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SPECIES-NUMBERS RELATIONSHIPS IN AN ASSEMBLAGE 
OF REEF-BUILDING CORALS: McKEAN ISLAND, PHOENIX ISLANDS 

by Thomas F. ~ana' 

ABSTRACT 

Species-numbers relationships in the McKean Island assemblage 
of reef-building corals were investigated to discover how they changed 
along environmental gradients ofthe reef. For the purposes of the 
study, two gradients were identified - a complex depth gradient and a 
wave exposure gradient. 

Sampling was carried out by means of point samples along three 
randomly located transects, each extending from the buttress and surge 
channel region across the two reef terraces and down the deep reef 
slope to a depth of 26 m. A total of 49 species in 21 genera of 
hermatypic scleractinians and 2 species of hermatypic hydrozoans were 
encountered. 

The greatest number of species was found inhabiting the shallow 
terraces. Evident was a reduction in the numbers of species present 
below the sharp increase in reef slope at approximately 18 m. 

Percent cover of living coral decreased with increasing exposure 
to surge and waves. 

Significant heterogeneity in the coral assemblage was observed 
along the depth gradient, and a surprisingly large, but not 
statistically significant, heterogeneity also existed along the 
exposure gradient. Three times as many species were present over all 
segments of the exposure gradient as over similar segments of the depth 
gradient. 
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Most species were represented by small numbers of individuals; 
only a few had high abundances. Species diversity was lowest on the 
least exposed portion of the exposure gradient sampled and at mid- 
depths along the depth gradient. 

Zonation and spatial aggregation for single species populations 
of corals are suggested by variance-to-mean ratios in excess of one 
for 3 of the 9 species tested and by the position of most samples 
below the Hurlbert (1971) expected line. 

A hypothesis is outlined for the organization of atoll seaward 
reef coral assemblages. Wave and surge action is suggested as the 
principal organizing factor. 

INTRODUCTION 

It is the purpose of this paper to explore certain static 
aspects of the organizational complexity of an assemblage of hermatypic 
corals. Examined in particular are how numbers of species, 
compositional similarity, species diversity, and spatial pattern 
(collectively referred to as species-numbers relationships) change 
along environmental gradients of the reef studied. The assemblage 
studied occupies a portion of the subtidal seaward reef of a Central 
Pacific atoll. ' 

The two gradients identified for the study are herewith defined. 
The depth gradient, a complex gradient (sensu Whittaker, 19671, is 
perpendicular to depth contours and extends from the base of the surge 
channel and buttress area at its shallow end to the steep reef slope 
below the 10 fathom (18 m) terrace at its deep end (Figure 1). 
Environmental variables judged to be important along this gradient 
are wave surge (or water movements in general), abrasion, light, 
plankton supply, and sedimentation. The exposure gradient is 
an atoll-encircling gradient in intensity of wave action (Figure 1). 

This study is neither the first nor the most extensive to attempt 
either description or analysis of the differences in species-numbers 
relationships accompanying differences in the coral reef environment. 
Such observations date at least from Darwin (1889). The ecological 
surveys of Mayor (1918, 19241, Baker (1925), Manton (1935), and Abe 
(19371, depicting the zonation of coral species as the result of the 
varying degree to which corals are adapted for withstanding extremes 
of temperature and salinity, and of exposure to sedimentation and air, 

' Financial support was provided by Scripps Institution of 
Oceanography. 



laid the groundwork from which much modern reef ecology springs. A 
plethora of zonation studies has followed, mostly qualitative and 
many confined to reef flats and shallow protected areas. In his 
review of coral reefs, Stoddart (1969) lists an entire page of such 
studies, and there have been more since. 

Going beyond descriptions of species zonation and its possible 
cause, the works of Loya (1972), Porter (19721, Grigg and Maragos 
(1974), Maragos (1974b), and Connell (in prep.) have attempted to 
relate assemblage characteristics determined from species-numbers 
relationships to environmental factors and ecological theory. Such 
studies are important in that they may provide insight into community 
structure, identify non-obvious interspecific associations, suggest 
important variables for manipulative experiments designed to explore 
ecosystem controls, offer empirical evidence for the test of theory, 
and provide the information necessary to predict the consequences of 
perturbation of the reef ecosystem. 

The particular significance of the present study is that it was 
carried out in the "mare incognitum" of Wells (1954, 1957). This is 
the region of active upward and seaward progradation that gives any 
coral reef its cohesiveness and persistence. 

DESCRIPTION OF THE STUDY AREA 

A quantitative study of the reef-building coral assemblage at 
McKean Island (3'36's; 174'08'W) in the Phoenix Islands was undertaken 
during a brief visit in the summer of 1968. The atoll is slightly 
egg-shaped with a long axis of only some 1250 m (Figure 2). Such a 
small size means that there is no truly well protected lee, because the 
refraction of even moderate tradewind swell causes waves to break 
around the entire perimeter of the atoll. Mean tidal range is 
approximately 76 cm, winds are predominantly east and northeast trade 
winds, rainfall is on the order of 50 cm or less annually, and typhoons 
are extremely rare (Wiens, 19621. 

The lagoon is filled, consisting presently of a salty guano and 
fine calcium carbonate mud flat. The mud flat is covered at high 
tides by a few centimeters of water that percolate through the atoll 
structure and flow in and out of the "lagoon" through several "springs" 
in the southeastern corner. The flat is surrounded by rubble ridges 
more or less filled with sand and small amounts of guano. Vegetation 
is sparse and low. Large numbers of sea birds use the island for 
nesting and roosting. The seaward shore along the western side of the 
island is backed by a high sandy beach used for nesting by the green 
sea turtle, Chelonia mydas. Around the remainder of the island the 
shore is backed by steep rubble ramparts (Figure 3). These ridges 



are highest along the northern shore, reaching heights of some 5 m . l  
There is a clear  ser ies  of three of these ridges around the nortlern 
portion of the island, indicating that  since the attainment of present 
sea level some 4,000 years ago (Shepard, 1963) there have been a t  
l e a s t  three episodes (or single events) of extremely high waves t o  
s t r ike  McKean Island. 

On the east  and south sides of the a t o l l  the reef f l a t  is  qui te  
smooth, carpeted with a thick algal t u r f ,  and normally kept wet even 
during low t ides  by wave run up. Around the northern side there is  
a shallow moat (maximum depth approximately 1 m a t  low t ide )  between 
the seaward reef margin and the rubble ridge. This moat contains 
large quanti t ies  of coral fragments and scattered small colonies of 
l iving coral. The reef f l a t  i s  narrower along the west side,  has a 
very few widely scattered blocks of reef material deposited on it, 
lacks a dense algal  tur f  a s  wave action i s  reduced, but has occasional 
colonies of l iving coral i n  the pools i n  its uneven surface. The 
ent i re  reef margin consists of buttresses and surge channels with no 
prominent algal ridge a t  any point. 

The small s ize  of McKean Island made a ser ies  of spot dives and 
surveys from the surface around the ent i re  a t o l l  feasible.  A 
remarkable abundance of the grey reef shark, Carcharhinus amblyrhynchos, 
inhibited carrying out a continuous underwater survey. A sharp 
increase in  slope a t  approximately 18 m or  10 fathoms is  clear ly 
defined throughout with the exception of an area i n  the south-west 
where a more irregular,  stepwise slope prevails. The region of the 
sharp increase i n  slope received the most attention during these 
extra-limital dives. A shallower change i n  slope between 8 and 10 m 
found on many Pacific a t o l l s  (W.A. Newman and J . R .  Curray, unpublished) 
was much more d i f f i c u l t  t o  distinguish and was not discernable a t  a l l  
on the southwestern portion of the reef.  The deeper portions of the 
reef terraces in  the northeast were covered with coral rubble encrusted 
with calcareous algae, with only scattered colonies of l iving coral 
(Figure 4a) .  The amount of l iving coral increased t o  the south and 
west, and the amount of rubble decreased rapidly. The reef slope 
below 18 m and the deeper portion of the terrace were covered with 
luxuriant coral growth in  the south and west (Figure 4b). The 
shallower terrace area had scattered coral growth i n  the northeast, 
east ,  and south. The coverage by l iving corals was greatest  in  the 
west. In the northwest a considerable extent of dense alcyonacean 
growths was present. Fish were abundant everywhere. 

These ridges are not unlike the ramparts reported by Maragos et  al. 
(1974) from Funafuti formed during a rare  typhoon s t r ike .  Similar 
ridges are also present a t  Fanning and a t  Christmas in  the Line 
Islands (W.A. Newman, pers. cornm., and Gallagher, 1970). 



STUDY METHODS 

Three t ransec t  l i n e s  of weighted 0.25 in .  (0.635 cm) hard l ay  
cot ton were l a i d  from the  base of t he  bu t t resses  and surge channels, 
across  the  seaward t e r races ,  and down the  outer  ree f  slope t o  a depth 
of 26 m. The locat ion of t he  i n i t i a l  t r ansec t  was chosen 
a r b i t r a r i l y  a s  t h e  most exposed point  where, i n  t h e  f i r s t  day of f i e l d  
work, wave surge would not  p roh ib i t  work i n  shallow water. Subsequent 
t r an sec t s  were located by running i n  a northerly d i r ec t i on  ( increas ing 
exposure) along the  reef  i n  a small outboard-powered rubber boat  f o r  a 
number of seconds between 30 and 90 drawn from a t a b l e  of random 
numbers. The dis tances  between t r an sec t s  were never measured, bu t  
the  overa l l  d is tance  between the  f i r s t  and l a s t  was an estimated 
400 m. The approximate locat ions  of these  t r an sec t s  are shown i n  
Figure 2. 

