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ABSTRACTI
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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 ofthe dimensionless fall velocity, which incorporates measures
of wave energy, sand fall velocity, and tidal range, provides a better estimate ofbeach 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 similar patterns but are more variable
and appear related also to surfzone productivity and wrack inputs, which in turn 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 different beach types. Morphology, body size, means of locomotion, and taxonomic
composition of the fauna may demonstrate evolutionary consequences ofadaptation to different
swash climates.

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

INTRODUCTION

Exposed sandy beaches are amongst the
harshest aquatic ecosystems on earth. Dynamic
and apparently featureless, these environments
consist only of water and sand and can be fully
defined in terms of wave climate, sand particle
size, and tide range. It is therefore not surpris-
ing that beaches have been likened to ‘marine
deserts’ (M cLachlan, 1983). As in the case of
deserts, where animals are adapted primarily
to coping with the physical extremes and bio-
logical interactions are of little importance
(Noy-M eir, 1979), the distribution and abun-
dance of the fauna of sandy beaches might be
expected to be controlled primarily by physical
conditions.

Despite this seemingly obvious assumption,
sandy beach researchers have had little success
in identifying physical features controlling the
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fauna or in demonstrating statistically signifi-
cantrelationships between beach fauna and the
physical environment. Parameters relating to
the sand, such as particle size, moisture con-
tent, and penetrability, have been singled out
in most cases, but without any general trends
emerging, except perhaps a tendency for the
fauna to be richer in finer sands (Salvat, 1964;
Hayes, 1977; Dexter, 1979, 1983; Jaram illo,
1987). Indeed, it has been admitted that sand or
waves alone are insufficient to characterize a
beach (Eleftheriou and Nicholson, 1975;
Bally, 1983). Macrobenthic diversity and
abundance have, however, been negatively cor-
related with beach slope (M cLachlan et al.,
1981), the latter being a product of sand parti-
cle size and wave energy interactions (Davies,
1972).

The recognition and description of a succes-
sional series of beach morphodynamic states,
from reflective to dissipative, by Short and coi-
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leagues (SHorRT and WRIGHT, 1983), has pro-
vided a major advance in the appreciation by
biologists of sandy beach morphodynamics, the
interactions between wave climates and sand
storage, and the ‘climatic features’ of beaches
relevant to the fauna. A good relationship has,
for example, been found between overall beach
state and faunal diversity and abundance
(MCLACHLAN, 1990). Such patterns are espe-
cially relevant in this age of extinction, which
has triggered widespread interest in biodiver-
sity, its determinants and prediction (SOULE,
1986). Building on these ideas and models, this
article explores patterns in beach faunal com-
munity parameters across different geographic
regions and beach states.

METHODS
We make use of three sets of data:

(1) published information in the form of
pooled data from beach macrofauna
surveys in warm temperate W estern
Australia, subtropical and warm tem-
perate South Africa, and the temperate
Oregonian Province in the USA
(McLACHLAN, 1990) provides the refer-
ence against which two other data sets
are compared;

(2) similar but separate surveys in sub-
tropical, warm temperate, and temper-
ate provinces in southern Africa
(DONN, in preparation), these African
beaches being selected to represent a
wide range of habitat types, shoreline
lengths, grain sizes, wrack and phyto-
plankton inputs; and

(3) recent surveys of beaches in the tran-
sition region between warm and cold
temperate provinces (BRATTSTROM and
JOHANSSEN, 1983) in southern Chile.
The information provided here will be
published elsewhere in full (JArRaMILLO
and McLACHLAN, in preparation). It
includes quantitative surveys of the
macrobenthic communities of ten Chi-
lean beaches ranging from fully reflec-
tive to dissipative conditions.

The study area for the Chilean data was the
coast near Valdivia, where varying topography
and aspect provide a wide range of beach types

and surf zone energy levels. Beaches in this
area are mostly small pocket types, < 1 km in
length and often associated with streams or
estuaries. Ten sites were selected for study
(Figure 1). No sites were located within 500 m
ofriver mouths and we are confident that the
lowest salinity experienced by any of these
beaches during winter conditions ofhigh runoff
would not be below 25%.. Sea temperatures in
this region range from 10-16°C and tides are
semidiurnal subequal with a maximum range
of 1.5 m.

