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THE ECOLOGY OF SOUTH-EAST TASMANIAN PHYTAL ANIMAL 

COMMUNITIES. III. PA’ITEZRNS OF SPECIES DIVERSITY 

G.J. EDGAR 

Department of zoology. University of Tasmania, Box 252C, G.P.O. Hobart, Tasmania 7001, Australia 

Abstract: Diversity indices which have been widely used in ecological studies were calculated for each of 
135 samples of phytal macrofauna. A comparison of the properties ofthese indices indicated that they could 
be grouped into those primarily in~uen~ed by dominance (such as Simpson’s Index, McIntosh’s Index and 
E(S,)), those primarily influenced by the number of species (such as Menhinick’s Index, Margalel’s Index 
and Q), and those intermediate between the other two groups (such as the Shannon-Wiener Index and 
Brillouin’s Index). Evenness indices were also calculated but were found to be highly dependent on sample 
size and consequently diffkult to interpret. 

Environmental correlates of dominance and the number of species per plant indicated that these two 
community parameters were relatively independent. Dominance and animal density were related as both 
appeared to be monotonically increasing functions of the level of food resources. The number of species 
was dependent on the weight of sampled algae but was also strongly influenced by wave exposure and 
habitat complexity (sensu number of microhabitats rather than rugosity). The wave exposure effects were 
interrelated to habitat structure; elongate plants having the greatest animal species densities at the sheltered 
site and compact plants having the greatest species densities at the exposed site. 

Phytal animal assemblages are useful for testing differing diversity hypotheses 
because samples are replicable, easily sorted, potenti~ly rich in species (up to 100 
macrofaunal species per plant) and the habitat complexity can be maintained as a 
constant by collecting algae of only one species. In fully marine regions free from 
pollution the environmental parameters are also readily defined by reference to depth, 
wave exposure, water temperature, and the structure of the algal community. 

The initial aim of the present study was to determine the factors influencing the 
diversity of phytal animals at the semi-exposed and sheltered sites described earlier 
(Edgar, 1983a,b). To do this it was necessary to calculate diversity indices, rather than 
relying solely on the number of species per plant, because of the considerable variation 
in the size of algae sampled and consequently the number of animals associated with 
each plant. After calculating different indices, however, it became evident that the data 
could be interpreted to show that (1) diversity increased with depth, (2) diversity 
decreased with depth, (3) diversity was positively correlated with epiphytic biomass, 
and (4) diversity was negatively correlated with epiphytic biomass. The aim of this study 
was, therefore, extended from an investigation into the factors i~uencing the diversity 
of phytal animals at Bruny Is., Tasmania, to include an analysis of the more common 
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diversity indices and to determine their usefulness in situations involving highly variable 

sample sizes. 
During the past twenty years studies of diversity have evolved into distinct mathe- 

matical and biological streams with very few investigations during that time dealing with 
both of these aspects (one exception being the study of Sanders, 1968). The mathe- 
matically orientated approach has tended to involve the analysis of the properties of 
diversity indices, and the proposal of new ones. Field ecologists have been more 
interested in the causes of diversity, and generally rely on a few standard indices to 
describe a community of organisms and reduce it to one or two variables. The 
mathematical aspects are usually ignored in these studies on the basis that different 
diversity indices are highly correlated (e.g. Hicks, 1980). 

The most widely used indices of diversity are the total number of species S (also 
known as the species richness, or as the species density ifit relates to a physical variable, 
such as area; see Hurlbert, 1971), the Shannon-Wiener Information Index H’ 
(MacArthur, 1965), Simpson’s Dominance Index SI (Simpson, 1949) and Pielou’s 
Evenness J (Pielou, 1966a). Hill (1973) found that these four measures were 
mathematically related and he proposed that the transformed indices N, = exp(H’ ) and 
N2 = l/S1 were preferable to H’ and SZ because they follow Renyi’s definition of a 
generalized entropy (which also includes the number of species S( = N,)), and N, can 
be thought of as the number of abundant species and N2 as the number of very abundant 
species. He further recommended that N,/NO and NJN, be used as evenness indices 
in preference to J( = ln[N, ]/ln[N,]). Modifications to Hill’s evenness indices, which 
were shown to be superior in situations with a low number of species, were proposed 
by Heip (1974) (N, - l/N, - 1) and Alatalo (1981) (N, - l/N, - 1). Pielou (1966b) had 
previously demonstrated that H’ cannot be used in situations where every member of 
the community has been counted, and in this situation Brillouin’s Index His appropriate. 
In a critical study of diversity, Hurlbert (197 1) also suggested alternative indices to H’ ; 
viz. HE = the proportion of inter-individual encounters which is interspecific, and 
E(S,) = the expected number of species in a random subsample of n individuals. 

Other diversity indices which are occasionally used in ecological studies are Margalef s 
Index Mu (Margalef, 1967), Menhinick’s Index Me (Menhinick, 1964) McIntosh’s 
Index MC (McIntosh, 1967) and the Species Dominance Index D (Berger & Parker, 
1970). Recently, Kempton & Taylor (1976) proposed a further index, Q, based on the 
slope of the cumulative species curve in the mid-range of abundances, and it has been 
claimed that this index is better than others for discriminating between different 
communities (Kempton & Wedderbum, 1978). 

