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This paper examines changes in species richness, abundance, and biomass of the intertidal 
benthic macrofauna of wave exposed sandy beaches in response to changes in beach type from 
reflective to dissipative extremes. Trends in six different geographical areas are compared, 
making use of both published data and recent field data from the south central coast of Chile. 
A new index, based on the log of the dimensionless fall velocity, which incorporates measures 
of wave energy, sand fall velocity, and tidal range, provides a better estim ate of beach type than 
the dimensionless fall velocity alone. Species richness is found to be controlled primarily by the 
physical environment, increasing predictably from reflective to dissipative beaches. This con­
trol appears to be a conservative feature of sandy beaches, differing little between different 
zoogeographic provinces. Abundance and biomass follow sim ilar patterns but are more variable 
and appear related also to surf zone productivity and wrack inputs, which in tu rn  are influenced 
by wave energy. Although sand particle size and wave climate are both important, we argue 
that direct control on beach populations is via the swash climate, which changes significantly 
between d ifferent beach types. Morphology, body size, m eans of locomotion, and taxonomic 
composition of the fauna may demonstrate evolutionary consequences of adaptation to different 
swash climates.

ADDITIONAL INDEX WORDS: Sandy beach, macrofauna, species richness, abundance, bio­
mass, swash.

INTRODUCTION

E x p o sed  sa n d y  b e a c h e s  a re  a m o n g s t th e  
h a rsh e s t a q u a tic  ecosystem s on e a r th . D ynam ic 
an d  a p p a re n tly  fea tu re less , these  env ironm ents 
co nsist only o f  w a te r  and  san d  an d  can  be fully 
defined in  te rm s of wave clim ate , san d  partic le  
size, an d  tid e  ran g e . I t  is  th erefo re  no t su rp r is ­
in g  th a t  beaches have been lik en ed  to ‘m arine 
d e se rts ’ ( M c L a c h l a n ,  1983). As in  th e  case of 
d ese rts , w here an im als  a re  adap ted  p rim arily  
to coping w ith  th e  physical ex trem es and  bio­
lo g ic a l in te r a c t io n s  a re  of l i t t l e  im p o rta n c e  
( N o y - M e i r ,  1979), th e  d is trib u tio n  an d  ab u n ­
dance of th e  fau n a  of sandy  beaches m ig h t be 
expected to  be contro lled  p rim arily  by physical 
conditions.

D espite  th is  seem ingly  obvious assum ption , 
sandy  beach re sea rch ers  have h ad  li t t le  success 
in id en tify in g  physica l fea tu re s  con tro lling  the
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fauna  or in  d em o n stra tin g  s ta tis tic a lly  signifi­
c an t re la tio n sh ip s  betw een beach fau n a  and  th e  
physical environm ent. P a ra m e te rs  re la tin g  to 
th e  san d , such  a s  p a r tic le  s ize , m o is tu re  con­
te n t, and  p en e trab ility , have  been sing led  ou t 
in  m ost cases, b u t w ith o u t an y  gen era l tren d s 
em erg ing , except p e rh a p s  a ten d en cy  for th e  
fauna  to be r ich e r in  finer sands ( S a l v a t ,  1964; 
H a y e s ,  1977; D e x t e r ,  1979, 1983; J a r a m i l l o ,  
1987). Indeed, i t  has been ad m itted  th a t  sand  or 
w aves a lone a re  in su ffic ien t to c h a ra c te r iz e  a 
b each  ( E l e f t h e r i o u  a n d  N i c h o l s o n ,  1975; 
B a l l y ,  1983). M a c ro b e n th ic  d iv e r s i ty  a n d  
abundance have, how ever, been negative ly  cor­
re la te d  w ith  beach  slope ( M c L a c h l a n  et al., 
1981), th e  la t te r  being  a product o f san d  p a r t i ­
cle size and  wave energy  in te rac tio n s  ( D a v i e s ,  
1972).

The recognition  and  descrip tion  of a succes- 
s iona l se rie s  o f  beach  m orphodynam ic s ta te s , 
from  reflective to  d iss ipa tive , by S h o rt an d  coi-
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le ag u es  ( S h o r t  an d  W r i g h t , 1 9 8 3 ) ,  h as  p ro ­
v ided  a  m ajor ad v an ce  in  th e  ap p rec ia tio n  by 
b io logists of sandy  beach  m orphodynam ics, the 
in te ra c tio n s  b e tw een  w ave c lim a te s  an d  sand  
s to rage , an d  th e  ‘c lim atic  fea tu re s ’ of beaches 
re le v a n t to  th e  fau n a . A good re la tio n sh ip  has, 
for exam ple, been  found betw een  overall beach 
s t a te  a n d  fa u n a l  d iv e r s i ty  a n d  a b u n d a n c e  
( M c L a c h l a n , 1 9 9 0 ) .  Such  p a tte rn s  a re  e sp e ­
c ially  re le v a n t in  th is  age of ex tinc tion , which 
h as  tr ig g e red  w idespread  in te re s t in  b iodiver­
s ity , i ts  d e te rm in a n ts  a n d  p red ic tio n  ( S o u l e ,
1 9 8 6 ) .  B uild ing  on these  ideas and m odels, th is  
a r tic le  explores p a tte rn s  in  beach fau n a l com­
m u n ity  p a ra m e te rs  across d ifferen t geographic 
reg ions an d  beach s ta te s .

