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ABSTRACT: Benthic mesocosm experiments have highlighted the importance of bioturbation in main- 
taining levels of diversity and setting community structure in subtidal macrobenthic assemblages. In 
the mesocosm facility of the Norwegian Institute for Water Research (NIVA) at Solbergstrand. Norway, 
partitioned boxes of sediment were subjected to continuous disturbance through bioturbation for a 
period of 20 wk. The effect of type and intensity of bioturbation on the macro-infauna was examined by 
exposing different partitioned areas to different bioturbating species at  different densities. The 3 test 
macrofauna species used were the bivalves Nuculoma tenuis (subsurface deposit feeder) and Abra alba 
(surface deposit/suspension feeder) at 3 different densities, and the heart urchin Brissopsis lyrifera 
(subsurface burrowing deposit feeder) at a single density. The presence of N. tenuis at low densities 
resulted in significantly higher levels of a and P diversity than were observed in the undisturbed or 
highly disturbed treatments. Previous experiments have shown that B. lyrifera also elicits a response in 
the associated fauna consistent \nth the 'intermediate disturbance hypothesis' Such a response was 
not observed in the A. alba treatments. Multivariate data analys~s demonstrated that the response of 
the associated fauna was influenced by the identity of the organism causing the disturbance. It was also 
evident that different elements of the community responded differently to bioturbation. This paper 
makes comparisons between the responses of macrofauna and meiofauna to bioturbation. Our expen- 
mental results suggest that the identity, density and distribution of large bioturbating organisms are 
important factors in the structuring of infaunal communities and in setting and maintaining levels of 
diversity in apparently homogeneous areas. 
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INTRODUCTION 

Bioturbation is particularly important in controlling 
chemical, physical and biological processes in marine 
sediments, especially when the influences of physical 
disturbances such as wave action or strong currents 
are minimal. Many authors have highlighted the 
effects of bioturbation on abiotic variables such as sed- 
iment transport (e.g. Rowden & Jones 1993) and sedi- 
ment chemistry (e.g. Nedwell & Walker 1995), and on 

biotic processes such as the structuring of macroben- 
thic communities (e.g. Sousa 1980, Thistle 1983). It has 
been suggested that the mechanisms by which biotur- 
bation modifies community structure are through the 
direct (e.g. predation) and indirect (e.g. sediment dis- 
turbance) effects of deposit-feeding macrofauna on the 
survival of settling and newly settled larval inverte- 
brates (Woodin 1976, Woodin et al. 1998). When these 
mechanisms are coupled with the temporal and spatial 
variability of large, deposit-feeding species, it is clear 
that bioturbation could be responsible for the creation 
and maintenance of environmental heterogeneity in 
an otherwise homogeneous environment (Levin & 
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Paine 1974, Levin 1994). The overall effects of biotur- 
bation can be summarised as a type of biotic distur- 
bance to the environment. This realisation has led to a 
large number of investigations into the precise role of 
bioturbation in ecosystem processes. However, such 
studies have either focused on the effect of an individ- 
ual species (e.g. Hall et al. 1991, Ambrose 1993) or 
have taken the turnover created by the entire biota as 
a single environmental variable (e.g. D'Andrea et al. 
1996). This approach has ignored the role played by 
the type of bioturbator causing the disturbance, con- 
centrating instead on bioturbation disturbance as a sin- 
gle, quantifiable unit of damage, and assumes that any 
response is reliant solely on the size and frequency of 
disturbance (Petraitis et al. 1989). It is clear that such 
an assumption cannot be justified until the effects of 
different bioturbating species are directly compared. 
Macrofaunal species assemblages are made up of or- 
ganisms which differ in size, feeding strategy, burrow- 
ing activity and mobility. Intuitively it seems unlikely 
that the activities of these different species will have 
identical effects on the chemical, physical and biologi- 
cal processes within the sediment. Indeed, a review by 
Hall (1994) concluded that, with respect to sediment 
disturbance, species must be judged on their individ- 
ual characteristics. 

Widdicombe & Austen (1998) demonstrated that in- 
termediate densities of the burrowing heart urchin 
Brissopsis lyrifera enhanced species diversity in sublit- 
toral sediment assemblages. This species, like many 
large macrofaunal species, can be extremely patchy, 
with its abundance varying considerably both spatially 
and temporally (authors' pers. obs.). B. lyrifera is a non- 
selective, infaunal deposit feeder with no particulate 
size selection (Nichols 1959) and should not remove 
one infaunal species in preference to any other. How- 
ever, by 'bulldozing' through the sediment it has a ma- 
jor impact on sediment structure and stability. In addi- 
tion, by creating a shallow respiratory funnel, less than 
3 cm from the sediment surface (De Ridder & Lawrence 
1982), B, lyrifera increases the depth of oxygenated 
sediment. Experimental work (Austen & Widdicombe 
1998, Widdicombe & Austen 1998) suggests that the 
presence of B. lyrifera enhances local heterogeneity 
and increases p diversity. In this study we have chosen 
3 test species to compare the effects of their bioturba- 
tion on associated communities: B. lyrifera, Nuculoma 
tenuis and Abra alba. B. lyrifera and the bivalve N. 
tenuis are both subsurface deposit feeders and their 
feeding activities generate disturbance in the top 2 to 
3 cm of the sediment. It may therefore be expected that 
bioturbation caused by these 2 species will have the 
same effect on the community structure of associated 
fauna. However, B. lyrifera (mean length 3 cm, mean 
volume 10.61 cm3) is a much larger animal than N. 