A graphical procedure has also been used for comparing the diversities of commu- 
nities. This involves the calculation of “rarefaction” curves to depict the number of 
species expected for any given number of individuals (Sanders, 1968; Simberloff, 1979). 
The original method used to calculate these curves has been shown to be incorrect and 
the appropriate methods are given by Hurlbert (1971) and Heck et al. (1975). 

Since diversity trends on a localized scale have not always been found to be reflected 
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within a larger area (Jumars, 1976), the scale from which community information has 
been obtained is also of considerable importance. For convenience, diversity has been 
partitioned into different scales depending on how the investigator defines a habitat. The 
diversity within a habitat has been called the alpha diversity, differences between 
habitats the beta diversity and the total diversity of the system the gamma diversity 
(bitter, 1972). The present study has primarily been restricted to aipha diversity (the 
diversity of animal assemblages on individual plants). 

Theories on the causes of diversity, particularly in reference to latitudinal gradients, 
are reviewed by Pianka (1966, 1974) and Rohde (1978) and invoke either physical or 
biological factors. The biological hypotheses are not discussed in the present study as 
they involve mechanisms such as predation (Paine, 1966) and competition (Dobzhansky, 
1950) which have not been ~vestigat~ but ~timately depend on physical factors within 
the env~onment. The major physical factors suggested to contribute to the diversity of 
communities are habitat heterogeneity, environmental stability, and the level of food 
resources (related to nutrients, light, and productivity). 

The number of species within a habitat is now widely accepted to be closely related 
to the complexity of both physical and biological structures within the habitat (e.g. 
MacArthur, 1964; Abele, 1974; Luckhurst & Luckhurst, 1978). The effects of stability 
on diversity are much less clear because they are closely related to biogeo~aphic 
processes, such as the dispersal of organisms, and need to be assessed on several 
different time scales. Pianka (1974) divided the stability hypotheses into three: (1) the 
evolutionary time hypothesis which assumes diversity increases with the age of the 
community by the speciation of organisms to fill available niches, (2) the ecological time 
hypothesis whereby niches in disturbed habitats are not completely occupied because 
plants and animals do not have sufficient time to re-invade the habitat fully, and (3) the 
climatic stability hypothesis which considers that few organisms can live in unstable 
environments where species need to have broad tolerance limits and consequently 
occupy broad niches. The contribution of nutrients to the diversity of systems is also 
problematical, with some authors claiming that productivity increases diversity (Connell 
& Orias, 1964) and others that it decreases diversity (Margalef, 1969). On the basis of 
computer simulations of simple non-equilibrium systems, Huston (1979) predicted that 
the greatest diversities would be found in areas of low productivity. 

All three major physical factors suggested to influence diversity varied in a predictable 
manner within the phytal environment and were investigated in this study. 

SAMPLING METHODS 

The sampling and sorting methods used to collect algae and extract the motile 
macrofaunal animals have already been described (Edgar, 1983a,b) and characteristics 
of the phytal assemblages at the two sites at Fancy Point given. These sites were both 
quite sheltered, but one locality at the end of a point (Edgar, 1983a) had greater wave 
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exposure and will be referred to as semi-exposed. Similar sampling and sorting 
procedures were also used to collect a further 15 algae from the exposed eastern coast 
of Bruny Island at One Tree Point (12 km NNE of Fancy Point, 43”6’S : 147”24’E) 
on 10 November, 1981. These samples comprised five plants of the elongate species 
Cystophora monilijbmisl from 1 m below low water mark and a further five replicates 
each of Cystophora and the comparatively small-sized Zonaria sp. from 6 m depth. 

RESULTS AND DISCUSSION 

COMPARISON OF INDICES 

The diversity and evenness indices investigated in this study are listed in Table I. 
These indices were calculated for each of the 135 faunal samples at the semi-exposed 
site. Pearson correlation coefficients, which indicate the degree of association between 
these indices, are shown below the diagonals in the correlation matrices of Tables II 
and III. Correlations relating the index Q to the other indices have not been included 
as this index cannot be calculated when the number of species is low. 

The number of species (S) was closely related to the number of individuals (N) as 
both were strongly influenced by algal weight. N was also positively correlated with Ma, 
and negatively correlated with Me, because species accumulated with sample size faster 

TABLE I 

Diversity and evenness indices investigated in this study: MC is the widely used modification of McIntosh’s 
original index (1-~rz~). 

S = number of species 

Mu = (S - l)/ln N 

SI = Cp’ 
H’ = - xpilnp, 

Me = S/JN 

D = ~max 
HE = (N/N - l)(l - xpf) 

J=H’/lnS 

Et, = N,IS 
E;, = (N, - l)/(S - 1) 

Diversity 

N 
H = (l/N)ln ~ 

n,!n,!...n,! 

