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Small-scale disturbance and increased nutrients as 
influences on intertidal macrobenthic assemblages: 
experimental burial of wrack in different intertidal 

environments
F. Rossi*, A. J. Underwood

Centre for Research on Ecological Impacts of Coastal Cities, Marine Ecology Laboratories A l l ,  Science Road, 
University of Sydney, N ew  South Wales 2006, Australia

ABSTRACT: Wrack (dead, w ashed-up seaw eed and seagrass) buried in soft substrata causes in 
creased organic content and alters the physical structure of sediments. These effects may influence 
the types and relative abundances of species in the sediment. Such influences can be expected to 
vary according to the type and organic content of the sediment. In this study, w rack was buried in 
3 mudflats and 2 intertidal sandflats (with coarser sediments) in Botany Bay (New South Wales, A us
tralia). The experim ents tested  the hypotheses that burial of w rack would (1) increase the content of 
total nitrogen (N) and organic carbon (OC) of sediments; (2) increase the biomass of micro-algae; and 
(3) alter the abundances of m acrofauna in the sediments. Sim ulated w rack (equivalent amounts of 
plastic ribbon, w ithout any organic content) was added to other experim ental plots to test the above 
hypotheses w hen only physical disturbance, not organic enrichm ent, occurred. Total OC, N and 
chlorophyll a (chi a) w ere sam pled every 2 w k for 6 w k and m acrofauna w ere sam pled after 6 wk. 
Some taxa (capitellid, orbinid and nereid worms) increased abundances w here w rack was added. 
Nereidae, however, responded only in m uddy sediments. The physical structure associated with 
wrack also caused an increase in num bers of O ligochaeta and increased patchiness in num bers of the 
soldier-crab Mictyris longicarpus, but only in sites w here they w ere already abundant. Wrack rep re 
sents a source of food for some taxa. Physical disturbance due to burial of w rack also adds to patchi
ness and abundance of taxa on sandy and m uddy intertidal shores. The major responses of fauna p re 
dicted from other studies did not occur.
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INTRODUCTION

In m any shallow w ater m arine habitats, a major n a t
ural disturbance is the stranding of mats of dead  plant 
m aterial, called wrack. In intertidal habitats, w rack is 
deposited throughout the entire intertidal range, but 
lower on a shore, mats of w rack are moved about by 
tides and waves. At higher tidal levels and in more 
sheltered areas, however, w rack may stay on the
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bottom for some months (Hull 1987, Valiela & Rietsma 
1995) and often, mats are buried in the sedim ents (Ford 
et al. 1999).

Dead plants deposited on the shore will affect the 
physical and chemical characteristics of the sedim ents 
(Raffaelli et al. 1998). Drift algae and seagrasses alter 
the structure of habitats, for example, by providing 
refuges (Holmquist 1997, Norkko et al. 2000). Decom
position of the plants releases nutrients into the sedi
ment, stim ulating the grow th of bacteria and modify
ing the concentration of oxygen (Harrison & M ann 
1975, Rice & Tenore 1981, Levinton et al. 1984, Pel-
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likaan 1984, Tenore et al. 1984). The w rack w ashed up 
on a beach can be buried by sediment, sometimes after 
a period of decomposition on the surface. Buried wrack 
will decay, releasing nutrients, particularly N and P, 
w hich can enhance reproduction of benthic m icroal
gae (Dizon & Yap 1999, Posey et al. 1999), stimulate 
grow th of aerobic and anaerobic bacteria as well as 
reducing exchange of oxygen w ith the sedim ent (Raf- 
faelli et al. 1991, 1998, Sundback et al. 1996, Norkko et 
al. 2000). Anaerobic decomposition of buried w rack 
may occur (Harrison 1989), w ith quite different ou t
comes from those due to degradation of w rack on the 
surface of sediments. The processes are complex and 
will depend  on the am ount and taxonomic composition 
of the w rack as well as on the tem poral frequency and 
spatial distribution of its deposition (Valiela et al. 1997, 
Raffaelli et al. 1998).

On sandy beaches and mudflats, deposition and sub
sequent burial of w rack is usually at small scales, c re 
ating a mosaic of bare and w rack-affected areas. 
Shapes and extent of the patches and the thickness of 
the mats can be extrem ely variable w ith a range of 
approxim ately 0.1 to 1 m2 and 1 to 5 cm, respectively 
(Valiela & Rietsma 1995).

