entire study period) and times (averaged across all sites).  The 

ANOSIM procedure produces an R-statistic between -1 and +1, where zero represents the null 

hypothesis or no difference among samples.  Pairwise tests indicate the degree of separation 

between groups by the R-statistic, which describes the difference between groups and ranges 

from 0 (indistinguishable) to 1 (variation within groups is less than the variation between groups), 

as well as the significance level.  I interpreted both values when determining significant 

differences between groups according to the recommendations of Clarke & Gorley (2006).  In 

general, comparisons with higher R-values (>0.75, well-separated) and lower p-values (<0.01) 

were recognized as strong differences, while weaker R-values (<0.25, not well distinguished) and 

low p-values (<0.05) were still considered significant, yet without full confidence.  Intermediate 

R-values (>0.5) indicated that groups were separate, but somewhat overlapping. 

Data from Conch and Tennessee reefs were analyzed by depth, season and year.  For 

Keys-wide sites, data were analyzed by region and reef type.  Bray-Curtis similarity matrices 

were calculated for all log(x+1)-transformed LBF densities and multi-dimensional scaling (MDS) 

plots were used to determine how sites clustered based on densities of all LBF species.  For an 

MDS plot, the proximity between sites represented similarity and a stress level of <0.2 was 

considered to be a useful representation of relationships (Clarke and Warwick 2001).  Similarity 

percentages (SIMPER) analyses allowed the species primarily responsible for site clustering to be 

determined (Clarke and Warwick, 2001).  In addition, a metadata analysis of summer-only data 

from the Conch and Tennessee reefs, Keys-wide, Fisher (2007) and Biscayne National Park 

(Ramirez, 2008) data sets was performed using this same procedure. 
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Evenness (E) is a measure of biodiversity that expresses how numerically equal a 

community of species is, giving a value between zero (very unequal) and one (numbers of all 

species are equal).  I calculated evenness from the Shannon Index (Shannon, 1948) using SSC 

Diversity Index Calculator, an Excel add-in script (see Appendix A for relevant equations), for 

Conch and Tennessee reefs to look at LBF assemblage structure over time from 1995-2000 as 

well as for Keys-wide sites to look at LBF assemblage structure across the full extent of the 

Florida reef tract for 2006 and 2007.  Amphistegina gibbosa density was regressed with evenness 

to examine how this dominant species might affect LBF assemblage structure.  Also, normally-

distributed mean E-values were analyzed using a two-way analysis of variance (ANOVA) 

followed by the Tukey-Kramer HSD multiple comparison test.  Comparisons resulting in a p-

value greater than 0.05 were considered non-significant.  Evenness means with three or fewer 

reefs sampled (i.e., low sample size) were excluded from analysis (e.g., offshore shallow and 

deep reefs in 2001, 2002 and in 2004). 

The BIOENV or BEST analysis method (Clarke and Ainsworth, 1993) was implemented 

using PRIMER v6 (Plymouth Routines in Multivariate Ecological Research PRIMER-E Ltd., 

Plymouth).  This procedure allows the matching of biotic datasets to find the óbestô match 

between the multivariate patterns of the assemblages.  The extent to which the patterns match 

reflects how well one dataset explains the other.  I compared patterns in percent coral cover and 

decline (collected by the Coral Reef Evaluation and Monitoring Program, CREMP) with patterns 

in LBF species density (from Keys-wide sites corresponding to CREMP sites) and regression 

analysis to determine relationships. 

All ANOSIM2, ANOSIM, MDS and SIMPER analyses were performed using PRIMER.  

ANOVA analysis was performed using XLSTAT software (Addinsoft version 2008.3.01).  

ArcMap (v. 9.2) was used to visualize distribution patterns. 

 



 16 

 

 

RESULTS 

Time series analysis 

Conch Reef 

LBF assemblages at Conch Reef (1995-2000) primarily varied with sampling depth 

(averaged across all years; ANOSIM2: Global R=0.64, p=0.001) with significant differences at 

each depth (Table 3).  LBF densities also varied according to season (averaged across all years; 

ANOSIM2: Global R=0.07, p=0.007) with significant differences between summer and winter 

assemblages (Table 4). 

Table 3. ANOSIM2 results for differences between sampling depths based on LBF densities 

(across all years) for Conch Reef (1995-2000); Global R=0.644, starred values are 

significant at p<0.001. 

 10m 18m 30m 

10m    

18m 0.774*   

30m 0.783* 0.376*  

 

Table 4. ANOSIM 2 results for differences between seasons based on LBF densities (across 

all years) for Conch Reef (1995-2000); Global R=0.073, starred values are significant at 

p<0.05.  Non-significant values are represented by n.s. 

 Summer Fall Winter  Spring 

Summer     

Fall 0.095*    

Winter  0.145* n.s   

Spring 0.087* 0.080* n.s.  