tenuis (mean length 0.9 cm, mean volume 0.21 cm3) 
and, as its movements displace more sediment than the 
bivalve, any community response may differ in magni- 
tude. In contrast, A, alba (mean length 1.5 cm, mean 
volume 0.75 cm3) is a surface deposit/suspension fee- 
der that reworks the surface 0.5 cm and has limited lat- 
eral movement. Eagle (1975) reported that a single 
specimen of A.  alba, kept in an aquarium, reworked an 
area of 7 cm in diameter and raised the sediment sur- 
face by 2 cm during a 4 wk period. The effects of such 
differences in feeding strategy and mobility on sedi- 
ment disturbance were addressed by Thayer (1983). 
This author concluded that, on the basis of maximum 
recorded volumetric rates, 'biological bulldozing' is the 
most effective form of bioturbation and the effects of 
sediment ingestion or egestion are probably less im- 
portant. It therefore seems likely that different commu- 
nity responses will occur when assemblages are sub- 
jected to disturbance by these different bioturbators. 

The organisms chosen as bioturbating agents for this 
study exhibit large natural variations in abundance, 
both spatially and temporally. Eagle (1975) observed 
Abra alba densities of 1220 and 3200 ind. m-*. Dauvin 
et al. (1993) also observed large fluctuations in the 
populations of A. alba in the English Channel and 
southern North Sea. At Gravelins the population 
ranged between 0 and 8907 ind. m-' over a 14 yr 
period, whilst at Rade de Lonent the vanability was 
even greater with the population ranging from 200 to 
17900 ind. m-' in the period 1982 to 1984. The tem- 
poral variability of another Abra species, A. nitida, at 
a site in the southern North Sea, was highlighted 
by Watson et al. (1996). At this site the abundance of 
A ,  nitida generally varied from between 100 and 
1000 ind. m-' over a 3 yr period; however, on 1 sam- 
pling occasion in December 1992 the bivalve density 
was in excess of 10 000 adult ind. m-2. Such variability 
has also been observed in the densities of the other 2 
test species. Harvey & Gage (1995) recorded densities 
of Nuculoma tenius between 417 and 2231 ind, m-' 
over a 2 yr period in Loch Etive, Scotland. Ursin (1960) 
reported densities of Brissopsis lyrifera in the North 
Sea to be as high as 60 ind. m-'. Such variability in the 
abundance of these bioturbating species may be very 
important in establishing environmental heterogeneity 
and diversity. The experimental densities used in this 
study were selected to be realistic representations of 
naturally occurring conditions. 

It is important to consider the whole benthic assem- 
blage when assessing community effects. Previous 
work by Warwick et al. (1990) and Warwick (1984) 
suggested that meiofaunal organisms responded dif- 
ferently to sediment disturbance than macrofaunal 
organisms. This was explained by resource partition- 
ing or competition amongst macrofauna being most 
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influenced by the availability of space, whilst for meio- 
fauna it is the availability of specialised food resources 
that is of greatest importance. Hence, disruption of 
physical structuring within the sediment by bioturba- 
tors will have a greater effect on the macrofauna than 
on the meiofauna. 

The current study uses mesocosm experiments to 
compare the effects of 3 species, Brissopsis lyrifera, 
Abra alba and Nuculoma tenuis, on the diversity and 
community structure of the associated fauna. Such 
comparisons will enable the importance of disturbance 
type and intensity to be observed. With reference to 
previous investigations (Austen & Widdicombe 1998, 
Austen et  al. 1998), the response of a macrofaunal 
community to bioturbation will be directly compared to 
that of a meiofaunal community. 