Infaunal organism s in soft sedim ents are often d is
tributed in tem poral and spatial mosaics of patches at a 
num ber of different scales (e.g. Thrush 1991, Azovsky 
et al. 2000). Disturbances cause tem poral and spatial 
heterogeneity  by killing, displacing or dam aging 
organism s and by creating opportunities for establish
m ent of others (Dayton 1971, Paine & Levin 1981, 
Sousa 1984, Pickett et al. 1989, Underwood 1989, 
Valiela & Rietsma 1995, Ford et al. 1999). Therefore, 
disturbances influence the structure and function of 
animal assem blages and determ ine taxonomic com po
sition, num ber and turnover of species in marine 
assem blages (Valiela & Rietsma 1995). In addition to 
the frequency, intensity and scale of disturbance, the 
responses of populations are determ ined by their iner
tia, resilience and stability (e.g. Underwood 1989, 
Norkko & Bonsdorff 1996a,b, Baldwin & M endelssohn 
1998).

Disturbances to plants and animals due to detritus 
have been  studied with regard  to the increased 
amounts of seaw eed produced by eutrophication (Hull 
1987, Raffaelli et al. 1991, Norkko & Bonsdorff 1996a,b, 
Valiela et al. 1997, Ford et al. 1999, Renaud et al. 1999). 
There have, however, been  few field studies of deposi
tion of wrack, w hich is a natural disturbance (Valiela & 
Rietsma 1995, Baldwin & M endelssohn 1998, Brewer et 
al. 1998, Colombini et al. 2000). Most of the studies of 
the impact of w rack and seaw eeds have been done on 
mats on the surface of sedim ents (Ford et al. 1999). The 
effect of buried algal/seagrass mats has received only 
incidental docum entation (Hull 1987, Ford et al. 1999),

despite their im portance in m acrofaunal and detrital 
food webs.

In addition, most studies of responses of organism s to 
organic enrichm ent of detritus have been  done in fine 
sediments, w hich are often rich in organic m aterial 
(Webb 1996). Little is known of the response of animals 
living in sands w ith little organic content. Tolerance of 
animals in sandy sedim ents to organic enrichm ent 
caused by the w rack is likely to be different.

In this paper, w e used experim ental burial of w rack 
to test hypotheses about influences on m acrofaunal 
assem blages in intertidal estuarine mud- and sand- 
flats. We predicted that w rack buried in sediments 
would (1) increase the content of total nitrogen (N) and 
organic carbon (OC) of the sediment; (2) increase the 
biomass of benthic micro-algae; and (3) as a result, 
m acrofaunal assem blages would change in their com 
position and in relative abundances of taxa. Further
more, we predicted that responses would differ in 
sandy sedim ents from those in m uddy sediments 
because the former naturally have less organic con
tent. Finally, it has sometimes been  concluded that d is
turbances increase variability in ecological m easures 
(Warwick & Clarke 1993), although this is clearly not 
always the case and variance can be decreased by d is
turbance (Chapman et al. 1995). We therefore tested 
the hypothesis that w rack or physical disturbance 
would alter the variances in experim ental treatm ents.

MATERIALS AND METHODS

Study areas. Experiments w ere done in Botany Bay, 
NSW, Australia (Fig. 1), on 5 sheltered intertidal flats 
w hich w ere completely exposed during low tides. 
Sites 1 to 3 (Fig. 1) w ere mudflats (sizes of particles 
ranging betw een 0.63 pm and 0.5 mm) with a m ean 
(±SE) content of OC (%) of 0.11 (0.07), 0.25 (0.03) and 
0.11 (0.01), respectively. Sites 4 and 5 (Fig. 1) w ere 
sandy (with particles ranging betw een  0.5 and 1 mm) 
w ith an OC content of 0.08 (0.01) and 0.06 (0.01). Data 
are from 2 dates of sam pling and are an average of 20 
m easures. Originally, there w ere 3 sandflats, but the 
experim ents in the third site w ere dam aged by nearby 
construction.