N, = exp(H’) 

N, = l/SI 

MC = 1 - Cp’ 
Q = W/2)lod%/R,) 

Evenness 

E,, = NaINi 
% = (Na - l)l(N, - 1) 

N = total number of individuals; ni = number of individuals of the ith species; n = number of individuals 
within the subsample; pi = proportional abundance of the ith species; p,_ = the maximum proportional 
abundance of any species; R, = lower quartile of the species-abundance distribution; R, = upper quartile 
of the species-abundance distribution; S,, = number of species in a subsample of n individuals. 

’ See Table VII for taxonomic authorities. 
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than In N but slower than JN. All of the evenness indices were negatively correlated 
with animal abundance (N) at a highly significant level (Z’ < 0.001). 

In order to reduce the variability caused by sample size, the correlation coefficients 
above the diagonal of the matrices given in Tables II and III were calculated using the 
60 samples having between 50 and 200 individuals. 

The diversity indices can be divided into those sensitive to the species richness of the 
phytal assemblage (S, Ma, Me, Q), those sensitive to the dominance of the assemblage 
(SZ, N2, MC, HE, D), and those falling between the other two groups (H’, N,, H). These 
three groupings are more clearly seen by relating the different indices to the E(S,) series 

of Hurlbert (197 1) (Table IV). The expected number of species in a random subsample 
of two individuals E(S,) is directly related to SZ and consequently, but with differing 
degrees of linearity, to N2, HE (Peet, 1974) and MC (Heip & Engels, 1974). The 
curvilinear relationship between SZ and NJ = l/SZ) resulted in a greater correlation 

TABLE III 

Pearson correlation coefficients relating evenness indices, the number of individuals and the number of 

species: correlations below the diagonal were calculated from 135 samples with variable abundances; 
correlations above the diagonal were calculated from 60 samples with between 50 and 200 individuals. 

N s J E 4, GO E;, 
N 1 0.51 - 0.09 -0?2 -0.11 -0.28 - 0.05 

s 0.72 1 0.50 0.18 -0.12 0.28 0.06 
J -0.55 - 0.34 1 0.89 0.47 0.94 0.65 
E,, -0.64 - 0.62 0.91 1 0.72 0.99 0.81 

E,, -0.41 -0.58 0.66 0.82 1 0.66 0.97 
& -0.61 -0.55 0.95 0.99 0.80 1 0.78 
E;, -0.38 - 0.46 0.78 0.85 0.97 0.86 1 

TABLE IV 

Pearson correlation coefficients relating diversity indices and indices in the E(S,) series: correlations were 

calculated from 60 samples with abundances between 50 and 200 individuals. 

Index -W,) EC%) KS,) E(S) WS,,) E(S,s) W,, ) E(S,,) 

N 0.109 0.101 0.082 0.066 0.049 0.03 1 0.003 - 0.026 
S 0.675 0.689 0.710 0.726 0.743 0.763 0.786 0.808 
H’ 0.947 0.960 0.976 0.983 0.986 0.984 0.971 0.933 
N, 0.819 0.845 0.882 0.905 0.925 0.940 0.946 0.926 
SI -0.999 .0.997 - -0.985 - -0.970 - -0.950 - -0.921 - 0.877 -0.808 
N2 0.790 0.818 0.856 0.878 0.894 0.901 0.892 0.850 
H 0.938 0.949 0.959 0.962 0.960 0.951 0.929 0.881 
Ma 0.744 0.761 0.789 0.811 0.834 0.862 0.895 0.927 
Mt? 0.741 0.761 0.797 0.825 0.855 0.890 0.933 0.976 
MC 0.984 0.991 0.994 0.989 0.978 0.955 0.916 0.847 
Q 0.545 0.561 0.594 0.624 0.661 0.709 0.774 0.843 
HE 1.000 0.998 0.987 0.973 0.953 0.925 0.883 0.814 
D -0.955 -0.958 - -0.950 - .0.936 - -0.913 - -0.877 - -0.821 - 0.739 



DIVERSITY OF PHYTAL ASSEMBLAGES 187 

coefficient between N, and E(S,,) than E(S,). Non-parametric correlation coefficients, 
however, would obviously relate N, and E(&) at the maximum level. D was also closely 
associated with the lower end of the E(S,) series. Ma, Me and Q were much more 
significantly correlated with E(&) indices in the upper end of the series and hence are 
measures of species richness (~(~~) = S). Ii’ showed an almost 1: 1 correspondence 
with the intermediate index E(S,,). This relationship, found and discussed previously 
by Smith et al. (1979), was surprisingly independent of the number of individuals within 
the sample (Table V). 

TABLE V 

Pearson correlation coefficients relating H’ and indices in the E(S,) series: correlations were calculated 
From samples with differing abundances. 

Abundance 
range 

lo-25 16 0.965 0.978 0.988 0.985 0.972 
26-50 25 0.946 0.973 0.991 0.993 0.99 1 0.985 0.970 
51-100 36 0.948 0.963 0.981 0.990 0.995 0.993 0.978 0.935 

101-200 23 0.953 0.966 0.980 0.987 0.992 0.994 0.991 0.965 
201+ 31 0.932 0.953 0.978 0.989 0.994 0.994 0.984 0.964 

The evenness indices, particularly J, tended to be positively correlated with S when 
samples with approximately the same number of individuals were compared. Sheldon 
(1969) and De Benedictis (1973) showed that this correlation follows directly from the 
theoretical properties of evenness indices. 