The t r an sec t  l i n e s  were marked a t  1 m in te rva l s .  An ordinary 
wooden pencil  was used t o  de f ine  a point  sample below each mark. This 
procedure may be considered a systematic sample with a random s t a r t  
(Cochran e t  al . ,  1954). When a po in t  over l ay  l i v i n g  co ra l ,  a sample 
was co l lec ted  f o r  purposes of pos i t ive  species i den t i f i c a t i on .  Only 
by examination under l i g h t  and scanning e lect ron microscopes could the  
various species of massive P o r i t e s  and tubercula te  Montipora be 
dist inguished.  L i t e r a tu r e  used f o r  species iden t i f i ca t ions  i s  given 
i n  an appendix. The primary da ta  acquired by the  sampling, which was 
performed with t h e  a id  of SCUBA, were t he  number of species and t he  
number of  individuals  per species present .  ' These assemblage 
cha rac t e r i s t i c s ,  and o thers  computed o r  deduced from them, were then 
compared along t he  two nearly perpendicular environmental gradients  
(depth and exposure). 

For analysing how species-numbers re la t ionsh ips  change along t h e  
environmental gradients  of exposure and depth, the  sample points  a r e  
grouped i n t o  two c l a s se s  - t r an sec t s  and depth i n t e rva l s ,  of  t h r ee  

I n  t he  s t r i c t e s t  sense what was recorded was t he  number of 
"h i t s "  r a t he r  than t h e  number of individuals.  This a r i s e s  
s ince  colonies of several  massive species may a t t a i n  dimensions 
g rea te r  than 1 m and a few branching species may form th icke t s  
g rea te r  than 1 m i n  extent .  For t he  McKean Is land study, t he  
only problem area  was a t  depths g r ea t e r  than about 15  m where 
it was not always poss ible  t o  be c e r t a i n  i n  def in ing t he  l i m i t s  
o f  massive, shelving colonies of P o r i t e s .  Since such cases  
arose only two o r  t h r ee  times i n  the  sampling, t h e  number of 
"h i t s "  i n  t h i s  study may s a f e ly  be re fe r red  t o  a s  t he  number 
of individuals  . 



sampling units each. L i m i t s  of the depth intervals  were chosen t o  
correspond t o  the terrace topography widely observed on seaward reefs  
of Pacific a t o l l s ,  as  these might represent habi tat  boundaries. Depth 
Interval 1 extends from the base of the buttress and surge channel 
system, found a t  depths between 1 and 2 m along the section of reef 
studied, t o  the s l igh t  change i n  slope between 8 and 10 m. Depth 
Interval 2 extends from the lower l i m i t  of Depth Interval 1 t o  the 
rather sharp break i n  slope a t  approximately 18 m. Depth Interval 3 
extends from the lower l i m i t  of Depth Interval 2 down the steep deep 
reef slope t o  a depth of 26 m (Figure 1). Data for  the depth 
intervals were obtained by pooling the points within each depth 
interval from each transect. 

ANALYSIS TECHNIQUES AND RESULTS 

A t o t a l  of 49 species of hermatypic scleractinians representing 
21 genera was found a t  McKean Island. Of t h i s  t o t a l ,  36 species i n  
16 genera were encountered along the  transects. The remainder were 
collected during the circum-atoll ser ies  of dives. Two species of 
the hermatypic hydrozoan Millepora were also present, one of which 
occurred under the transects. A l is t  of species and the i r  
dis tr ibut ion i n  the samples i s  given i n  Table l a  and b. 

Since Depth Interval 3 (the deepest) contains so many fewer 
sample points than any of the other sample uni t s ,  it is necessary t o  
demonstrate a sampling adequacy a t  l eas t  comparable t o  the other 
sample units before any meaningful interpretation can be made. This 
may be accomplished by comparing the re la t ive  shapes of the curves of 
cumulative number of species versus to ta l  numbers of individuals 
curves for  the three depth intervals  (Figure 5). These curves were 
constructed by successively adding the numbers of new species and t o t a l  
individuals from the segments of each of the transects lying within 
each part icular  depth interval.  They appear t o  be a family of curves 
in  which individuals of previously recorded species enter increasingly 
larger samples more frequently than do individuals of new species. 
This suggests tha t  a l l  three curves may be approaching plateaus, 
indicating relat ively complete sampling. Depth Interval 1 (the 
shallowest) appears t o  have the poorest f i t .  Corroborating the 
suggestion of the plateauing of the Depth Interval 3 cumulative 
species-individuals curve is the paucity of additional species found 
in  deep water during the ser ies  of dives a l l  around the a t o l l  (Table lb). 

The dis tr ibut ion of sample points, numbers of coral species, 
dominance, and a biased measure of percent l iv ing  coral coverage are 
summarized in  Table 2. The sampling indicates a decrease i n  the 
number of species with depth but l i t t l e  i f  any change over the range 
of the exposure gradient sampled. 



The values for  percent l iving coral coverage can be ignored 
except for the trends they suggest: decreasing coverage w i t h  
increasing exposure but no discernable change along the depth 
gradient. It was, however, my subjective impression tha t  coverage 
was lower along the shallowest portions of the transects.  An upward 
bias  has been introduced into the coverage values by the use of a 
sample point with f i n i t e  dimensions (Grieg-Smith, 1964). 

The s imilar i ty  of species composition along the depth and 
exposure gradients was studied by comparing the numbers of species 
shared by pairs of sample uni ts  within sampling classes.  This was 
done s t a t i s t i c a l l y  by determining the probability tha t  any two samples 
drawn from a randomly distributed population should be as  or more 
similar than those actually obtained by sampling natural f i e ld  
populations. The formula for  a single event (sample pair)  is  given 
by Glime and Clemons (1972). 

Since the frequencies of the various species making up the t o t a l  
assemblage affect  the i r  chances of entering samples, it was necessary 
t o  include t h i s  dis tr ibut ion in the determination of probabili t ies of 
number of shared species. To do this, samples containing the numbers 
of species observed i n  the f i e ld  samples were i te ra t ive ly  drawn a t  
random (with replacement) by computer from the overall  frequency 
dis tr ibut ion +nd sample pairs  compared as to  the number of shared 
species. The probabili t ies of observing given numbers of shared 
species were determined from these sample comparisons. These 
individual probabili t ies were summed t o  give the probability of 
observing as  many o r  more shared species. Such probabili t ies for  the 
McKean Island samples are given in  Table 3 .  The numbers of species 
shared between each of the three possible transect pairs  do not d i f f e r  
s ignif icant ly from random expectation a t  the  5% level.  However, in  
a l l  three cases the number shared is  on the "too few" side. Both 
Depth Intervals 2 and 3 have significantly too few species in  common 
w i t h  Depth Interval 1, but do not themselves d i f f e r  from random 
expectation. Too few shared species means differences in  the species 
composition for portions of the assemblage being compared. In the 
actual f i e ld  sampling, 15 species were found in  common between a l l  
transects,  but only 5 were common t o  a l l  depth intervals.  There 
is greater compositional s imilar i ty  between transects than between 
depth intervals.  

Changes i n  re la t ive  abundance along the depth and exposure 
gradients were explored by computing the degree of concordance in  
the rankings of species abundances for  the sample uni ts  within each 
sampling class.  Agreement in  the rankings of the transect abundances 
of the 7 most common species and the depth interval abundances of the 
5 species found in  a l l  three depth int'ervals, as  well as for  a l l  
species, was compared using Kendall's coefficient of concordance 
(Tate and Clelland, 1957). The coefficients of concordance are 
presented in  Table 4. There is greater than 95% certainty tha t  



t he  t r a n s e c t  rankings  f o r  a l l  s p e c i e s  a r e  c o r r e l a t e d ,  b u t  n o t  when 
only  t h e  most abundant s p e c i e s  a r e  considered sepa ra t e ly .  There is 
no s i g n i f i c a n t  agreement a t  t h e  5% l e v e l  i n  t h e  ranks  of  s p e c i e s  from 
t h e  depth  i n t e r v a l s ,  even when on ly  those  s p e c i e s  found a t  a l l  dep ths  
a r e  considered.  The r e l a t i v e  abundances of t h e  va r ious  c o r a l  s p e c i e s  
a r e ,  a t  b e s t ,  on ly  s l i g h t l y  more a l i k e  between t h e  t r a n s e c t s  than  
between depth  i n t e r v a l s .  

Species  d i v e r s i t y  (number of s p e c i e s ,  he t e rogene i ty ,  and 
evenness o r  dominance) was explored us ing  s e v e r a l  d i f f e r e n t  approaches. 
F i r s t ,  s e v e r a l  i n d i c e s  t h a t  i nco rpora t e  both  t h e  number of  s p e c i e s  
p r e s e n t  and t h e  numbers of i n d i v i d u a l s  p e r  s p e c i e s  a s  a summary 
s t a t i s t i c  were c a l c u l a t e d  and ranked f o r  each sample u n i t  w i th in  each 
sampling c l a s s .  These i n d i c e s  were 1 - Simpson's index (SI*) ,  t h e  
Shannon-Wiener func t ion  ( H I ) ,  t h e  s tandard  d e v i a t i o n  about  t h e  mean 
(SD) , and t h e  number of moves index (NM) (Fager , 1972) . 
Subsequently,  each of  t h e s e  i n d i c e s  was s c a l e d  ( see  Fager ,  1972, f o r  
methods) and ranked. The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  and rankings  
a r e  presented  i n  Table 5a and b. Next t h e  an t i l oga r i thm of  H'  
[Exp (HI ) ]  , t h e  r e c i p r o c a l  of  Simpson's index (l/Cp. 2, and t h e  r a t i o  

1 
of t h e s e  two express ions  (R 1:2, a measure o f  evenness o r  dominance) 
were c a l c u l a t e d  and a r e  presented  ( a f t e r  Pee t ,  1974) i n  F igure  6. 
Also, t h e  a c t u a l  sampling d i s t r i b u t i o n s  a r e  presented  i n  F igure  7 a s  
his tograms o f  numbers of i n d i v i d u a l s  p e r  s p e c i e s  versus  s p e c i e s  rank 
o rde r  f o r  each sample u n i t  i n  each sampling c l a s s .  Dominance was 
f u r t h e r  measured by c a l c u l a t i n g  t h e  minimum number of  s p e c i e s  needed 
t o  f u r n i s h  50% of  t h e  i n d i v i d u a l s  conta ined  i n  a sample u n i t  (Fager,  
unpublished) .  Th i s  is  most convenient ly  expressed a s  a percentage 
(given i n  Table  2 ) .  It i s  t h e  t r e n d s  i n  d i v e r s i t y  along environmental 
g rad ien t s ,  a s  expressed i n  t h e  rankings  of  Table 5b, t h e  graphs of  
F igures  6 and 7b, and t h e  s p e c i e s  counts  and dominance of  Table 2, 
t h a t  a r e  taken  a s  of  i n t e r e s t  he re  r a t h e r  t han  any a c t u a l  c a l c u l a t e d  
values.  The outcome of  t h e  d i v e r s i t y  a n a l y s i s  is  contained i n  t h e  
d i scuss ion  s e c t i o n .  