Experimental design. M anipulative experim ents 
w ere started in each of the 5 sites on 19 and 20 M arch 
2001. During low tide, 3 treatm ents w ere established in 
each site: addition of w rack (W), procedural control for 
the structure of the w rack (PC) and natural control (C). 
At each site, 15 randomly chosen plots (50 x 50 cm) 1 to 
2 m apart w ere chosen. Five plots w ere randomly 
assigned to each treatm ent. Positions of plots w ere 
m arked by a stake and w ere m easured from 3 fixed 
reference points so that plots could be relocated.
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Detrital w rack w as collected on intertidal areas 
around the study sites. W rack was mainly composed of 
the seagrass Zostera capricornu and red  seaweeds, 
w hich w ere too decom posed to be classified. In the lab 
oratory, w rack was w ashed and refrigerated (-20°C) 
for at least 24 h to kill any organisms. No chlorophyll a 
(chi a) was present in the w rack w hen it was collected 
(this was exam ined spectrophotometrically).

In experim ental plots (W), 1.2 kg w et wt of wrack 
was buried in the sedim ent at a depth  of about 5 cm. 
The sedim ent was rem oved from the surface by sliding 
a thin layer of stiff PVC into the sedim ent and lifting it 
w ith the sedim ent on its top. This scarcely disturbed 
the sediment. Then w rack was spread evenly in the 
plot (thickness about 2 cm) and the sedim ent rem oved 
was added. In this way, horizontal and vertical mixing 
of sedim ent was prevented. In addition to potential 
enrichm ent of nutrients, w rack causes physical, struc
tural changes to habitat. To exam ine this and to check 
for disturbance to the sedim ent by the w rack (proce
dural control, PC), plastic ribbons of similar size, shape 
and cover to the w rack w ere buried in sediments. Con
trol plots (C) w ere disturbed and sedim ent replaced 
without adding anything.

Three times, approxim ately every 2 wk, all sites 
w ere sam pled for OC, N and chi a. Two replicate cores 
of sedim ent (2.5 cm internal diameter) w ere taken  from 
each plot. At the end  of the experim ent (6 w k after the 
addition of wrack, 4 and 5 May 2001), 2 replicate cores 
(10 cm internal diameter) w ere taken  to sample the 
m acrofauna. A 6 w k period was chosen because previ

ous studies suggested that effects on m acrofauna of 
seaw eeds on the surface would occur in 2 to 10 w k 
(Thrush 1986, Hull 1987, Norkko & Bonsdorff 1996a,b, 
Bolam et al. 2000). Furtherm ore, buried m aterial would 
decay quickly, so experim ents could not be longer.

M acrofaunal samples w ere collected to a depth  of 
8 cm (i.e. slightly below the layer of w rack w here the 
w rack was present). In the laboratory, sedim ent was 
elutriated 15 times and the supernatant sieved at 0.5 
mm. The num ber of times of élutriation was d e te r
m ined by searching for animals in sedim ent of 30 sam 
ples from different sites after different am ounts of é lu 
triation. All m acrofaunal samples w ere fixed in 4 % 
buffered formalin, sorted, and animals w ere counted 
and identified to family level, w hen possible.

Sedim ent for total OC, N and chi a was collected at 
the same depth  of m acrofauna samples using plastic 
corers of 2.5 cm inner diameter. Samples w ere placed 
in plastic bags, kept in the dark and frozen at -20°C 
w ithin 3 h. In the laboratory, all w rack in samples was 
rem oved by hand. Samples w ere hom ogenised and 
sub-sam ples of about 3 g w et wt w ere taken. Chi a was 
extracted according to Plante-Cuny (1974) in darkness 
for 24 h at 0 to 4°C using a 90% acetone solution. Pig
m ents w ere m easured spectrophotometrically before 
and after treatm ent w ith 0.1 N HC1. Precom busted 
(450°C for 3 h) sedim ent was used as a blank. In addi
tion, the content of phaeopigm ents was m easured to 
check for any pigm ents introduced with wrack; no sig
nificant differences w ere found betw een the plots to 
which w rack was added and the controls.

The sedim ent for analyses of total OC 
and N w as desiccated at 60°C overnight. 
Inorganic carbon was rem oved by aque
ous acidification of 0.1 N HC1, following 
the m ethod of H edges & Stern (1984). 
M easurem ents w ere m ade using a 
Perkin-Elmer CHN elem ent analyser.

Analyses of data. Changes in m acro
faunal assem blages w ere analysed at 
each site separately using a 2 -factor 
orthogonal non-param etric analysis, N-P 
MANOVA (Anderson 2001) w ith a poste 
riori multiple comparisons, based  on 
Bray-Curtis (dis)similarity m easures. 
Non-metric multi-dimensional scaling 
(nMDS) was used to plot the rank-order 
differences am ong treatm ents based on 
Bray-Curtis distances in each site. Taxa 
that mostly contributed to the d is
similarity/similarity am ong/w ithin trea t
m ents and sites w ere identified using 
SIMPER analysis (Clarke 1993).

