
HELGOL,~NDER MEERESUNTERSUCHUNGEN 
Helgol/inder Meeresunters .  49, 539-551 (1995) 

Benthos  structure on trop ica l  t idal  i lats of Austra l ia  

S. D i t t m a n n  

Zentrum ffir marine Tropendkologie, I~agenfurter Strafle, GEO 
D-28359 Bremen, Germany 

ABSTRACT: General  features of benthos  communities of tropical tidal flats are defined from 
northeast  Australia, based  on surveys from 1988 to 1991 in Hinchinbrook Channe l  and in the 
Haughton  River estuary. A zonation of benthic  communities is described. Total abundances  for 
macrofauna averaged 31 individuals 200 cm -2, mesofauna (defined as infauna smaller than 0.5 mm 
and retained on a 0.25 mm sieve) averaged 16 individuals 10 cm -~ and meiofauna averaged 231 
individuals 5 cm -2. The two study sites were similar in their abundance  structures, but  species 
numbers  were higher  in Hinchinbrook Channel  (227) than in the Haughton estuary (96). This w a s  

due to a higher  diversity of polychaeta in the Channel  (120 species, H' = 3.80 vs. 29 species and  H' = 
1.78 in the Haughton  estuary). Species densities were comparable at both sites and  rather  low (6 
species 177 cm -2, 2-7 species 10 cm 2 and 5 meiobenthic  Plathelminth species 5 cm-2). Over 50 % of 
the species encountered were represented by less than three individuals. Deposit feeders dominated 
the assemblages both in terms of individuals as well as species numbers.  Tropical tidal flats are 
compared with their temperate counterparts and  approaches for future research in tropical benthos  
communities are recommended.  

I N T R O D U C T I O N  

W h y  s h o u l d  i n t e r t i d a l  b e n t h o s  c o m m u n i t i e s  in  t h e  t rop ics  differ  in  t h e i r  s t r u c t u r a l  a n d  

f u n c t i o n a l  c o m p o s i t i o n  f rom the i r  t e m p e r a t e  c o u n t e r p a r t s ?  G e o g r a p h i c a l  d i f f e r e n c e s  a n d  

a w i d e r  r a n g e  of h a b i t a t s  w e r e  s o m e  of t h e  f ac to r s  p r o p o s e d  to p r o d u c e  a h i g h e r  d ive r s i t y  

in  t he  t rop ics  (Sande r s ,  1968). Yet  t he  r a n g e  of p h y s i c a l  h a r s h n e s s  is ju s t  as  g r e a t  w i t h i n  

t he  s a m e  l a t i t u d e  as we l l  as  b e t w e e n  l a t i t u d e s  a n d  d e m a n d  c o r r e s p o n d i n g  a d a p t a t i o n s  in  

e i t h e r  case .  T h e o r i e s  o n  t r o p i c a l - t e m p e r a t e  d i f f e r e n c e s  d e v e l o p e d  o n  r a t h e r  s p e c u l a t i v e  

b a c k g r o u n d s  o v e r  t he  las t  d e c a d e s  a re  e n j o y i n g  a r e v i v a l  of d i s c u s s i o n  as  t h e  va r i ab i l i t y  

in  h a b i t a t s  a n d  b e n t h i c  c o m m u n i t i e s  in  the  t rop ics  b e g i n s  to b e  a c k n o w l e d g e d .  T h e  

r e c e n t  i n c r e a s e  m r e s e a r c h  in t rop ica l  s o f t - s e d i m e n t s  h a s  no t  c o n f i r m e d  t h e  m y t h  of 

h i g h e r  d i v e r s i t y  (Alongi ,  1990). A t  p r e s e n t  a n  u n s u s p e c t e d  d e g r e e  of s imi la r i ty  is e n c o u n -  

t e r e d  a n d  a n a l o g u e  c o m m u n i t i e s  h a v e  b e e n  d e s c r i b e d  in  t rop ica l  a n d  t e m p e r a t e  s ea s  

