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ABSTRACT: Changes in the structure of benthic invertebrate communities in undisturbed and experi- 
mentally cleared quadrats on 3 rocky shores on the east coast of South Africa were monitored quarterly 
for 14 yr from 1982. There were no clear long-term trends in species diversity in either undisturbed or 
experimentally cleared areas. Diversity decreased and became more variable following disturbance 
and remained so throughout the study. Founer analyses revealed significant annual cycles in diversity 
in undisturbed areas at all sites, while only half of the cleared areas exhibited significant annual cycles. 
Non-metric multidimensional scaling ordinations, based on Bray-Curtis similarity matrices, were used 
to represent traces of the 'state' of the community through time at each site. Undisturbed areas typically 
exhibited 2 or more apparently stable states, persisting for periods exceeding the turnover time of the 
dominant populations, with brief periods of instability between them. Fluctuations in the abundance of 
barnacles and periwinkles accounted for most of the differences between these states. The lower 
balanoid zone community tended to oscillate between states more frequently than that in the upper 
balanoid zone. Correlations between traces from different sites tended to be stronger for high shore 
communities than for those lower on the shore. Disturbed communities either converged to a stable 
state, persisting for more than 10 yr, or remained unstable throughout the study. Similarities in long- 
term variability between sites suggest the influence of large-scale factors affecting the supply and 
survival of larvae. 
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INTRODUCTION 

A number of studies have polnted to the importance 
of long-term data sets in understanding the variability 
of natural marine systems (Southward 1967, 1991, 
Lewis 1976, Underwood 1984, Paine 1986, Butler & 
Chesson 1990, Barry et al. 1995, Southward et al. 
1995). Such data not only provide a background 
against which to evaluate short-term experimental 
studies, which have been important in elucidating 
species interactions such as grazing, predation and 
competition (Dungan 1986, Menge et al. 1986, Petraitis 
1990, Dye & White 1991, Dye 1992, 1995), but they 
can also provide insights into important long-term pro- 
cesses which could not be detected by, or could con- 
found, short-term studies (Garrity & Levings 1981, 
Connell 1985, Fairweather 1988, Barry et al. 1995). 

These include the effects of variations in recruitment 
and mortality (Kendall et al. 1985), variations in primary 
production (Frid et al. 1996), climate change (Barry 
et al. 1995), anthropogenic disturbances (Southward 
1967), and stochastic events (Hawkins & Hartnoll 1983, 
Foster & Shiel 1993, Francis & Evans 1993). 

Despite their potential importance (Southward 
1995), there have been relatively few long-term stud- 
ies of rocky intertidal systems (Barnes 1956, South- 
ward 1967, Luckens 1976, Kendall et al. 1982, 1985, 
Caffey 1985, Judge et al. 1988). Furthermore these 
studies have generally focussed on the population 
level and the analyses are essentially univariate in 
nature (Hawkins & Hartnoll 1983, Kendall et al. 1985, 
Southward 1991, Barry et al. 1995, Southward et  al. 
1995, Frid et al. 1996). Such an approach can tell us 
much about population dynamics (Kendall et al. 1985), 
and the effects of stochastic events on individual spe- 
cies (Dye 1990), and on the more theoretical aspects of 
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variability, such as temporal redshifts (Steele 1985, 
Pimm & Redfearn 1988) and non-linear phenomena 
(Turchin & Taylor 1992, Ellner & Turchin 1995). How- 
ever, higher level approaches, involving community- 
level attributes and multivariate techniques, are better 
suited to ~llustrating how communities vary over time 
(Lively et al. 1993), or respond to disturbance (Warwick 
1986, Warwick & Clarke 1991, 1993, 1995, Lasiak & 

Field 1995). 
This paper is the second report on a long-term study 

of rocky shores on the east coast of South Africa, and 
presents commun~ty-level analyses of 14 yr data on 
the abundance of experimentally disturbed and undls- 
turbed mid-littoral populations. Given the highly vari- 
able nature of recruitment processes and their impor- 
tance in structuring intertidal communities (Southward 
1967, Kendall et  al. 1982), the initial hypothesis was 
that temporal and spatial fluctuations in the abun- 
dance of species would be highly stochastic and there- 
fore independent of each other, and possibly also of the 
scale on which they were measured. The objective was 
therefore to establish the nature and extent of natural 
fluctuations in colonization and recruitment in mid- 
and upper intertidal communities at large spatial and 
temporal scales, and to contrast this with the effects of 
a clearly defined pulse disturbance created by experi- 
mental clearing, both to test this hypothesis (Dye in 
press), and as a background to the interpretation of ex- 
perimental data on community interactions and human 
impacts. The underlying hypothesis examined in the 
present analysis is an extension of the first and holds 
that community-level attributes, such as species diver- 
sity and community structure, will exhibit stochastic 
temporal and spatial variability, again independent 
of each other and of the scale on which they are 
measured. 