METHODS

We m ake use of th ree  se ts  of data:

(1) p u b lish ed  in fo rm a tio n  in  th e  form  of 
poo led  d a ta  from  b each  m ac ro fau n a  
s u rv e y s  in  w arm  te m p e ra te  W este rn  
A u s tra lia , sub trop ica l and  w arm  tem ­
p e ra te  S ou th  A frica, and  th e  tem pera te  
O re g o n ia n  P ro v in c e  in  th e  USA 
( M c L a c h l a n , 1 9 9 0 )  provides th e  re fe r­
ence a g a in s t w hich two o th e r d a ta  se ts  
a re  com pared;

(2) s im i la r  b u t  s e p a ra te  su rv e y s  in  su b ­
trop ica l, w arm  tem p era te , and  tem per­
a te  p ro v in c e s  in  s o u th e rn  A frica  
(Donn , in  p rep ara tio n ), th e se  A frican 
b each es b e in g  se lec ted  to  re p re se n t a 
w ide ran g e  of h a b ita t  types, shoreline 
len g th s , g ra in  sizes, w rack  an d  phyto­
p lan k to n  inp u ts ; and

(3 )  re c e n t su rv ey s of beaches in  th e  t r a n ­
s it io n  reg io n  b e tw een  w arm  an d  cold 
te m p e ra te  provinces ( B r a t t s t r o m  and 
J o h a n s s e n , 1 9 8 3 )  in  so u th e rn  Chile. 
The in fo rm ation  provided here  w ill be 
pub lished  e lsew here  in full ( J a r a m i l l o  
a n d  M c L a c h l a n , in  p re p a ra t io n ) .  I t  
in c lu d e s  q u a n t i t a t iv e  s u rv e y s  o f  th e  
m acroben th ic  com m unities of te n  C hi­
lean  beaches ra n g in g  from  fully  reflec­
tiv e  to  d iss ip a tiv e  conditions.

The s tu d y  a re a  for th e  C h ilean  d a ta  w as the 
coast n e a r  V ald iv ia , w here v a ry in g  topography 
and asp ec t p rovide a wide ran g e  of beach types

an d  s u r f  zone en erg y  levels . B eaches in  th is  
a rea  a re  m ostly sm all pocket types, <  1 km  in 
le n g th  a n d  o f te n  a sso c ia te d  w ith  s tr e a m s  or 
e s tu a r ie s .  T en  s i te s  w ere  s e le c te d  fo r s tu d y  
(F igure 1). No site s  w ere located w ith in  500 m 
of r iv e r  m ouths and  we a re  confident th a t  th e  
lo w e s t s a l in i ty  e x p e rie n c ed  by a n y  of th e se  
beaches d u rin g  w in te r conditions of h igh  runoff 
would no t be below 25%.. Sea te m p e ra tu re s  in 
th is  region ran g e  from  10-16°C  an d  tid e s  are  
sem id iu rnal subequal w ith  a  m axim um  range  
of 1.5 m.

Each beach was surveyed d u rin g  sp rin g  low 
tide. A tra n se c t w as m arked  o u t from  above th e  
d r i f t  l in e  to  below  th e  sw ash  l in e  a n d  te n  
equally  spaced sam pling  levels iden tified , th e  
upp erm o st above th e  d r if t lin e , th e  second on 
th e  d r if t line , an d  th e  la s t in  th e  sw ash  zone. 
The profile w as surveyed w ith  g rad u a ted  poles, 
le v e lin g  a g a in s t  th e  h o rizo n , to  o b ta in  th e  
slope. A t each level, four rep lica te  cores of 0.03 
m2 w ere  ta k e n  to  30 cm d e p th  a n d  s iev ed  
th ro u g h  1 m m  m esh . A ll m a c ro fa u n a  w ere  
re ta in ed , identified , counted, and  shell-free  b io­
m ass determ ined  by d ry ing  a t  80°C for 48 hrs. 
At each level, a  san d  sam ple w as ta k e n  for p a r ­
tic le  size a n a ly s is  by volum e u s in g  a s e t t l in g  
tube ( E m e r y ,  1938).