(Reise,  1991: V a r g a s ,  1987., W a r w i c k  & R u s w a h y u n i ,  1987). Th i s  is c o n f r o n t e d  b y  a n  

a w a r e n e s s  of our  l i m i t e d  k n o w l e d g e  on  t rop ica l  b e n t h o s  in  t e r m s  of t a x o n o m y  a n d  

d e s c r i p t i v e  b i o l o g y  as  we l l  as eco log i ca l  p r o c e s s e s  d e t e r m i n i n g  t h e  c o m m u n i t i e s  a n d  

w h e t h e r  t h e  a n a l o g i e s  w e  s ee  imp ly  s imi l a r  f u n c t i o n i n g  o n  t he  e c o s y s t e m  leve l .  T ida l  f lats  

in  t rop ica l  n o r t h e a s t  A u s t r a l i a  w e r e  i n v e s t i g a t e d ,  i n c l u d i n g  s u r v e y s  to p r o v i d e  i n f o r m a -  

t i on  o n  t h e  b e n t h i c  a n i m a l s  a n d  t h e i r  z o n a t i o n  p a t t e r n s .  T h e  s a m e  m e t h o d s  a n d  

a p p r o a c h e s  as  w e r e  e s t a b l i s h e d  for i n t e r t i d a l  r e s e a r c h  in  t h e  K 6 n i g s h a f e n  a t  t h e  i s l a n d  of 

Syl t  (Reise,  1985~ w e r e  app l i ed .  D e t a i l e d  a c c o u n t s  o n  s p e c i e s  a s s o c i a t i o n s  a n d  in te r -  

a c t i o n s  a re  i n  p r e p a r a t i o n .  As a s y n t h e s i s ,  t h e  a i m  of th i s  p a p e r  is to p r e s e n t  m a j o r  a s p e c t s  
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of benthos communit ies  in the inves t iga ted  tropical tidal flats, to point out  criteria that 

differ from their t empera te  counterparts,  and to develop perspect ives  for future research. 

STUDY AREA AND METHODS 

Two tidal flats were  studied along the northeast  coast of Queens land  (Fig. 1). On the 

landward  side of Hinchinbrook Channe l  (18 ~ 20' S, 146 ~ 3' E) tidal flats ex tend  as a 0.5 km 
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Pig, 1. Locat ion of t he  t idal  f iats  s t u d i e d  on  the  n o r t h e a s t  coas t  of Aus t r a l i a  
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wide fringe be tween  the mangroves  and the subtidal. An extensive tidal flat area (5 km 2) 

lies in the mouth of the Haughton  River, f lowing into Bowling Green Bay (19 ~ 25' S, 147 ~ 

5' E). Hinchinbrook Island is located at the southern end of the wet  tropics; whereas  the 

Haughton  River lies in the dry tropics and has more seasonal  summer rainfall. Sediment  

was finer in the Haughton  estuary than in the Channel  and not well  sorted at both sites 

(Table 1). Tides are semidiurnal  and the current  flows southward along the Queens land  

coast. Salinity was marine over most of the year  and can vary be tween  25 and 41%o, 

according to Alongi (1988). 

Table 1. Physical parameters at the two tropical tidal flats studied 

Physical parameter Hinchinbrook Channel Haughton estuary 

Temperature (~ 
summer 31 29 
winter 26 26 

Total annual rainfall (ram) 2334 1152 
Average monthly rainfall 

summer (ram) 310 181 
winter (mm) 79 11 

Tidal range neap (m) 0.6 0.6 
Tidal range spring (m) 2.4 2.3 
Median grain size (mm) 0.42 0.12 
Sorting coefficient 1.70 1.32 
Organic matter (% dw) 2.45 2.37 

The benthos communit ies  were  assessed by quali tat ive mapping and quanti tat ive 

sampling. Two locations in Hinchinbrook Channel  were  surveyed on five occasions over 
four years (November  1988, May 1989 and 1990, October 1989 and 1991). On each 

occasion and site, 6-10 samples were  taken  randomly for every benthos size (macro-, 

meso- and meiobenthos).  In the Haugh ton  estuary, five sites were  sampled in April  and 
Sep tember  1991 with 5 replicate samples each and for every benthos size. These  sites lay 

along a transect from the high (mudflats) to the low intertidal (sandflats). Core sizes used 
were  177 cm 2 for macrofauna,  10 cm 2 for mesofauna  (small macrofauna) and 5 cm 2 (1.8 

c m  2 in muddy  sediments) for meiofauna.  Macrobenthos  samples were  taken to a sedi- 
ment  depth  of 20 cm, all other samples  to 5 cm. Sieve sizes used were  1 mm for 

macrofauna (Hinchinbrook Channel) and 0.5 mm in the Haughton  estuary (to account  for 

the finer grain size here), for mesofauna  0.25 mm and for meiofauna 0.062 ram. All 
samples  were  t reated alive. Macrofauna was s ieved through the coarser sieves and sorted 

visually from sorting trays. Samples  for mesofauna  and meiofauna were  repea ted ly  

decan ted  through the respect ive sieve sizes and counted under  a dissecting microscope. 