C hanges in the content of total chi a, 
OC and N, and in the abundance of the

NSW
S y d n e y

Botany Bay

Botany Bay

Georges River

Quibray Bay
1 K m

Woolooware Bay

Fig. 1. Location of study sites in Botany Bay. Sites 1, 2 and 3 are m ud flats 
(Mud 1, 2 and 3) and Sites 4 and 5 are sand flats (Sand 4 and 5)
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main representative taxa w ere investigated using a 3- 
factor mixed model analysis of variance. Treatm ents (3 
levels), Sites (5 levels) and Plots (5 levels) w ere factors. 
Treatm ents was fixed, Sites w as random  and orthogo
nal to treatm ent, and Plots was random  and nested  in 
the interaction Treatm ents x Sites. Any interaction or 
nested com ponent that was sufficiently small w ith a 
probability >0.25 w as pooled (Winer et al. 1991). 
Before analysis, the hom ogeneity of variances was 
evaluated by using Cochran's test (Winer et al. 1991). 
All da ta  w ere log(x+l)-transform ed.

M ultiple comparisons for total OC, N and chi a w ere 
analysed using a priori tests at p = 0.05 (Underwood 
1997). Comparisons betw een C and PC w ere m ade as 
the first step. W hen they did not differ from each other, 
their m ean was com pared to that of W, to test the hy
pothesis that this treatm ent had  a greater content of 
total OC, N or chi a than the other two. To analyse the 
macrofauna, a posteriori multiple comparisons w ere 
done using SNK tests (Underwood 1997). Analyses of 
variance, Cochran's test and SNK tests w ere done using 
GMAV 5 (A. J. Underwood & M. G. C hapm an unpubl.).

Additionally, differences am ong treatm ents w ere 
analysed using Anderson's (1959) test to identify non- 
random  patterns in the rank order of m ean values of 
variables across the 3 treatm ents.

The variation am ong replicates was also analysed, to 
test the hypothesis that disturbance caused changes in

variance. Differences am ong treatm ents of the residual 
variance w ere analysed by a 2-way mixed model of 
analysis of variance w ith Treatm ent (fixed) and Site 
(random) as orthogonal factors. Five replicates w ere 
used (i.e. the variance am ong replicates calculated 
from each plot of each treatm ent). Variances w ere log- 
transform ed before analysis.

RESULTS 

Analyses of total OC, N and chi a

In general, there w as more OC and N in experim en
tal treatm ents (W in Fig. 2a,b) than  in controls. This 
occurred more often than by chance for w eek 2 
(Anderson's test; Q2 = 11.4, p < 0.05). The analyses of 
variance w ere generally not significant (analyses in 
Table 1), except for increased carbon in plots with 
w rack com pared w ith controls in Sites 3 and 4 after 
2 w k and at Sites 2, 3 and 4 after 4 wk. As a result, 
there w ere interactions betw een Sites and Treatm ents 
in analyses at 2 and 4 wk.

The increased am ount of N was statistically signifi
cant only for Site 3 after 2 and 4 w k and at Site 2 after 
6 w k (analyses in Table 1 and a priori test, p < 0.017). It 
was particularly noticeable that the sandy sites (Sites 4 
and 5) had  very little N in the sediments. This was par-

Table 1. ANOVAs of content of organic carbon (OC), nitrogen (N) and chlorophyll a (chi a) (pg g~4) at each time of sampling. 
Treatm ents (T) (addition of w rack [W], procedural control for the structure of the w rack [PC] and natural control [C]) are fixed 

factors; Sites (S) and Plots (P) w ithin each T and S are random, ns = not significant

2 w k -------------   4 w k --------------   6 w k

OC Source df MS F P MS F P MS F P
T 2 0.043 5.23 <0.05 0.066 5.95 <0.05 0.025 2.17 ns
S 4 0.097 28.41 <0.00 0.093 18.83 <0.00 0.126 5.83 <0.01
T x S 8 0.008 2.41 <0.05 0.011 2.23 <0.05 0.011 1.44 ns
P (T x S )a 60 0.004 >0.25 0.005 2.01 <0.01 0.008 1.24 ns
Residual 75 0.003 0.003 0.060
Pooled8 135 0.003 - -