W ave h e ig h t an d  period w ere e s tim a ted  u sin g  
th e  horizon an d  a stopw atch a t  th e  tim e  of sam ­
pling. For fu r th e r  analysis , how ever, th e  values 
used for w ave h e ig h t w ere based on bo th  these  
observed values and  20 y ea rs  experience of th is  
coast an d  i ts  seaso n a l ra n g e  of w ave h e ig h ts  
(E .J.) an d  u n p u b lish ed  d a ta  o f  M. P in o  (p e r ­
sonal com m unication). F rom  es tim a ted  m odal 
s ig n ifican t b re a k e r  h e ig h t, w ave period , and  
sand fa ll velocity , th e  d im ensionless fa ll veloc­
ity  ( G o u r l a y ,  1968; S h o r t  and W r i g h t ,  1983) 
was ca lcu la ted  for each beach as a  m easu re  of 
i ts  m odal m orphodynam ic sta te :

fi = Hb/W„.T

w here H b is  b reak e r h e ig h t in  cm, W8 th e  sand  
fall velocity in  cm s~ 1 (Gibbs et a l., 1971) an d  T 
th e  w ave period  in  seconds.

The biological p a ram ete rs  of in te re s t  in  th is  
a r t ic le  a re  th e  sp ec ie s  r ic h n e s s ,  to ta l  a b u n ­
dance p er ru n n in g  m eter, an d  to ta l d ry  biom ass 
p er ru n n in g  m e te r  o f each  beach . A bundance 
and  biom ass va lu es  p er ru n n in g  m ete r of beach 
w ere ob tained  by lin ea r in te rp o la tio n  betw een 
sam pling  points.
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fig u re  1. The C hilean  coast n ea r  V aldiv ia show ing th e  ten
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R ela tio n sh ip s  b e tw een  d ep en d en t v a ria b le s  
(no, spp., abundance , biom ass) (y) and  th e  inde­
penden t va riab le  ( i i )  ( \ )  w ere com pared over all 
five d a ta  s e ts  (z¡) u s in g  a d u m m y  v a r ia b le  
approach  ( K l e i n b a u m  an d  K u i p e r , 1 9 7 8 ) .  For 
each  dependen t v a ria b le  a m odel o f th e  form:

y¡ =  B0 + B ,xl + B2z,¡ + B3z2¡ + B4Z3i + B5z4i
+ BgXiZji + B7x,z2i + B8x,z3i + B9XiZ4i

where i represents th e  ith d a ta  p o in t o f d a ta  set 
j ,  an d  th e  z¡ a re  dum m y v a riab le s  defin ing th e  
d a ta  se ts . U sing  th is  approach  th e  lin e s  could 
be te s ted  for p a ra lle lism  an d  coincidence. In d i­
v idual reg ression  coefficients B w ere te s ted  for 
significance u sin g  th e  approach  of conditional 
erro rs; i.e., each coefficient w as te s ted  assum ­
in g  t h a t  a l l  o th e r  co e ffic ien ts  w ere  a lre a d y  
included  in  th e  m odel. The te s t  for p a ra lle lism  
of th e  regression  lin e s  is:

H„: B6 = B 7 = Bs = Bg

I f  reg ression  lines a re  p a ra lle l, th e n  a  te s t  for 
coincidence m ay be m ade u sin g  th e  fu ll hypo th­
esis:

H 0: B2 = B3 =  B4 =  Bs

For com parison of slopes and  e leva tions be­
tw een  in d iv idua l reg ions a s tan d a rd  t- te s t  was 
used.

RESULTS

S e le c te d  f e a tu r e s  of te n  C h ile a n  b each es  
(T able  1) in d ic a te  th a t  th e  b each es covered a 
ra n g e  from  fu lly  re flec tiv e  to  d iss ip a tiv e  con­
d itio n s  an d  th a t  g e n e ra lly  sa n d  p a r tic le  size 
decreased, wave h e ig h t increased , an d  species 
r ic h n e s s , a b u n d a n c e , a n d  b io m a ss  te n d e d  to 
increase  tow ard  d iss ip a tiv e  s ta te s . T h is ag rees 
w ith  th e  findings of J a r a m i l l o  (1978,1982) and 
J a r a m i l l o  and G o n z a l e z  (1991) who surveyed 
th e  upper and  m id in te r tid a l levels  of th ree  of 
th e se  beaches. T hese d a ta  w ill be discussed fu r­
th e r  to g e th e r  w ith  th e  o th e r  a v a ila b le  in fo r­
m ation.

A  p r e v i o u s  a n a l y s i s  o f  f a u n a l  c h a n g e s  i n  
r e s p o n s e  t o  c h a n g e s  i n  b e a c h  m o r p h o d y n a m i c  
s t a t e s  ( M c L a c h l a n , 1 9 9 0 )  i n d i c a t e d  t h r e e  
m a j o r  t r e n d s  a c r o s s  a  g r a d i e n t  f r o m  r e f l e c t i v e  t o  
d i s s i p a t i v e  b e a c h e s :  (1 )  a n  i n c r e a s e  i n  i n t e r t i d ­