RESULTS 

The following scheme of the zonation of benthos communit ies  emerged,  def ined by 

macrobenthic  organisms structuring the specific sediment  (Fig. 2). Mudflats in the h igher  
intert idal  were  character ized by assemblages  of macrophthalmid  crabs, f iddler crabs and 
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mudskippers.  Patches of cerith snails were frequently encountered  in this region. The 
muddy-sand  mid-intert idal  areas were inhabi ted  by callianassid shrimps. In Hinchin- 
brook Channel  assemblages of brachiopods occurred in this region. Sandflats in the 
lower intertidal were home for a benthic  holothurid and enteropneusts.  Sanddollars were 
frequently found at the edge to the subtidal. Migratory crabs (Mictyris spp.) were 
encountered  throughout  the tidal flats. 

The species stock of benthic organisms was not yet sufficiently sampled with 250 m 2 
of sediment  turned over (Fig. 3). A low species f requency was typical of both study sites. 
Over 50 % of the species occurred with one to three individuals only (Fig. 4). Species 
densities were low as well, but, differentiated by benthos size, higher species densities 
were encountered with smaller corers and sieve sizes used (Table 2). Polychaeta and 
Crustacea were richest in species and polychaetes accounted for 53 % (Hinchinbrook 
Channel ,  H' = 3.80) and 30 % (Haughton estuary, H'  = 1.78) of the species (Table 2). 
The percentage share of crustacea of the total species n u m b e r  was higher in the 
Haughton (33 %) than in the Channe l  (17 %). 
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Fig. 3. Species-area curves of macrobenthic taxa collected in samples for macro- and mesofauna 
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Table 2. Species numbers and densities of benthic organisms in two tidal flats of the Queensland 
coast. The data are based on a total of 238 samples taken over three years in Hinchinbrook Channel 
and a total of 172 samples taken in the Haughton estuary within one year. "Others" include 
macrobenthic taxa with few recordings, such as Nemertines, Brachiopods, Oligochaeta, Sipunculida, 
Enteropneusta, Acrania and Anenomes. Plathelminthes were the only meiobenthic taxon treated on 
species level and their species numbers are not included in the total given for the "classic" 

macrobenthic fauna, which comprises records from meso- and meiofaunal samples 

Organisms Hinchinbrook Channel Haughton estuary 

S p e c i e s  n u m b e r s  
Total 
Polychaeta 
Crustacea 
Bivalves 
Gastropoda 
Echinodermata 
"Others" 
Platyhelminthes 

S p e c i e s  d e n s i t i e s  
Total macrofauna (177 cm 2) 
Total mesofauna (10 cm 2) 
Polychaeta macro 

meso 
meio 

Crustacea macro 
meso 

Bivalves macro 
meso 

Gastropoda macro 
meso 

Platyhelminthes 45 cm 21 

227 96 
120 29 
38 32 
25 13 
24 10 

6 4 
14 8 
71 44 

6.3 _+ 3.4 5.2 _+ 2.6 
7.5 • 3.6 2.3 _ 1.3 
1.7 + 1.5 2.0 _ 1.5 
3.6 + 2.3 1.2 + 0.9 
2.7 • 1.7 1.5 • 1.1 
0.7 • 0.8 1.5 • 1.1 
1.2 § 1.0 0.4 • 0.5 
1.4 • 1.7 0.8 • 0.7 
1.1 § 1.1 
1.5 § 1.3 0.3 • 0.6 
0.7 § 0.9 0.2 § 0.4 

5.0 + 3.5 4.3 § 3.3 

Total  b e n t h i c  a b u n d a n c e s  of all s ize c a t e g o r i e s  w e r e  s imilar  at b o t h  s tudy  s i tes  (Table 

3). P o l y c h a e t e s  a c c o u n t e d  for 27 to 36 % of i nd iv idua l  n u m b e r s .  M e s o f a u n a l - s i z e d  