METHODS 

Benthic populations in the mid- and upper-littoral 
were monitored from November 1982 at 2 sites, 
Mazeppa Bay (28" 06' E,  32" 41' S) and Dwesa 
(2B050'E,32" 18'S),  and from November 1983 at a 
third site, Mkambati (30" E, 31" 16 ' s )  on the south-east 
coast of South Africa. This is a summer rainfall region 
which experiences an annual precipitation of 1100 mm. 
Air temperature ranges from 13 to 35°C with a mean of 
20°C and, although the prevailing winds are from the 
south-west, frequent easterlies also occur. Sea temper- 
ature varies from 10°C, during occasional upwelling, to 
24"C, with a mean of 18°C. Tides are semi-diurnal with 
an amplitude of approximately 2 m, and all sites expe- 
rience continuous moderate to heavy wave action, 
mainly from the south-west. 

Benthic communities in the upper balanoid zones 
at Dwesa and Mkambati comprise 12 and 10 species 
respectively and are characterized by the rock oyster 
Sdccostrea cucullata and the barnacle Chthamalus 
dentatus. Other species are the limpets Cellana capen- 
sis, Patella granularis, Fissurella natalensis and Patel- 
loida profunda, the periwinkles Nodilittonna africana 
and Oxysfele tabularis, the predatory whelk Burnu- 
pena lagenaria and the barnacles Tetraclita serrata 
and Octomeris angulosus. Extending below this zone 
to about 30 cm above the low spring tide level is the 
lower balanoid zone, characterized by Tetraclita ser- 
rata and Octomeris angulosus. The same species occur 
as in the upper zone with the addition of the brown 
mussel Perna perna and the limpet Siphonaria con- 
cinna. While these species are also present at Mazeppa, 
the rock oyster is usually absent as this is the extreme 
southern limit of its distribution in Africa. The low- 
shore zone extends down to the spring low-water 
level and in marine reserves supports inter alia large 
numbers of P. perna, various patellid limpets and 
numerous species of algae. A more comprehensive 
description of these shores is given in bye (i~88) and 
Dye (in press). 

The analyses are based on abundance data, obtained 
at quarterly intervals, from 16 monochrome photo- 
graphs of 0.25 m2 quadrats located within an approxi- 
mately 5 X 20 m area parallel to the sea in the upper 
and lower balanoid zones at Dwesa and Mkambati. 
The quadrats, initially chosen at random, were marked 
and revisited on each subsequent sampling occasion. 
Owing to the steep profile of the shore at  Mazeppa, 
only the lower balanoid zone was monitored at this 
site. These data are compared with that from adjacent 
quadrats which had been subjected to a clearly de- 
fined pulse disturbance, created by removing all 
macro-organisms from successive sets of quadrats sea- 
sonally during the first year of the study (Dye in press). 

The Shannon-Wiener index of diversity H'  was used 
to describe changes in the communities over time. In 
addition non-metric multidimensional scaling ordina- 
tions (MDS), based on Bray-Curtis similarity matrices 
of root-transformed abundance data, were used to 
create 2-dimensional representations of the temporal 
state of the communities. These analyses were per- 
formed using the PRIMER suite of programmes devel- 
oped by the Plymouth Marine Laboratory (Warwick & 
Clarke 1991, Clarke 1993). The clusters thus produced 
consisted of groups of sampling dates representing a 
particular 'state' of the community defined by the rela- 
tive numerical abundance of the component species. 
The species contributing most to the mean difference 
between d.ifferent community 'states' at each site were 
identified using the Similarity Percentages (SIMPER) 
routine of PRIMER. While the ordinations may indicate 
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that communities occupy distinct states over time, they 
do not provide a clear picture of how they change from 
one state to another. One way to represent these 
changes is to join the points in each ordination to pro- 
duce a trace of the path of the community through 
time. However, with a relatively large number of 
points as  in the present case, this would result in a very 
jumbled picture with no more clarity than the original 
ordination. To overcome this the trace produced by 
joining the data points was 'stretched out' and plotted 
against time to produce a series of 'timelines' for the 
clusters a t  each site, thus providing a clear representa- 
tion of temporal changes in state. 