Segments of  t h e  environmental g r a d i e n t s  cons idered  i n  t h i s  s tudy  
were sampled wi th  d i f f e r i n g  i n t e n s i t i e s ,  r e s u l t i n g  i n  samples of 
d i f f e r e n t  s i z e s .  Hur lbe r t  (1971) has  presented  a method of  computing 
t h e  expected number of  s p e c i e s  t o  be found i n  a sample of  n i n d i v i d u a l s  
s e l e c t e d  a t  random (without  replacement) from a c o l l e c t i o n  con ta in ing  N 
t o t a l  i n d i v i d u a l s  and S t o t a l  spec i e s .  I f  such a computation is  made 
f o r  a s e r i e s  of  sample s i z e s  ( n ' s )  and t h e s e  va lues  a r e  p l o t t e d  and 
connected by a l i n e ,  t h e  numbers of  s p e c i e s  observed i n  small  samples 
may be compared t o  t h e  numbers of s p e c i e s  found i n  l a r g e  samples by 
no t ing  t h e i r  r e s p e c t i v e  l o c a t i o n s  r e l a t i v e  t o  t h e  expected l i n e .  Th i s  
was done f o r  t h e  sample u n i t s  of t h i s  s tudy  us ing  t h e  pooled composite 
of  a l l  samples a s  t h e  c o l l e c t i o n .  F igure  8 i l l u s t r a t e s  t h e  r e s u l t .  
I t  may be noted from t h i s  f i g u r e  t h a t  Depth I n t e r v a l  3 ( t h e  s m a l l e s t  
s i z e d  sample) d e p a r t s  l e s s  i n  a b s o l u t e  magnitude and p r o p o r t i o n a l l y  t h e  



same from the expected l i n e  as  Depth Interval 2 (the largest  sized 
sample). This of fers  additional objective support t o  the ea r l i e r  
contention tha t  the Depth Interval 3 sample may reasonably be 
considered adequate. 

It may a lso  be noted from the figure tha t  only one point l i e s  
above the expected l ine ,  a l l  the r e s t  f a l l  below, but most are  qui te  
close t o  it. Unfortunately with only three sample uni ts  per sampling 
c lass  a l l  three could be expected on the basis  of chance alone t o  be 
located on one side or  the other of the expected l ine  12.5% of the 
time (using a binomial dis t r ibut ion with p and q both equal t o  0.5) .  
Thus it is not possible t o  assess the significance of the observed 
frequencies of sample uni t  positions above or  below the l i n e  with 
any confidence greater than about 90%. However the observed 
dis t r ibut ion of samples about the l ine ,  most having fewer species 
than expected, suggests tha t  the coral  assemblage is characterized by 
a t  l eas t  moderate spa t ia l  aggregation (Hessler and Jumars, 1973, 
explain the reasoning involved) along both environmental gradients. 

DISCUSSION 

Biogeography 

The closest  l o c a l i t i e s  t o  McKean Island for  which the hermatypic 
scleractinian faunas are  relat ively well known are Canton (also in  
the Phoenix Islands) and Fanning Island - roughly 650 km northeast 
of McKean in  the Line Islands. Seventy-four species i n  28 genera have 
been reported from Canton (P. Jokiel  and J. Maragos, pers. comm.), and 
69 species in  26 genera have been reported from Fanning (Maragos, 
1974a). Three additional genera a re  reported (Maragos, pers. comm.) 
from Christmas Island, a lso in  the Line Islands. Wells (1954) and 
Stehl i  and Wells (1971) place both the Phoenix and Line Islands within 
the boundaries of t h e i r  20 and 30 isopangeneric l ines .  The 21  genera 
reported here for  McKean Island further suggests t h a t  a t  the generic 
level observations i n  t h i s  region are  approaching completeness. A l l  
of the McKean genera a re  present elsewhere i n  the Phoenix or  Line 
Islands. 

The extremely small s ize  of McKean Island, i ts  relat ively 
isolated location, the generally short  duration of pelagic coral 
larval  stages, and the occurence of catastrophic environmental 
disturbances - such as  wave storms -make it seem qui te  l ikely that  
temporal disequi l ibr ia  occur in  extinction and immigration rates  (see 
MacArthur and Wilson, 1967, for  a discussion of island s ize and 
isolat ion i n  island biogeography.) Using the Canton and Fanning 
faunas a s  references, genera of hermatypic scleractinians l ikely t o  
have species represented by a t  l eas t  a few individuals from time t o  
time a t  McKean, but not observed there i n  1968, are  Stylophora, 



Astreopora, Coscinaraea, Pachyseris, Herpolitha, Leptoria, 
Echinophyllia, and Merulina. 

Number of species 

Wells (1957) has presented a general curve depicting a sharp 
decrease i n  the number of hermatypic coral species with depth. This 
curve was constructed from data collected a t  Bikini, Marshall Islands, 
and the steepness of the decline i n  numbers of species with depth 
cer tainly r e f l ec t s  the heavy sampling bias towards reef f l a t s  and 
shallow lagoon areas. Probably the most extensive and complete data 
on the depth dis t r ibut ion of hermatypic corals have been provided by 
Goreau and Wells (1967) for  the north coast of Jamaica. Of the 48 
hermatypic species they l ist ,  36 have a dis t r ibut ion whose "optima" 
includes the depth interval  0 t o  10 m ,  26 include the interval between 
10 and 20 m,  and 22 have "optima" extending t o  depths greater than 20m. 
The pattern of decreasing numbers of species along the complex depth 
gradient is  similar even i f  the "maximum" and "minimum," rather than 
thelbptimal," dis t r ibut ional  l i m i t s  are used: 42, 38, and 34 species 
for  the respective depth intervals.  

Sampling done on the seaward reef of McKean Island suggests tha t  
the number of species present there decreases only s l ight ly  with 
depth un t i l  the sharp increase i n  reef slope character is t ic  of Pacific 
a t o l l s  is encountered a t  approximately 18 m. A t  about tha t  portion 
of the environmental gradient there is  a reduction i n  the number of 
species present. 

No one had ever challenged Wells's (1957) generality of a 
decrease i n  the number of hermatypic coral species with depth u n t i l  
Loya (1972) claimed tha t  h i s  study a t  E i l a t  showed "a successive 
increase i n  the number of species with depth." However, what Loya 
actually showed was tha t  on the scale of 10 m l i n e  transects species 
density (number per uni t  of t ransect  length) increased with depth. 
Maragos (1974b) arrived a t  a similar conclusion of high species 
richness a t  the deep end of h i s  Fanning Island transect for  the same 
reason. Hiatt  (1957) f i r s t  pointed out tha t  a l l  quantitative studies 
of coral assemblages up t o  and including h i s  own employed fixed sample 
areas (same s ize  quadrats) throughout and therefore measured densi t ies  
on a par t icular  scale. Stoddart (1966), Davies et al. (1971), Loya 
(1972), Porter (1972), Grigg and Maragos (1974), and Maragos (1974b) 
have a l l  done likewise since. 

Loya (1972) does give t o t a l  species numbers for  the reef f l a t  (34) 
and the portion of the reef deeper than 20 m (59). No numbers are  
given i n  tha t  paper for  the intervening subtidal segments of the depth 
gradient. However, in an e a r l i e r  paper (Loya and Slobodkin, 1971) 
dealing w i t h  the same reef a t  E i l a t ,  a table  similar t o  tha t  presented 
by Goreau and Wells (1967) is  given. Treating the dis t r ibut ional  data 
in  Loya and Slobodkin's table  i n  the same manner as tha t  of Goreau and 



Wells, the dis tr ibut ion of numbers of hermatypic species i s  77, 46, 
and 36. "Optimum" range is a l l  t ha t  they give. The 77 species 
found in  shallow water (0-10 m) is s t i l l  greater than the 59 from 
deep water (>20 m) reported i n  Loya's 1972 paper. Sampling of an 
intensi ty comparable t o  tha t  performed in  Jamaica by T.F. Goreau and 
h i s  associates would seem in  order for both Fanning and McKean 
Islands before the f ina l  word on how the number of hermatypic coral 
species changes with depth can be spoken. Meanwhile, although Wells's 
(1957) curve may be too steep, the generality tha t  the number of 
hermatypic coral species and the su i t ab i l i ty  of the environment for  
the i r  growth decreases with depth on a reef appears t o  remain valid.  

The exposure gradient 

Changes i n  coral assemblage composition and character is t ics  along 
an axis paralleling the trends o r  faces of reefs have received very 
l i t t l e  attention Fn the past. Depending on s ize,  shape, and location 
of any part icular  reef ,  environmental conditions may be similar for  
many kilometers or  they may change rather rapidly. The principal 
factor of environmental change along or  around the trend of an a t o l l  
reef is  considered here t o  be exposure t o  wave action. Grigg and 
Maragos (1974) advance a similar hypothesis for the i r  reef studies 
around the island of Hawaii. For the myriad zonation schemes 
determined for  coral reefs t o  be meaningful, some measure of variation 
i n  species composition and re la t ive  abundances along the environmental 
gradient paralleling the reef trend must be made. 