P o l y c h a e t a  w e r e  m o r e  a b u n d a n t  in H i n c h i n b r o o k  C h a n n e l  t h a n  m a c r o f a u n a l - s i z e d  ones ,  

bo th  in t e r m s  of s p e c i e s  n u m b e r s  a n d  d e n s i t i e s  (Tables  2 a n d  3). C r u s t a c e a  c a u g h t  in 

m e s o f a u n a ]  s a m p l e s  w e r e  ma in ly  a m p h i p o d s :  w h e r e a s  d e c a p o d  c r u s t a c e a n s  w e r e  col- 

l e c t e d  in m a c r o f a u n a I  s a m p l e s .  T h e s e  c r abs  w e r e  more  a b u n d a n t  in the  H a u g h t o n  

es tuary .  Here .  c ru s t acea  a c c o u n t e d  for 2 1 %  of t he  ind iv idua l s  c o m p a r e d  to 12 % in  the  

C h a n n e l .  T h e  h i g h  score  for b i v a l v e s  in  t he  H a u g h t o n  e s tua ry  w a s  d u e  to a s i n g l e  s a m p l e  

t a k e n  in the  s and f l a t  in S e p t e m b e r  1991 c o n t a i n i n g  510 j u v en i l e  te l l in id  m u s s e l s .  Within  

the  m e i o f a u n a ,  n e m a t o d e s  w e r e  the  mos t  n u m e r o u s  t axon  (about  70 %), f o l l o w e d  by 

c o p e p o d s  (17 %) a n d  p l a t y h e l m i n t h e s  (5 %). For  a c o m p a r a t i v e  v i e w  on  ind iv idua l  

dens i t i e s  of t h e  b e n t h i c  s i ze -c l a s ses ,  t he  a b u n d a n c e s  w e r e  t r a n s f o r m e d  to 100 c m  -2 (Fig. 

5). Due  to t he  h i g h  var iab i l i ty  in  a b u n d a n c e s  (note t h e  h igh  s t a n d a r d  d e v i a t i o n s  in  Tab le  

3) a n d  u n k n o w n  a g g r e g a t i o n  p a t t e r n s  of t rop ica l  in fauna ,  this  w a s  p r e f e r r e d  to an  

e x t r a p o l a t i o n  to 1 m -2. Sma l l e r  s i z e - c l a s se s  (< 0.5 ram) w e r e  m o r e  n u m e r o u s ,  e n c o m p a s -  

s ing  both  j u v e n i l e  s t a g e s  of m a c r o f a u n a  as  wel l  as m a c r o f a u n a  m a t u r i n g  w i t h i n  this 
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[ ]  other macrofauna [ ]  Ostracoda 

[ ]  Platyhelminthes 
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Fig. 5. Average benthic abundances for all infaunal categories calculated to 100 cm 2 of sediment. 
Macrofauna in meiofauna samples includes mesofauna and temporary meiofauna (juvenile stages). 

Meiofaunal numbers have to be multiplied by 10 

mesofaunal-s ize  range  (polychaetes and crustaceans) and bivalves which did not develop 

beyond the juveni le  stage. 
Looking at the benthic  fauna of tropical tidal fiats from the perspect ive  of functional 

modes, mobility and deposi t -feeding e m e r g e d  as distinctive. Mobile species (esp. ocy- 

podid, mictyrid and macrophthalmid crabs whose  populat ion densities were  assessed 

qualitatively) were  more prominent  in species and individual  numbers  than sessile 

species. As a feeding strategy, deposi t - feeding appeared  advantageous ,  as deposit- 
feeders  domina ted  the communit ies  in terms of species and individuals (Fig. 6). This 

pat tern was similar in both tidal flats. Fil ter-feeders constituted less than  20 % of the 

faunal  composition, the h igher  share in the Haugh ton  estuary was due to the sample 
ment ioned above.  In neither study area did bivalves attain sizes b igger  than 1 cm and 

they did not agg rega t e  to form beds. About  a quarter  of the species were  predators,  but 

these occurred with few individuals. 
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Hinchinbrook Channel Haughton River estuary 
species species 

_ _  eposit-feeder [ ]  omnivc 
individuals [ ]  predator ~ ]  filter-feeder individuals 

Fig. 6. Composition of feeding modes in the macrobenthic assemblages of the two tropical tidal flats 
studied. The fuli circle represents 100 % 