al m acrobenth ic  species richness; i.e., in c reas­
in g  n u m b er of species w ith  d ec rea s in g  slope, 
p a r tic le  size, o r in c re a s in g  th e  d im ension less 
fa ll velocity , w ith  th e  la t te r  giv ing th e  b est fit,
(2) a logarithm ic  increase  in  to ta l abundance, 
in  g en era l, a >  IO6 increase for a <  1 0 ' increase 
in  beach  w id th  (a rea ), and  (3) a lo g a rith m ic  
increase  in  to ta l biom ass. A lthough th is  a n a ly ­
s is  w as based  on pooled d a ta  from th re e  con ti­
n en ts , i t  included only 23 beaches (and  am ong 
th e se  beaches tide  ran g e  increased from  reflec­
tive  to d issipa tive  s ta tes), and  th u s  ra ise s  th e  
question  as to  w hether th e  change in  d iversity  
w ith  change in  beach type is a  conservative fea­
tu re , i.e., does i t  occur in  a ll cases? F u rth e r , is 
th e  ra te  of change co n stan t or does i t  vary  for 
d ifferen t geographic areas?  We exam ine these  
tren d s  on a reg ional scale w ith  re sp ec t to the 
C h ilean  d a ta  (for w hich all beaches experience 
th e  sam e tide  range) and com pare th is  to o ther 
av a ilab le  inform ation.

D iversity /beach type  plots (F igure  2) for the  
‘in te rc o n tin e n ta l’ d a ta  of M c L a c h l a n  (1990) as 
w ell as for d a ta  from  th e  tem p era te  tra n s itio n  
zone of C h ile  and from  th ree  provinces in  so u th ­
ern  A frica, sub tropical, w arm  tem p era te , and  
te m p e ra te ,  r e v e a l s im ila r  re sp o n se s  in  a ll 
cases. M ultip le  regression  an a ly sis  showed gen­
e ra l d ifferences in  slopes (p <  0.001), in te rcep ts 
(p <  0.001), and  coincidence (p <  0.001). How­
ever, fu r th e r  com parison  b e tw een  in d iv id u a l 
reg ions by  t- te s t  showed no s ign ifican t d iffer­
en ces  b e tw een  th e  re g re s s io n  l in e s  fo r d a ta  
from M c L a c h l a n  (1990), C hile, an d  th e  South  
A frican e a s t coast (p = 0 .4 1 -0 .7 0 ), b u t s ign if­
ic a n t  d iffe re n c e s  in  s lo p es a n d  in te r c e p ts  of 
lines for th e  sou th  and  w est coasts of sou thern  
Africa (p <  0.001). The la t te r  two produced fla t­
te r  curves, b u t did not include th e  fu ll ran g e  of 
beach types, reflective form s being  ab sen t. All 
d a ta  com bined (F ig u re  2f) y ield  a s ig n if ican t 
com m on reg re ss io n  lin e , w hich su g g es ts  th a t  
changes in  d iv ersity  w ith  beach type  m ay be a 
c o n se rv a tiv e  f e a tu re  a n d  t h a t  th i s  re sp o n se  
does n o t  d iffe r  w id e ly  in  d if fe re n t  Zoogeo­
graph ie  regions. The im plication  of th is  is th a t  
m orphodynam ic s ta te  is a good p red ic to r of th e  
species rich n ess  like ly  to be encoun tered  on a 
beach.

T otal fau n a l abundance/beach type  re la tio n ­
sh ips (F igure 3) ind ica te  an  increase  in  ab u n ­
dance tow ard d issipative  s ta te s  in  a l l  cases, bu t 
d isp la y  s ig n if ic a n t d if fe re n c e s  b e tw e e n  th e
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Table 1. Su m m a ry  o f  key environm ental a n d  m acrofauna features o f  10 C hilean beaches. U nder type R  = reflective, I  = in ter­
m ediate and  D = dissipative, i l  =  the  d im ensionless fa ll velocity fo r w hich <1 = reflective, > 6  = dissipative and  2-6  =  in ter­
m ediate. M z = m ean particle size ( v-m), H b = m odal breaker height (m ), T  = mean wave period(s), slope =  llm ea n  grad ien t from  
above the d r ift  line to the  low  tide sw ash region. S R  = species richness. A bundance (total num bers) and  biomass (g) values per 
ru n n in g  m eter o f  beach.

Beach Type n Mz Hb T Slope SR A B

M aiqu illahue R 0.7 841 0.8 9 8 1 80 <1
LosM olinosl R 0.9 304 0.3 8 14 4 31758 139
Codihue R 1.0 674 1.0 9 13 1 80 <1
LosMolinos2 I 2.3 369 1.0 8 14 6 18925 491
San Ignacio I 2.5 409 1.5 10 19 7 35811 1545
M atias I 4.1 235 1.4 11 15 10 53706 1947
C urinanco I 4.1 384 2.5 11 30 9 66783 643
Q ueule I 4.3 262 1.6 11 41 10 7420 657
M ehuin D 5.4 306 2.4 11 36 10 16742 3087
Ronca D 7.2 229 2.3 11 36 14 41654 1409