Fourier analyses were performed on 
the detrended time series. First order 
autocorrelations, present in virtually all 
cases, could usually be corrected by 
lag-l differenciny (Chatfield 1989). The 
resulting periodograms were tested 
against an exponential distribution 
(white noise) using the Bartlett-Kol- 
mogorov-Smirnov D statistic (Diggle 
1990). 

analysis revealed significant annual cycles in diversity in 
undisturbed areas at all sites (Table 2) and biennial cy- 
cles at some sites. 

With the exception of summer clearings at Mazeppa, 
species diversity in experimentally disturbed areas was 
generally lower and more variable than in undisturbed 
areas (Table 1) and remained so throughout the study. 
There were significant differences in mean diversity be- 
tween the early and later parts of the time series in all 
cleared areas at Dwesa, in areas cleared in summer at 
Mazeppa and in summer and autumn at Mkambati. Co- 
efficients of variability in all cleared areas were gener- 
ally lower after 1990 than earlier in the study. The sig- 

MAZEPPA LOWER BALANOID 

1.3 - 
RESULTS , 0.9 - 

V) 

0.4 - 
0- 

Fig. 1 shows time series of species di- - 

versity in undisturbed and experimen- 
tally cleared areas in the lower balanoid 
zone at Mazeppa, and in the upper 
and lower balanoid zones at Dwesa and 
Mkambati. Although no overall trends 
were evident in undisturbed communi- 
ties, some time series, such as those 
from Dwesa and the upper balanoid 
zone at Mkambati, showed a decline in 
diversity between 1982 and approxi- 
mately 1989, followed by a sharp in- 
crease between 1989 and 1991 and sub- 
sequent decline. This discontinuity 
separates the time series into 2 distinct 
parts which differ in both mean diver- 
sity and variability (Table 1). Diversity 
was generally lower and tended to be 
more variable in undisturbed areas in 

DWESA LOWER BALANOlD 

Fig. 1 Shannon-Wiener diversity 
time series for undisturbed and sea- 
sonally cleared areas at Mazeppa, 
Dwesa and Mkambati. UN: undis- 
turbed; SU: summer; AU: autumn; 

WI: winter; SP: spring 

1 .S DWESA UPPER BALANOID 

1.08 
1 0.67 

MKAMBATI UPPER BALANOID 

3 

the period prior to 1989 than after this 1.3 1.1 , 0.9 0.8 
date. Mean diversity increased in a 4 4 

0.4 0.4 
northerly direction, from 0.60 c 0.22 SD 1.6 1.1 

at Mazeppa to 0.73 + 0.37 at Dwesa and - 1.1 
3 5 0.7 

0.5 
1.09 + 0.20 at Mkambati, all sites being 1.0 1 

significantly different (t-test; p 5 ~1.05 , 0.72 
0.001). There were no significant U)0.70 0.43 

0.35 0.15 
within or between site correlations in 838485 8 6  87 8 8  89 90 91 9 2  93 94 95 96 83 84 85 8 6  8 7  8 8  89 90 91 92 93 94 95 96 

diversity in undisturbed areas. Fourier YEAR YEAR 



- &
 

!? 2
 

3 V
) 

p&
- 

-
W

 
p

. 
y
l
 

A
 

W
 

N
 

a
n

-
 

&
: 

- 
S

 
L
, m
 

U
 

!2 
g 

-
 

-
 

- - - 

S 
!?' 

g 
z 
bQ 

i F' A It 
"F

, 
0
 

pj
 - - 

- - - 

5: 
z 

U
 

S
 

%
Z

$
Z

g
 

3
 
8
3
$
2
~
 

15
:z
; 

3 
8
 

E
 

W
 

5 
m

 
[I
, 

m
 

t- 
'U

 
C

 
-.

 
-.

 
m

 
S 

m
 

r
 

N
 

N
 

r
 

m
 

S 
c
 

m
 

N
 

d
 

N
 

N
 

z 
z 

2 
2 

2 

X 
g 

! 
W

F
(

3
P

.J
 

W
le

W
P

t
J

 
m

 
m

 
(

n
m

 
c

n
a

c
-

o
-

 
w

m
m

w
o

 
(
D

W
 

t
~

e
t

~
m

o
,

 
r

r
m

w
m

 

0
0

0
0

y
 0

0
!>

0
r
 0

0
0

0
0

 
p

0
r

r
T

 0
0

0
0

0
 

c
o

4
w

w
o

 m
m

i
r

,m
o

 w
4

x
l

m
-

 
m

c
o

o
o

o
 w

a
r

n
m

m
 

 XI
^ 

m
r

P
u

w
 O

N
(

3
s

J
P

 O
m

c
3

m
W

 r
m

N
4

-
 

e
m

P
O

0
 l B

 

b
N

3
W

d
 

C
S
 p

 :.?
 