In a study of the reef front of Aldabra, Barnes e t  a l .  (1971) 
presented a figure depicting variation i n  the zonation pattern they 
determined. Their qual i ta t ive zonation scheme was based on coral 
growth forms, res t r ic ted  species of hermatypic corals,  and the 
presence of other dis t inct ive taxonomic groups of benthos. Even 
though there is  considerable variation i n  the i r  scheme, tha t  they were 
able t o  recognize similar zones over such a wide range of 
environmental conditions ( the i r  survey circled the ent i re  a t o l l )  seems 
remarkable. The lack of determination of species-numbers 
relationships however makes comparison with the McKean study 
impossible. 

Having a ser ies  of systematic transects running para l le l  t o  
each other and para l le l  t o  the shore a t  three s tat ions,  Loya (1972) 
tested for  homogeneity of the data recorded a t  the different  s tat ions.  
Using an analysis of variance procedure, he found tha t  means for the 
number of species, number of colonies, l iving coverage, and diversi ty  
( a l l  per transect) for  each of the various zones enumerated were not 
significantly variable between the three stations.  Unfortunately 
neither of the papers dealing with t h i s  study (Loya and Slobodkin, 
1971, and Loya, 1972) reveal how the s tat ions were selected or how 
they were spaced. It i s  surmised from local i ty  descriptions and 



figures i n  those two papers, however, t ha t  no strong environmental 
gradients are  t o  be expected along the extent of any one of the E i l a t  
fringing reefs.  The resd l t s  of Loya's (1972) analysis is  then 
gratifying i n  tha t  those assemblage character is t ics  analysed did not 
change s ignif icant ly along an axis where environmental change was 
probably negligible. ' 

It should be added tha t  a l l  fringing reefs  near E i l a t  are  not 
necessarily a l ike  in  terms of species zonation. Mergner (1971) 
describes a rather considerably different  zonation pattern for  reefs  
there. 

The seaward reef of McKean Island with i ts  changing exposure t o  
tradewind generated waves presents a s i tuat ion rather  different  from 
tha t  a t  ~ i l a t . ~  Because of the small s ize  of the a t o l l  t h i s  gradient 
is  noticeable over distances as  small as a hundred meters o r  so, as  
judged by changes i n  heights of breaking waves. 

The lack of a trend i n  the number of species found along the 
exposure gradient may re su l t  from there being no rea l  changes i n  the 
number of species inhabiting the relat ively narrow segment of the 
gradient sampled. Two other possible explanations are  available. 
F i r s t ,  some species found shallow where exposure is low may be found 
deeper, but perhaps in  reduced abundance, where,exposure is greater. 
O r ,  second, there may be a regular faunal replacement ser ies  along the 
exposure gradient. On the f i r s t  a l ternat ive the McKean data are 
cer tainly insuff ic ient ;  the second w i l l  be t reated i n  following 
discussion sections. 

Percent cover 

The decrease in  percent coverage of l iving coral with an increase 
in  exposure t o  waves may re su l t  from physical breakage and removal of 
corals by strong surge and wave action and also possibly from greater 
competition with coral l ine algae. Grigg and Maragos (1974) also 

' It does not necessarily follow from Loya's (1972) analysis tha t  
the coral assemblage is  homogeneous i n  terms of i ts  species and 
the i r  re la t ive  abundances, but only tha t  the summary s t a t i s t i c s  
computed from h i s  data are  not s ignif icant ly variable between 
s tat ions.  

Munk and Sargent (1954) used a local  wind rose t o  compute the 
wave power dis t r ibut ion around Bikini Atoll. Such a gradient 
i n  wave exposure may then be deduced from the local wind rose 
for  McKean Island given in  Wiens (1962, p. 143). 



ar r ive  a t  a similar conclusion for  reefs  around the island of Hawaii. 
Both of these factors  should operate more strongly in  shallow water. 
On the other hand, the decrease i n  coverage observed may be the r e su l t  
of e i ther  a gradation i n  the degree of coral destruction during the 
l a s t  catastrophic disturbance t o  s t r ike  McKean Island, or d i f fe rent ia l  
r a t e s  of recovery since such events, or both. The major obstacle t o  
a firm answer is a lack of sampling (or observation) over a suff ic ient  
time span rather than any spa t ia l  deficiencies in  the sampling program. 

For the same reasons as  above I would have expected lower coral 
coverage on the shallow portion of the depth gradient than on deeper 
segments. My subjective impression was tha t  t h i s  was probably the 
case. However the numbers for  percent l iving coral generated during 
the study are so similar for  a l l  three depth intervals  tha t  it is not 
sound t o  offer  them as  ver if icat ion of tha t  expectation. The changes 
i n  l iving coral coverage with depth reported by Loya (1972) a re  of 
l i t t l e  help here due t o  differences i n  reef topography and physical 
environments between the areas studied. Maragos (1974b) reports,  
l i k e  the McKean study, a qual i ta t ive impression of relat ively low 
coral coverage in  water shallower than 8 m a t  Fanning Island in  an 
environment not too unlike tha t  sampled a t  McKean Island. 

Com~ositional s imilar i tv  

The modification of Glime and Clemons' (1972) s t a t i s t i c a l  
approach t o  measuring compositional s imilar i ty ,  incorporating species 
abundances, is a measure of assemblage homogeneity. I t  was 
surprising tha t  the numbers of species shared between pairs  of 
t ransects  i s  l e s s  than expected. A l l  probabi l i t ies  are well below 
0.50, the level expected of species occur a t  random i n  the samples 
(Table 3 ) .  In f ac t ,  Transects 1 and 2 border on being significantly 
d i f fe rent  from each other a t  the 5% level.  Thus, while the number of 
species found along each transect i s  qui te  uniform (25, 27, and 211 ,  
the  kinds present appear t o  change somewhat even along the rather 
narrow segment of the exposure gradient sampled. 

The depth intervals  a lso have too few shared species. The 
shallowest depth interval  is s ignif icant ly d i f fe rent  from both the 
deeper depth intervals  (Table 3 ) .  The shallowest depth interval 
appears t o  be d i s t inc t ly  d i f fe rent  from deeper depths in  the 
composition of i ts  coral fauna. While the two deeper intervals  a re  
not s ignif icant ly d i f fe rent  a t  the 5% level,  they too are  on the side 
of fewer than expected shared species. Thus heterogeneity i n  the 
coral assemblage is  more strongly indicated when preceeding along the 
depth gradient. 

Concordance coefficients calculated for the sample uni ts  allow 
a more detailed look into the nature of the differences i n  
compositional similarity.  The high degree of concordance observed i n  



the transect rankings should not be taken as  being in  disagreement 
with the heterogeneity along the exposure gradient suggested by the 
shared species method, but may be used t o  c l a r i f y  the nature of t h a t  
heterogeneity. The s ignif icant  concordance i n  the transect 
rankings of a l l  species stems mainly from the large number of t i e d  
ranks amongst the rare  species, most of which are represented by only 
one or  two colonies (Table 1). Differences i n  concordance are  
therefore largely precluded. 

The lack of s ignif icant  concordance i n  the rankings of the  
seven m o s t  common species indicates tha t  the more common species show 
moderate variations i n  abundance along the portion of the exposure 
gradient sampled. This suggests tha t  it is  not only the presence 
or absence of uncommon species within the sample uni ts  t ha t  const i tutes  
the coral assemblage heterogeneity along the exposure gradient but 
a lso the changes i n  re la t ive  abundance of the most common species. l 

Compositional changes i n  the coral fauna along the depth 
gradient are  much more s t r iking.  Not only were fewer species found 
i n  common between the three depth intervals  than between the three 
transects,  but the absolute and re la t ive  abundances of those species 
held i n  common by the depth intervals  varied considerably. Even the 
presence of considerable numbers of species with abundances of only 
one or two individuals was not suf f ic ien t  t o  obscure both the 
res t r ic ted  dis t r ibut ions of some of the moderately abundant species 
and the rather  large changes i n  re la t ive  abundance of the widely 
dis t r ibuted ones. 

I consider the concordance analysis and the shared species 
method t o  give consistent resu l t s .  Both are  needed t o  make the 
pattern of assemblage heterogeneity clear .  Along the exposure 
gradient there were a moderate number of widespread species whose 
re la t ive  abundances changed moderately over the portion of the 
gradient sampled. There were a large number of species found i n  
low abundance, but the magnitude of the sampling was insuff ic ient  t o  
conclude whether or not these were widespread along the gradient. 
Changes i n  species composition and re la t ive  abundance were much more 
marked along the complex depth gradient. Only a few species 
appeared t o  be ubiquitous along it, and the i r  re la t ive  proportions 
usually changed between depth intervals.  Fewer s t i l l  were found i n  
large enough numbers, but only over a limited extent of the depth 
gradient, t o  suggest res t r ic ted  depth dis t r ibut ions.  Again, most 
species were not present i n  the samples i n  suf f ic ien t  abundance t o  
determine the extent of the i r  dis t r ibut ions.  '\ 

The degree of heterogeneity o r  concordance observed i s  re la t ive  
to  th; scale of sampling and thus i s  bes t  used for comparative 
purposes only. 