Each beach was surveyed during spring low
tide. A transect was marked out from above the
drift line to below the swash line and ten
equally spaced sampling levels identified, the
uppermost above the drift line, the second on
the drift line, and the last in the swash zone.
The profile was surveyed with graduated poles,
leveling against the horizon, to obtain the
slope. At each level, four replicate cores 0f0.03
m2 were taken to 30 cm depth and sieved
through 1 mm mesh. All macrofauna were
retained, identified, counted, and shell-free bio-
mass determined by drying at 80°C for 48 hrs.
At each level, a sand sample was taken for par-
ticle size analysis by volume using a settling
tube (Emery, 1938).

Wave height and period were estimated using
the horizon and a stopwatch atthe time of sam-
pling. For further analysis, however, the values
used for wave height were based on both these
observed values and 20 years experience ofthis
coast and its seasonal range of wave heights
(E.J.) and unpublished data of M. Pino (per-
sonal communication). From estimated modal
significant breaker height, wave period, and
sand fall velocity, the dimensionless fall veloc-
ity (Gourlay, 1968; Short and W right, 1983)
was calculated for each beach as a measure of
its modal morphodynamic state:

fi = HOVW,,.T

where Hbis breaker height in cm, W8the sand
fall velocity in cm s~1(Gibbs et al., 1971) and T
the wave period in seconds.

The biological parameters of interest in this
article are the species richness, total abun-
dance per running meter, and total dry biomass
per running meter of each beach. Abundance
and biomass values per running meter ofbeach
were obtained by linear interpolation between
sampling points.
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figure 1. The Chilean coast near Valdivia showing the ten locations sampled.
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Relationships between dependent variables
(no, spp., abundance, biomass) (y) and the inde-
pendent variable (ii) (1) were compared over all
five data sets (zj) using a dummy variable
approach (KrLeinBauM and KUIPer, 1978). For
each dependent variable a model ofthe form:

yi = B0+ B,xl + B2, + B3R + BAZ3 + B4
+ BgXiZji + B7x,z2 + B8x,z3i + BIXiZk

where i represents the ith data point of data set
j, and the zj are dummy variables defining the
data sets. Using this approach the lines could
be tested for parallelism and coincidence. Indi-
vidual regression coefficients B were tested for
significance using the approach of conditional
errors; i.e., each coefficient was tested assum-
ing that all other coefficients were already
included in the model. The test for parallelism
ofthe regression lines is:

H,: B6= B7 = Bs = Bg

If regression lines are parallel, then a test for
coincidence may be made using the full hypoth-
esis:

HO: B2 = B3 = B4 = Bs

For comparison of slopes and elevations be-
tween individual regions a standard t-test was
used.

RESULTS

Selected features of ten Chilean beaches
(Table 1) indicate that the beaches covered a
range from fully reflective to dissipative con-
ditions and that generally sand particle size
decreased, wave height increased, and species
richness, abundance, and biomass tended to
increase toward dissipative states. This agrees
with the findings ofJ AramILLO (1978,1982) and
Jaramirro and Gonzarez (1991) who surveyed
the upper and mid intertidal levels of three of
these beaches. These data will be discussed fur-
ther together with the other available infor-
mation.

A previous analysis of faunal changes in
response to changes in beach morphodynamic
states (MCLACHLAN, 1990) indicated three
major trends across a gradient from reflective to

dissipative beaches: (1) an increase in intertid-

al macrobenthic species richness; i.e., increas-
ing number of species with decreasing slope,
particle size, or increasing the dimensionless
fall velocity, with the latter giving the best fit,
(2) a logarithmic increase in total abundance,
in general, a > IO6increase fora < 10' increase
in beach width (area), and (3) a logarithmic
increase in total biomass. Although this analy-
sis was based on pooled data from three conti-
nents, it included only 23 beaches (and among
these beaches tide range increased from reflec-
tive to dissipative states), and thus raises the
question as to whether the change in diversity
with change in beach type is a conservative fea-
ture, i.e., does it occur in all cases? Further, is
the rate of change constant or does it vary for
different geographic areas? We examine these
trends on a regional scale with respect to the
Chilean data (for which all beaches experience
the same tide range) and compare this to other
available information.

