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CO R A L C O L O N IE S  AS M IC R O -E N V IR O N M E N T A L  IN D IC A T O R S

b y  J .  A. E . B. H U B B A R D  (*)

(4 figures d an s le tex te )

R É S U M É

D es observations réalisées su r des co raux  v iv an ts , t a n t  su r le récif q u ’en aq u a riu m , 
o n t perm is d ’in tég rer les ca rac té ris tiq u es de leu r d is trib u tio n s  zonéographiques aux  
prop rié té s fonctionnelles de leu r m orphologie sque le ttique . Les re la tions e x is ta n t en tre  
la  n a tu re  e t le ta u x  d ’ac tiv ité  des polypes, d ’une  p a r t , e t la  m orphologie du  sque le tte , 
d ’a u tre  p a r t , so n t d ’ab o rd  d iscu tées ; la  m icrom orphologie des sep ta  ainsi que leu r angle 
de d ivergence, la  form e des calices e t l ’o rien ta tio n  des corallites so n t m ises en re la tion  
avec les p a ram ètres  physiques d u  m ilieu. D e là, l ’a u te u r  tire  des a rg u m en ts  re n d a n t 
com pte de la  d is tr ib u tio n  sp a tia le  des espèces considérées.

Ces observations son t ensu ite  transposées d an s le passé e t se rv en t de fil co n duc teu r 
à  l’in te rp ré ta tio n  des re la tions ex is ta n t en tre  la  d is tr ib u tio n  de R u gueux  paléozoiques e t 
les carac tères des séd im en ts associés.

A BSTRA CT

O bservations carried  on liv ing  corals, in  reefs as well as in aq u ariu m  experim ents, 
m ade i t  possible to  in teg ra te  th e ir  d is tr ib u tio n  p a tte rn s  w ith  th e ir  fu n c tio n a l skeletal 
p roperties. R ela tionsh ip s betw een  po lyps ac tiv ities  an d  th e  ske le ta l m orphology  are  
first discussed : such fea tu res  as sep ta l m icrom orphology  a n d  divergence, calical form  
a n d  corallite  o rien ta tio n  a re  re la ted  to  en v iro n m en ta l physical fac to rs an d  from  th ere  
to  d is tr ib u tio n a l lim ita tions.

Somes conclusions d raw n  from  th e  o b serva tion  o f liv ing sclerac tin ians a re  th e n  
te n ta tiv e ly  used  as a  guideline for in te rp re tin g  th e  significance o f an c ien t coral-sed im ent 
d is tr ib u tio n  p a tte rn s .

Palaeoenvironm ental studies of coral-sediment relationships throughout the  
100 m. th ick  Viséan shelf sediments of the  Sligo Basin (N.W. Ireland) indicated the 
potential of coral assemblages as micro-environm ental indicators (H ubbard, 1966a, b ; 
1970a, b). These observations were then  compared w ith analogous rugose and 
tabu la te  assemblages in the Lower Palaeozoic of Scandinavia. This enabled the 
distinction of facies — linked fabrics of environm ental origin to  be isolated from 
those resulting from genetic control. In  both  areas the following facies-linked 
features were found to  be repetitive and therefore were regarded as environm entally 
significant factors :

(1) Calical geom etry w ith sediment size.
(2) Calical diam eter w ith sediment size.

(*) Geology D ep a rtm en t, K in g ’s College, L ondon  U nivers ity , S tran d , L ondon, 
W C2R 2LS —  E ngland .
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(3) Angle of attachm ent/branching w ith substrate stability.
(4) N um ber of calices per un it area w ith substrate type.
(5) Skeletal malformities were m ost common in beds which show evidence of varia­

tions in sedim ent accum ulation rate.
(6) Skeletal alterations w ith sediment type.

These observations were then  used as a basis for developing com parative 
laboratory  experim ents on :

(1) functional morphology; (2) ecological distribution, and (3) preservation of 
living scleractinian corals from the  Caribbean province (H ubbard & Pocock, 1972; 
H ubbard, 1972; H ubbard, 1973; H ubbard, in press; H ubbard, in  preparation).