METHODS 

Experimental design. The experiment was carried 
out in the mesocosm at the NIVA marine research sta- 
tion Solbergstrand, Oslofjnrd, Norway (Berge et al. 
1986). Experinlental design and procedures have pre- 
viously been described (Austen et al. 1998) and are 
summarised here. A Day grab enabled sampling to 
concentrate on the surface sediment where the major- 
ity of the small infauna resides. Four 1 m X 1 m boxes 
were filled to a depth of 30 cm with a fresh, sandy-mud 
sediment collected from Bjnrhodenbukta, a sheltered 
bay in the inner part of Oslofjnrd. The boxes were 
placed in a 5 m X 7 m indoor, epoxy-resin-coated con- 
crete basin and the sediment was allowed to settle for 
9 d. A constant water depth of 100 cm was maintained 
using an open circulation sea water supply drawn from 
60 m depth from the fjord and allowing it to run to 
waste. After the sediment had settled, each box was 
partitioned into 14 small areas of 81.7 cm2 and 2 large 
areas of 176.7 cm2 using mesh cages. The dimensions 
and construction of the cages is illustrated in Fig. l a .  
Each cage was positioned in the box so that it was 
equidistant from its nearest neighbour and from the 
edge of the box (Fig. l b ) ,  ensuring that each cage was 
surrounded by the same amount of undisturbed sedi- 
ment. The 2 large partitioned areas were positioned 
randonlly within the grid. Cages were pushed down 
into the sediment until they sat on the floor of the box 
with approxin~ately 10 cm of mesh protruding from the 
sediment surface. This prevented any of the large bio- 
turbating animals from escaping. Nuculoma tenuis and 
Brissopsis lyrifera were collected (3  to 10 April 1995) 
using a Day grab at the sediment collection site in 
Bjnrhodenbukta. Abra alba were supplied by Knstine- 
berg Marine Research Station, Sweden (4 April 1995) 
and were collected in Ellos Fjord on the Swedish west 
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coast, from a mud clay sediment with shell debris in 
11 m depth, using a 0.5 m Agassiz dredge. The biotur- 
bating macrofauna were held in the mesocosm basin 
prior to their addition to the cages (12 April 1995). Con- 
trols and 7 treatments were duplicated in each of the 
4 boxes of sediment. The treatments consisted of Nu- 
culorna low, Nuculoma mid, Nuculoma high, Abra low, 
Abra mid, Abra high and Brissopsis. (Table 1). B. Jyri- 
fera is much larger than the 2 bivalve species and, 
therefore, due to restricted sediment area available for 
experimentation, only 1 density of this species was 
studied. Two treatment areas in each box were con- 
trols consisting of partitioned areas where no addi- 
tional macrofauna were added. Samples were taken 
on 29 August 1995, 20 wk after the start of the experi- 
ment. This duration was considered long enough to 
ensure the community had time to respond to the dis- 
turbance whilst being short enough to remove the 
need to provide additional food for the bioturbators. 

Sampling. Plastic cores 10 cm in diameter were used 
to take a sample from each treatment and control area, 
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Table 1. Quantity of bioturbators used per treatment expressed as number of individuals per core, equivalent number of indivi 
duals per meter squared and total volume of bioturbating organisms per meter squared 

Nuctdoma tenuis Abra alba Brissopsis lyrifera 
Density Density Volume Density Density Volume Density Density Volume 
(core-') (m2) (cm3 m-2) (core-') (m2) (cm3 m-2) (core-') (m-'] (cm3 m-2) 

Low 5 612 128 5 612 459 - - 
Mid 15 1836 308 12 1469 1377 - - - 

High 25 3304 642 25 3304 2478 1 57 604 

in each of the 4 boxes. These samples were sieved over 
a 250 pm mesh to retain the juvenile macrofauna, since 
these young individuals may be more susceptible to 
the effects of disturbance than larger, more established 
animals. The residue was fixed in a 10% formaldehyde 
solution and sorted under a binocular microscope. All 
animals were extracted and identified to the lowest 
possible taxonomic level. The remainder of the sedi- 
ment in the cages was coarsely sieved to quantify the 
Abra alba, Nuculoma tenuis and Bnssopsis lyrifera in 
the partitioned areas at the end of the experiment. The 
bivalves were then immersed in 10% formic acid to 
remove the shell before being blotted and weighed. 

Data analysis. Diversity measures: The PRIMER 
software package was used to generate the diversity 
indices for number of species, species richness, even- 
ness and Shannon Wiener. A Kruskal-Wallace test 
was used to test for significant differences between 
treatments for the means of these indices. This non- 
parametric method was preferred because, unlike 
ANOVA, it makes no assumptions based on variance 
or normality. The BioDiversity Pro package was used 
to calculate rarefaction values (Hurlbert 1971) for each 
of the treatments. These values enable comparisons of 
a diversity to be made which are independent of the 
number of individuals per sample or treatment. 

Species area curves were constructed using the Bio- 
Diversity Pro software package (Natural History Mu- 
seum and the Scottish Association of Marine Science). 
The slope of these curves indicates differences in spe- 
cies turnover, a measure of p diversity, with a steeper 
curve being representative of higher diversity. This 
technique has previously been used to examine the 
relationship between disturbance rate, colonisation 
rate and species turnover (Holt 1992, Caswell & Cohen 
1993). He & Legendre (1996) reviewed the uses of spe- 
cies-area relationships and concluded that care should 
be taken when using such curves as considerable the- 
oretical assumptions are made (such as infinite, homo- 
geneous assemblage area) that cannot be met in the 
real world. The mean Bray-Curtis dissimilarities within 
treatments were calculated as an  indication of the 
extent of within treatment variability. This can be used 
as a measure of p diversity with greater heterogeneity 

being indicative of higher P diversity. An index of mul- 
tivariate dispersion (Warwick & Clarke 1993, Somer- 
field & Clarke 1997) was calculated to quantify the 
variability within and between treatments. 

Community structure analysis: Multivariate data 
analyses followed the methods described by Clarke 
(1993) using the PRIMER software package. Using the 
Bray-Curtis similarity measure, analysis was carried 
out on untransformed and double square root (44) 
transformed data. The former identified changes in 
dominant species whilst 44 transformation is a bal- 
anced approach which increases the influence of low 
abundance species. Although using dd transformed 
data is not a direct observation of the rare fauna, by 
comparing the results obtained from the 2 transforma- 
tions it is possible to examine the influence of rare spe- 
cies on the overall community pattern. Two-way 
crossed ANOSIM (Clarke 1993) was carried out to test 
for box effects. Where none were detected, l-way pair- 
wise ANOSIM was used to test for significant differ- 
ences (p < 0.05) between macrofaunal assemblages in 
different treatments. RELATE (Clarke & Warwick 
1994) was used to test for differences in the way com- 
munities respond to increasing densities of the differ- 
ent bivalves. When comparing MDS ordinations using 
this method, a significant result indicates that the pat- 
terns observed in the 2 ordinations are the same. 