 

Bray Curtis analysis of transformed (log x+1) LBF densities at Conch Reef (1995-2000) 

revealed that species tended to cluster based on abundance, with more dominant species grouping 

together and less abundant species forming a second cluster (Fig. 2).  The two most abundant 
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species, Amphistegina gibbosa and Laevipeneroplis proteus dôOrbigny were paired together with 

greater than 80% similarity in the resultant Bray Curtis dendrogram.  MDS analysis showed that 

LBF assemblages were distinct by sampling depth at 10m, 18m and 30m (Fig. 3). 
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Figure 2. Bray Curtis dendrogram of LBF assemblage across all depths 

sampled (10m, 18m and 30m) at Conch Reef (1995-2000). 
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Transform: Log(X+1)

Resemblance: S17 Bray Curtis similarity

2D Stress: 0.16

 
Figure 3. MDS plot for Conch Reef (1995-2000) by sampling depth: 10m (æ), 18m (*) and 

30m (ƺ).  2D Stress: 0.16. 

 

SIMPER analysis by sampling depth showed that the 10m, 18m and 30m sites all 

exhibited about 81% within-depth similarity (Table 5).  The species most consistently responsible 

for the high degree of similarity within each depth were A. gibbosa and L. proteus, which 

contributed 20-29% and 16-18% for all depths, respectively.  The 10m and 18m sites were the 

most dissimilar (28%), while the 18m and 30m sites were least dissimilar (22%, Table 6).  The 

species most consistently responsible for the dissimilarity between depths were Archaias 

angulatus Fichtel and Moll and Cyclorbiculina compressa dôOrbigny, which contributed 16.5-

25% and 12-18% across all depths, respectively. 
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Table 5. SIMPER results by sampling depth (10m, 18m and 30m) at Conch Reef (1995-2000) showing average percent similarity for  each 

depth, average abundances (count/100 cm
2
), and percent contribution for species contributing to similarity within each depth.  Gray 

shading indicates those species responsible for contributing greater than 10% to the similarity between each depth. 

10m 18m 30m 

Average similarity: 82.9% Average similarity: 80.5% Average similarity: 81.8% 

Species Av.Abund %Con Species Av.Abund %Con Species Av.Abund %Con 

A. gibbosa 4.74 19.6 A. gibbosa 4.68 28.2 A. gibbosa 5.45 29.5 

L. proteus 3.94 16.0 L. proteus 3.12 17.6 L. proteus 3.48 18.0 

A. angulatus 3.64 13.7 A. carinata 2.51 13.2 H. antillarium 2.08 10.3 

C. compressa 3.58 13.5 H. antillarium 1.74 9.4 C. compressa 2.49 9.68 

A. carinata 2.2 8.06 L. bradyi 1.52 6.95 A. carinata 1.84 7.7 

H. antillarium 1.7 6.22 P. pertusus 1.16 5.61 L. bradyi 1.65 7.61 

B. orbitolitoides 1.93 5.73 C. compressa 1.19 5.38 B. orbitolitoides 1.92 7.57 

P. pertusus 1.35 4.35 B. orbitolitoides 1.02 3.55     

S. marginalis 1.39 4.12 A. angulatus 0.87 3.21       
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Table 6. SIMPER dissimilarity results by sampling depth (10m, 18m and 30m) at Conch Reef (1995-2000) showing average percent 

dissimilarity between sampling depths, average abundances (count/100 cm
2
), and percent contribution for species contributing to 

dissimilarity between each depth.  Gray shading indicates those species responsible for contributing greater than 10% to the 

dissimilarity between each depth. 

 

10m  &  18m 10m  &  30m 18m  &  30m 

Average dissimilarity = 28% Average dissimilarity = 26.4% Average dissimilarity = 22.4% 

Species 10m 18m %Con Species 10m 30m %Con Species 18m 30m %Con 

A. angulatus 3.64 0.87 21.3 A. angulatus 3.64 0.42 24.9 C. compressa 1.19 2.49 16.5 

C. compressa 3.58 1.19 18.7 C. compressa 3.58 2.49 12.0 B. orbitolitoides 1.02 1.92 13.2 

B. orbitolitoides 1.93 1.02 9.66 S. marginalis 1.39 0.32 8.74 A. carinata 2.51 1.84 11.5 

S. marginalis 1.39 0.41 8.05 B. orbitolitoides 1.93 1.92 8.62 A. gibbosa 4.68 5.45 9.76 

L. proteus 3.94 3.12 7.65 A. carinata 2.2 1.84 7.01 L. proteus 3.12 3.48 7.71 

A. carinata 2.2 2.51 6.66 A. gibbosa 4.74 5.45 6.92 L. bradyi 1.52 1.65 7.55 

B. pulchra 1.18 0.61 5.75 B. pulchra 1.18 0.58 6.16 A. angulatus 0.87 0.42 6.92 

L. bradyi 1.16 1.52 5.44 P. pertusus 1.35 0.7 6.02 P. pertusus 1.16 0.7 6.64 

A. gibbosa 4.74 4.68 5 L. proteus 3.94 3.48 5.66 H. antillarium 1.74 2.08 6.43 

P. pertusus 1.35 1.16 4.81 L. bradyi 1.16 1.65 5.25 B. pulchra 0.61 0.58 5.17 
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Amphistegina gibbosa densities varied from <100 to 650 per 100cm
2
 from 1995-2000 

(Fig. 4).  At both 10m and 18m sites, densities were relatively low (0-200 per 100cm
2
) from 

1995-1996, but increased to 300-400 per 100cm
2
 during 1997, only to crash again in mid 1998.  