[I
, 

>?
 3

 
z

r
~

l
~

 
5 

m
z

.
~

~
 

-
J

N
2

0
0

 
,,E.m

 
3 

(D
 

0
 
g S

.%
 

g
<

 
o
z
.
 

5
-E

 g 
eg

 
9
 ,Q

,?
 

S
E

n
 'D

 
-

m
 

0
 
zz

 
3

%
-

S
 

5.
 g

. 
2
 0

 
p

p
3

 
C 

N
3

 m
P

 
"S

;;"
$ 

g
5

?
o

a
 

3
. 

-g
E

 
3

 
C

 
,< 

" Z
2

.g
5

 
rn
 'p

z
g

z
g

 
,;; 

g
3

 0
 

2 
3
. 
z

- 
- 

0
 g

 %
 

3 
$
c
q
x
 

gg
,+

k 
[I
, 

--
 

;.'D
 

3
-w

c
0

: 

z [I
, - m
 

n
 
0
 

7
 

L
0

 

rn
 

(D
 
7
 

L
 

m
 

4
 

IP
 

-4
 

I m
 

x
l
 

r
 

W
 

C
O

 



Dye: Long-term changes in rocky littoral fauna 5 1 

Table 2. Results of periodogram analyses of species di- 
versity time series from Mazeppa, Dwesa and Mkambati. 
UN: undisturbed; SU: summer clearing; AU. autumn clearing; 
W1: winter clearing; SP- spring clearing Cycles. 1 = annual, 
2 = biennial. D,,,: Bartlett-Kolmogorov-Smlrnov D statistic; 

ns. not significant 

Site Cycle D,,,, P 

Mazeppa lower balanoid UN 1,2 0.219 0.02 
S U n s 
A U 1 0 237 0.005 
W1 1 0 278 0.001 
S P ns 

Dwesa upper balanoid UN 1,2 0.209 0.05 
S U  ns 
A U  1 , 2  0.250 0.002 
W1 ns 
SP ns 

Dwesa lower balanoid UN 1,2 0.275 0.001 
SU 1 0 209 0.05 
AU ns 
W1 ns 
S P 1,2 0.190 0.05 

Mkambati upper balanoid U N  1 0.311 0.001 
SIJ ns 
A U  ns 
W1 ns 
SP ns 

Mkambati lower balanoid UN 1 0 229 0.02 
SU 1 0.311 0.001 
AU 1 0.312 0.001 
W1 1.2 0.259 0.002 
SP 1 0.224 0.02 

its component species at various points in time, and 
are based on groups differing by at least 25% in the 
original similarity dendrograms. 

With the exception of a small number of outlying 
points, undisturbed comn~unities generally occupied 
between 2 and 4 distinct states, with the number 
increasing in a northerly direction. An important fea- 
ture of the clusters at all sites is the fact that they con- 
sist of sequences of samples which collectively form 
non-sequential groupings, indicating that the commu- 
nities oscillate between states which they occupy for 
varying periods of time. Fig. 3 shows the species con- 
tributing to at least 80% of the differences between 
clusters at each site based on SIMPER analyses. Varia- 
tions in the abundance of the barnacles Tetraclita ser- 
rata and Chthamalus dentatus account for more than 
50% of the differences between clusters in the lower 
balanoid zones at Mazeppa (avg. dissimilarity: 4 0 % )  
and Dwesa (avg. dissimilarity: 37 %), while C. dentatus 
and the periwinkle Nodilittorina africana account for 
approxinlately 65 % of the difference between clusters 
on the lower shore at Mkambati (avg. dissimilarity: 
35 %). The remaining 15 to 30 % of the differences are 
due to N. africana and the barnacle Octomeris angulo- 
sus at Mazeppa, and to N. africana, 0. angulosus and 

MazeDDa lower balano~d 

D w e s a  
Z .- .- 

Lower balano~d 

651 - .- - 

U o ~ e r  balanoid 

Mkambat~ 
Lower balanoid Upper balanoid 

65 1 

Fig. 3. Species contnbutlng cumulatively to at least 80% of 
the mean difference between MDS clusters from undisturbed 
areas at Mazeppa, Dwesa and Mkambati. T. serrata: Tetra- 
clita serrata; C. dentatus: Chtl~arnalus dentatus; N. africana: 
Nodiljttorina africana; 0. angulosus: Octon~eris angulosus; P. 

granularis: Patella granularis 

the limpet Patella granularis at Dwesa. At Mkambati 
the remainder is due to variations in the abundance of 
T. serrata and P. granularis. On the upper shore at 
Dwesa (avg. dissimilarity: 35 %) most of the differences 
between clusters is due to T serrata, C. dentatus and 
N. africana in approximately equal proportions, while 
at Mkambati (avg. dissimilarity: 36.4%) C. dentatus 
and N. africana account for most of the difference, with 
T. serrata third. 