Diversity/beach type plots (Figure 2) for the
‘intercontinental’data of M cLachlan (1990) as
well as for data from the temperate transition
zone of Chile and from three provinces in south-
ern Africa, subtropical, warm temperate, and
temperate, reveal similar responses in all
cases. Multiple regression analysis showed gen-
eral differences in slopes (p < 0.001), intercepts
(p < 0.001), and coincidence (p < 0.001). How-
ever, further comparison between individual
regions by t-test showed no significant differ-
ences between the regression lines for data
from M cLachlan (1990), Chile, and the South
African east coast (p = 0.41-0.70), but signif-
icant differences in slopes and intercepts of
lines for the south and west coasts of southern
Africa (p < 0.001). The latter two produced flat-
ter curves, but did not include the full range of
beach types, reflective forms being absent. All
data combined (Figure 2f) yield a significant
common regression line, which suggests that
changes in diversity with beach type may be a
conservative feature and that this response
does not differ widely in different Zoogeo-
graphie regions. The implication ofthis is that
morphodynamic state is a good predictor ofthe
species richness likely to be encountered on a
beach.

Total faunal abundance/beach type relation-
ships (Figure 3) indicate an increase in abun-
dance toward dissipative states in all cases, but
display significant differences between the
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Table 1. Summary ofkey environmental and macrofauna features of 10 Chilean beaches. Under type R = reflective, I = inter-

mediate and D = dissipative, il = the dimensionless fall velocity for which <1 = reflective, >6 = dissipative and 2-6 = inter-

mediate. Mz = mean particle size (v-m), Hb = modal breaker height (m), T = mean wave period(s), slope = llmean gradient from

above the drift line to the low tide swash region. SR = species richness. Abundance (total numbers) and biomass (g) values per

running meter of beach.

Beach Type n Mz Hb
Maiquillahue R 0.7 841 0.8
LosMolinosl R 0.9 304 0.3
Codihue R 1.0 674 1.0
LosMolinos2 1 23 369 1.0
San Ignacio 1 2.5 409 1.5
M atias 1 4.1 235 1.4
Curinanco 1 4.1 384 2.5
Queule 1 4.3 262 1.6
Mehuin D 5.4 306 2.4
Ronca D 7.2 229 23

regions. Multiple regression analysis and t-
tests showed differences to be significant for
slopes, intercepts, and coincidence between all
the lines in Figure 3 (p = < 0.001-0.04). Abun-
dance is generally higher at lower intermediate
and reflective beach states in Chile and south-
ern Africa than in the data set from
M cLachlan (1990). Since Chile and the south-
ern African west coast are rich upwelling
regions with high productivity, elevated abun-
dance levels are expected in these two areas.
Pooling all data (Figure 3f) also results in a
common regression line with a flatter response
than found by M cLachlan (1990). However, the
fit of this common regression line for abun-
dance/beach type relationships (r2 = 0.25) is
poorer than for species richness/beach type (r2
= 0.52), indicating that factors other than
beach state, forexample productivity and avail-
ability of stranded kelp, also play a role. Thus,
southern African east coast subtropical
beaches, which have the lowest productivity
(Bate etal., 1990), display the lowest intercept.

Biomass/beach type relationships (Figure 4)
show general differences in slopes (p < 0.01),
and coincidence (p < 0.01) but not intercepts (p
> 0.10). However, there are not differences in
slopes or intercepts between individual regions
(p = 0.20-0.55), except for the south coast of
southern Africa where the slope (p = 0.001) and
elevation (p = 0.02) ofthe line differed from the
others. Less significant differences in the case
ofthe biomass data than forthe abundance data
reflect higher variability in the biomass data.
Nevertheless, subtropical beaches supported
lowest values and cold temperate beaches the
highest values. Pooled data (Figure 4f) give a

T Slope SR A B
9 8 1 80 <1
8 14 4 31758 139
9 13 1 80 <1
8 14 6 18925 491
10 19 7 35811 1545
11 15 10 53706 1947
11 30 9 66783 643
11 41 10 7420 657
11 36 10 16742 3087
11 36 14 41654 1409

common regression with poorer fit (r2 = 0.18)
than in the case of species richness or abun-
dance, indicating greater variability in these
data due to the influence of factors other than
beach type, i.e.,, increased importance of factors
such as surfzone productivity and kelp inputs.

The above regression analyses confirm that
species richness, total abundance, and total bio-
mass all increase from reflective to dissipative
beaches in the six biogeographic provinces sur-
veyed. Whereas the regression lines describing
this relationship are fairly similar for all
regions in the case of species richness, they dif-
fer significantly between regions in the case of
total abundance. Despite more variable data
sets, they also differ in the case of total bio-
mass. These differences between regions may,
however, be exaggerated because our measure
of beach type (fl) does not include tide range;
but there are large differences in tide range
between the six geographic areas which have
been compared.