re g io n s . M u lt ip le  re g re s s io n  a n a ly s is  a n d  t- 
te s ts  show ed d iffe ren ces to  be s ig n if ican t for 
slopes, in te rcep ts , and coincidence betw een  a ll 
th e  lines in  F ig u re  3 (p = <  0 .0 0 1 -0 .0 4 ). A bun­
dance is  g en era lly  h ig h e r a t  low er in te rm ed ia te  
and  reflective beach  s ta te s  in  C hile and  so u th ­
e rn  A frica  th a n  in  th e  d a ta  s e t  from  
M c L a c h l a n  (1990). S ince C hile  an d  th e  so u th ­
e rn  A fr ic a n  w e s t c o a s t a re  r ic h  u p w e llin g  
regions w ith  h igh  p roductiv ity , e leva ted  ab u n ­
dance lev e ls  a re  expected  in  th e s e  tw o a rea s . 
P oo ling  a ll d a ta  (F ig u re  3f) a lso  r e s u lts  in  a 
common reg ressio n  line  w ith  a  f la tte r  response 
th a n  found by  M c L a c h l a n  (1990). H ow ever, the 
fit o f  th i s  com m on re g re s s io n  l in e  fo r a b u n ­
dance/beach  ty p e  re la tio n sh ip s  (r2 = 0.25) is 
poorer th a n  for species richness/beach  type (r2 
= 0 .5 2 ), in d ic a t in g  t h a t  fa c to rs  o th e r  th a n  
beach s ta te , for exam ple p roduc tiv ity  and av a il­
ab ility  of s tran d ed  kelp , also p lay  a  role. Thus, 
s o u th e rn  A fr ic a n  e a s t  c o a s t su b tro p ic a l 
b eaches, w hich  h av e  th e  low est p ro d u c tiv ity  
( B a t e  et al., 1990), d isp lay  th e  low est in tercep t.

B iom ass/beach type  re la tio n sh ip s  (F igure  4) 
show g enera l d ifferences in  slopes (p <  0.01), 
and coincidence (p <  0.01) b u t no t in te rcep ts  (p 
>  0.10). H ow ever, th e re  a re  no t differences in 
slopes or in te rcep ts  betw een in d iv idua l regions 
(p = 0 .2 0 -0 .5 5 ), except for th e  so u th  coast of 
so u th ern  A frica w here th e  slope (p =  0.001) and 
e levation  (p = 0.02) of th e  line  differed from the 
o thers. Less sign ifican t d ifferences in  th e  case 
of th e  b iom ass d a ta  th a n  for th e  abundance  da ta  
reflect h ig h e r  v a r ia b ility  in  th e  b iom ass data . 
N ev e rth e le ss , su b tro p ica l beaches supported  
lowest v a lu es  an d  cold tem p era te  beaches the 
h ig h est v a lu es . Pooled d a ta  (F igure 4f) give a

common regression  w ith  poorer fit (r2 = 0.18) 
th a n  in  th e  case of species rich n ess  or a b u n ­
dance, in d ic a tin g  g re a te r  v a r ia b il i ty  in  th e se  
d a ta  due to th e  influence of factors o ther th a n  
beach type, i.e., increased  im portance of factors 
such as su rf  zone productiv ity  an d  kelp  inputs.

The above regression  analyses confirm  th a t  
species richness, to ta l abundance, an d  to ta l bio­
m ass a ll increase from reflective to d issipative  
beaches in  th e  six  biogeographic provinces su r­
veyed. W hereas th e  regression  lines describ ing 
th is  r e la t io n s h ip  a re  f a i r ly  s im i la r  fo r  a l l  
regions in  th e  case of species richness, th ey  dif­
fer significantly  betw een reg ions in  th e  case of 
to ta l  abundance . D esp ite  m ore v a r ia b le  d a ta  
se ts , th e y  also d iffe r in  th e  case of to ta l  b io­
m ass. These differences betw een  regions m ay, 
however, be exaggerated  because ou r m easure 
of beach type (fl) does no t include tide  range; 
b u t  th e re  a re  la rg e  d iffe ren ces in  tid e  ran g e  
betw een  th e  six  geograph ic  a re a s  w hich  have 
been compared.