RESULTS 

Experimental design 

The environmental conditions within the mesocosm 
basin remained constant throughout the experiment 
(sal~nity of 34.5 * 0.5 psu; temperature of 7 * 1°C). 
Survival of the bioturbating species was 91, 95 and 
100% for Nuculoma tenuis, Abra alba and Brissopsis 
lyrifera respectively. The control treatments contained 
no A.  alba or B. lyrifera; however, N. tenuis was pre- 
sent in 2 of the control treatments as a result of the 
species being present at the sediment collection site. 
This species was represented by 2 small individuals in 
one of the control treatments and a single small 



Widdicombe & Austen Effects of bioturbation on a subtidal macrobenthic community 185 

~ndividual in another These numbers Table 2 Results from Kruskal-Wallis pairwlse tests for dlfferences between 
were considered small enough as to treatments and control samples in numbers of (a) indlv~duals and (b)  species 

allow these treatments to still be con- Bold Indicate s ign~f~can t  dlfferences (p  >O 05) 

sidered as controls. Two-way crossed 
ANOSIM and ANOVA results indi- 
cated no significant box effects for 
either multivariate or univariate data 
analysis (p > 0.05). 

Diversity measures 

cr diversity 

Results demonstrate that Nuculoma 

Control 

(a) - 
Low Abra 0.487 
iMid Abra 0 104 
High Abra 0.001 
Brissopsis 0.003 
Low Nuculoma 0.417 
Mid Nuculoma 0.795 
High h'uculoma 0.463 

Low Mid High Low Mid 
A bra A bra A bra Brissopsis Nuculoma 

(b) 
Low Abra 0.078 
Mid Abra 0.114 0 948 

cantly greater number of species per I Hlgh Nuc~~loma  1.000 0.135 0.153 0.010 

tenuis elicits an  'intermediate distur- 
bance type' response, with the low Nu- 
culoma treatments having a signifi- 

sample than either the control or high L 

Nuculoma treatments (Fig. 2 ,  Table 1 ) .  

High Abra 0.001 0.178 0.227 
0.015 0.315 0.234 0.870 

Low Nuculoma 0.014 0.015 0.005 0.001 
Mid Nuculoma 0.947 0.071 0.170 0.003 

This response is not related to any change of abundance, The relationships between the decalcified blotted 
as the number of individuals per sample in the control, wet weight of each of the 2 bivalve species and the 
and each of the 3 Nrlculoma density treatments were not number of species (NS) per sample is demonstrated in 
significantly different. Low Nuculoma treatments were Fig. 3.  It can be seen that NS was highest in the low 
significantly more diverse than all Abra and Brissopsis Nuculoma treatments and declined as the bivalve 
treatments. The diversity (numbers of spec~es)  was sig- abundance increased. For Abra, the maximum NS is 
nificantly reduced in the Br~ssops~sand high Abra treat- observed in the control treatments and the rate of 
ments compared to the control and all Nuculoma treat- decline in species number is low. At low values of 
ments. Pairwise results from a Kruskal-Wallis analysis bivalve biomass, the number of species is higher in 
indicated that there were no significant differences be- Nuculonla treatments compared to treatments with an  
tween treatments for evenness or Shannon Wiener (us- equivalent weight of Abra 
ing loge) diversity measures. For species richness, the Results from rarefaction show Nuculoma tenuis 
low Nuculoma treatments were significantly more di- again displays an  'intermediate disturbance type' 
verse than the low Abra, mid Abra, high Abra and Bris- response with the highest diversity occurring in the 
sopsjs treatments (p = 0.007, 0.005, 0.009 and 0.001 re- low treatments (Table 3). This increase in diversity at  
spectively). 

Number of individuals Number of species 

intermediate levels of disturbance is also seen in the 

0 I-- I 0 1 I 
c L M H  L ~ H  C L M H  L N I H  

Abra olbo r\'urnlomo Brirsopsi~ nhro alho Ntrrulonts Briswpsis 
renui, lyri/ero I C ~ Y I S  /,,riJcra 

Fig. 2. Mean numbers of individuals and species among co~ltrols 
and treatments, with 95 % confidence intervals 

Abra treatments; however, the result is made less 
clear by the high values of ES(101) calculated for 
high Abra treatments 

p diversity 

Fig. 4 demonstrates the differences in species 
turnover ( p  diversity) and total number of species 
between the treatments. Currently, it is not possi- 
ble to test for significant differences between 
these curves; however, obvious trends can be  
seen in these data. The low Nuculoma and control 
treatments display greater P diversity than the 
other treatments, with the Brlssopsis treatment 
showing very low turnover. The trend for both 
N. tenius and Abra alba is for turnover to decrease 
as bioturbator abundance increases. 
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Bivalve biornass (g) 

Table 4.  Mean Bray-Curtis dissimilarities indicating 
differences in  variability within treatments using un- 

transformed and dd transformed data 

Untransformed dd transformed 

Control 
Low Abra 
Mid A bra 
High Abra 
Low Nuculoma 
Mid Nuculoma 
High Nuculoma 
Brissopsis 

Fig. 3. Number of species present at different densities of each of the 
2 bivalve species, as measured by decalcified blotted wet weight. 