F irst ecological distribution patterns were noted in SCUBA dives to  68 m . in 
as m any extrem e environm ents as possible off Berm uda, Puerto  Rico, Curaçao, 
Panam a, Y ucatan and Florida. Then 28 characteristic species, which had  previously 
proved capable of survival for long periods in an  open w ater circulating aquarium  
in Miami, were selected for laboratory experiments. These were first subjected to 
cine-filmed sediment-shedding experiments, in which all the  corals were inundated 
w ith a 3 cc. sample of sand particles of m ixed grain size which had been differentiated 
by colour painting the  size fractions according to  W entw orth’s scale (H ubbard & 
Pocock, 1972). Then 21 of these species were subjected to  graduated current experi­
m ents by constructing a vernier on the inflow control tap  and calculating the rate  
of flow from samples collected in a 100 ml. measuring cylinder over 10 sec. periods. 
Thereafter all the  corals were m aintained in the  aquarium  for periods of up to  two 
years during which the ir skeletal increm ents were m arked w ith Alizarin R ed S a t 
m onthly intervals. Finally they  were all fixed in buffered G lutaraldehyde and stained 
w ith Eosin and H aem atoxylin prior to  embedding in epoxy resin. The specimens 
were sliced for pétrographie, histological and u ltrastructu ral distinction of genetic 
fabrics from diagenetic alteration  products. I t  was then  possible to  integrate the 
distribution patterns of these corals w ith the ir functional skeletal properties, and 
w ith those skeletal fabrics which had developed in the  aquarium.

1. Skeletogenetic — diagenetic fabrics

Recognition of the  intim ate relationship of living tissues to  skeletal fabrics is 
fundam ental to  the  understanding of the  preservation of coral skeletons as it has 
a direct bearing on the  intraskeletal chemical micro-environments which result in 
in ternal precipitation and dissolution. Living scleractinian corals have long been 
known to  be infested w ith a host of boring and encrusting commensal, symbiotic and 
saprophytic organisms (H ubbard, 1972) : bu t the ir alteration products a t  pétro­
graphie and u ltrastructu ral level are equally complex and could readily result in 
taxonom ically confusing skeletal margins on recrystallisation during fossilisation.

The unnaturally  low pH  and nutritional deficiencies of Biscayne B ay w ater 
used in  the  aquarium  prevented skeletal thickenings from forming, b u t resulted in 
m any m alform ational skeletal thinnings e.g. Cladocora developed etioliated corallites 
w ith a reduced epitheca and pronounced carinae, while internally  all the  skeletons 
are heavily infested w ith filamentous organisms which result in a pseudo-micritisa- 
tion  tex ture . The inhibition of skeletal grow th and concom m itant heavy alteration 
by  infestation are a ttrib u ted  to  influences resulting from sustaining the corals in  an 
adverse aqueous environm ent which m ust have been somewhat alien to  th e  reefal 
organisms.



A SPE C T S O F R E E F  A N D  SE D IM E N T O L O G IC A L  S T U D IE S  145

2. Behavioural responses

The polyps’ behavioural responses appear to  be related to  a subtle neuroid 
control over their three intersecting sets of sheet muscle tissues (Hubbard, 1973). 
This allows the polyps to  :

(1) extend as elongated tubes w ith long sensitive tentacles; (2) partially  re trac t 
as short squat protrusions w ith insensitive stubby  tentacles; (3) re tract the  tentacles 
while the  polyp remains distended ; (4) to  completely re trac t so their tissues lie flush 
w ith the skeleton. On retraction  each ten tacu lar un it comes to  rest im m ediately 
above the  oral end of the  septum.

All corals are capable of moving fine sand and silt by ciliary action. Coarser 
grades of m aterial are commonly moved by polypal distension resulting from the 
stomodeal uptake of water. The am ount of extension is variable up to  400 % volume 
increase : this can be correlated w ith the  calical surface area (H ubbard & Pocock, 
1972). Thus calical form can be related to  polypal behaviour viz those genera which 
use ten tacu lar action as a further aid to  sediment-shedding, e.g. Porites have 
fenestrate or ornate septal structures ; whereas the  more passive polyps tend  to  have 
smoother septa. The angle of diversion of the septa and their ornam ent can be used 
as further guides to  polypal activ ity  as these sym m etrical elements are related to  
stress directions and the stabilisation of the  polyp’s muscle tissue sheets. Thus high 
angle septal divergences are commonly associated w ith active polyps, e.g. Diploria, 
and flat floored calices tend  to  contain less active polyps e.g. Solenastrea.