The use of th e  d im ensionless fall velocity  as 
a m easure  of beach s ta te  is th u s  no t com pletely 
sa tisfac to ry  since i t  does no t tak e  in to  account 
t id e s .  In c re a s in g  tid e  r a n g e  te n d s  to  m ak e  
beaches m ore d issipative  ( W r i g h t  et al., 1982) 
a lthough  th is  is no t a  sim ple response, and  tid a l 
effects m ay be m ore com plex u n d er conditions 
o ther th a n  sandy m icro/m esotidal beaches. The 
effects of tid a l ran g e  could be overcom e by m u l­
tip ly in g  f l  by a d im en sio n less  fac to r  derived  
from  th e  m ax im u m  t id e  r a n g e  o f  a  beach  
divided by th e  m axim um  tide  range  of a  th eo ­
re tica l equ ilib rium  tide. F u rth e rm o re , since fl 
te n d s  to  respond  lo g a rith m ic a lly  to w ard  th e  
d iss ip a tiv e  ex trem e , a m ore no rm al d is tr ib u ­
tion  m igh t be ob tained  by ta k in g  th e  log of fl.
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F ig u re  2. Species rich n ess versus beach type for beaches in  (a) A ustra lia , so u th e rn  Africa, and  the  USA, (b) so u th e rn  C hile , (c) 
subtropical so u th e rn  A frica , (d | w arm  tem p era te  so u th e rn  Africa, (e) tem pera te  sou thern  Africa, and (f) a ll  a reas  com bined. B roken 
lines in  (b) -  (f) in d ica te  line (a).
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F igure  3. R ela tionsh ips betw een to ta l fau n a l abundance and beach type. D eta ils as for F igure  2.
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F ig u re  4. R e la tionsh ips betw een to ta l faunal biom ass and  beach type. D etails as for F igure  2.
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To overcom e th e  above  p ro b le m s w ith  th e  
d im e n s io n le s s  fa ll  v e lo c ity , a n d  a llo w  m ore 
ap p ro p ria te  com parison of d a ta  from  d ifferen t 
geograph ic  a re a s  e x p e rien c in g  d iffe re n t tide  
ra n g e s , w e h a v e  u se d  a m o d ific a tio n  of th e  
d im en sio n less  fa ll ve locity  w hich  w e ca ll th e  
beach s ta te  index  (BSI):

BSI = log [Hb.M  /  W 3.T.E] + 1).

w here M is th e  m axim um  tide  ran g e  an d  E th e  
m axim um  th eo re tica l eq u ilib riu m  tide  (for the 
e a r th  covered in  w a te r  =  0 . 8  m). T h is  index 
in c ludes m easu re s  of w ave energy , san d  fa ll 
velocity, an d  tid e  ran g e . D a ta  on sand  p roper­
tie s  and tid e  range  a re  read ily  av a ilab le  to  ecol­
ogists and  only th e  w ave clim ate  in form ation  
m ig h t pose problem s for o th e r w orkers w ishing 
to com pare th e ir  d a ta  w ith  ours. In  m ost cases, 
however, reasonab le  e s tim a tes  of w ave h e ig h t 
and period can be ob ta ined  using  a ran g in g  pole 
a g a in s t th e  horizon  an d  a  sto p w atch . E x a m i­
na tio n  of ou r d a ta  an d  th e  g enera l fea tu re s  of 
th e  69 beaches covered suggests  a  breakdow n 
according to th is  index  as follows:

<  0 . 5  = reflective beaches 
0 . 5 - 1 . 0  =  low to  m edium  energy 

in te rm ed ia te  beaches 
1 .0-1 .5  = h ig h  energy  in te rm ed ia te / 

d iss ip a tiv e  beaches 
1 . 5 - 2 . 0  =  fu lly  d iss ip a tiv e  beaches 

>  2.0 = u l t r a  d iss ip a tiv e  m acro tida l 
beaches

If  th e  d a ta  on  species rich n ess , abundance , 
and b iom ass (F ig u re s  2 - 4 )  a re  re c a lc u la te d  
using th e  BSI index, differences due to d iffering  
tide range  a re  reduced an d  th e  zoogeographic 
provinces appear m ore sim ila r: for th e  species 
richness d a ta  th e re  a re  no differences in  slopes 
(p >  0.10), e levations (p >  0.10), o r coincidence 
(p >  0 .2 5 )  of th e  lin e s  in  g en era l an d  differences 
between ind iv idual reg ions decrease (p =  0 .0 3 -  
0 -80);  for th e  abundance  d a ta  th e  lines s ti l l  dif­
fer in  a ll th ree  respects  (p <  0.001) b u t  p values 
for co m p ariso n s b e tw e e n  in d iv id u a l  re g io n s  
increase to  0 .0 0 1 -0 .0 2 ; a n d  for b io m ass d a ta  
the lines a re  p a ra lle l (p >  0.10) an d  w ith  equal 
elevations (p >  0 . 2 5 )  b u t a re  no t co incident (p 
<  0-001) and p v a lu e s  for in d iv id u a l reg ions 
increase to 0 . 1 4 - 0 . 7 3 ,  respectively . Use of th e  

in d ex  th u s  in d ic a te s  a m ore  s im ila r

response  of species ric h n e ss , ab u n d an ce , and 
d ivers ity  to  changes in  beach type by commu­
n itie s  from  th e  d ifferen t regions.

The effect of rep lo ttin g  th e  common curves for 
species richness an d  abundance  u sin g  th e  mod­
ified index of beach s ta te  is i l lu s tra te d  in  F igure 
5. T h is shows an  im proved fit in  bo th  cases: r2 
increases from 0.52 to 0.67 for species richness 
an d  from  0.25 to  0.34 fo r ab u n d an ce , resp ec­
tively . F or b iom ass th e  equation  is:

log(b +  D m ’ 1 = 0.6 + 1 .3 B S I r  = 0.48

also in c reasin g  th e  coefficient o f d e te rm ina tion  
from 18% to 23%.