Diversity 

Preston (1969) observed t h a t  "every na tu ra l i s t  from Darwin 
downwards has f e l t  aggrieved tha t  a few species a re  very common and 
most a re  rare." Abe (1937), for  t h e  corals  inhabiting a small lagoon 
reef a t  Palau, and Loya and Slobodkin (1971) for  a col lect ion from the  
fringing reef  a t  E i l a t ,  both present curves of species rank order 
versus numbers of individuals per species t ha t  have shapes v i r tua l ly  
iden t ica l  with t h a t  of the  McKean coral  fauna shown i n  Figure 7a. 
Data presented by Mayor fo r  Murray Island (1918) and Samoan (1924) 
reef  f l a t s  a l so  indicate  t ha t  species with high abundance are  a 
minority. I f  t he  species pooling i n  h i s  s tudies  is  taken in to  
account the  agreement with other s tudies  improves. Hermatypic 
cora l s  as  a group appear t o  f i t  the general pat tern noted by Preston. 

Species d ivers i ty ,  its evolution, maintenance, and consequences 
has surely become an involved topic.  Several older theories on the 
evolution of high species d ivers i ty  required long-term s tab le  
(constant) environments (reviewed by Pianka, 1966). Additionally, 
d ivers i ty  has been said  t o  r e l a t e  t o  community productivity, 
integration,  evolution, niche s t ructure ,  competition (McIntosh, 19671, 
and habi ta t  complexity (Kohn, 1971). Further, Slobodkin and Sanders 
(1969) have theorized on the  re la t ionship between species d ivers i ty  
and environmental va r i ab i l i t y ,  unpredictableness and harshness. In 
t h i s  discussion coral  species d ivers i ty  is taken a s  a measure of 
environmental favorabi l i ty  for  coral  growth and a s  a measure of how 
well each species is doing r e l a t i ve  t o  a l l  others i n  i ts habi ta t .  
High numbers of species are  considered posi t ively re la ted  t o  
environmental favorableness; low d is t r ibu t iona l  skew means a l l  species 
present are doing very nearly equally well. l The observed d ivers i ty  
pat tern may then be correla ted with changing physical conditions along 
environmental gradients. 

Peet (19741, i n  the most recent review of the  concept and 
measurement of species d ivers i ty ,  has discussed the various components 
comprising the concept and the methods employed i n  t he i r  measurement. 
He has a l so  discussed the mathematical properties and in te rpre t ive  
l imita t ions  of the  various measuring techniques. I wish t o  r e t a in  a 
dual concept approach; t h a t  is, species d ivers i ty  is  comprised of 
both a species "richness" and an "evenness" component. 

Look f i r s t  a t  the  rankings for  the  unscaled d ivers i ty  indices 
SI*, H I ,  SD, and NM (numbers i n  parentheses i n  Table 5b). These a re  
a l l  indices classed a s  heterogeneity indices by Peet (1974) a s  they 
use various mathematical procedures i n  an attempt t o  summarize i n to  a 
s ingle  s t a t i s t i c  both the number of species i n  a sample and the 
d i s t r ibu t ion  of individuals among species. A s  discussed by Fager 

A potent ia l  problem not dea l t  with here would be the analagous 
s i tua t ion  of lumping t rees ,  shrubs, and herbs i n  the  calculation of 
d ivers i ty  of t e r r e s t r i a l  p lant  communities. 



(1972), H i l l  (1973), and Peet (1974), these indices are sensi t ive to  
different  aspects of these two components of diversi ty .  Although 
these indices may pertain t o  s l ight ly  different  questions about 
diversity (Fager, 1972),the choice of which one t o  use is largely 
arbi t rary,  and the i r  lack of agreement in  ranking samples suggests a 
tenuousness for  hypothesis construction tha t  would be be t te r  avoided. 

Scaling these indices before ranking them improves the i r  
agreement somewhat. This probably resul t s  because, as pointed out 
by Grigg (pers. cornm.) and Peet (1974), scaling i n  the manner proposed 
by Fager (1972) converts a l l  the indices t o  measures emphasizing the 
evenness of the dis tr ibut ion of individuals among species. That is, 
the scaling procedure places each calculated index value on a scale  
relat ive t o  the values possible for  maximum and minimum distr ibut ion 
skew for  each sample. In the case under study here a l l  four scaled 
indices do agree on which sample uni t  i n  each sampling class  has the 
most uneven dis tr ibut ion (Transect 1 and Depth Interval 21 ,  but they 
do not agree i n  discriminating between the others. A s  the choice of 
which index t o  use is s t i l l  arbi t rary (and they do not agree i n  the 
ranking of samples) and the units of expression have questionable 
biological meaning (b i t s ,  moves, or  probabi l i t ies ) ,  I prefer t o  avoid 
the i r  use just  as the unscaled indices. 

Graphical presentation of the sampling dis tr ibut ion (Figure 7b) 
shows the relationship between the number of species present and the 
dis tr ibut ion of individuals among them without losing or  obscuring 
any of the information content of the or iginal  sampling. When 
coupled with the dominance calculations (given i n  Table 2 ) ,  the 
graphic p lo ts  can be used t o  describe the diversi ty  patterns along 
the environmental gradients of exposure and depth. 

It can be readily noted from Figure 7b tha t  Transect 1 has the 
most highly skewed dis tr ibut ion among the transects.  Transect 1 also 
shows high calculated dominance (it takes only roughly 8% of the 
species present t o  furnish 50% of the individuals in  the sample) and 
a high species count. Transects 2 and 3 have essent ial ly  the same 
number of species as does Transect 1, but they both show considerably 
greater evenness in  the i r  distributions.  This pattern of maintained 
high numbers of species but decreasing dominance (or ' increasing 
evenness) with increasing exposure t o  wave action suggests tha t  where 
the coral assemblage is exposed t o  a higher average level of wave 
action from e i ther  tradewind swell or large, long-period storm waves 
relat ively fewer species are able t o  monopolize available space. Thus 
coral diversi ty  may be enhanced by greater exposure t o  waves. Both 
Mayor (1918) and Grigg and Maragos (1974) invoke essent ial ly  t h i s  same 
hypothesis t o  explain the nature of the coral distributions they 
observed. 

The graphical plots  of the depth intervals show Depth Interval 2 
t o  have the greatest  dis tr ibut ional  skew among the depth intervals ,  



but a t  the  same time t h i s  depth i n t e rva l  has a high species count. 
Depth In te rva l s  1 and 3 show nearly equivalent evenness with the  
dominance ca lcu la t ions  suggesting t h a t  Depth In te rva l  3 i s  l e s s  
dominated. Depth In te rva l  1, however, has a g r ea t e r  number of 
species than Depth In te rva l  3 and a number comparable t o  t h a t  of Depth 
In te rva l  2 and thus is  the  most d iverse  of the  depth in te rva l s .  This 
pa t t e rn  of species d ive r s i t y  suggests again t h a t  t h a t  por t ion of t he  
environmental gradient  i n  shallow water subject  t o  a r e l a t i v e l y  
constant  and high wave energy l eve l  is  prevented from having space 
highly monopolized by a few species.  It fu r the r  suggests t h a t  an 
assumed long-term constancy of the  deep reef  environment may be qu i te  
amenable t o  a ra the r  equi table  d iv i s ion  of resources and t h a t  t he  
sharp increase i n  ree f  slope a t  about 18 m represents  a poss ible  
environmental threshold beyond which a g rea t ly  reduced number of 
hermatypic cora l  species f i nd  condit ions favorable f o r  growth and 
survival .  

The methodology developed by Peet (1974) f o r  studying species 
d ive r s i t y  was a l s o  employed i n  t h i s  study t o  check i ts  agreement with 
the  r e s u l t s  of  the  graphical p lo t s  of t he  sample d i s t r i bu t i ons .  The 
ove ra l l  shape of the  Exp ( H ' )  curves a r e  s imi la r  t o  those of the  
species counts. This was t o  be expected a s  H '  is primari ly 
s ens i t i ve  t o  the  number of species present  (Fager, 1972) o r ,  i f  you 
w i l l ,  changes i n  t h e  number of r a r e  species (Peet, 1974). The index 
1/zPi2 is more s ens i t i ve  t o  changes i n  abundance of the  more common 
species  (Peet, 19741, and t he  p l o t s  of it i n  Figure 6 show changes 
s imi la r  t o  those seen i n  t he  d i s t r i bu t i ona l  p l o t s  of Figure 7b. The 
r a t i o  of Exp ( H I )  t o  1/zpi2, a measure of dominance o r  evenness ( H i l l ,  
1973; Peet ,  1974) agrees with the  d i s t r i bu t i ona l  p l o t s  and t he  
dominance ca lcu la t ions  except f o r  the  r e l a t i v e  dominance of Depth 
In te rva l s  1 and 3 .  The pa r t i cu l a r  a t t r ac t iveness  of t h i s  procedure 
according t o  Peet (1974) l i e s  i n  t h e  nature of the  response of t he  
two d ive r s i t y  indices  and the  suggestion t h a t  t h e i r  u n i t s  (species)  
a r e  both t he  same and ecological ly  meaningful. A t  t h i s  po in t  t h e i r  
calculati.on appears t o  be unnecessary as  t he  graphical  p l o t s  of the 
sample d i s t r i bu t i ons  and the  dominance ca lcu la t ions  give a t  l e a s t  a s  
s a t i s f ac to ry  r e s u l t s ,  without concealing t he  information contained i n  
the  ac tua l  sample d i s t r i bu t i ons ,  without problems of "un i t s , "  and 
without problems of in te rpre ta t ion .  

The ordering of samples (or assemblages o r  communities) from the  
graphical  p l o t s  is  la rge ly  a subject ive  decision and hence may not 
always be c l e a r  cu t .  Where samples cannot be dis t inguished a s  t o  the  
more diverse  on t he  ba s i s  of d i s t r i bu t i ona l  p lo t s ,  it probably is  not 
s a f e  t o  say they d i f f e r  i n  d ive r s i t y  regardless  of the  method of 
measurement used. A l l  of the  methods cur ren t ly  used t o  measure 
species  d ive r s i t y  a r e  sample s i z e  dependent ( H i l l ,  1973; Peet ,  1974). 
Only i n  the  graphical  approach does t h i s  problem appear surmountable. 
This  may be done through r ep l i c a t e  sampling t o  ve r i f y  t he  number, kinds, 
and r e l a t i v e  frequencies of the  species  involved (Scanland, i n  prep. ) .  
This study begs t o  be repeated employing such a sampling design. 