N Source df MS x IO4 F P MS x IO4 F P MS x IO4 F P
T 2 1.000 0.46 ns 12.500 2.88 ns 5.000 0.23 ns
S 4 18.750 19.00 <0.001 8.750 7.63 <0.001 1.250 0.50 ns
T x S 8 2.625 3.00 <0.01 4.375 3.79 <0.001 22.000 11.00 <0.01
P (T x S )8 60 1.217 >0.25 1.150 2.58 <0.001 1.633 >0.25
Residual 75 1.227 0.440 1.506
Pooled8 135 1.222 - 1.563

Chi a Source df MS F P MS F P MS F P
T 2 1.869 16.10 <0.00 3.411 22.74 <0.00 1.687 5.05 <0.05
S 4 2.781 40.16 <0.00 3.358 22.38 <0.00 3.082 31.88 <0.00
T x S 8 8 0.116 1.68 ns 0.128 0.86 >0.25 0.334 3.45 <0.01
P (T x S) 60 0.069 1.52 <0.05 0.153 1.79 <0.01 0.097 1.35 ns
Residual 75 0.046 0.086 0.072
Pooled8 68 - 0.150 1.75 <0.01 -
8Pooled m ean-squares used  w hen p > 0.25 (see Winer et al. 1991, Underwood 1997)
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Analyses of assemblages

There was some evidence to support the hypothesis 
that assem blages altered in response to addition of 
nutrients (Fig. 3, Table 2). The assem blages w here 
w rack was added differed from those in controls in 
Sites 1, 4 and 5 (Table 2). In Site 1, there was a clear 
difference betw een the plots w ith added w rack and 
the controls, but no clear alternative hypothesis could 
be defined because the disturbance controls (PC) did 
not differ from either C or W (Table 2). In Site 4, the 
assem blages in control plots differed from those w here 
there was w rack (C vs W in Table 2), but also from 
those in the disturbance controls (PC vs C for Site 4 in 
Table 2). The w rack and disturbance controls did not 
differ. It is therefore impossible to attribute the differ
ence to increased nutrients. In Site 5, this difference 
was not really attributable to some greater dissimilarity 
betw een the treatm ent w ith w rack and the control, but 
rather to the smaller variability am ong plots in the con
trols (see dissimilarities w ithin C and W, and betw een 
C and W in Site 5; Table 2).

Mud Sand

Mud 1 □

B □ □
D ■

Stress = 0.17

Mud 2

% □

□  I F

Stress = 0.15

Fig. 2. M ean (± SE; n  = 30) amounts of (a) organic carbon, 
(b) total nitrogen and (c) chlorophyll a in  the 5 sites, averaged 
from 2 replicates in  each of the 5 plots over 3 times of 
sampling. □ = controls (C); ■ = disturbance controls (PC); and 

■ = experim ental addition of w rack (W)

ticularly the case for Site 5, w here most samples con
tained no detectable N (Fig. 2b).

Chi a, in contrast, was in g reater concentrations in 
the experim ental plots w ith w rack in all sites at all 
times (Fig. 2c) and in significantly g reater concentra
tions than  in the disturbance controls at most sites and 
times (all sites at W eeks 2 and 4, in Sites 2, 3 and 4 at 
W eek 6, a total of 13 of the 15 cases analysed; Table 1; 
a priori test, p < 0.017; Anderson's test, Q 2 = 27.6, 
p < 0.05). The increases w ere from about 30 to 50% of 
values in controls. Thus, experim ental m anipulation 
increased the concentrations of chi a. There was no 
increase in phaeopigm ents (data and analyses not 
shown here), therefore the extra chi a was not some 
artefact of the introduction of wrack.

Mud 3

Stress = 0.13

Sand 4
□

' 1 □

I 1 !
□

□

■ □

Stress = 0.14

Sand 5
□

■

□  ■  ■
□

□ *
■

^ S tre ss  = 0.10

Fig. 3. Non-metric multi-dimensional scaling (nMDS) for dif
ferences in assem blages am ong the treatm ents in  each site; 
data are centroid for each of 2 replicates. □: controls (C); 