Evenness and species richness are generally considered to be end points of a 
cont~uum, with the different measures of diversity being influenced by these two 
components in varying proportions (Peet, 1974). This assumption is unjustified as both 
the N, -+ N, + NO series of Hill and the E(S,) -+ B(S,,) -+ E(S,,,) series indicate that the 
commonly used diversity indices fall between Simpson’s Index, or a directly related 
function, and the number of species. Evenness indices are best visualized as functions 
of the gradients of these diversity series. It should be evident that even though N2 is often 
considered to be an evenness term (e.g. Birch, 1981) it differs considerably by being a 
number rather than a ratio. For the example of a community composed of two species 
in equal numbers, NZ is very low ( = 2, the number of very abundant species) while all 
evenness indices are maximal (= 1). 

The implication of the extremely strong correlation between the evenness indices and 
animal abundance is that evenness indices should be used with great caution to charac- 
terize communities. In samples of a community where all species have not been counted, 
evenness indices will necessarily decrease with increasing sample size because the 
denominator of the evenness ratio increases at a faster rate than the numerator as 
species are added to the collection. This effect is clearly seen in the example given in 
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Table VI and is most characteristic of indices which incorporate S. Although J has been 
widely employed to describe sampled communities, it generally has been incorrectly 
used because the total number of species has not been known (see Pielou, 1975). 

TABLE VI 

Diversity and evenness indices calculated for an assemblage of phytal animals collected from Acrocarpiu 
paniculuta and several derived subsamples: the distribution of abundances of the species in Collection 1 
(with frequencies in parentheses) was 928,784,765,234, 194, 149,57, 52,43,24,22,20, 18, 17, 16, 15, 13, 

11, 9, 8(2), 7, 5(2), 4(4), 3(3), 2(9), l(19); Collection 2 represented the expected abundances of species in 

a subsample of 10% of Collection 1 (a species-abundance distribution of 93,78,77,23, 19, 15,6,5,4,2(7), 
l(8)); Collection 3 represented a 99% reduction of Collection 1 (a species-abundance distribution of 9,8(2), 

2(2), l(3)); Collection 4 was similar to Collection 3 but expanded 100 times (a species-abundance distribu- 

tion of 900, 800(2), 200(2), lOO(3)). 

Collection 

Index 1 2 3 4 

N 3466 342 32 3200 
s 59 24 8 8 
H’ 2.13 2.04 1.72 1.72 
SI 0.182 0.187 0.215 0.215 

N, 8.43 7.67 5.59 5.59 

N2 5.49 5.35 4.65 4.65 
J 0.52 0.64 0.83 0.83 

El0 0.143 0.32 0.70 0.70 

EL 0.128 0.29 0.66 0.66 

-5, 0.65 0.70 0.83 0.83 

&I 0.60 0.65 0.80 0.80 

Evenness indices based on the ratio of N2 to N, are more robust because they become 
relatively independent of sample size whenever animal abundances exceed a threshold 
level. Despite the theoretically unbounded nature of H’, Margalef (1972) has shown that 
this index is bounded in practical situations (see also May, 1975), and Sanders (1968) 
found that it remained constant with sample sizes > 200 individuals. Thus, changes in 
sample sizes above 200 individuals will probably not greatly affect H’ , N,( = exp(H’ )) 
or N2 (which varies only in a relatively minor way with animal abundance), and the index 
NJN, can be reliably used. Alatalo’s (1981) correction should be used in these 
situations, however, to prevent the anomaly of NJN, going to 1 in situations of extreme 
dominance. 

For each of the phytal samples discussed in the following sections, the number of 
individuals (N), the number of species (S) and the inverse of Simpson’s Index (N2) have 
been used to describe the samples because they encompass the range of diversity 
indices. S was chosen in preference to the other three species richness indices because 
the relationships between S and In N and JN were not linear, and Q becomes unreliable 
with low species number (Kempton & Wedderburn, 1978). If all samples in this study 
had been rich in species Q could have been usefully used to reduce the variability caused 
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by differing sample size. All dominance related indices (S1, N,, HE, E(S,), MC, D) could 
equally well have been used as parameters of phytal samples. N2 was chosen because 
it is expressed in the same units as S and hence is directly comparable. Moreover, the 
other dominance-related indices are bounded on both sides (by 0, 1 or 2) and as they 
approach the asymptote show relatively minor changes with marked changes in the 
species-abundance distribution. The inverse of dominance, which is measured by N2, 
will be referred to as heterogeneity (see Peet, 1974). 

Alatalo’s correction of Hill’s Ratio (E;,) has also been calculated for each sample so 
that comparison can be made with evenness indices published in related studies. 
Significant correlations between this index and physical variables generally have not, 
however, been discussed because they were directly attributable to changes in the other 
community parameter. 