The orientation of calices is of fundam ental significance to  the  corals’ efficiency 
as (1) a food catcher and (2) a sediment-shedder (Hubbard, 1973). This is, in  turn , 
reflected in  the  internal orientation of the  skeletal elements developed in the corallites 
as they  reflect former polyp-water interfaces. Thus colonial corals can be ascribed 
to  various degrees of coloniality which are dem onstrated by their behavioural 
responses to  grade from (1) pseudo-solitary behaviour in fasciculate corals, through
(2) partial integration in cerioids, to  (3) complete integration in meandrines. Thus 
both calical form and corallite orientation m ay be closely related to  sediment- 
shedding capacities and consequent distributional lim itations.

All corals respond to  increased current velocities by gradually w ithdrawing 
their polyps from being fully distended to  completely retracted . On cessation of the 
current the  polyps gradually reverse their retraction  sequence until they  are fully 
recuperated and capable of grasping prey. B oth rates of retraction  and recuperation 
result from compound behavioural responses which vary  irrespective of taxonom ic 
relationship (Table 1). Thus it  is possible to  group these behavioural responses into 
nine categories which correspond with the corals’ micro-environmental distribution 
patterns in  their common hab ita ts in the Caribbean.

3. Distribution patterns

I t  is now possible to  begin to  correlate coral distribution patterns w ith their 
hydrodynam ic settings and consequent sedimentological regimes in living scleractin­
ian coral communities in the  Caribbean (Hubbard, in preparation). Current velocity 
is one significant factor affecting early colonisation patterns. Thus a polyspecific 
com m unity initially settles an area in such a m anner th a t each coral obtains its 
basic requirem ents. W ith tim e the  corals themselves influence the local hydrodynam ic 
setting so th a t  those species which thrive in strong currents dom inate the  topography 
and result in monospecific mounds. As the  com m unity evolves, more tranquil areas 
develop between the main frame-building corals and these are later occupied by
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other species requiring such hab ita ts : th is results in the polyspecific mounds com­
monly defined as patch reefs. Thus it  is now possible to  relate lateral distribution 
patterns to  vertical sequences in evolving communities.

T A B L E  I

Syn thesis of combined polypal retraction and recuperation rates plotted according to the 
behavioural responses to graduated calibrated-current experiments.

( H u b b a r d , i n  p r e p a r a t i o n ) .
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T he sym bols defining each  b eh av io u ra l group  a re  sequen tia lly  a rran g ed  so th a t  th e  
first p a ir  re la tes to  re tra c tio n  ra te s  u n d e r  increasing cu rren t velocities, w hile th e  second 
p a ir  refers to  recupera tion  responses u n d e r am b ien t conditions on cessation  o f cu rren t 
flow, w here X  =  fas t, —  =  slow, an d  O =  pause  in  po lypal response ra te s . T hus fa s t 
re tra c tio n  before a  pause follow ed b y  fa s t recupera tion  =  X /O X  ; w hereas slow re trac tio n  
before fa s t recu p era tio n  =  — /X ; a n d  a  pause  before fa s t re tra c tio n  an d  fa s t re cu p e ra ­
tio n  =  O X /X . T he ch ief fram e bu ild ing  coral, M ontastrea annularis, show s consisten tly  
rap id  responses, w hereas pauses in  response ra te  a re  found  in  those  species w hich belong 
to  subsid iary  h a b ita ts  such as th e  m ore sheltered  a n d  specialised areas . W hereas these 
groupings c u t across b o th  taxonom ic  re la tionsh ip s a n d  genera lly  accep ted  b ro ad  ecolo­
gical zones th e y  co rrespond  w ith  th e  m icro -env ironm en ta l stra teg ies ou tlined  in  th e  
h y d ro dynam ic-troph ic  m odel p o stu la ted  by  H u b b a rd  (in p repara tion ).
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4. Application to the geological record

In  so far as these experim ents concerned living scleractinian corals which are 
found in the  Pleistocene of the  Caribbean it  is possible to  apply these findings directly 
to  these communities. B ut it is also possible to  use these findings as a guideline for 
interpreting the significance of the  ancient coral-sediment d istribution patterns 
which were noted previously bu t barely explained.

The basic param eters which are common to bo th  living and extinct groups are :
(1) Geometry of the  calice.
(2) Calical surface area.
(3) N um ber of septa per calice.
(4) N um ber of corallites per un it area.
(5) Angle of branching.
(6) Skeletal malformities.
(7) D estruction of skeletal fabrics by bioerosion, dissolution, precipitation and 

diagenesis.

Since each corallite records a vertical stacking of fabrics which are in effect super­
imposed relic calices, an understanding of the  three dimensional geometrical recon­
struction of the  calice is of the u tm ost importance. Thus each in tertabular interval
records the m icro-environm ental influences and subsequent diagenetic consequences 
of a short period of time. Except where growth has been m arkedly irregular it  is then 
possible to  trace parallel developments in contiguous corallites.