■ : disturbance controls (PC); and ■: addition of w rack (W)
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Table 2. M ean Bray-Curtis dissimilarities (%) within and betw een 
experim ental treatm ents (control [C], disturbance control [PC] and 
addition of w rack [W]); p  indicates significant pairw ise compar

isons from N-P M ANO VA

Dissimilarity (%) 
am ong plots

Dissimilarity (%) 
am ong treatm ents

P

M ud
Site 1 C 32 PC vs C 41

PC 47 C vs W 37 <0.05
W 32 PC vs W 42

Site 2 C 47 PC vs C 45
PC 50 C vs W 43
w 40 PC vs W 48

Site 3 c 73 PC vs C 67
PC 62 C vs W 68
w 53 PC vs W 59

Sand
Site 4 c 26 PC vs C 32 <0.05

PC 28 C vs W 35 <0.05
w 29 PC vs W 29

Site 5 c 27 PC vs C 43
PC 45 C vs W 40 <0.05
w 42 PC vs W 47

Capitelllidae (a)

1 2 3 4 5

2 Orbinidae

1

0
1 2 3 4__ 5

24

12

Oligochaeta

j W l

(c) 45 Nereidae

1 6 /

Cl  I l l k i

(d)

f*ij.

1 2 3 4 5 1 2 3 4 5

M. longicarpus (e)

\àk
1 2 3 4 5

8 Spionidae

4

0
1 2 3 4__ 5

Mud Sand Mud Sand

Fig. 4. M ean (± SE; n  = 10) num ber of animals in experim ental trea t
m ents (means from 2 replicate cores in  each of the 5 plots). □: con
trols (C); ■: disturbance controls (PC); and ■: addition of wrack (W)

The ordinations of data from assem blages (Fig. 3) 
dem onstrated that there was really no pattern  sep
arating the plots with w rack from the others, except 
possibly in Site 4. In Site 4, there was no difference 
betw een the assem blages in plots w ith w rack and 
those in the disturbance controls. Both groups were, 
however, different from the controls (Fig. 3).

Analyses of variance of selected taxa

Taxa that w ere w idespread or relatively abun
dant w ere analysed separately (see exam ples in 
Fig. 4 and Table 3). As an exam ple of a group 
showing a clear response to increased nutrients, 
in sites w here they occurred, Capitellidae w ere 
about 3 times more abundant in treatm ents with 
wrack than in controls (Fig. 4a). In the correspond
ing analysis, there was therefore a significantly 
large interaction betw een treatm ents and sites 
(Table 3a). For Sites 2 and 3, multiple com pari
sons dem onstrated significantly larger num bers 
(p < 0.05) in treatm ents w ith w rack than  controls 
(W > PC = C).

Orbinid and Oligochaete worms showed signifi
cant increases in plots with w rack in the sandy Site 
5, but not in other sites w here they w ere present 
(Fig. 4b,c). The analyses for Orbinidae had the same 
pattern  of significant term s as shown for Capitelli
dae (Table 3 a). O ligochaeta at Site 5 showed larger 
abundances in W and PC (W = PC > C).

N ereidae showed a tendency for g reater num 
bers in plots w ith w rack in the 3 m uddy sites 
(Fig. 4d). The differences w ere not significant 
(because there w ere significant differences 
am ong plots; Plots [Treatment x Site] in Table 3, 
Nereidae). The g reater abundance in W plots than 
in controls was, however, more frequent than 
would be expected by chance (Anderson's test, 
Q2 = 11.0, p <0.05); therefore, the trend was prob
ably due to the experim ental addition of nutrients.

O ther taxa (the gastropod Polinices sp., the 
bivalve M ysella  sp., the worms N ephtydae and 
Spionidae, and the am phipods Gam m aridae and 
Urohaustoridae) simply showed spatial variation 
at different scales— am ong sites and am ong plots 
—with no influence of the different treatments. As 
an example, spionid worms are illustrated in Fig. 4f 
and Table 3. In some m uddy sites, some of these 
species, such as nephtyid worms and M ysella  sp., 
w ere more abundant w here w rack was added, but 
no pattern  was statistically significant (the analy
sis for N ephtydae is shown in Table 3c; there were 
differences in abundances am ong sites, but no 
significant effects of treatm ents).
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Table 3. ANOVAs of m ean  num bers of some representative taxa at the end of DISCUSSION
the experim ent (pooling as in  Table 1 footnote)

----------------------------------------------------------------------------------------------------  Total N and OC
Source of variation Capitellidae N ereidae

df MS F  p  MS F  p

T 2 1.043 2.42 ns 0.116 0.2 ns
S 4 4.138 26.98 <0.001 59.006 178.43 <0.00
T x S 8 0.431 2.81 <0.01 0.586 1.77 ns
P (T x S) 60 0.153 1.76 <0.01 0.331 1.61 <0.05
Residual 75 0.083 0.206