MDS ordinations for seasonally disturbed communi- 
ties (see Fig. 2 for an example) indicate that they too 
occupy discrete states over time. Con~munities occu- 
pied the greatest number of states at Dwesa and the 
least a t  Mazeppa. At Mazeppa areas cleared in the 
lower balanoid zone in summer and autumn rapidly 
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converged to a single state which persisted 
throughout the study. At Mkambati, however, 
the convergence occurred in dreas cleared in 
winter and spring No such convergence was 
evident on the lower shore at Dwesa (avg. dis- 
similarity: 40.3"%). SIMPER analyses once again 
revealed that barnacles accounted for most of 
the difference between clusters in disturbed 
areas (Fig. 4). At Mazeppa (avg. dissimilarity: 
51 %) Tetraclita serrata accounted for most of 
the difference, ~ t s  contribution being greatest in 
summer and least In spring. Other species of im- .: 

portance at this site were Nodil~ttorina aMcana 
and Octomeris angulosus. While T. serrata was .; .- 
the most important discriminator between clus- W 

ters on the lower shore at  Dwesa, its relative im- 2 
portance depended on the season of initial 

.a 

clearing. For areas cleared in spring it ac- 
.- 

counted for over 60 % of the difference while in c: 
autumn its contribution was only 30 %. The next E 
most important species was Chthamalus denta- 
tus, with N. africana, 0. angulosus and Patella 
granularis making up the remainder. On the 
lower shore at Mkambati C, dentatus was the 
major discriminator between clusters in all sea- 
sons, with T serrata and N. africana accounting 
for the rest. 

The picture was somewhat different for the 
upper-shore community at Dwesa (avg. dissim- 
ilarity: 50.8%) where a greater number of spe- 
cies contributed to the first 80% of differences 
between clusters. In this case the major discrim- 
inators, Tetraclita serrata and Chthamalus den- 
tatus, dominated in areas cleared in spring and 
winter respectively, while in other seasons they were 
equally important. The remainder of the differences 
were due to Nodilittorina africana, Octomeris angulo- 
sus (spring and autumn only), the limpets Cellana 
capensis and Siphonaria concinna and the periwinkle 
Oxystele tabularis. On the upper shore at Mkambati 
the picture was simpler with C. dentatus accounting 
for most of the difference between clusters in all sea- 
sons and N. africana accounting for the rest. 

Fig. 5 shows the MDS timelines for undisturbed com- 
munities in the upper balanoid zones at Dwesa and 
Mkambati and for the lower balanoid zones at 
Mazeppa, Dwesa and Mkambati. The upper shore 
community at Dwesa occupied a single state, dorni- 
nated by Tetraclita serrata and Nodilittorina africana, 
from November 1982 until February 1990, after which 
it underwent a change, t ak~ng  about 9 mo, before 
stabilizing at a new state, dominated by Chthamalus 
dentatus and N. africana, which persisted until August 
1996. At Mkambati the upper shore community ex- 
perienced a protracted period of instability between 

Mazeppa lower balanoid 

65 I 
Summer 

Autumn 

Winter 

Sprlng 

Fig. 4. Spccies con- 
tributing cumulatively 
to at  least 80°:, of the 
rnpan differrnce be- 
tween MDS clusters 
from seasonally clrared 
areas at  Mazcppa, 
Dwesa and Mkambati. 

Lower balanold Upper balanoid 

Lower balano~d 

65 -1 

Mkambati 

Upper balanold 

65 i 

August 1985 and August 1987, when it stabilized in a 
state dominated by Saccostrea cucullata and C. den- 
tatus, until November 1990 before entering its current 
state which is charactenzed by large numbers of C. 
dentatus and N. africana. The fact that both sites ex- 
perienced substantial changes during 1990 accounts 
for the significant correlation between them (Pearson 
correlation, r = 0.78; p 5 0.001). 