(A) Control; (0) Nuculoma; (*) Abra sity. The dominant fauna show an intermediate 
disturbance type response in the Nuculoma 

From the Bray-Curtis dissimilarity values calculated treatments with the maximum dissimilarity value 
on untransformed data (Table 4), it can be seen that occurring in the mid Nuculoma treatment. In the case 
bioturbation by both bivalve species increases P diver- of Abra, both the low and high treatments display ele- 
sity of the dominant fauna. The presence of Brissopsis vated dissimilarity values compared with the controls. 
lyrifera at this experimental density reduces P diver- The results from the 44 transformed data show a differ- 

ent pattern is occurring in the rarer species. This ele- 
ment of the fauna shows an intermediate disturbance 

Table 3. Expected number of species present in 101 individu- type response in the treatments, with the maxi- 
als, ES(101), for different types and densities of bioturbator 

mum dissimilarity value occurring in the low Abra 

Nuculoma tenuis Abra alba Brissopsis lyrifera 

Control 16.02 16.02 16.02 
19.53 16.45 
15.45 

High 14.8 18.47 13.52 

Low Nuculoma 
Control 

M id Nuculoma 
High Nuculoma 
Low Abra 
Mid Abra 

tl igh Abra 

Brissopsi~ 

Number of pooled samples 

Fig. 4. Species area curves from combined replicates for treat- 
ments and controls, based on 100 random sorts 

treatment. In the Nuculoma treatments, the P diversity 
of the rarer species declines as the intensity of distur- 
bance increases. The dissimilarity values in the Bris- 
sopsis treatment also differs between transformations. 
Using dd transformed data, the rarer species diversity 
increases slightly whereas the untransformed data 
indicated that the dominant species diversity de- 
creased. 

In areas disturbed by Nuculoma tenius, variability in 
community structure between replicates was greatest 
in the low Nuculoma treatment (Table 5). This increase 
in variability at intermediate levels of disturbance was 
also seen in the Abra treatments; however, the result 
was less clear due to the high values of dispersion in 
the high Abra treatments. 

Table 5. MVDISP results indicating differences in variability, 
using untransformed and dd transformed data, between 

(a) Nuculoma and (b) Abra treatments 

Control Low Mid High 

(a) Values for multivariate dispersion for Nucdoma 
treatments 

No data transformation 0.91 1.21 1.02 0.76 
dd data transformation 1.04 1.14 0.99 0.59 

(b) Values for multivariate dispersion for Abra treatments 

No data transformation 0.69 1 19 0.86 1.27 
dd data transformation 0.75 1.19 1.00 1.11 



Widdicombe & Austen: Effects of b~oturbation on a subtidal macrobenthic community 187 

Community structure 

Disturbance intensity effects 

Table 6 .  R-values from pairwise comparisons of treatments uslng l-way 
ANOSIM. Bold values indicate significant differences, p < 0.05 (p-values In 

parentheses) 

The ANOSIM results (Table 6) show 
that there were significant differences 

Abra alba Nuculoma f t ~ n u s  
Untransforrned .\.' transformed Untransformed . . transformed 

between and bioturbated areas 
in most cases. These differences occur 
both in the dominant fauna (untrans- 
formed data) and in the rarer spcr.ies 
(-\id transformed data). The onlv sianif- 

*bra l-he fact that these differences Table 7. R-values from pairwise comparisons of treatments with 
different bioturbating species using l-way ANOSIM. Bold values were observed in the untransformed data indicate significant differences, p < 0.05 (p-values in parentheses) 

implies that these differences are due to changes 

Control vs Low 0.159 (0.035) 0.241 (0.013) 0.251 (0.004) 0.273 (0.008) 

Control vs Mid 0 108 (0.091) 0.349 (0.001) 0.185 (0.040) 0.485 (0.000) 

Control vs High 0.569 (0.000) 0.493 (0.001) 0.175 (0.094) 0.511 (0.002) 

Low vs Mid -0.099 (0.934) -0.106 (0.898) -0.021 (0.545) 0.093 (0.156) 
1 d 

icant differences observed between 
different intensities of treatment were 

in the abundance of the dominant species. Differ- 
ences in comn~unity structure were observed 
when ANOSIM was used to compare control areas 
with areas disturbed by Brissopsis tenuis. These 
differences were significant for both the un- 
transformed (R = 0.296, p = 0.001) and dd transfor- 
med (R = 0.415, p = 0.000) data. 