HABITAT COMPLEXITY 

The mean values and the standard deviations of the diversity parameters for each 
algal species collected at the semi-exposed site are listed in Table VII. There is little 
evidence to support Hick’s (1980) contention that algae with relatively large surface 
areas (such as Cladophora feredayi, Halopteris pseudospicata, Anotrichium sp., and 
Ulva sp.) possess greater habitat complexity than other algal species, and consequently 
greater diversity of animals. In fact, the opposite relationship seems to occur with the 
highly dissected algae having both fewer species and lower animal heterogeneity. The 
comparatively low diversity of animals among the fine-bladed algae was contirrned by 
the correlation coefficients relating the measured physical components of algal structure 
(see Edgar, 1983a) and NZ (Table VIII). Non-parametric Spearman rank correlations 
rather than Pearson correlations were calculated between the physical variables and the 
community parameters because many of these relationships were not linear. The highly 
significant correlation between the log final width of branches (LFW) and N2 was 
presumably a direct consequence of the size relationships described by Edgar (1983a). 
Filamentous algae have a preponderance of small animals with large population sizes, 
resulting in the considerable numerical dominance of a few species (Fig. 1). The degree 
of branching (DB) and N2 were also significantly correlated, largely because of the high 
intercorrelation between DB and LFW (r = -0.502). As well as the filarnentous algal 
species, the wide-bladed algae Ulva sp. and Carpoglossum confuens were also charac- 
terized by very low animal heterogeneity. Carpoglossum possessed a slimy coating of 
chemical exudates and it is possible that few animal species survive for long periods on 
both this species and Ulva because of toxins such as those reported by Magre (1974). 

The great variability in the weights and surface areas of the different algal species 
makes comparison of the number of species between plants difficult. Nevertheless, the 
species number against log abundance curve shown in Fig. 2 indicates that the algae 
with the relatively greater number of species (high species richness) were those such as 
Sargassum bracteolosum, Seirococcus axillaris, Caulelpa geminata, and Jeannerettia 
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TABLE VIII 

Spearman rank correlation coefficients relating community parameters and the physical variables dis- 
cussed in detail by Edgar (1983a): DE, depth; WW, wet wt; DW, dry wt; EW, epiphytic wt; SA, surface 
area; ML, maximum length; LMW, log maximum width of primary axis; DB, degree of branching; LFD, 
log depth of final branches; LFW, log width of final branches; * 005>P>0.01; ** 0.01>P>0.001; 

*** P < 0.001. 

Variable N S N2 E;, 

DE -0.362*** -0.165 0.345*** 0.284** 
ww 0.589*** 0.568*** - 0.004 -0.196* 
DW 0.462*** 0.469*** 0.006 -0.190* 
EW 0.462*** 0.423*** 0.104 - 0.038 
SA 0.471*** 0.265** -0.281** - 0.244** 
ML 0.405*** 0.266** 0.148 -0.118 
LMW 0.201* 0.269** 0.123 - 0.062 
DB 0.132 - 0.075 -0.356*** - 0.282** 
LFD 0.112 0.235* 0.195* 0.118 
LFW -0.164 0.114 0.390*** 0.192* 

-\::’ kc 
SIZE- 

Fig. 1. Hypothetical example showing the greater expected heterogeneity of animals on wide-bladed algae 
(such as Zonatiu) compared to finely-branched algae (such as Hulopteti): A, the total size-abundance 
distribution of two amphipod species among all algae within the area studied, note that small species are 
generally more abundant than larger species; B, the relative proportions of the total animals of different sizes 
which are found on finely-branched and wide-bladed algae (cf. the size distributions of animals associated 
with Hulopteris and Zonariu in Fig. 4, Edgar, 1983a); C, the expected size distributions ofthe two amphipod 

species on finely-branched and wide-bladed algae. 
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l&tu with considerable variation in the widths of axes and branches. Algae growing 
close to the reef substratum such as Caulerpa spp., Zonaria spp., Ecklonia radiata 
holdfasts, and Cystophora torulosa were also rich in species, primarily because they have 
a component of benthic as well as phytal animals. One further alga with high species 
richness, Thamnoclonium clarferum, was heavily colonized by epiphytic sponges and 
bryozoans and had a number of animal species associated with this sessile fauna (e.g. 
the amphipods Leucothoe spp., Colomastix sp., and Seba sp.). The correlation 

607 

SO- 

OT I I I 
0 1 2 3 

LOG10 NUMBER OF INDIVIDUALS 

Fig. 2. Relationship between the number of species and the logarithm of the number of individuals for 
animals collected from different algae: the curve of best fit y = 1 + 4.55.~‘.~‘~ has been plotted; algal 
abbreviations are as follows, T.c., Thamnoclonium clariferum; Asp., Anomkhium sp.; Hf., Hemineura 

frondosa; P.a., Plocamium angusturn; PI., Phacellocarpus labillardien.; J.J., Jeanneretia lobata; H.b., Hormosira 
banksii; H.p., Halopterispseudospicata; E.r.f., Ecklonia radiata fronds; E.r.h., Ecklonia radiata holdfasts; A.p., 
Acrocarpia paniculata; C.to., Cystophora torulosa; C.r., Cystophora retrojlexa; C.m., Cystophora moniliformis; 
C.ce., Caulocystir cephalomithos; S.d., Sargassum decipiens; Sb., Sargassum bracteolosum; S.V., Sargassum 
verruculosum; C.co., Caipoglossum confluens; S.a., Seirococcus axillaris; Z.t., Zonaria tumeriana; Z.sp., 
Zonaria sp.; Ca.t., Caulerpa tnyaria; Ca.g., Caulerpa geminata; U.sp., Ulva sp.; C.fe., Cladophora jeredayi. 
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coefficients shown in Table VIII indicate that the number of species and the number 
of individu~s increased with the weight of algae and epiphytes at approx~ately the 
same level of significance. Surface area was much more highly correlated with N than 
with S. The large number of animal species associated with algae having both wide and 
thin axes probably caused the significant correlation between the log maximum width 
of primary axis (LMW) and S. 