The timelines also indicate a period of instability in 
the lower shore communities in the early 1990s. Be- 
tween 1983 and 1990 the lower shore community at 
Mazeppa underwent regular oscillations between 
states, each lasting for about 18 mo, and resulting from 
periodic settlement of large numbers of Tetraclita ser- 
rata. After this time the community changed briefly in 
1992 but otherwise remained stable until 1996. At 
Dwesa the lower shore community was stable until 
1990 (dominated by T, serrata, Chthamalus dentatus 
and Octomeris angulosus), when it entered a period of 
severe instability during which it oscillated between 3 
different states, reflecting changes in the relative 
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abundance of T. serrata, over a period MAZEPPA LOWER BALANOID ! l Fiq. 5. T i m e l i n e s  o f  MDS o r d ~ n a t i o n  
of 18 mo before assuming its final , , , - A  t r a c e s  f r o m  u n d i s t u r b e d  a n d  s e a s o n -  

state. The lower shore cornnlunity at a l l y  c l e a r e d  a r e a s  a t  M a z e p p a ,  

Mkambati exhibited high frequency 
D w e s a  a n d  M k a m b a t i .  UN. u n d i s -  
t u r b e d ;  SU: s u m m e r ;  AU: autumn; 

oscillations between 2 states, one W1:  w i n t e r ;  SP = s p r i n g  

dominated bv T. serrata and the other 
by C. dentatus, from November 1983 
to August 1986, after which it stabi- 
lized in a third state in which C, den- 
tatus became more abundant for 4.5 
yr, before flipping back to the original 
state for 1 yr and then assuming the 
third state again until August 1996. 
Correlation analyses revealed signifi- 
cant correlation between the 2 south- 
ern sites, Mazeppa and Dwesa (r = 
0.43; p I 0.002), but no correlation 
with the northern site. There was 
a significant within-site correlation of 
timelines between the upper and 

V) 

DWESA LOWER BALANOID DWESA UPPER BALANOID 

4 z 
U 3 
l- 1 

lower shore at Dwesa (r = 0.85; p I 2 4  

0.0001). but this was not evident at E z 
Mkambati. 0 

Timelines for cleared areas on the 
low-shore at  Mazeppa, Dwesa and $ "  r 
Mkambati are also shown in Fig. 5. 2 O 

0  

l- 
Despite their close proximity only 2 of MKAMBATI LOWER BALANOID MKAMBATI UPPER BALANOID 

the timelines correlated with each 
other, or with the undisturbed areas, 
at Mazeppa. Areas cleared in summer 
and autumn converged to a single 
state, dominated by Tetraclita serrata 
and Nodilittorina africana, within a 
year and remained that way until the 4 4  -P 

end of the study. Areas cleared in win- 3  - 

ter and spring, however, exhibited ;I 7 
4 -p 

greater instability and oscillated 
between 3 states, one of which was E, v -  

2- 
characterized by the absence of 0- 0- 

8 3 8 4 8 5 8 6 8 7 8 8 8 9 9 0 9 1  9 2 9 3 9 4 9 5 9 6  83 84 85 86 87 88 89 9 0  91 92 93 94 95 96 

Chtharnalus dentatus, and the others YEAR YEAR 

by the relative abundance of T. ser- 
rata, the winter cleared area returning 
to the original state by August 1990, and the summer respect to their oscillations. There were no correlations 
cleared area drifting to the third state over time. These with the undist.urbed condition. At Mkambati the only 
2 correlated weakly (r = 0.32; p 5 0.02) while the spring significant correlation occurred between summer and 
cleared area correlated more strongly with the undis- autumn cleared areas (r = 0.76; p < 0.0001). Both exhib- 
turbed areas (r = 0.45; p < 0.001). The situation was ited variability between 1984 and 1986, becoming sta- 
highly variable at Dwesa with only 2 significant corre- ble until 1990, which represented the start of a period 
lations, those between summer and autumn (r = 0.76; p of instability which lasted until the end of 1992, after 
10.0001) and between summer and winter (r = 0.49; p which they entered a stable state until 1996. Areas 
I 0.001). In these cases the community oscillated cleared in winter and spring tended to converge to a 
between as many as 4 states, defined mainly by the rel- single stable state which, apart from a brief period of 
ative abundance of T. serrata and C. dentatus, with a instability in the latter in the early 1990s, persisted 
general drift away from the initial condition. Areas until the end of the study. Thls state was dominated by 
cleared in spring exhibited no clear pattern with C. dentatus. The only significant between-site correla- 
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tions were those of areas cleared in summer on the 
upper shores at  Dwesa and Mkambati (r = 0.45; p 5 