Source of variation N ephtydae Spionidae
df MS F P MS F P

T 2 0.001 0.00 ns 0.031 0.15 ns
S 4 5.4874 50.90 <0.001 7.957 13.03 <0.00
T x S a 8 0.024 0.205 0.34 ns
P (T x S) 60 0.119 0.611 2.63 <0.00
Residual 75 0.128 0.232
Pooled8 68 0.108 0.841 ns

The only other pattern  of relevance to the hypotheses 
concerned the soldier crab M ictyris longicarpus. There 
was no pattern  of differences in the m ean abundances 
of crabs am ong treatm ents. The variability betw een 
replicate cores in experim ental plots did, however, vary 
am ong treatm ents (Table 4). There was greater vari
ability in plots w ith w rack or disturbance controls than 
in the controls (W, PC > C in multiple comparisons; 
p <0.05). This was therefore a response to the d istur
bance of sedim ents rather than  the addition of wrack.

Table 4. M ictyris longicarpus. ANOVA in num ber of soldier 
crab in experim ental treatm ents; variances w ere calculated 
from 2 replicate cores in  each of 5 plots in  each treatm ent, un 
less there  w ere no crabs in a plot. See Table 1 for definitions, 
(a) M ean (±SE) variance for each treatm ent (variances x IO3); 
n: num ber of plots for w hich variance betw een  cores was 
calculated, (b) ANOVA; T x S  w as pooled (p > 0.25) for tests 
of T and S in the m uddy sites, Sites 1 and 2 (for w hich data 

w ere available for all treatm ents)

The amounts of N and OC in all the 
treatm ents w ere in the range of n a t
ural variability found in m any estuar
ies (Heip et al. 1995), and increases in 
the content of OC and N by burial of 
w rack w ere variable and sporadic. 
The composition of nutrients (N, P, and 
C) in detritus varies am ong plants 
(Enriquez et al. 1993), so influences of 
detrital m aterial will vary both spa
tially and temporally. Bacterial activity 
is also variable, and therefore the rates 
of decomposition of specific plants 
(seaweeds, seagrasses, leaves of te r
restrial trees) can vary from a few 
w eeks to months, as has been d e te r

m ined in both the laboratory and the field (Harrison & 
M ann 1975^ Pellikaan 1984, Harrison 1989, Inglis 1989, 
Peduzzi & H erndl 1991, Enriquez et al. 1993). For 
example, Zostera marina has been shown to have great 
bacterial activity associated w ith decomposition after 
about 10 d of incubation in the laboratory (Pellikaan 
1984) and to show increases in num bers of other sapro
phytic organisms, such as protozoa, w ithin 40 d (Harri
son & M ann 1975). In the field, rates of degradation 
vary from 0.6 to 1.1% loss of total dry wt d-1, corre
sponding to about 40% of dry wt lost in about 50 d 
(Harrison 1989).

In the experim ents described here, w rack was com 
posed mainly of dead Zostera capricornu, w hich had 
been  w ashed up about 1 mo before collection. Even 
though the w rack was already decom posing at the 
beginning of the experim ent, nutrients w ere released 
during the experim ent.

Response oí microalgae

Chi a was not present in w rack analysed before 
burial. Additionally, phaeopigm ents did not increase in 
the plots w here the w rack was added. Chi a was p res
ent in greater am ounts in the plots to w hich w rack was 
added.

In estuaries, benthic m icroalgae can account for a 
large portion of the carbon budget of a detrital food- 
w eb (Heip et al. 1995) and microphytobenthos can 
have a central role in m oderating fluxes of carbon in 
coastal sedim ents (Herman et al. 2000, M iddleburg et 
al. 2000). N utrients (especially N and P) have often 
been  considered to limit the grow th of benthic diatoms, 
and the ability of microalgae to exploit available N and

(a) PC C W

M ud
Site 1 
Site 2 
Site 3 

Sand

89 (20; n  
91 (53; n  
15 (11; n

= 4) 
= 4) 
= 4)

35 (21; n  = 5) 
5 (3; n  = 4)

33 (14; n  = 5) 
54 (33; n  = 5) 
68 (57; n  = 3)

Site 4 
Site 5

30 (15; n = 3) 35 (10; n  = 3) 
0 (0; n =  1)