We conclude from th e  above an a ly ses  using  
th e  BSI th a t  d issipa tive  beaches genera lly  sup­
p o rt r ich e r faunas th a n  reflective beaches and 
th a t  species richness, abundance, an d  biom ass 
respond to  changes in  beach type  in  a  rem ark ­
ab ly  co n s is ten t m an n e r, a lth o u g h  abundance  
and  biom ass m ay be m ore va riab le  th a n  species 
rich n ess . T h is  im p lies th a t  p r im a ry  physica l 
con tro l is of o v errid in g  im p o rtan ce  fo r beach 
com m unities and  th a t  zoogeographic consider­
a t io n s  a re  se c o n d a ry . I t  w ould , h o w ev e r, be 
ideal to  have  m ore d a ta  from  o th e r a rea s , p a r ­
t ic u la r ly  in  th e  tro p ics , in  o rd e r to te s t  th e se  
tren d s  over th e  w idest possible ran g e  of condi­
tio n s . U n fo rtu n a te ly , we a re  u n a b le  to m ake 
use of m ost pub lished  beach su rvey  d a ta  since 
no a u th o rs  have provided sufficient in form ation  
for us to charac terize  th e ir  beaches or ca lcu late  
th e  d im ensionless fa ll velocity.

DISCUSSION

How does beach m orphodynam ic s ta te  control 
m acrobenthic com m unities an d  can key  factors 
be identified? We believe th a t  n e ith e r  sand  nor 
w ave en e rg y  a re  of d ire c t (p rox im ate) im p o r­
ta n c e  a s  c o n tro llin g  fa c to rs , o th e r  th a n  fo r 
ex trem e in stan ces such  as th e  presence of very 
c o a rse  sa n d . M ost s a n d y  b e ach  a n im a ls  can  
opera te  over a  w ider ran g e  of p a rtic le  sizes th a n  
th ey  encoun ter in  n a tu re  an d  su b s tra te  selec­
t io n  s tu d ie s  h a v e  con firm ed  r a th e r  c a th o lic  
ta s te s  in  g ra in  size ( B r o w n ,  1983; J a r a m i l l o ,

1987). F u rth e rm o re , from  T able  1 an d  figures 
2 - 4  can  be seen  th a t  la rg e  ch an g es in  fau n a  
occur across beaches w ith  e s se n tia lly  s im ila r  
g ra in  sizes b u t  d iffering  w ave energy , i.e., d if­
fe ren t m orphodynam ic s ta tes.
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S im ila rly , wave h e ig h t per se seem s un im por­
ta n t , since for m ost beach types w aves b reak  in 
th e  s u r f  zone, fa r from  th e  beach , an d  a re  con­
siderab ly  modified by th e  s u r f  zone an d  beach 
slope before being  experienced  by th e  fau n a  as 
sw ash on th e  beach face. Beach slope is a n  in te ­
g ra ted  m easure  of w ave energy  levels an d  sand  
partic le  size an d  is th u s  a  b e tte r  m easu re  th an  
e i th e r  of th e s e  p a ra m e te r s  a lo n e , r e la t in g  
c lo se ly  to  sw ash  c lim a te  ( E m e r y  a n d  G a l e , 
1951; M c A r d l e  and  M c L a c h l a n , 1991a), b u t  i t  
varies  w idely on sh o rt tim e  scales an d  gives a 
p o o re r fit a g a in s t  fa u n a l  p a ra m e te rs  th a n  a 
m easure  of th e  overall m orphodynam ic s ta te  of 
a beach (BSI). F u rth e rm o re , slope i tse lf  is not 
d irec tly  lim itin g  since even th e  s teep est beach 
slopes (1/5 -  1/10) p re sen t no m echan ical p rob­
lem s to  locomotion by th e  m acrofauna. R ather, 
th e s e  p a ra m e te r s  (s a n d  p a r t ic le  s ize , w ave 
energy, an d  beach slope) a re  th e  u ltim a te  fac­
to rs  affecting  th e  fau n a  th ro u g h  th e ir  combined 
effects on beach face clim ate.