Densities again remained low until the end of 1999.  At 30m, A. gibbosa densities were generally 

higher than at the shallower sites, reaching the highest densities of 500 per 100cm
2
 at the end of 

1997 and declining by half in 1998, though densities did not go as low as populations in 

shallower waters (<100 per 100cm
2
). 
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Figure 4. Amphistegina gibbosa density means (per 100cm
2
, N=3, except April 1997 for 

Conch Reef 18m and 30m sites, N=2) with standard error bars at Conch Reef (CR): 

10m (ö), 18m (ƶ) and 30m (ƴ) sites and Tennessee Reef (TN): 8m (ö) and 20m (ƴ) sites 

from 1995-2000. 
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100cm
2
 for all depths from 1995-2000 (Fig. 5).  The 18m site had lower densities (usually <50 

per 100cm
2
) than the 10m and 30m sites. 

Archaias angulatus densities also varied seasonally at the Conch Reef 10m site, with 

peaks occurring in September (usually 75 to 200 per 100cm
2
) from 1995-2000 (Fig. 6).  

Populations at both 18m and 30m sites were extremely low at less than 5 individuals per 100cm
2
.   

Cyclorbiculina compressa densities ranged from 20 to 80 per 100cm
2
 at the Conch Reef 

10m site without a regular seasonal trend (Fig. 7).  The highest peak was in 1996 with 160 per 

100cm
2
.  Densities at the deeper 18m and 30m sites were generally lower than at the 10m site.  

Densities at the 30m site were similar to the 10m site, but suddenly dropped in 1998 to less than 

10 per 100cm
2
 and did not recover by early 2000.  The 18m site had the lowest densities overall 

(typically <5 per 100cm
2
) from 1999-2000. 

Densities of Asterigerina carinata dôOrbigny were quite variable for all depths at Conch 

Reef (Fig. 8).  Densities were highest for the 10m and 18m sites (10-40 per 100cm
2
).  Also, 

abundance peaks varied by season and depth.  Densities of A. carinata peaked in spring at the 

30m site, but in fall at the 18m site from 1997-2000.  Densities at the 10m site tended to have 

very subtle peaks between the 18m and 30m peaks. 

The depth distribution of Heterostegina antillarium dôOrbigny was similar to 

Amphistegina gibbosa in that densities were highest at the 30m site, though no clear seasonal 

trend was observed (Fig. 9).  In general, densities varied between 5 and 15 per 100cm
2
 for the 

30m site, 2 and 15 per 100cm
2
 for the 18m and 10m site.  

Densities of Broeckina orbitolitoides Hofker were highest at the 30m site and densities 

for all sites were typically between 5 and 50 per 100cm
2
 from 1995-1998 (Fig. 10).  After 1998, 

densities did not exceed 15 per 100cm
2
.  Less abundant species, including Laevipeneroplis bradyi 

Cushman, Peneroplis pertusus Forskål, Sorites marginalis Lamarck, Borelis pulchra dôOrbigny, 

and Gypsina sp., were typically present at less than 10 per 100 cm
2
 (Appendices B and C). 
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Figure 5. Laevipeneroplis proteus density means (per 100cm
2
, N=3, except April 1997 for 

Conch Reef 18m and 30m sites, N=2) with standard error bars at Conch Reef (CR): 

10m (ö), 18m (ƶ) and 30m (ƴ) sites and Tennessee Reef (TN): 8m (ö) and 20m (ƴ) sites 

from 1995-2000.  Note: scales are different. 
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Figure 6. Archaias angulatus density means (per 100cm
2
, N=3, except April 1997 for Conch 

Reef 18m and 30m sites, N=2) with standard error bars at Conch Reef (CR): 10m (ö), 

18m (ƶ) and 30m (ƴ) sites and Tennessee Reef (TN): 8m (ö) and 20m (ƴ) sites from 

1995-2000.  Note: scales are different. 
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Figure 7. Cyclorbiculina compressa density means (per 100cm
2
, N=3, except April 1997 for 

Conch Reef 18m and 30m sites, N=2) with standard error bars at Conch Reef (CR): 

10m (ö), 18m (ƶ) and 30m (ƴ) sites and Tennessee Reef (TN): 8m (ö) and 20m (ƴ) sites 

from 1995-2000.  Note: scales are different. 
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