DISCUSSION 

Research in tropical areas is hampered  by the little amount  of information available 
on taxonomy, natural  histories and populat ion dynamics  of the organisms involved. Thus, 
species accounts often remain  tentat ive and  the interpretat ion of f indings is obscured by 
u n k n o w n  autecological aspects. Species number s  will increase with further sampl ing  and 
taxonomic endeavours.  Compared to temperate  tidal flats, macrobenthic  species num- 
bers are higher in the tropics (Reise, 1991). This trend, applied to crustacea and  molluscs, 
can be confirmed from tidal flats in NE Australia, where  polychaetes emerged  as a furthei 
group rich in species. The use of smaller  sieve sizes contr ibuted to the high species 
numbers  of polychaetes recorded here. Polychaeta also contr ibuted the most species tc 
the benthos communi ty  in a central  Amer ican  mudflat  s tudied by Vargas (1987). Species 
numbers  of meiofaunal  p la tyhelminthes  were lower than in temperate  tidal flats, bu t  the 
taxonomic composition a n d  diversities in corresponding sediment  types were  comparable 
with worldwide findings (Dittmann, 1991}. 
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Abundances  of benthos in NE Australia amounted  to 158 ind m -2 for macrofauna and 
15840 ind m -2 for mesofauna.  These values are higher than those reported from other 
southeast Asian locations (see Reise, 1991) and more comparable to abundances  on the 
coast of Costa Rica (Vargas, 1987, 1988a). Yet, they were considerably lower than 
abundances  from temperate intertidal (Reise, 1985, 1991). The trend of lower individual  
and higher species numbers  for the tropics can be confirmed. Diversity however, as 
expressed by Shannon-Weaver ' s  index, remained within the range of H'  = 1-4 for the 
polychaetes in this study, for the benthos in a Costa Rican mudflat (Vargas, 1987, see also 
review by Alongi 1990 for other tropical sites) and for benthos in a temperate tidal flat 
(Dittmann, 1990). Meiofauna numbers  were dominated by nematodes  in this study 
(70 %), in Costa Rica (82 %, Vargas, 1988b) and in the temperate bay of K6nigshafen 
(37-61%,  Reise, 1985). Alongi (1987) reported platyhelminthes (turbellaria) as the 
dominat ing meiofaunal  group in tropical sediments,  which could not be confirmed here 
(Dittmann, 1991). Small-sized macrofauna was abundan t  in all intertidal areas studied 
along the tropical Queens land  coast (Fig. 5). The mesh size of 0.25 mm used in this study 
obtained high density values for this size-class of benthos previously missed by studies 
using 1 or 0.5 mm sieves for macrofauna, and sieves with a 0.25 mm mesh are recom- 
mended  for further benthic  studies. A similar approach of stratified sampling was applied 
by Reise (1991), who separated sediment  layers of core samples, sieving upper  horizons 
through finer mesh (0.25 and 0.5 m) than lower sediment  layers (1 mm). Separate 
sediment  cores were taken in this study to evaluate densities of benthic-size categories. 
The small macrofauna trapped on a 0.25 mm sieve were termed as mesofauna,  as this 
mesh lies be tween  the classical sieve size distinctions for macro- and meiofauna 
(McIntyre, 1969). They do not live interstitially and do not share life strategies with the 
pe rmanen t  meiofauna.  They differ from temporary meiofauna (juvenile stages of macro- 
faunal in that they mature in this size-class. The concept of a mesofauna intermediary 
be tween  meio- and macrofauna also implies a different web of processes in  the benthic  
realm of {tropical) sediments,  which calls for further investigations. At the other end of the 
size-scale. "megabenthic"  organisms were difficult to quantify as their populat ion 
densities are not assessable with corers. Crabs in the mudflat for example, retreat into 
their burrows as soon as people are present  and  it remains u n k n o w n  which percentage of 
the populat ion will emerge again. Attempts to evaluate densities of crabs by a balloon- 
suspended camera failed. Burrows can reach a considerable depth (e.g. > 1 m for 
C. australiensis (Kenway, 1981)) exceeding every effort to dig residents out of their hole. 
Holothurids in the sandflat were often inactive and no faecal casts could be seen during 
many visits to the field. So far. "megabenthic"  populat ion areas were est imated by 
qualitative mapping  and found to relate to the main  sequence  of sediment  types from the 
high to the low intertidal regions. They are the organisms structuring the benthic  realm, 
thus providing living space for associated fauna, genera t ing  a respective biocoenosis 
(Fig. 2). Thus. the benthos  communit ies  will be defined according to the classical concept 
of biocoenoms (Reise, 1980). The n a m i n g  of the communit ies  will follow in a further 
pubhcation, together with a description of the associated infauna. 