The use of the dimensionless fall velocity as
a measure of beach state is thus not completely
satisfactory since it does not take into account
tides. Increasing tide range tends to make
beaches more dissipative (W right et al., 1982)
although this is nota simple response, and tidal
effects may be more complex under conditions
other than sandy micro/mesotidal beaches. The
effects oftidal range could be overcome by mul-
tiplying fI by a dimensionless factor derived
from the maximum tide range of a beach
divided by the maximum tide range of a theo-
retical equilibrium tide. Furthermore, since f/
tends to respond logarithmically toward the
dissipative extreme, a more normal distribu-
tion might be obtained by taking the log of fl.
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Species richness versus beach type for beaches in (a) Australia, southern Africa, and the USA, (b) southern Chile, (c)

subtropical southern Africa, (d| warm temperate southern Africa, (¢) temperate southern Africa, and (f)all areas combined. Broken
lines in (b) - (f) indicate line (a).
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Figure 4. Relationships between total faunal biomass and beach type. Details as for Figure 2.

Journal of Coastal Research, Special Issue No. 15, Spring 1993

r=0.73

r=0.42



Sandy Beach Macrofauna 35

To overcome the above problems with the
dimensionless fall velocity, and allow more
appropriate comparison of data from different
geographic areas experiencing different tide
ranges, we have used a modification of the
dimensionless fall velocity which we call the
beach state index (BSI):

BSI = log [Hb.M | W3T.E] + I).

where M is the maximum tide range and E the
maximum theoretical equilibrium tide (for the
earth covered in water = 0.8 m). This index
includes measures of wave energy, sand fall
velocity, and tide range. Data on sand proper-
ties and tide range are readily available to ecol-
ogists and only the wave climate information
might pose problems for other workers wishing
to compare their data with ours. In most cases,
however, reasonable estimates of wave height
and period can be obtained using aranging pole
against the horizon and a stopwatch. Exami-
nation of our data and the general features of
the 69 beaches covered suggests a breakdown
according to this index as follows:

< 0.5 reflective beaches
0.5-1.0 = low to medium energy
intermediate beaches
1.0-1.5 = high energy intermediate/
dissipative beaches
1.5-2.0 = fully dissipative beaches
> 2.0 = ultra dissipative macrotidal

beaches

If the data on species richness, abundance,
and biomass (Figures 2-4) are recalculated
using the BSI index, differences due to differing
tide range are reduced and the zoogeographic
provinces appear more similar: for the species
richness data there are no differences in slopes
(p > 0.10), elevations (p > 0.10), or coincidence
(p > 0.25) ofthe lines in general and differences
between individual regions decrease (p = 0.03-
0-80); for the abundance data the lines still dif-
fer in all three respects (p < 0.001) butp values
for comparisons between individual regions
increase to 0.001-0.02; and for biomass data
the lines are parallel (p > 0.10) and with equal
elevations (p > 0.25) but are not coincident (p
< 0-001) and p values for individual regions
increase to 0.14-0.73, respectively. Use of the

index thus indicates a more similar

response of species richness, abundance, and
diversity to changes in beach type by commu-
nities from the different regions.

The effectofreplotting the common curves for
species richness and abundance using the mod-
ified index ofbeach state is illustrated in Figure
5. This shows an improved fit in both cases: r2
increases from 0.52 to 0.67 for species richness
and from 0.25 to 0.34 for abundance, respec-
tively. For biomass the equation is:

loglb + Dm’1= 0.6 + 1.3BSI r = 0.48

also increasing the coefficient of determination
from 18% to 23%.

We conclude from the above analyses using
the BSI that dissipative beaches generally sup-
port richer faunas than reflective beaches and
that species richness, abundance, and biomass
respond to changes in beach type in a remark-
ably consistent manner, although abundance
and biomass may be more variable than species
richness. This implies that primary physical
control is of overriding importance for beach
communities and that zoogeographic consider-
ations are secondary. It would, however, be
ideal to have more data from other areas, par-
ticularly in the tropics, in order to test these
trends over the widest possible range of condi-
tions. Unfortunately, we are unable to make
use of most published beach survey data since
no authors have provided sufficient information
for us to characterize their beaches or calculate
the dimensionless fall velocity.