LOW VS Hlgh 0.269 (0.017) -0.054 (0.746) 0.014 (0.398) 0 084 (0.237) 

Mid VS High 0.276 (0.013) -0.072 (0.767) -0.031 (0.543) -0.001 (0.485) 

Untransformed -\l\/ transformed 
- - 

Low Abra vs Low Nuculoma -0.068 (0.796) 0.107 (0.1 17) 

Low Abra vs Mid Nuculoma -0.099 (0.910) 0 . 0 7 5  (0.751) 

Low Abra vs High Nuculoma -0.145 (0.941) -0.047 (0.620) 

Mid Abra vs Low Nuculoma 0.133 (0.084) 0.246 (0.002) 

Mid Abra vs Mid Nuculoma 0.051 (0.238) 0.131 (0.115) 

Mid Abra vs High Nuculoma -0.113 (0.816) -0.008 (0.500) 

High Abra vs Low Nuculoma 0.561 (0.002) 0.431 (0.000) 

High Abra vs Mid Nuculoma 0.496 (0.003) 0.143 (0.1 14) 

High Abra vs High Nuculoma 0.270 (0.039) 0.132 (0.162) 

between low and high Abra treat- 
ments, and between mid and hiqh 

Effects of different bioturbating species 

A global ANOSIM, comparing samples dis- 
turbed by Nuclorna tenuis with those disturbed 
by Abra alba, indicated a significant difference 
in the 44 transformed data (R = 0,153, p = O.OO1),  Table 8. R-values from pairwise comparisons of Brissopsis treat- 

ments with different intensities of bivalve treatments using l-way 
Pairwise cOmpar'sOns of with differ- ANOSIM. Bold values indicate significant differences, p < 0.05 
ent bioturbating species (Table 7) highlight the (p-values in parentheses) 
differences between the dominant fauna and the 
rarer species. Significant differences in the 
untransformed data were limited to the high 
Abra comparisons, whilst for s \ transformed 
data, the low Nuculorna treatment was signifi- 
cantly different to both the mid and high Abra 
treatments. 

Table 8 indicates that there are no significant 
differences between Brissopsis treatments and 
any of the Abra treatments using either untrans- 

Untransformed transformed 
-- - p- 

Bnssopsis vs Low Nuculoma 0.449 (0.002) 0.360 (0.002) 

Brissopsis vs Mid Nuculoma 0.302 (0.012) 0.091 (0.182) 

Brissopsis vs High Nucdoma 0.084 (0.235) 0.076 (0.269) 

Brissopsis vs Low A bra 0.114 (0.094) -0.042 (0.666) 

Brissopsisvs Mid Abra 0.022 (0.362) 0.101 (0.135) 

~ f i ~ ~ ~ ~ ~ i ~  vs ~ i ~ h  ~b~~ 0 063 (0.186) -0.018 (0.562) 

formed or .\Id transformed data. Significant differ- 
ences were observed between the Brissopsis treat- regardless of which bivalve species disturbs the s e d -  
ments, and both the low and mid Nuculoma treatments ment. For the less abundant fauna (44 transformed 
for untransformed data. However, heavier dd transfor- data) the pattern of community response to different 
mation only produces a significant difference between levels of disturbances differs between Abra and Nucu- 
Brissopsis and low Nuculoma. loma treatments (R = 0.188, p = 0.404). This indicates 

Using RELATE, a significant result for untrans- that the 2 elements of the community respond in differ- 
formed data (R = 0.906, p = 0.000) indicated that the ent ways in the presence of different bioturbators and 
dominant species of a n  assemblage wrll respond to that it is the rarer species which are most influenced by 
increasing intensity of disturbance in the same way the agent of bioturbation. 
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Individual species response 

SIMPER revealed the 8 species most responsible for 
the differences between treatments observed during 
multivariate analysis on the untransformed data. The 
abundance of Chaetozone setosa, Heterornastus fili- 
formis and Eteone flava per sample generally 
decreased as the amount of disturbance increased. 
Pholoe minuta abundance increased in response to 
increased disturbance by Nuculoma tenuis, but de- 
creased in response to increased Abra alba distur- 
bance. Pseudopolydora paucibranchiata and Ophelina 
acuminata had maximum abundances in low Nucu- 
loma treatments, as did small individuals of Nuculoma, 
which were already present in the sediment before the 
addition of the larger N. tenuis individuals used to bio- 
turbate the sediment. One species, Cossura longocir- 
rata, increased in abundance as disturbance by both N. 
tenuis and A. alba increased. The effect of the species 
Brissopsis lyrifera was to increase the numbers of C. 
longocirrata and N. tenuis but cause a decrease in the 
average abundance of the other species. 

Seventy-one percent of the taxa identified from this 
experiment was considered as rare, being represented 
by less than 10 individuals in the experiment as a 
whole. Of these rare species over half (55 %) were rep- 
resented in the treatments of 1 bivalve species but not 
both (20% present in Abra treatments but not in Nucu- 
loma treatments; 35 % present in Nuculoma treatments 
but not in Abra treatments). Almost two thirds of the 
rare species (65 %) were absent from the control treat- 
ments. The raw data are presented, in Appendix 1. 