Perhaps the reason for the disagreement between the findings of this study and those 
of Hicks (1980) relates to the size of the organisms under investigation. Macrofauna 
possibly treat f~~entous algae as a single habitat, but pa~ition the wider algae into 
several habitats of differing branch widths, while meiofaunal harpacticoid copepods 
respond to the surface area of wide algae as a unit but subdivide the filamentous 
environment. In a related study on habitat complexity, Luckhurst & Luckhurst (1978) 
found that the number of large fish species was significantly correlated with the rugosity 
of coral reefs, but no significant relationship was found for the smaller species. 

DEPTH 

The heterogeneity of the phytal assemblage increased significantly with depth but the 
number of individuals and the number of species decreased, the latter, however, at an 
insignificant level (Table VIII). In order to reduce the variability resulting from differ- 
ences in size and shape of algae, the correlation coefficients were re-calculated using 
data from the elongate fucoid algae belonging to the genera Cystophora, Acrocarpiu, 
Ca~~oc~~~~, and Sargassum which had wet weights between 25 and 200 g. Animal 
abundance (rs = -0.674, tz = 28, P < 0.001) and number of species (rs = -0.517, 
P = 0.002) were again negatively correlated with depth, while NZ (r, = 0.446, P = 0.009) 
and evenness (I, = 0.614, P < 0.001) were positively correlated with depth. 

The scatter diagram relating S to depth (Fig. 3) shows that the relationship between 

04 
0 1 2 3 L 5 

DEPTH Iml 

Fig. 3. Scatter diagram showing the number of species versus depth for animals associated with elongate 
fucoid algae. 
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these variables was non-linear, with a pronounced increase in the number of species per 
plant (the species density) occurring in waters shallower than 2 m. This depth was 
similar to that at which considerable changes in both the algal and fauna1 assemblages 
occurred (Edgar, 1983a). 

The decrease in the dominance of the phytal assemblage with depth was caused by 
several very abundant amphipods which were present only in shallow water and were 
probably responding to the increased food resources in regions of considerable water 
flow (Edgar, 1983a). When the species-abundance distributions of animals among the 
five Sargassum verruculosum and Caulocystis cephalomithos collected in shallow water 
are compared with the faunas on five similar plants from deeper water (Fig. 4) it is 
clearly evident that very abundant phytal species were absent from deep water. Caulo- 

25 

1 

A 

B 

lo- 
> 
z” 

; -- 5- - 
z LL 

0’ i m L - 16 - ’ 64 ’ ’ 256 - * 1024 ’ 

ABUNDANCE 

Fig. 4. Species-abundance distributions ofthe faunas collected from Sargassum verruculosum and Caulocystis 
cephalornithos from shallow (A, c 2.2 m) and deep (B, > 2.3 m) water depths. 
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cystis and Sargassum verruculosum were gonped tog&h@ iin this analysis because the 
faunas on these species were previously found to be indistinguishable (Edgar, 1983b) 
and the mean dry weight of these algae collected in deep water (4.20 g) was similar to 
that of plants from shallow water (4.46 g). The abundance histograms of the faunas 
associated with these .algae also indicate that the “shallow” algae had a greater 
component of rare animals (those occurring on a single occasion) than the “deeper” 
plants. This may be related to the species richness of the algal assemblage which was 
greatest at 1 m depth (Edgar, 1983a) and possibly allowed a comparatively large 
species pool of phytal animals to coexist. 

SEASON 

Despite the peaks of abundance shown by most animal species occurring in late 
summer or early autumn (Edgar, 1983b), the heterogeneities of the phytal assemblages 

801 Coulacvstls cepholomthos -15 

s 
-10 b 

40. 

.5 

J A S'O'N'D'J'F'M'A'M'J 
IQ 

Fig. 5. Seasonal variation in the mean number of animal species per plant (0) and N2 (0) for phytal 
assemblages collected from different algae. 
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on all erect algae were low at this time (Fig. 5) because the plants were dominated by 
a few rapidly growing amphipod species capable of responding quickly to the consider- 

able epiphytic resources. The heterogeneity of animals was greater on 2~~~~~ than on 
the erect algae during the summer, possibly due to the large proportion of benthic species 
in the Zonariu assemblage partly buffering the dramatic increases in the abundant phytal 
species. 