There have been th ree  o ther  s tud ies  recen t ly  of  the  d i v e r s i t y  of  
hermatypic c o r a l  assemblages. A l l  t h ree  s t u d i e s  employed the  
Shannon-Wiener function ( H I )  a s  the  d i v e r s i t y  index f o r  comparison. 
Loya (1972) reported an increas ing trend i n  d i v e r s i t y  (per 10 m of 
t r a n s e c t  length)  with depth f o r  a  f r ing ing  ree f  a t  E i l a t .  He a l s o  
reported t h a t  a t  the  5% s ign i f i cance  l e v e l  t h e r e  were no d i f fe rences  
i n  d i v e r s i t y  between s t a t i o n s  (within zones on ly ) .  Por te r  (1972) 
reported t h a t  d i v e r s i t y  per  1 0  m t r a n s e c t  reached a high l e v e l  a t  a  
depth of  5 m and remained r e l a t i v e l y  high t o  the  base of a  lagoon 
ree f  i n  the  San Blas I s l ands  o f f  t h e  Car ibbeancoastof  Panama. He 
a l s o  reported a t rend of increased d i v e r s i t y  values on " c l i f f  edges." 
Maragos (1974b) r e p o r t s  h ighes t  d i v e r s i t y  (per 10 m2 of a rea )  on t h e  
deepest segment (30-35 m) of  h i s  t r a n s e c t  on t h e  leeward seaward reef  
of Fanning Is land,  lowest d i v e r s i t y  on the  intermediate por t ion  
(20-25 m ) ,  and intermediate d i v e r s i t y  a t  the  shallow end (8-15 m ) .  

The lack of  agreement between t h e  r e s u l t s ,  and t o  some degree 
a l s o  t h e  hypotheses advanced t o  explain the  p a t t e r n s  observed, of  t h e  
McKean study and those of Loya, Por ter ,  and Maragos may stem from 
severa l  f a c t o r s .  The physica l  environment, p a r t i c u l a r l y  wave ac t ion  
and geological  s t r u c t u r e ,  of  t h e  r e e f s  s tudied by Loya i n  the  Gulf 
of E i l a t  and by Por te r  i n  the  San Blas Is lands  a r e  q u i t e  d i f f e r e n t  
from t h a t  a t  McKean, although t h e  Fanning ree f  s tudied by Maragos 
may be somewhat comparable. Both Por te r  and Maragos used a measure 
of c o r a l  cover r a t h e r  than individuals  a s  t h e  importance value f o r  
t h e i r  d i v e r s i t y   calculation^.^ The d i v e r s i t y  ( H I )  and evenness 
( H ' / H ' ~ = )  i nd ices  used i n  each of  these o the r  s t u d i e s  a r e  pr imar i ly  
s e n s i t i v e  t o  changes i n  the  r a r e  species  only (Fager, 1972; Peet ,  
1974) and pay l i t t l e  a t t e n t i o n  t o  the  concentrat ion of dominance. 
Diversi ty values  i n  each of  t h e  o the r  t h r e e  s tud ies ,  unlike t h e  
McKean study, a r e  reported i n  terms of f ixed s i zed  sample a reas .  
Hopefully i n  the  not  too  d i s t a n t  fu tu re  some s o r t  of common ground 
f o r  sampling procedure and d a t a  ana lys i s  can be found so  t h a t  
genera l iza t ions  regarding the  s t r u c t u r e  of  hermatypic c o r a l  
assemblages can be r e a l i s t i c a l l y  compared. 

Loya (1972) used both individuals  and coverage a s  importance 
values f o r  ca lcu la t ing  H I  and found them s t rong ly  cor re la ted .  
I n  add i t ion  t o  Loya's suggestion t h a t  t h i s  l i n e a r  r e la t ionsh ip  
showed t h a t  t h e r e  were no s i g n i f i c a n t  d i f fe rences  i n  the  s i z e s  
o f  the  c o r a l s  within a t r a n s e c t ,  t h a t  c o r r e l a t i o n  may a l s o  have 
resu l t ed  from the  d i s t r i b u t i o n  of  cover c l o s e l y  matching t h a t  of 
individuals  by chance and most l i k e l y  from t h e  f a c t  t h a t  t h e  same 
number of species  was involved i n  each s e t  o f  ca lcu la t ions .  ( H I  
shows extreme s e n s i t i v i t y  t o  j u s t  the  number of  species  involved 
(Fager, 1972.) Thus d i v e r s i t y  based on individuals  o r  coverage 
may o r  may no t  be equivalent .  



Spatial Pattern 

Spatial aggregation for  single species populations of hermatypic 
corals along an environmental gradient para l le l  t o  depth is implied 
i n  the many determinations of reef "zones." Similarly, circumscribed 
species dis tr ibut ions have been referred t o  along an exposure gradient; 
for  e~ample~thedifferencesin speciespresentonwindward andleewardseaward 
reefs  (Wells, 1954). These propositions imply tha t  any given species 
occupies only a limited range of the environment, the very basis of 
gradient analysis. 

Likewise, the position of a l l  three depth interval samples below 
the Hurlbert (1971) expected l i n e  suggest aggregation, or  zonation, 
along the depth gradient. A t  best  t h i s  offers  limited s t a t i s t i c a l  
support for the zonation of corals  with depth. The indirect gradient 
analysis technique of ordination employed by Loya (1972) provides a 
much stronger quantitative verif icat ion of zonation along the depth 
gradient. Maragos (1974b) also u t i l ized  an ordination procedure t o  
show zonation. 

Since the exposure gradient i s  generally much l e s s  steep 
(environmental conditions are  assumed t o  change l e s s  rapidly per unit  
of distance) than the depth gradient, re lat ively similar environmental 
conditions may prevail for  relat ively large distances on many reefs. 
This makes the determination of patchy dis tr ibut ions for  populations 
of coral species within arbi t rary habi tats  lacking steep physical 
environmental gradients feasible and an inherently interest ing feature 
of assemblage organization. 

The relationship of the McKean transect samples t o  the Hurlbert 
(1971) expected l ine  suggests a small degree of aggregation present 
i n  the coral assemblage when viewed along the exposure gradient. That 
a few of the more common species have variance-to-mean ra t ios  i n  
excess of one (Table 6) supports the aggregation hypothesis i n  the 
McKean Island assemblage. 

There are  now several reports i n  the l i t e ra tu re  concerning 
patterns of spa t ia l  dis t r ibut ion of hermatypic corals within limited 
habitats.  Lewis (1970) reported highly aggregated dis tr ibut ions for  
three of the four species he studied on the reef c res t  of a Caribbean 
fringing reef. He s t a t e s  tha t  the causes of such contagious 
dis tr ibut ions are under investigation, but suggests they are 
biological. He appears t o  re jec t  heterogeneity of microhabitats, as  
the zone studied seemed t o  be physically homogeneous. Maragos (1974b) 
measured spa t ia l  pattern for  several species (12)  within a range of 
quadrats where each species was commonly found. He reports aggregated 
distributions for most of those species. 

Stimson (1974) has determined an underdispersed pattern for  
Poci l lopora  meandrina i n  shallow water areas i n  Hawaii where it was 
v i r tua l ly  the only coral species present. He hypothesizes tha t  t h i s  



pat te rn  probably r e s u l t s  from la rva l  s e t t l i n g  behaviour. 

On the  reef f l a t  a t  Heron Island near the  southern end of t he  
Great Bar r ie r  Reef, Grassle (1973) has found four species of 
hermatypic cora l s  and several  o ther  inver tebrates  and algae t o  have 
patchy d i s t r ibu t ions  on several  scales.  He suggests t h a t  t h i s  
patchiness is  a small sca le  response t o  the  environment. 

The aggregation present along the  exposure gradient a t  McKean 
Island could r e s u l t  from such microhabitat d i f ferences  a s  var ia t ions  
i n  exposure t o  waves, scour, sedimentation, and l i g h t  t h a t  would lead 
t o  d i f f e r e n t i a l  mortali ty r a t e s  o r  l a rva l  s e t t l i n g  behaviour. It is 
a l so  conceivable t h a t  in te rspec i f ic  aggressive behaviour might play a 
role .  Cla r i f i ca t ion  of t he  degree of aggregation exhibited by even 
a modest portion of t h e  cora l  fauna inhabit ing a r e l a t i ve ly  
homogeneous reef environment other than the  reef f l a t  and the  fac tors  
t h a t  lead t o  it must await a l a rger  study properly designed t o  reveal  
spa t i a l  pat terns .  

CONCLUSIONS 

The r e l a t i v e  depauperateness of the  McKean Island coral  fauna 
probably r e s u l t s  from a combination of very small i s land s ize ,  r e l a t i ve  
i so la t ion ,  l imited powers of cora l  l a rva l  d ispersal ,  and catastrophic 
disturbances. The f igures  of 51 species i n  22 genera of hermatypes 
a re  consonant with known biogeography. 

Two gradients were studied a t  McKean - depth and horizontal  
exposure t o  wave action.  The d i s t r i bu t ion  of numbers of species 
appears t o  f i t  Wells's (1957) general i ty  of a decline with increasing 
depth. The reduction seems most noticeable across the  ra ther  sharp 
increase i n  reef  slope found a t  approximately 18 m. This reduction 
may r e s u l t  from changes i n  environmental variables,  such a s  l i g h t ,  
c i rcu la t ion ,  sedimentation, and plankton supply; reef topography; 
and/or biological  in teract ions .  The sampling a t  McKean revealed no 
changes i n  the  numbers of species along the  exposure gradient.  