Since the Palaeozoic assemblages comprise soft-bottom ed communities the 
m ajor angular relationships of consequence are those of (i) basal dichotom y (Fig. 2a) 
which reflects stab ility  relationships w ith the  substrate; and (ii) angle of inclination 
of the inferred feeding surface area (Fig. 2b). These relationships are summarised 
in Fig. 1 and were originally reconstructed from observations on the variation  in 
growth forms of lithostrotionid coralla in the  Yiséan of Cos. Sligo and Leitrim  (H ub­
bard, 1966b, 1970a; H ubbard  & Pocock, 1972) whence variation in associated sedi­
m ent accum ulation rates can easily be ascertained from observations on the  adjacent 
trace fossil assemblages (Fig. 2).

The m ost im portan t angular relationship is a which increases in size approxi­
m ately in proportion to  the grain size and consequent stability  of the  substrate. 
As in P ythagoras’ theorem  a bears a constant relationship w ith y -f- S in each phase 
of standardised growth. The second most im portan t angular relationship is ß which 
is the  angle of inclination of the feeding surface area and is thus of m arked trophic 
significance. However ß’s relationship to  the  contiguous sediment is more variable 
as the overlying sediment is even more often of posthumous origin. Nevertheless as 
w ith a, ß shows a constant relationship to  the sum of s +  cr in each phase of growth. 
Angles a and ß are independently variable and m ay even vary  w ithin one corallum. 
W hereas a  reflects stability  relationships w ith the  substrate, ß is a relic of trophic 
adjustm ent. The plane x which unites the two superimposed triangles not only 
indicates the polyp-water interface, bu t also approxim ately jiarallels the  sediment/ 
substrate-w ater interface. This angular relationship is simpler in soft-bottom ed 
communities, where ad justm ent is likely to  be more gradual, th an  in the  hard-bo t­
tom ed communities of living reefs where drastic storm  damage frequently causes 
bizarre overgrowths. I t  is nevertheless possible to  use this angular relationship as
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Fig . 2. —  F ie ld  sketch  o f th e  re la tionsh ip s betw een  a  fascicu late  lith o s tro tio n id  colony, 
th e  contiguous sed im ents a n d  associa ted  tra c e  fossils from  S erpen t R ock . T he colony 
orig inally  grew' on a com pac tab le  w ackestone  su b s tra te  -which w as su bsequen tly  bu rrow ed  
by  rhizocoralium  ; th e  ra te  o f accum ula tion  th e n  v a ried  allow ing th e  u p p er p o rtio n  of th e  
tra ce  fossil to  be eroded  p rio r to  th e  n e x t phase  of in u n d a tio n  w hich in  tu rn  becam e 
ch u rn ed  b y  chondrites before passing  u p  in to  a  m ore m assive, coarser g ra ined  wracke- 
stone  —  packstone . T he colony show s a  m ark ed  change in  angle  o f d icho tom y  w hich 
coincides w ith  th e  in ferred  change in  m icro -env ironm ent from  m ore tu rb id  W'aters writh  
a n  essen tia lly  « squ ishy  » sea b ed  to  clearer cond itions in  w hich wnnnowing p red o m in a ted

over sed im en t accum ulation .

a form of guideline for interpreting hard-bottom ed communities as showm in Fig. 3. 
B u t the  rule is no t infallible as there are certain growth habits in which corallites 
proliferate around dichotomising branches which defy this argum ent e.g. Acropora 
and Oculina (Fig. 3).

The potential of colonial coral colonies as micro-environmental indicators is 
ye t to  be realised. The future of such studies lies largely in the  understanding of the 
skeletogenetic-diagenetic variables such as the facies-associated stereozone and 
amplexoid trends (Fig. 4). Once such phenomena, and m any others, are fully under­
stood it  should then  be possible to  differentiate micro-environmental changes within 
the range of d istribution of each species. But, as yet, skeletogenetic-diagenetic 
studies are a t a very prelim inary sta te  of investigation.

Fig. 1. —  A ngu lar re la tionsh ip s in  colonial corals belonging to  soft b o tto m ed  com m unities :

A. Schem atic  d iag ram  of th e  an g u la r re la tionsh ip s of a  ty p ica l colonial coral to  (1) th e  
sed im en t-w a ter in terface , a n d  (2) th e  feeding surface a re a ; w here a =  angle of 
b asa l d icho tom y , ß =  angle o f feeding-surface a rea , v. =  p lane  o f co n ta c t betw een  
tr ia n g u la r  cross sections m ad e  b y  th e  superim position  o f ß on a, co =  section  th ro u g h  
a . ty p ica l p o lypa l u n it  a rea .