DISCUSSION

How does beach morphodynamic state control
macrobenthic communities and can key factors
be identified? We believe that neither sand nor
wave energy are of direct (proximate) impor-
tance as controlling factors, other than for
extreme instances such as the presence of very
coarse sand. Most sandy beach animals can
operate over a wider range ofparticle sizes than
they encounter in nature and substrate selec-
tion studies have confirmed rather catholic
tastes in grain size (Brown, 1983; Jaram illo,
1987). Furthermore, from Table 1 and figures
2-4 can be seen that large changes in fauna
occur across beaches with essentially similar
grain sizes but differing wave energy, i.e., dif-
ferent morphodynamic states.

Journal of Coastal Research, Special Issue No. 15, Spring 1993
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Similarly, wave heightper se seems unimpor-
tant, since for most beach types waves break in
the surf zone, far from the beach, and are con-
siderably modified by the surfzone and beach
slope before being experienced by the fauna as
swash on the beach face. Beach slope is an inte-
grated measure of wave energy levels and sand
particle size and is thus a better measure than
either of these parameters alone, relating
closely to swash climate (EMErRY and GALE,
1951; McARrRDLE and McLAcHLAN, 1991a), but it
varies widely on short time scales and gives a
poorer fit against faunal parameters than a
measure ofthe overall morphodynamic state of
a beach (BSI). Furthermore, slope itself is not
directly limiting since even the steepest beach
slopes (1/5 - 1/10) present no mechanical prob-
lems to locomotion by the macrofauna. Rather,
these parameters (sand particle size, wave
energy, and beach slope) are the ultimate fac-
tors affecting the fauna through their combined
effects on beach face climate.

The total morphodynamic state of a beach,
resulting from the interaction ofthe above fac-
tors and expressed quantitatively as il or BSI,
has correlated well with beach macrofaunal
community parameters. However, it is not the
beach state or type itself that is important for
the fauna, but the swash climate associated
with it.
between beach type and swash climate features
(McARrRDLE and McLacHLAN, 1991a, b), dissipa-
tive beaches being characterized by swash with

There is a consistent relationship

extended periods and lengths, variable speeds,
and most swash activity below the effluent line,
whereas reflective beaches display the opposite
swash features. Swash climate on reflective
beaches is extremely harsh, providing little
feeding time and having high swash speeds
throughoutthe tidal cycle; waves break directly
in the intertidal resulting in a high probability
of animals being stranded above the effluent
line where unsaturated sand might make bur-
rowing difficult (Brown, 1983). Physical stress
in the swash zone on the beach face thus
decreases from reflective to dissipative beaches.

The ‘swash control hypothesis’suggested that
swash climate controlled beach macrofaunal
community structure (McLACHLAN, 1990). We
refine this to the ‘swash exclusion hypothesis,’
suggesting that the swash climate associated
with dissipative beaches is sufficiently accom-
modating and varied to enable virtually all

macrofauna species encountered on exposed
beaches to maintain viable populations, but, as
beach type changes through intermediate
states toward reflective conditions, the increas-
ingly inhospitable swash climate excludes more
and more species until, in the fully reflective
situation, only supralittoral forms (talitrid
amphipods, ocypodid crabs, insects), which live
‘outside’the swash climate, remain. This needs
to be tested experimentally.

McLAcHLAN (1990) noted a change in mean
body size over his series of beaches, with
smaller animals occurring on dissipative than
reflective beaches. However, re-analysis of his
data that,
decrease in size, molluscs increase in mean
body mass from reflective to dissipative
beaches. Such trends in the southern African
and Chilean beaches will be explored in detail
in separate papers. Body size as well as shape,
morphology, and means of locomotion must dis-

reveals whereas crustaceans

play some adaptations to the swash climate and
convergent evolution in forms adapted to the
same beach types may be expected.

CONCLUSIONS

Sandy beaches from six different zoogeo-
graphic provinces and four continents all fit a
similar pattern, with macrofaunal species rich-
ness, abundance, and biomass changing pre-
dictably in response to changes in beach mor-
phodynamic type, all increasing toward more
dissipative conditions. This implies overriding
control by the physical environment, in partic-
ular the swash climate, which is coupled to
beach type. Presumably certain taxonomic
groups, their morphological and their behav-
ioral adaptations have evolved in response to
different swash climates. We suggest that dis-
sipative beaches require minimal adaptations
of these sorts, as reflective conditions are
approached, increasingly hostile swash cli-
mates demand increasing specialization and
more species are excluded. Such adaptations to
swash climates warrant further study.
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