The McKean da ta  a re  ra ther  weakly suggestive of a decrease i n  
l iv ing  cora l  coverage with increasing exposure t o  wave act ion along 
both environmental gradients.  Corals being broken f r ee  o r  damaged 
by strong surge and waves and space competition with cora l l ine  algae 
a re  possible explanations fo r  such a pat tern .  

Comparisons of compositional s imi la r i ty  reveal the  following 
cha rac t e r i s t i c s  of species and population d i s t r ibu t ions  i n  the McKean 
cora l  assemblage: 1) Most species occur i n  r e l a t i ve ly  low abundances; 
these may or  may not be widespread. 2) There a re  a moderate number of 
r e l a t i ve ly  abundant and widespread species along the exposure gradient;  



there are  considerably fewer such species along the depth gradient. 
3) There are  a small number of relat ively abundant species tha t  show 
res t r ic ted  dis tr ibut ions along the depth gradient. This l a s t  group 
constitutes a break i n  faunal composition tha t  separates tha t  portion 
of the reef shallower than 10 m from the remainder. The average 
depth of surf base is  the environmental factor implicated. l There 
must be a small su i te  of highly surge res is tant  species l iving i n  t h i s  
shallow, more intensely wave and surge-swept habitat .  

Graphical analysis, a simple dominance calculation, and various 
diversi ty  indices were used t o  explore species diversi ty  i n  the coral 
assemblage. The l e a s t  exposed portion of the exposure gradient 
sampled appeared t o  be the l e a s t  diverse. . The middle segment of the 
depth gradient appeared t o  be the leas t  diverse portion of tha t  
gradient. Along the exposure gradient it is the degree of dominance 
tha t  appears t o  change rather than species richness. Along the depth 
gradient mid-depths are r ich i n  species, but dominance i s  relat ively 
high; shallow depths are  a lso  rich in  species, but are dominated less;  
deep depths are  l e s s  r ich i n  species, but show greater evenness i n  
species abundances . 

Results of both the shared species comparisons and the positions 
of the depth interval  samples re la t ive  t o  the Hurlbert (1971) l ine  
imply a degree of zonation in  the coral assemblage with depth. 
Variance-to-mean ra t ios  of common species and the positions of the 
transect samples re la t ive  t o  the Hurlbert (1971) l ine  suggest a t  
l eas t  a small degree of spa t ia l  aggregation i n  the McKean coral 
assemblage along the exposure gradient. Zonation with depth simply 
ref lec ts  the changing adaptive capabil i t ies  of the various species to  
relat ively rapidly changing environmental conditions. Since the 
exposure gradient a t  McKean is subjectively l e s s  steep than the depth 
gradient, aggregation along it may re f l ec t  microhabitat differences 
although biological interactions cannot be ruled out. 

Drawing upon knowledge of coral biology, the nature of the 
coral reef physical environment, observed coral assemblage species- 
numbers relationships, and aspects of ecological theory, I offer  the 
following hypothesis for  the organization of assemblages of reef 
building corals on a t o l l  seaward reefs. 

Shallow, subtidal, frequently wave-swept reef environments - 
the physiologically optimal region for  coral growth - should have high 
temporal predictabi l i ty ,  high temporal var iabi l i ty ,  and a high, steady 
ra te  of space production. But survival of individual colonies may be 
unpredictable. ,The resul t  might be an arrested successional stage in 

- - - - - -- 

Surf base is the depth a t  which hard rock erosion ceases t o  occur 
(Bascorn, 1964). For normal tradewind generated swell t h i s  depth 
l i e s  between 7 and 9 m. 



which there are many species found in  rather equitable numbers, with 
a t  leas t  a few res t r ic ted  t o  such  environment^.^ 

Mid-depth environments should have relat ively low temporal 
predictabi l i ty ,  high temporal variabi l i ty ,  and a fluctuating ra t e  of 
space production due t o  irregular,  unpredictable occurrences of heavy 
surge. Thus, while many species may pers is t ,  the assemblage is 
l ike ly  t o  be highly dominated a good deal of the time. This portion 
of the environmental gradient may be considered t ransi t ional ,  with 
very few species restr ic ted t o  it, and in varying stages of succession 
depending on how much time had elapsed since the l a s t  space-creating 
episode. 

Deep reef environments, perhaps s l ight ly  l e s s  favorable but no 
more variable physiologically than shallow water, may remain quite 
constant for  lengthy periods of time and be disturbed only a t  great,  
but unpredictable, intervals  by such events as  part icular ly 
devastating typhoons or  massive Acanthaster swarms. The number of 
species would be reduced and space u t i l ized  in  an equitable manner. 
Only here may coral-coral competitive interactions be of any 
importance t o  coral assemblage organization. Deep reef assemblages, 
and perhaps some lagoon reef ones located in  regions of low or  zero 
typhoon frequency, are probably the only hermatypic coral assemblages 
reaching a true climax. Figure 8 summarizes t h i s  hypothesis. 

Segments of the depth gradient where these various conditions 
prevail are l ikely t o  be displaced toward shallower depths only where 
the exposure gradient includes a long-term, well protected lee.  

I t  is  here suggested, a s  it has been by others (particularly 
Storr,  1964), tha t  the organization of most coral assemblages is  
principally under the  control of the physical factor of wave and 
surge action. 
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Table l a .  Hematypic c o r a l  spec ies  observed a t  McKean I s l and  and t h e i r  
d i s t r i b u t i o n  i n  t h e  samples. 

l b .  Addi t ional  hermatypic c o r a l  spec ies  c o l l e c t e d  during t h e  
McKean I s l and  s tudy and t h e  depth i n t e r v a l s  where found. 

Growth form abbreviat ions  a r e  a s  fol lows:  B ,  branching; El encrust ing;  
M I  massive; SM, submassive; U ,  unattached; and F, fol iaceous.  

L i t e r a t u r e  u t i l i z e d  i n  t h e  i d e n t i f i c a t i o n  of the  McKean c o r a l s  i s  given 
i n  t h e  appendix. 

a. Depth 
Growth 

form 

B 
B 
B 
B 
B 
B 

E-F 
F 
E 
E 

E-SM 
SM 
E 
M 
E 
u 
u 
M 
M 
M 
M 
M 

E-SM 
M 
E 
M 
M 
M 
M 
M 
B 
M 
M 
M 
M 
F 
M 

Species 

P o c i l l o p o r a  s e t c h e l l i  Hoffrneister 
P .  v e r r u c o s a  ( E l l i s  & Solander) 
P.  e l e g a n s  Dana 
P .  d a m i c o r n i s  (Linnaeus) 
Acropora v a r i a b l i s  (Klunzinger) 
A. h u m i l i s  (Dana) 
Montipora verril li Vaughan 
M .  sp.  c f .  M .  a e q u i - t u b e r c u l a t a  Bernard 
M .  g r a n u l a t a  Bernard 
M .  i n f o r m i s  Bernard 
M .  s o c i a l i s  Barnard 
M .  venosa  (Ehrenberg) 
Pavona v a r i a n s  V e r r i l l  
P .  c l i v o s a  V e r r i l l  
Psammocora n i e r s t r a s z i  van der  Horst 
Halomi t ra  p h i l l i p p i n e n s i s  Studer 
Parahalomi t r a  r o b u s t a  (Quelch) 
Porites l o b a t a  Dana 
P. s o l i d a  (Forskal)  
P .  l u t e a  Milne-Edwards & Hairne 
P .  a u s t r a l i e n s i s  Vaughan 
P .  f r a g o s a  Dana 
P .  s u p e r f u s a  Gardiner 
P .  lichen Dana 
P .  ( S y n a r a e a )  h a w a i i e n s i s  Vaughan 
Favia  s t e l l i g e r a  (Dana) 
F.  p a l l i d a  (Dana) 
Favi  tes pentagona (Esper) 
P l e s i a s t r e a  v e r s i p o r a  (Lamarck) 
P l a t y g y r a  daedalea  ( E l l i s  & Solander) 
Hydnophora r i g i d a  (Dana) 
H .  microconos (Lamarck) 
L e p t a s t r e a  purpurea (Dana) 
L.  t r a n s v e r s a  Klunzinger 
Cyphas t r e a  microphthalrna (Lamar ck) 
E c h i n o p r a  l a m e l l o s a  (Esper ) 
M i l l e p r a  p l a t y p h y l l a  Hernprich & Ehrenber 

Transects  I n t e r v a l s  
1 2 3 1 2 3 Tota l  

T o t a l s  124 98 75 107 150 40 297 

b. Ex t ra - l imi ta l  Species 

Growth Form Species 

B P o c i l l o p o r a  e y d o u x i  Milne-Edwards & Haime 
B A c r o p r a  cymbicya  t h u s  (Brook) 
B A. h y a c i n t h u s  (Dana) 
B A. sp. cf .  A. a b r o t a n o i d e s  (Lamarck) 
F Pavona m i n u t a  Wells 
M P .  c l a v u s  (Dana) 

SM P .  ( P o l y a s t r a )  sp.  
F L e p t o s e r i s  m y c e t o s e r o i d e s  Wells 
U Fungia ( P l e u r a c t i s )  s c u t a r i a  Lamarck 
U F .  ( V e r r i l l o f u n g i a )  c o n c i n n a  V e r r i l l  
M F a v i t e s  a b d i t a  ( E l l i s  & Solander) 
M L o b o p h y l l i a  c o s t a t a  (Dana) 
F T u r b i n a r i a  i r r e g u l a r i s  Bernard 
B M i l l e p r a  rnurrayi Quelch 

Depth I n t e r v a l  

2 
r ee f  f l a t  

2 and 3 
2 
1 
1 

1 and 2 
1 
2 
2 
2 
2 
1 

ree f  f l a t  



Table 2. Distr ibution of sample points,  numbers of species,  dominance, and percent l iv ing  coral .  
Numbers i n  parentheses following the number of species a re  the number of species found only i n  t h a t  
par t i cu la r  sampling u n i t  when each sampling c lass  is  considered separately.  Dominance is expressed 
a s  100 minus the minimum percentage of species required t o  y ie ld  50% of the individuals present. High 
dominance ex i s t s  when only a small percentage of the species present a re  needed t o  cons t i tu te  50% of the  
individhals present. 