B , C, D  & E  a re  ch arac te ris tic  li th o s tro tio n id  g row th  form s found  in  d is tin c t associations. 
T he b a r  scale is 0.25 m  long in  each case.

B , & C occur as b o th  cerioid  a n d  fasc icu la te  fo rm s associa ted  w ith  a  stab le , u n co m p ac tab le ’ 
coarse g ra ined  w ackestone —  g ra in stone  su b s tra te . B is com m on a t  S treedagh  P o in t, 
S erp en t R o ck  & E a sk y ; w hile C occurs in  cerio id  fo rm  a t  E a sk y  an d  in  fascicu late  
fo rm  on K n o ck n arae . T he cerioid form s a re  ch arac te ris tic  o f g ra in stone  su b s tra te s .

D , & E  only  occur in  fasc icu la te  form  a n d  a re  charac te ris tica lly  found  on  irregu la rly  
com pac ted  chondrites ch u rn ed  w ackestone  su b s tra te s  w est o f S treedagh  P o in t, a t  
Serpen t R ock  a n d  in  K nocknarae .
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amplexold

F ig . 3. —  T ypical cross sections of co ra llite  fea tu res  com m only  illu s tra te d  in  taxonom ic
stud ies o f C arboniferous corals w hich  give li t t le  ind ica tion , if  a t  all, o f th e  d iagenetic  

fab rics as d is tin c t from  those  of skeletogenetic origin.
A. shows a  w ell developed sclerozone w hich occupies th e  low er tw o q u a d ra n ts  a n d  is 

asy m m etrica lly  developed in  re la tion  to  th e  ca rd in a l fossula.
B . il lu s tra te s  th e  ch arac te ris tic  am plexoid  sep ta l tre n d  w hich com m only resu lts  in  

irreg u la r tap e rin g  o ra l ends to  th e  sep ta  w hich are  suggestive o f d isso lu tion  p h en o m en a .

F ig . 4. —  Schem atic  section  across th e  ax is o f a  re e f to  show  th e  re la tionsh ip  betw een
ex te rn a l g row th  form , in te rn a l corallite  d ichotom ies an d  su b s tra te  re la tionsh ip s in  

ree fa l/h a rd  b o tto m ed /en c ru stin g  com m unities in  a  range of m icro-environm ents.
A. The o p tim a l hem ispherical g row th form  resu lting  from  c o n stan t rad ia l increase is 

lim ited  to  th e  ideal conditions o f eq u a l lig h t in te n s ity  an d  nourishm en t.
B. Low  en crus ting  a sy m m etrica l g row th  form  resu lting  from  m arg ina l increase in  a reas 

o f in tense  w av e /cu rren t action .
C. O btuse isoscele g row th  ch a rac te ris tic  o f colonies liv ing  n e a r low  w a te r sp ring  tid e  

level.
D. M acro-ellipsoidal hem ispherica l g row th  ch a rac te ris tic  o f deeper w ate rs  an d  areas 

w here th e re  is m u ch  com petitive  crow ding.
E . O btuse scalene g row th  ch arac te ris tic  o f a tta c h m e n t to  h igh  angle slopes an d  areas 

w ith  a  p red o m in an t c u rre n t d irection .
F . A cu te  scalene g row th  charac te ris tic  o f foliaceous, plocoid an d  as te rio id  or sto lonal 

g row th  form s w here po ly p a l p ro lifera tion  is m arg ina l a n d  asym m etrica l. T his is 
ch a rac te ris tic  o f deep, sheltered , or d a rk  qu ie t w a te r env ironm ents.

G. A cu te  isosceles g row th  ch a rac te ris tic  o f fasc icu la te  an d  plocoid form s w here th e re  is 
overcrow ding, h igh  sed im en ta tio n  ra te s  a n d  reduced  illum ination .

H . Loosely b ran ch in g  form s w ith  d icho tom ising  w ith in  each b ran ch  e.g. Acropora  an d  
O culina  w hich do n o t f it in to  th is  sim plified schem e re la tin g  corallite  d icho tom y 
p a tte rn s  to  su b s tra te  ty p es , m ic ro -env ironm en ta l con tro ls an d  angles o f in itia l 
s tab ility .
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