DISCUSSION 

All a diversity (mean number of species per sample, 
rarefaction) and most p diversity (speciedarea, curves, 
Bray Curtis dissimilarities, multi.variate dispersion), 
were higher in the low density Nuculoma treatments 
than in the control, mid or high density Nuculoma 
treatments. This response is similar to that observed in 
previous work which examined the effects of different 
densities of Brissopsis lyrifera (Widdicombe & Austen 
1998). It is evident that both B. lyrifera and N. tenuis 
cause diversity to increase at an intermediate level of 
bioturbation. To accept that this response fits the 
'Intermediate Disturbance Hypothesis' (Connell 1978) 
it must first be established that areas of subtidal sedi- 
ments are subjected to competitive interactions. Whilst 
there is no direct evidence that competition for space 
exists (Peterson 1979, Wilson 1990), Pearson & Rosen- 
berg (1987) suggested that macrofaunal communities 
are subjected to the pressure of competition during the 
colonisation of defaunated or disturbed sediments. 

Further evidence that bioturbation reduced competi- 
tive exclusion was provided by an experiment con- 
ducted by Kukert (1991) which imitated the mounds 
created by deposit-feeding megafauna. These mounds 
reduced the abundance of the dominant species, sug- 
gesting that burial disturbance may play a role in 
structuring the macrofaunal community by promoting 
the coexistence of rarer species. Levin et al. (1991) also 
suggested that, for certain species, sediment mounds 
act to promote spatial heterogeneity and, perhaps, 
coexistence. The current study also saw a reduction in 
the abundance of most of the dominant species in mod- 
erately bioturbated areas, coupled with an increase in 
the total number of species. 

Both abundances and number of species in low 
Nuculoma treatments were greater than those in the 
control even though there is limited recruitment in the 
mesocosm system used (Berge et al. 1986). The results 
suggest that the presence of N. tenuis affected the 
associated macrofaunal community in one of two ways. 
Firstly, low N. tenuis densities may have either enhan- 
ced survivorship in the mesocosm and/or encouraged 
migration of small macrofauna into the partitioned 
areas from the surrounding sediment. Alternatively, 
competition between species may have taken place in 
the undisturbed controls where there were no biotur- 
bators which could check the activities of the dominant 
species. This competition could potentially drive less 
effective competitors to extinction, resulting in a 
reduction in the number of species. These explanations 
are not mutually exclusive and it is possible that the 
true effect could be a combination of the two. Assum- 
ing that competition does occur in subtidal sediment 
communities it seems likely that the response of a com- 
munity to the disturbance caused by 'bulldozing' 
macrofaunal species, such as Brissopsis lyrifera and N. 
tenuis, does fit the 'Intermediate Disturbance Hypo- 
thesis'. 

Whi.lst the reduction of competitive exclusion is the 
most likely explanation of the responses observed 
within this study, it is important to be aware of other 
possible processes acting on the community. The 
majority of the dominant species were reduced in bio- 
turbated sediments compared to the undisturbed 
area.s; however, there were some species that in- 
creased in number in moderately disturbed conditions. 
This suggests that the test species may have altered 
the quality of the sedimentary environment in various 
ways, proving beneficial to some species but displac- 
ing others. The increased diversity at intermediate lev- 
els of bioturbation may therefore be due to the effect of 
bioturbation on the sediment rather than the physical 
disruption of dominant species. This explanation, 
unlike the 'Intermediate Disturbance Hypothesis', is 
not reliant on the existence of competitive exclusion. 



W ~ d d ~ c o m b e  & Austen Effects of bioturb 

When examining diversity and community level 
responses it is evident that the agent of bioturbation is 
extremely important in structuring the associated 
macrofaunal assemblage (Hall 1994). Brissopsls lyri- 
fera and Nuculoma tenuis, both mobile, sub-surface 
deposit feeders, produced slmilai- 'intermediate distur- 
bance type' responses in the associated fauna. How- 
ever, the present study has been unable to demon- 
strate such a response induced by the less mobile, 
surface deposit/suspension-feeding bivalve Abra alba. 
A possible reason for this may be that the intensity of 
disturbance in the low Abra treatments was greater 
than the intensity required to elicit the 'intermediate 
disturbance type' response. This is possible because, 
even though the densities and biomass of the 2 bivalve 
species were similar in the low treatments, A. alba 
occupies more space than N. tenuis (mean volumes 
0.75 and 0.21 cm3 respectively). The consequence of 
this size difference is that the equivalent volume of A. 
alba in the low treatments was 459 cm3 m-2 compared 
to 128 cm3 m-' of N. tenuis. A previous experiment by 
Widdicombe & Austen (1998) demonstrated a n  'inter- 
mediate disturbance type' response at densities of B. 
lyrifera which corresponded to 297 cm3 m-2, which was 
again lower than the value for the low Abra treament. 
It is therefore evident that when assessing the poten- 
tial impact of bioturbating species it may be necessary 
to consider the amount of space the organism occupies 
within the sediment as well as its mobility and abun- 
dance. Alternatively, it may be that our results are an 
indication that the intermediate disturbance response 
does not occur for all types of bioturbation. In support 
of this, Thayer (1983) indicated that the 'biological 
bulldozing' of species such as B. lyrifera and N. tenuis 
is a more effective form of bioturbation than the inges- 
tiodegestion activities of species such as A. alba. This 
could mean that, before the realisation of any benefi- 
cial effects on diversity, of reduced competition due to 
intermediate levels of sediment disturbance, high den- 
sities of A. alba will result in overwheln~ing competi- 
tion for food. 