Seasonal changes in S were opposite to changes in N2 with the greatest number of 
phytal species per plant occurring in March and April. This was caused by the collection 
of rare species on plants most frequently during autumn, the time when those species 
became most abundant, rather than the migration of additional species from other 
habitats. The total number of species collected from July to December (191 species) was 
almost identical to the number collected over the first six months of the year 
(187 species) when the species densities of animals associated with individual plants 
were greatest, 

Thus, seasonal changes in the heterogeneity and the number of phytal species per 
plant were ahnost certainly related to the level of epiphytes. whether the primary 
response of phytal animals to epiphytes was due to the increased food resources or to 
the habitat complexity of filamentous algae remains to be determined, but it is likely that 
these factors were interrelated and both contributed to the species diversity patterns. 

EXPOSURE 

The responses of the community parameters to exposure depended greatly on algal 
shape (Table IX). At the exposed site, the animal assemblage associated with elongate 
Cys~op~o~a rno~il~~is was characterized by very low species richness and the extreme 
abundance and dominance of two filter-feeding amphipod species. fodocerus sp. com- 
prised 95% of all animals at 1 m depth while 84% of the total abundance at 6 m depth 
was contributed by Caprella sp. Animal abundance did not vary greatly with exposure 
at the sheltered and semi-exposed sites but remained considerably less than at the fully 
exposed site. The number of animal species also remained approximately constant at 
the Fancy Point sites while animal heterogeneity increased with the degree of shelter. 

The number of species and heterogeneity of the fauna1 assemblages associated with 
Zonaria showed the opposite relationships to those deduced for the elongate algae. S 
and N2 both increased with the degree of wave exposure. 

Few animal species probably survive the whiplash motion of Cystophora at the 
exposed site while Zonaria clumps buflfer the effects of wave action and act as refuges 
This is indicated by the greater number of animal species on Cystophora at 6 m depth, 
where wave action would have been considerably diminished, than at 1 m. Moreover, 
the two amphipod species which occurred abund~tly on Cys~op~ara were adapted to 
the motion of the environment by possessing strong, hook-like pereiopods. 

The greater numbers of animal species on Zonaria at One Tree Point compared with 
the more sheltered, and hence stabie, Fancy Point sites indicates that the number of 
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species gradually increases with exposure but sharply declines in conditions of extreme 
wave action (such as encountered by the Cystophora assemblage). A very similar 
relationship was found previously in New Zealand by Fenwick (1976). A reduction in 
species number in sheltered environments could account for the relatively low species 
density which was observed at the greatest depths at Fancy Point. 

COMPARISON OF MARINE AND TERRESTRIAL COMMUNITIES 

A distinctive characteristic of macrofaunal phytal assemblages is the wide distribu- 
tions among plants of almost all of the animal species (Edgar, 1983a). Although many 
animals associated with terrestrial plants are also generalists, specialists restricted to 
one or a few plant species comprise a sizeable proportion of communities (Eastop, 1972 ; 
Futuyma & Gould, 1979). The major reason for this contrast in community structure 
is probably the almost exclusive reliance of phytal animals on food resources external 
to the plant substratum (such as detritus, epiphytic algae, and particles in the water 
column). Animals residing on terrestrial plants, other than carnivores, generally feed 
directly on plant tissues or sap, and those animal species which specialize probably do 
so in order to breach particular chemical defenses (Janzen, 1973b). It is notable that 
the one abundant alga-boring animal at Fancy Point (the amphipod Bircenna sp.) was 
only collected from algae belonging to the order Fucales. 

The sampling techniques used to collect fauna associated with terrestrial plants are 
varied but differ considerably from the methods used in this investigation. Consequently, 
published data which are directly comparable to the results of this study are not 
available. Nevertheless, a subjective comparison of related terrestrial data (e.g. the 
samples of Menhinick, 1967; Janzen, 1973a,b; Root, 1973) indicates that marine 
systems probably have greater alpha species density but much lower gamma species 
density. This is to be expected because of both the greater environmental stability of 
marine compared with terrestrial environments, and the increased animal densities 
resulting from the abundant external food resources. On the other hand, gamma species 
density is likely to be far greater in terrestrial systems because environmental gradients 
(temperature, humidity, rainfall, etc.) have considerable local ranges of variation and 
consequently can be partitioned into a relatively large number of distinct macro- and 
micro-habitats. The species richness of plants themselves, correlated with insect diver- 
sity by Murdoch et al. (1972), also contributes to the gamma diversity of plant-asso- 
ciated animals and is several orders of magnitude higher on the land than in the sea. 

Birch (198 1) recently suggested that terrestrial and marine systems may be organized 
in different ways because species richness and evenness tended to be negatively 
correlated in marine communities but were presumed to be positively correlated in 
terrestrial communities. He found no similar correlation between S and SI. While these 
findings could be explained in terms of the differences in alpha and gamma diversity 
discussed above, a re-evaluation of the data used by Birch indicated that the significant 
correlation almost certainly resulted from nothing more than the mathematical property 
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that evenness is negatively correlated with animal abundance. The two cited papers with 
data showing si~i~cant correlations between 5’ and (1-J) (Gauld & Buchanan, 1959; 
McCloskey, 1970) also showed equally signihcant correlations between N and both S 
and (I-J). 