To overcome the problem of taxonomic hazards, functional modes were classified, an 
approach leading to turther quest ions of why mobility is advantageous,  why there are no 
filter-feeders and  how is the food web result ing in a dominance  of deposit-feeders. These 
questions have to be addressed in future research. A look at functional modes is useful. 
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but,  e spec ia l ly  for t ropical  t idal  flats, c lass i f ica t ions  are  of ten specu la t ive  d u e  to a l ack  of 

in fo rmat ion  on na tu ra l  history.  

The  low spec i e s  dens i ty  and  the  h i g h  var iabi l i ty  in a b u n d a n c e s ,  e v e n  of f r e q u e n t  
species ,  a d d  a h i g h  d e g r e e  of u n c e r t a i n t y  to spat ia l  d is t r ibut ions  of i n f a u n a  in t rop ica l  

sed iments .  This  has  to be  a d d r e s s e d  by  e x t e n s i v e  and  e l abora t e  s a m p l i n g  schemes .  

Sma l l - s ca l e  d is t r ibu t ion  pa t t e rns  are  also a f fec ted  by biot ic  in terac t ions .  F i e ld  exper i -  

m e n t s  r e v e a l e d  p r e d a t i o n  by fo r ag ing  crabs  on  m e i o f a u n a  (Dit tmann,  1993) a n d  a c c o m -  

m o d a t i o n  of i n f auna  in b u r r o w s  of c a lhanas s id  shr imps  (Dit tmann,  unpub l . ) .  T h e s e  

e x p e r i m e n t s  s h o w e d  that  the  role  of p r e d a t i o n  a n d  a c c o m o d a t i o n  in s t ruc tu r ing  in te r t ida l  
fauna,  as p r o v e n  for t e m p e r a t e  t idal  flats (Reise, 1985), a re  ve ry  a p p l i c a b l e  to thei r  

t ropica l  counte rpar t s .  C a g e s  e x c l u d i n g  m a c r o p r e d a t o r s  c h a n g e d  the  s p e c i e s  compos i t i on  
in a t ropical  mudf l a t  s tud i ed  by  Vargas  (1988a), ye t  he  cons ide r ed  m a c r o b e n t h i c  p r e d a -  

t ion un impor tan t .  M o r e  f ield e x p e r i m e n t s  shou ld  be  car r ied  out  in t rop ica l  t ida l  flats to 

ga in  ins igh t  in to  the  eco log ica l  p roces se s  s t ruc tu r ing  thei r  c o m m u n i t i e s  a n d  to c o m p a r e  

func t iona l  a t t r ibu tes  of c o m m u n i t y  compos i t ion  b e t w e e n  t ropical  and  t e m p e r a t e  coun te r -  

parts.  
In conclus ion ,  the  n e e d  for smal l  t e a m s  of scient is ts  should  be  e m p h a s i z e d ,  compr i s -  

ing  t axonomy,  p o p u l a t i o n  dynamics ,  c o m m u n i t y  ecology,  mic rob io logy  a n d  s e d i m e n t  

chemis t ry  as the i r  b a c k g r o u n d .  The i r  co l l abora t ion  on conc i se  ( expe r imen ta l )  p ro jec ts  

w o u l d  i nco rpo ra t e  the  his tor ical  s e q u e n c e  of descr ip t ive ,  ana ly t ica l  a n d  m o d e l l i n g  
app roaches .  T h e s e  jo in t  v e n t u r e s  cou ld  t ack le  ques t ions  m e n t i o n e d  a b o v e  of  b iodivers i ty ,  

eco log ica l  p rocesses ,  t r o p h o d y n a m i c s  a n d  de t r i ta l  flow, a iming  to g e n e r a t e  m a n a g e m e n t  
and conse rva t i on  s t ra teg ies  [or t ropica l  coas t l ines  wh ich  are  u n d e r  i n c r e a s i n g  env i ron -  

m e n t a l  pressure .  
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