0.001). 
Irrespective of season, there was considerable insta- 

bility in cleared areas in the upper balanoid zone at 
Dwesa. Areas cleared In summer and autumn oscil- 
lated frequently between states up to 1989 or 1990, 
becoming more stable thereafter, when the community 
was dominated by Tetraclita serrata. Areas cleared in 
winter and spring were unstable throughout the study. 
Apart from the summer cleared areas, which corre- 
lated significantly with undisturbed areas (r = 0.50; 
p 5 0.0001), there were no significant correlations. 
The picture was very different on the upper shore at  
Mkambati, where all cleared areas converged to a 
single stable state after about 3 yr. In this case the 
community was dominated by Chthamalus dentatus 
and Nodilittorina africana. Not surprisingly, all treat- 
ments correlated significantly with each other and with 
the undisturbed areas (overall p I 0.0001). As in the 
case of the lower shore the only significant between- 
site correlation was with areas cleared in summer at  
Dwesa and Mkambati (r = 0.31; p 5 0.03). The only sig- 
nificant correlation between tidal levels was for areas 
cleared in winter at  Mkambati (r = 0.62; p S 0.0001). 

DISCUSSION 

Although long-term studies of rocky intertidal 
systems are  rare, they have illustrated the complex 
dynamics which characterize benthic populations in 
these habitats. Dye (in press) has shown that, on the 
east coast of South Africa, the nature of temporal fluc- 
tuations in the abundance of rocky intertidal popula- 
tions vanes with the temporal and spatial scale of mea- 
surement. Dye (in press) showed that at  small scales 
(months, 10s of metres) populations generally exhibit 
high frequency fluctuations independently of each 
other, while at larger scales (years, 10s of kilometres) a 
significant degree of correlation, between different 
species, and between conspecifics at d~fferent sites, 
emerges. Only at  larger spatial scales (100s of kilo- 
metres) are  these correlations attenuated. This rather 
complex picture can be  simplified through a n  exami- 
nation of temporal fluctuations at the community level, 
by using one or more of the many univariate indices of 
community structure, such as diversity, or by adopting 
a multivariate approach in which communities are  de- 
scribed graphically through some ordination procedure. 

The Shannon-Wiener diversity index embodies in- 
formation on species richness and evenness (Magurran 
1988). Dye (in press) showed that intertidal communi- 
ties on the east coast of South Africa rarely suffer a loss 
of species and in general the same suite of species is 

present over l.ong periods of time. In thc present study 
the richness component is fairly constant dnd it follows 
therefore that variations in divrrsity arise mainly from 
changes in the relative abundance of species which 
affects evenness. The regular annual cycles evident in 
time series from undisturbed areas reflect the annual 
cycle of recruitment, which occurs mainly In winter 
(Dye in press). The presence of biennial cycles at some 
sites may suggest that recruitment varies in intensity 
with 'good' years being followed by 'poor' years, pos- 
sibly driven by density-dependent factors. Further 
analyses of the photographic record should shed light 
on this. 

Between 1983 and 1990 the abundance of the domi- 
nant barnacle Tetraclita serrata declined at  all undis- 
turbed sites (Dye in press). At Mazeppa this species 
was replaced by another barnacle, Octomeris angulo- 
sus,  which also declined after 1990. The overall effect 
was a decline in diversity, followed by an increase. The 
same thing happened at  Dwesa and Mkambati except 
that T. serrata was initially replaced by Chthamalus 
dentatus, which was associated with an  increase in the 
abundance of periwinkles. An interesting teature is 
that diversity in many of the undisturbed areas was 
significantly more variable in the period up to 1990 
than thereafter. This, together with the changes in spe- 
cies abundance which occurred around 1990 (Dye in 
press), may be indicative of some large-scale external 
factor that had a profound and persistent effect on the 
structure of these communities. In most cases this has 
resulted in a community structure which differs con- 
siderably from that which existed 14 yr ago. 

Since the cleared areas started from a zero base, it is 
not surprising that time series of diversity differ from 
those of undisturbed areas and tend to increase with 
time. Initially this is due to the addition of species, but 
from about 1990 onwards fluctuations in diversity 
reflect changes in the abundance of barnacles and 
periwinkles. Despite the increase over time, disturbed 
areas generally did not return to their pre-disturbed 
levels of diversity. Expenmental disturbance clearly 
induced changes in these communities which continue 
to distinguish them from undisturbed areas. What is 
remarkable is the persistence of these effects. 