Multivariate analysis (ANOSIM and RELATE) also 
demonstrated distinct differences in the way the differ- 
ent elements of the associated community responded 
to different agents of bioturbation and to changes in 
disturbance intensity. Results show that it is the rare 
species which are most affected by different types of 
bioturbators. This is corroborated by a recent field 
study which examined how a subtidal, sediment com- 
munity was spatially structured and the possible fac- 
tors which controlled this. Kendall & Widdicombe 
(1999) analysed spatial patterns of different size frac- 
tions in the benthic community. They suggested that in 
sediments structured by biotic processes, variability in 
the densities of large bioturbating organisms will affect 

the abundance of the dominant species in the medium 
size range. This may lead to a possible reduction in the 
pressure of competition in such bioturbated areas and 
hence provide an  opportunity for rarer species to sur- 
vlve. Comparisons of the fauna in the Abra treatments 
with that in the Nuculonla treatments suggest that the 
identity of the rare species, benefiting from such a 
reduction in competitive pressure, can be  influenced 
by the identity of the bioturbating organism causing 
the disturbance. Kendall & Widdicombe (1999) made 
comparisons of bioturbated sediments with physically 
structured sediments which indicated increased spa- 
tial variability in the small-sized species of the commu- 
nities in bioturbated sediment. This variability was 
shown to exist in the rarer, lower abundance species 
rather than the dominant, constantly present species. 
The low abundance, small-bodied fauna formed a 
patchwork of assemblages, each with different species 
compositions. These field data and our mesocosm 
results imply that biological mediation of the sediment 
is a vital element in the maintenance of diversity. 

A comparison of the responses of the meiofauna and 
macrofauna to bioturbation illustrates some interesting 
similarities. Univariate measures of nematode assem- 
blage structure (e .g ,  number of species, species rich- 
ness, Shannon Wiener diversity) were affected by the 
intensity of disturbance in a way that conforms to the 
intermediate disturbance hypothesis, although it is not 
known whether competition is the mechanism for this. 
Higher macrofaunal P diversity in the low Nuculoma 
treatments of this experiment and the low Bnssopsis 
treatments of Widdicombe & Austen (1998), compared 
to the control treatment, were also consistent with the 
predictions of the intermediate disturbance hypothe- 
sis. However, it was evident, particularly from changes 
in the number of species and abundance, that mac- 
robenthic assemblages were more strongly affected by 
disturbance than the meiofauna. This was consistent 
with the hypotheses of Warwick et al. (1990) which 
were used to explain differences in the macro- and 
meiofauna communities in Hamilton Harbour, Bermu- 
da .  Univariate measures of the meiofaunal nematode 
response to the different bioturbating species did not 
differentiate between the different types of distur- 
bance in the present experiment. Multivariate analysis 
indicated that the nematode species response in the 
community was much more sensitive to the type of dis- 
turbance but less sensitive to the intensity of distur- 
bance treatments compared to the control (Austen et 
al. 1998). In the macrofauna the response was similar 
to that of the melofauna with the identity of the species 
within an  assemblage being mostly influenced by the 
type of bioturbator which caused the disturbance. 

Despite the different feeding modes of the macro- 
fauna disturbers, Austen et al. (1998) did not observe 
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any specific response from the nematodes that could 
be related to the likely sediment depth at which the 
macrofaunal disturbers would have greatest impact. 
Except at the highest bivalve densities, there was no 
indication that the effects of the bioturbation arose 
through direct general predation or mortality caused 
by sediment disturbance, as there was almost no sig- 
nificant effect on nematode abundances in any of the 
treatments. Significantly lower macrofaunal abun- 
dances were observed in the highest densities of all 3 
of the test species. This again indicated that if direct 
mortality did occur it would most Likely be due to a 
combination of extreme disturbance and intense com- 
petition for food. At low and mid densities, the distur- 
bance activity of the macrofauna test species may stim- 
ulate microbial growth (e.g. Hargrave 1970, Aller & 
Yingst 1985, Krantzberg 1985) and increase sediment 
oxygenation (e.g. Flint & Kalke 1986) providing an in- 
crease in food and spatial resources which directly 
affects the nematodes and some small macrofaunal 
species. It is possible that the macrofauna/meiofauna 
relationship may be a series of feedback loops. For 
example, changes in the meiofauna may influence the 
elements of the macrofauna which interact with meio- 
fauna. Similarly, the macrofauna test species may have 
indirectly influenced the meiofauna by altering the 
community structure of the associated macrofauna 
which in turn may be more selective predators or feed- 
ing competitors of the meiofauna. 

The findings from this and previous studies have 
highlighted the importance of bioturbation in structur- 
ing macrofaunal and meiofaunal communities and 
setting levels of diversity in apparently homogenous 
environments. To date, however, the experiments 
have been limited to single species treatments. In 
order to fully understand the processes which struc- 
ture benthic communities it is essential to expand on 
this information in the form of field experiments and 
field studies. These should not only examine the 
effects that different combinations of bioturbators will 
have on an associated assemblage but should also 
address the factors which control the distributions, 
abundance and potential interactions of the bioturbat- 
ing species themselves. 
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