The to ta l  m orphodynam ic  s ta te  of a beach , 
re su ltin g  from  th e  in te ra c tio n  of th e  above fac­
to rs  an d  expressed  q u a n tita tiv e ly  a s  Í1 or BSI, 
h a s  c o r re la te d  w e ll w ith  b e a c h  m a c ro fa u n a l 
com m unity  p a ram ete rs . H ow ever, i t  is  no t the 
beach s ta te  or type  its e lf  th a t  is  im p o rtan t for 
th e  f a u n a , b u t  th e  sw a sh  c l im a te  a sso c ia te d  
w ith  i t .  T h e re  is  a c o n s is te n t  r e la t io n s h ip  
betw een beach type  and sw ash  c lim ate  fea tu res 
(M c A r d l e  and  M c L a c h l a n , 1991a, b), d issipa­
tive beaches being  ch arac te rized  by sw ash  w ith 
extended periods an d  len g th s , va riab le  speeds, 
and m ost sw ash  ac tiv ity  below  th e  effluent line, 
w hereas reflective beaches d isp lay  th e  opposite 
sw ash  fe a tu re s .  S w ash  c l im a te  on re fle c tiv e  
b e ach es  is  e x tre m e ly  h a r s h ,  p ro v id in g  l i t t l e  
feed in g  tim e  an d  h a v in g  h ig h  sw ash  speeds 
th ro u g h o u t th e  tid a l cycle; w aves b reak  d irec tly  
in th e  in te r tid a l re su ltin g  in  a h ig h  p robab ility  
of a n im a ls  b e ing  s tra n d e d  above th e  effluen t 
line w here u n sa tu ra te d  sand  m ig h t m ake b u r­
row ing difficult ( B r o w n , 1983). P hysica l s tress 
in  th e  sw a sh  zone on  th e  b e a c h  face  th u s  
decreases from reflective to d issipa tive  beaches.

The ‘sw ash  contro l h y po thesis’ suggested  th a t 
sw ash c lim a te  co n tro lled  beach  m acro fau n a l 
com m unity  s tru c tu re  ( M c L a c h l a n , 1 9 9 0 ) .  We 
refine th is  to th e  ‘sw ash  exclusion hypo thesis ,’ 
su g g es tin g  th a t  th e  sw ash  c lim a te  assoc ia ted  
w ith  d issipa tive  beaches is  sufficien tly  accom ­
m o d a tin g  a n d  v a r ie d  to  e n a b le  v i r tu a l ly  a l l

m a c ro fa u n a  sp ec ie s  e n c o u n te re d  on  exposed  
beaches to m a in ta in  v iab le  popu la tions, b u t, as 
b e ach  ty p e  c h a n g e s  th ro u g h  in te rm e d ia te  
s ta te s  tow ard  reflective conditions, th e  in c reas­
ing ly  inhosp itab le  sw ash  c lim ate  excludes m ore 
and m ore species u n t i l ,  in  th e  fu lly  reflec tive  
s i tu a t io n ,  o n ly  s u p r a l i t to r a l  fo rm s ( t a l i t r i d  
am phipods, ocypodid crabs, insects), w hich live 
‘ou tside’ th e  sw ash clim ate , rem a in . T h is  needs 
to be te s ted  experim en ta lly .

M c L a c h l a n  (1990) no ted  a change in  m ean 
body s ize  over h is  s e r ie s  o f  b e a c h e s , w ith  
sm alle r an im als  occurring  on d issipa tive  th a n  
reflective beaches. H owever, re -an a ly sis  o f h is  
d a ta  re v e a ls  th a t ,  w h e re a s  c ru s ta c e a n s  
d e c re a se  in  s ize , m o llu sc s  in c re a s e  in  m e a n  
body m ass  from  re f le c tiv e  to  d is s ip a t iv e  
beaches. Such tre n d s  in  th e  so u th e rn  A frican  
and C hilean  beaches w ill be explored in  d e ta il 
in  sep a ra te  papers. Body size a s  well as shape, 
m orphology, and  m eans of locomotion m u st d is­
play  som e ad ap ta tio n s  to th e  sw ash  clim ate  and  
co nvergen t ev o lu tio n  in  form s ad ap ted  to  th e  
sam e beach types m ay be expected.

CONCLUSIONS

S an d y  b e a c h e s  from  s ix  d if fe re n t  zoogeo­
graph ic  provinces an d  four co n tin en ts  a ll fit a 
s im ila r p a tte rn , w ith  m acrofaunal species rich ­
ness, ab u n d an ce , an d  b io m ass ch an g in g  p re ­
d ictab ly  in  response to changes in  beach m or­
phodynam ic ty p e , a ll in c re a s in g  to w a rd  m ore 
d issipa tive  conditions. T h is im plies overrid ing  
control by th e  physica l env ironm ent, in  p a r tic ­
u la r  th e  sw ash  c lim a te , w h ich  is  co u p led  to 
beach  ty p e . P re su m a b ly  c e r ta in  ta x o n o m ic  
groups, th e ir  m orphological an d  th e ir  b e h a v ­
io ra l a d a p ta tio n s  h av e  evolved in  re sponse  to 
d ifferen t sw ash  clim ates. We su g g est th a t  d is­
sipa tive  beaches req u ire  m in im al ad ap ta tio n s  
of th e s e  s o r ts ,  a s  re f le c tiv e  c o n d itio n s  a re  
ap p ro a c h e d , in c re a s in g ly  h o s ti le  sw a sh  c l i ­
m a tes  dem and  in c re a s in g  sp ec ia liza tio n  and  
m ore species a re  excluded. Such ad ap ta tio n s  to 
sw ash  c lim ates w a rra n t fu r th e r  study.
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