Sample Unit No. of Points Coral Non-coral No. of Species Dominance % Living Coral 

Transect 1 123 124 3 2 5 (6 ) 92 97.6 

Transect 2 111 98 13 2 7 ( 7 )  85 89.1 

Transect 3 101 75 26 2 1 (3 ) 81 74.3 

Depth Interval  1 127 107 20 2 5 (11) 83 84.3 

Depth In te rva l  2 16 7 150 17 22 (5 9 1 89.8 

Depth Interval  3 4 4 40 4 12 (4) 7 9 90.9 



Table 3. Probabi l i t i es  and cumulative p robab i l i t i e s  of a s  many o r  more shared species within sample un i t  pa i r s .  For each sample uni t  pa i r  
comparison, the number of species i n  each and the number shared between them i s  a l so  given. 

Transects 1 and 2 

Species i n  1 = 25 

No. Shared Species 
18 
19 
20 
2 1 
2 2 
'2 3 
24 
2 5 

Species i n  2 = 27 

No. Shared Species 
15 
16 
17 
18 
19 
20 
21 

Species i n  1 = 25 

No. Shared Species 
14 
15 
16 
17 
18 
19 
20 
2 1 

Species i n  2 = 27 Observed No. Shares Species = 18 

Probabil i ty  
.06 
.26 
.16 
.24 
.16 
.10 
.02 
.00 

Cumulative Probabil i ty  
1.00 

.94 

.68 

.52 
-28 
.12 
-02 
-00 

Transects 2 and 3 

Species i n  3 = 21 Observed No. Shared Species = 17 

Probabil i ty  
-02 
-04 
.26 
.30 
-28 
-10 
.00 

Transects 1 and 3 

Cumulative Probabil i ty  
1.00 

-98 
.94 
-68 
-38 
.10 
.00 

Species i n  3 = 21 Observed No. Shared Species = 16 

Probabil i ty  
-02 
.08 
.24 
-36 
-18 
.06 
.06 
.OO 

Cumulative Probabil i ty  
1.00 

-98 
.90 
.66 
-30 
-12 
.06 
.00 

Depth In te rva ls  1 and 2 

Species i n  1 = 25 Species i n  2 = 25 Observed No. Shared species = 14 

No. Shared Species 
15 
16 
17 
18  
19 
20 
2 1 
2 2 

Probabil i ty  
.06 
-10 
-34 
-18 
-26 
.06 
-00 
-00 

Depth In te rva ls  1 and 2 

Cumulative Probability 
1.00 

-94 
.84 
-50 
-32 
.06 
-00 
.00 

Species i n  2 = 22 Species i n  3 = 12 Observed No. Shared Species = 8 

No. Shared Species Probabil i ty  Cumulative Probability 
8 -18 1.00 
9 .24 .82 

10 .26 .58 
11 -22 -32 
12 .10 .10 

Depth In te rva ls  1 and 3 

Species i n  1 = 25 Species i n  3 = 12 Observed No. Shared Species = 5 

No. Shares Species Probabil i ty  Cumulative Probability 
8 .04 1.00 
9 -16 -96 

10 -48 .80 
11 .26 .32 
12 .06 -06 



Table 4 .  Rank orders of abundance for the 7 most common species, a l l  
of which are present along a l l  3 transects,  and the 5 species common t o  
the 3 depth intervals  with coefficients of concordance (w)  for  these 
rankings as well as for  a l l  the species. A l l  W ' s  have been corrected 
for  t i e s .  

Seven Most Common Species Rank Order of Relative Abundance 
(present along a l l  transects) Transect 1 Transect 2 Transect 3 

Pori  tes 1 i chen 
Echinopora 1 amel 1 o s a  
Favia s t e l l i g e r a  
Monti pora verrill i 
H ydnophora ri g i  da 
P o r i  tes 1 u t e a  
Cyphastrea m i c r o p h t h a l m  

W for  the 7 most common species = 0.43 0.10 < p < 0.20 
W for  a l l  species by transects = 0.65 p < 0.01 

Species Common t o  A l l  
3 Depth Intervals 

Rank Order of Relative Abundance 
Dpth.Intv.1 Dpth.Intv.2 Dpth.Intv.3 

Echinopora l a m e l l  osa  
Favia s t e l l i g e r a  
Pori  tes 1 ichen 
Porites l u t e d  
P o r i  tes l o b a  t a  

W for  the 5 species i n  common = 0.56 0.10 < p < 0.20 
W fo r  a l l  species by depth intervals  = 0.42 p = 0.27 



Table 5a. 

b. 

a. 

Trans 1: 

Scaled and unscaled values of  t h e  following d i v e r s i t y  ind ices :  
SI* = 1 minus Simpson's Index, H '  = Shannon-Wiener funct ion ,  SD = s tandard  dev ia t ion ,  
NM = N u m b e r  of  Moves Index. 

Rankings f o r  t h e  var ious  d i v e r s i t y  ind ices .  Ranks i n  parentheses are f o r  unscaled values.  

Trans 2: S = 27, N = 98 

Trans 3: S = 21, N = 75 

Dpth 3: S = 12,  N = 40 

Index 

SI* 
H' 
NM 
SD 

SI* 
unscaled s c a l e d  

0.167 0.782 

0.079 0.898 

0.088 0.894 

0.073 0.926 

0.164 0.821 

0.119 0.871 

Transec ts 
1 2 3 

H ' 
unscaled sca l ed  

2.379 0.602 

2.800 0.732 

2.631 0.752 

2.771 0.773 

2.259 0.632 

2.179 0.753 

Index 

SI* 
H ' 
NM 
SD 

SD 
unscaled s c a l e d  

9.249 0.533 

4.360 0.681 

3,842 0.674 

4.468 0.728 

11.533 0.577 

2.902 0.641 

NM 
unscaled s c a l e d  

962 0.190 

682 0.261 

3 79 0.298 

683 0.306 

1070 0.204 

103 0.331 

Depth I n t e r v a l s  
1 2 3 



Table 6 .  Spatial pattern of the more common and widespread species along the exposure gradient. A t  the 
5% l e v e l  o f  s ignif icance the three species marked with an asterisk are clumped, while none of  the others 
depart from random. 

Species Distribution - s2 s2/x x2 P 
X 

Mon t i p r a  verri 11 i 4 

Pori tes loba  t a  1 

P o r i t e s  l u t e d  7 

P o r i  tes 1 i chen  18 

Favia s t e l l i g e r a *  13 

H ydnophora ri g i  da 3 

C yphas t r e a  microphthalma 2 

Ech inopra  lamel losa* 45 

M i l l e p r a  p la typhy l la*  2 



Figure 1. A generalized three-dimensional cut-away view of the 
seaward reef of an Indo-Pacific a t o l l  located i n  trade 
wind regions. Terrace s t ruc ture  and environmental 
gradients are labeled. Prevailing wind would be from 
the upper r ight .  



McKEAN ISLAND 

Figure 2. Plan view of McKean Island showing approximate location 
of the three  t ransects .  The contour indicated represents 
the 20 m contour. This f igures  was redrawn from 
HO Chart 83037. The lower case l e t t e r s  a ,  b, and c r e f e r  
t o  the locations of the following two figures.  



Figure 3.  Rubble r idges  along the  northern shore of McKean Island.  
H e r e  the  ramparts reach a he ight  of some 5 m. This 
photograph was taken a t  the  po in t  marked "a" on Figure 2. 



Figure 4a. Region of t h e  sharp break i n  reef  s lope i n  t h e  nor theas tern  
s e c t o r  o f  t h e  ree f .  A t  t h i s  po in t  v i r t u a l l y  a l l  l i v i n g  
cora l  has been s t r ipped  from the  reef  and only  rubble 
remains. This photograph was taken a t  the  p o i n t  marked 
"c" on Figure 2. 

Figure 4b. Region of the  sharp break i n  reef  s lope  i n  the  a r e a  of the  
t r ansec t s .  The. abundance of l a rge ,  shelving colonies of 
such species  a s  P o r i t e s  s o l i d a ,  P. l u t e a ,  P. a u s t r a l i e n s i s ,  
and P. fragosa can c l e a r l y  be seen. This photograph was 
taken a t  t h e  po in t  marked "b" on Figure 2. 
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Figure 5 .  Plots of the cumulative numbers of species against the 
cumulative numbers of individuals for each of the depth 
intervals. These curves were constructed by successively 
adding new species and total individuals from the segments 
of each transect within each depth interval in  the order 
of Transects 1 ,  2 ,  and 3.  
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Figure 6. Plots of the species counts and H i l l ' s  diversity numbers 
as proposed by Peet (1974) for  use i n  species diversity 
studies. 
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Figure 7a. Histogram of the number of individuals per species plotted against species rank order 
for the entire McKean Island coral collection. 

Figure 7b. Histograms of the number of individuals per species plotted against species rank order 
for individual sample units. 



NUMBER OF INDIVIDUALS 

Figure 8. Distribution of the McKean samples relative t o  the expected 
number of species l ine calculated by the Hurlbert (1971) 
method . 



moderate number of widespread, relatively abundant species 
4 

increase in diversity (reduced dominance) - 
decline in coverage (esp. in  shallow water), but not in species 

WAVE EXPOSURE 1 
LMLW 

T3 T2 T 1 

D 1 
diversity: high number of species; moderate dominance 

- 8-10 m 

02 
diversity: high number of species; high dominance 

I I I D3 diversity: low number of species; low dominance 

arrested 
successional 

stage 

varying stages 
of 

succession 

a t  or 
approaching 

climax 

Figure 9. Graphical summary of the organization hypothesis for seaward reef coral assemblages. 