The persistent effects of stochastic events and exper- 
imental disturbance become even more striking when 
communities are described in multivariate terms. The 
fact that communities occupy different states is clear 
from the MDS ordinations, and SIMPER analysis con- 
firms that most of the difference between these states, 
whether disturbed or not, arises from variations in the 
abundance of barnacles and periwinkles. However, 
only by examining time traces of the ordinations can 
an  impression of the dynamics of these communities be 
obtained. 
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Upper shore communities at  Dwesa and Mkambati 
exhibited remarkable stability during the study. At 
Dwesa the only change occurred during 1990, when 
there was a drastic decline in the abundance of Tetra- 
clita serrata and Nodilittorina africana, the latter re- 
covering only when Chthamalus dentatus replaced the 
other barnacle, leading to a new community state 
which persisted to the end of the study. At Mkambati 
the high-shore community experienced 2 periods of 
instability, both resulting from fluctuations in the rela- 
tive abundance of T. serrata, N. africana and C. den- 
tatus. In this case C. dentatus became abundant be- 
tween 1987 and 1990, leading to an intermediate state. 
The abundance of this barnacle decreased after 1990, 
b'ut it still remained illore abundant than previously 
(Dye in press). 

The regular oscillation of the lower shore community 
at Mazeppa correlated with fluctuations in the abun- 
dance of periwinkles, which exhibited strong biennial 
cycles (Dye in press). During 1990, however, the abun- 
dance of Tetraclita serrata declined by about 80%, 
although it remained numerically dominant (Dye in 
press), resulting in a change in state which persisted to 
the end of the study. The fact that all 3 sites show in- 
stability around the same time and that low-shore com- 
munities at Dwesa and Mkambati exhibited the same 
dynamics as on the upper shore indicates that some 
external factor may be driving these changes. Varia- 
tions in the supply of planktonic propagules have been 
noted in a number of studies (Hawkins & Hartnoll 
1982, Kendall et al. 1982, Caffey 1985, Connell 1985, 
Gaines et al. 1985) and it is known that such variations 
can profoundly affect the structure of intertidal popu- 
lation~. Variations in larval supply can result from 
changes in wind and current patterns, and it is known 
that anomalous oceanographic conditions occurred 
along the South African coast between 1989 and 1991 
(van Ballegooyen et al. 1996). Changes in abundance 
may also result from variations in post-settlement 
mortality (Raimondi 1990). It is interesting that the bar- 
nacle which replaced T. serrata is adapted to mid- to 
high-shore conditions and may have been favoured 
during the drought conditions which prevailed during 
the same period. Again, what is surprising is the per- 
sistence of these changes, which, in most cases, ex- 
ceeds the turnover of the dominant species (Dye 1992, 
1993) and raises the possibility that the system may 
exist in more than one stable state. 

Although studies have shown that disturbance can 
alter community structure, the effects are often short- 
lived and the system usually returns to something 
approximating the initial state (Dayton 1971, Sousa 
1980, Turner et al. 1995). Few studies have shown 
alterations in state which exceed the turnover time of 
the resident populations (Southward 1978). The pre- 

sent study shows that the long-term effects of distur- 
bance are variable. At some sites communities stabi- 
lized fairly quickly while at the other sites they exhib- 
ited considerable instability. What is notable once 
again is the persistence of the instability. While almost 
all of the undisturbed areas adopted one or more stable 
configurations, only 40% of cleared areas did so. 

The almost complete absence of correlations be- 
tween diversity time series, both undisturbed and dis- 
turbed, would appear to lend support to the original 
hypothesis that fluctuations in community structure 
are driven by largely stochastic processes which are 
spatially independent. However, inspection of the mul- 
tivariate timelines suggests that there is indeed a sig- 
nificant degree of correlation in changes in community 
structure at different scales. This contradiction may 
arise because the univariate diversity index is not sen- 
sitive enough to detect subtle changes in community 
structure which are more evident in a multivariate 
analysis. Lasiak & Field (1995) compared both ap- 
proaches in a study of low-shore community structure 
on the same shores as in the present study and found 
that univariate measures, such as species diversity, 
were poor discriminators of differences in community 
structure between shores subjected to shellfish gather- 
ing and those protected within reserves. The multi- 
vanate approach, as used in the present paper, pro- 
duces a much better representation of spatial and 
temporal differences in community structure. 

Although long-term stability is probably illusory 
(Connell & Sousa 1983), this study shows that rocky 
intertidal communities can exist in a number of seem- 
ingly stable states (sensu Sutherland 1990), which may 
persist for periods ranging from 7 to 13 yr and which 
greatly exceed the turnover time of the resident popu- 
lation~. Experimental disturbance, as well as episodic 
factors, acting over large spatial scales, can induce 
persistent alterations in state, which are defined by the 
relative proportions of abundant species, particularly 
barnacles and periwinkels. 
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