CONCLUSIONS 

Animal abundance(N), the number of species (S) and animal heterogeneity (NJ each 
provided useful information on the structure of phytal assemblages in this study. Animal 
abundance and N, were closely related to each other as they appeared to be dependent 
on the level of food resources within the environment. The number of species and iV2 
proved to be relatively independent and presumably responded to different environ- 
mental conditions. S and N2 were positively correlated to each other in the studies of 
the exposure gradient and algal structure, but were negatively correlated in the studies 
of depth and seasonal variation. 

Evenness indices did not contribute to the underst~ding of Bruny Island phytal 
assemblages. There is little doubt that evenness indices can efficiently discriminate 
between samples with different species-abundance distributions. Interpretation of these 
differences, however, is difficult because of the varied influences of animal abundances, 
species richness and dominance on evenness. The correlation found in this study 
between depth and Ei,(r, = 0.614, rz = 28, P < 0.001) was much more significant than 
those between depth and either S or N,. Nevertheless, this predictable change in 
evenness could only be understood by reference to other indices and resulted from the 
synergistic effects of decreased animal abundance and increased heterogeneity with 
depth. Similar criticisms of evenness were originally made by Peet (1975) but have since 
attracted little attention. 

Rarefaction curves were not investigated in this study due to the anticipated lack of 
additional information which they would provide. These curves are also sometimes 
difllcult to interpret because they are greatly influenced by the number of individuals per 
sample. Species richness, as deduced from rarefaction curves, would have been found 
to increase with depth at Fancy Point because of the great abundance of filter-feeding 
caprellid and podocerid amphipods in shallow water. Species density was found, 
however, to decrease significantly. 

The three environmental factors which have been proposed previously to contribute 
to diversity were each found to influence the diversity indices, but in different ways. 

Simple, flat-thalloid algae and finely filamentous plants (both forms with great 
regularity in branch shape) were found to have very low species richness and hetero- 
geneity. Both S and Nz were positively related to the “diversity” (sensu heterogeneity) 
of physical structures such as branch widths within the plant but not to the surface 
area/weight ratio (the degree of dissection). The well-known relationship between 
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diversity and structural complexity thus does not appear to be a simple function of 
rugosity but is probably dependent on an increase in the number of habitats as 
complexity increases and/or increasing animal abundance with increasing surface area. 
The size of structures within the habitat also seems to be of considerable importance, 
possibly because additional species may be able to survive within an environment if 
sufficient refuges within a given size range are available from predators. 

Environmental stability 

A bell-shaped relationship similar to that predicted by Huston (1979) was deduced 
between environmental stability (as measured by wave exposure) and species density. 
Animal heterogeneity was also maximal at intermediate levels of wave exposure 
assuming that Zonaria plants at the sheltered site were the least disturbed of the phytal 
habitats studied. The reduced values of the diversity indices in conditions of extreme 
exposure almost certainly occurred because few phytal species were capable of surviving 
the disturbances which elongate algae underwent at the wave-swept site. The reasons 
for the reduced species richness in the calm habitats are more complex and possibly 
resulted from the aversion of many phytal species to the high detritus levels which were 
present on sheltered macroalgae (Dahl, 1948) and also the slightly greater seasonal 
variation in water temperatures. Alternatively, particular phytal species may have 
outcompeted others within the stable environment and excluded the poor competitors 
from plants. Such effects are well documented to occur on an ecological time scale in 
the rocky intertidal (Connell, 1961; Dayton, 197 1) and are still consistent with the high 
diversity hypothesized to occur in stable environments such as the deep sea during an 
evolutionary time period. Species capable of controlling the abundances of the dominant 
competitor within a stable environment could presumably enter the system over a 
lengthy period of time, enriching the community and allowing a different species to 
become abundant until it is itself controlled. 

Food resources 

Both the biomass of filamentous epiphytes and water depth (which was considered 
to be directly related to water movement and the flux of suspended food particles) were 
found to be strongly correlated with the abundance and dominance of the phytal 
assemblage. An increase in the abundance of rare species during the autumn period of 
maximum epiphytic biomass also resulted in an increase in the alpha species density. 
This effect, compounded by a concurrent increase in structural complexity, became 
difficult to detect with large sample size and would not occur on a gamma diversity scale. 
The contradictory results of previous productivity studies may have partly originated 
because H’ has generally been used to estimate diversity and the two components of 
this index, species number and heterogeneity, respond in opposite fashion to produc- 
tivity for small sample sizes. Furthermore, the relationship between species density and 
productivity is probably bell-shaped, despite its apparent lack of a turning point in this 
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study, because the number of species generally declines when eutrophication occurs in 
situations of extreme enrichment (Riebesell, 1974; Bakelaar & Odum, 1978; Kondratieff 
&Simmons, 1982). 

The non-linear relationships between en~onment~ factors and diversity indices at 
Bruny Island indicate that a general theory of ecological diversity, which allows the 
diversity of habitats on a local scale to be predicted with accuracy, will probably never 
emerge. Neve~eless, more precision in the de~nition of diversity, and the sep~ation 
of dominance from the alpha and gamma components of species density, might have 
prevented much of the confusion about the causes of diversity in past studies. 

(Part IV of this series will be pub~shed in the next issue.) 
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