(b) Source of variation df MS F  p

T 2 0.1731 3.94 <0.05
S 1 0.0048 0.11 ns
T x S 8 2 0.0003
Residual 18 0.0487
Pooled8 20 0.0439
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P has been  stressed in m any studies (see Nilsson et al. 
1991, Hillebrand et al. 2000). M ats of plant m aterial 
could provide the nutrients necessary for proliferation 
of these microalgae. Levinton (1985) found that addi
tion of Ulva rotundata  in the absence of grazers 
(Ilyanassa sp. and Hydrobia totteni) could increase 
standing stocks of benthic diatoms after 2 to 3 wk. 
Sundback et al. (1996) reached similar conclusions. In 
their experim ents, they hypothesised that the presence 
of algae on the surface would depress amounts of oxy
gen and would shade microalgae. Although they did 
not find a decrease in m icroalgae under the algal mats, 
they suggested that adaptation to increased shade and 
supply of nutrients might enable diatoms and other 
microbiota to coexist w ith a m oderate am ount of drift 
algae.

Here, diatoms and other m icroalgae are likely to be 
involved in the capture of nutrients, m icronutrients 
and minerals other than  N and C, and to contribute to 
the m aintenance of a pool of organic m atter in the 
detritus. Furtherm ore, the increase of chi a (and th e re 
fore of microalgal biomass) 2 w k after burial of w rack 
was associated w ith an increase in nutrients.

Response of macrofaunal assemblages

Disturbance and the increase of nutrients did not 
m ake much difference to the composition and struc
ture of the assem blages in m uddy or sandy areas. 
Some taxa, however, w ere affected both by the avail
ability of nutrients and by the disturbance of the 
wrack, while others did not show consistent patterns. 
Capitellidae and Orbinidae showed a clear increase in 
num bers in the plots in w hich w rack was added in the 
sites (mud and sand) and w here they w ere already 
abundant. Nereidae, mostly represen ted  by the spe
cies Australonereis ehlersi, w ere also more abundant 
w here there was wrack, but only in the m uddy sites. 
Moreover, the abundance of O ligochaeta and the 
micro-scale distribution of M ictyris longicarpus w ere 
affected by the disturbance created  by the wrack.

In general, short-term  positive responses (increases 
in abundance) have often been  reported  for species 
such as Capitella spp. and N ereis diversicolor under 
small patches of dead  seaw eeds on the surface of 
(Thrush 1986, Norkko & Bonsdorff 1996a,b, Bolam et 
al. 2000) or buried in (Hull 1987) sediments. In most 
cases, these changes w ere associated w ith other 
changes in the composition of the assem blages. For 
example, Thrush (1986) found drastic changes of 
m acrofaunal structure (abundance and composition of 
species) w ithin 2 mo in subtidal m uddy areas of Lough 
Hyne (Ireland) w ith Capitella capitata and Malaco
ceros fuliginosus increasing in abundance, but also

w ith losses of rare species. Moreover, Norkko & Bons
dorff (1996a,b) found negative effects of drifting algal 
mats on coastal m acrobenthic assem blages, which 
shifted from suspension/surface feeders to burrow ing 
detritivores and burrow ing carnivores. They consid
ered  that only N ereis diversicolor and tubificid oligo- 
chaetes w ere able to benefit from such algal cover. 
Similar effects w ere also found in a sandflat (Drum 
Sand, Scotland) w here the num bers of Capitella cf. 
capitata increased and num bers of all other species 
decreased (Bolam et al. 2000). In contrast, Hull (1987) 
found that most taxa in a mud-flat area in the Ythan 
estuary (Scotland) did not show any response to the 
addition of algal mats, but there was still a major posi
tive effect on Capitella cf capitata and N ereis diversi
color, even w hen these mats w ere buried.

The response of oligochaetes contrasts w ith other 
studies, w hich have indicated that this taxon was 
always abundant in areas characterised by organic 
enrichm ent and reduced content of oxygen (Sardà et 
al. 1996). O ligochaetes are, in fact, able to exhibit 
opportunistic life-history traits and to tolerate hypoxia 
and sulphide (Norkko & Bonsdorff 1996b). At the site 
of the present experim ents, the addition of w rack 
might have modified the biochemistry of sedim ents in 
a similar direction to the modification induced by 
organic enrichm ent, thereby reducing the concentra
tion of oxygen (Raffaelli et al. 1991, Norkko & Bons
dorff 1996b, Holmquist 1997, Norkko et al. 2000).

The soldier crab Mictyris longicarpus increased in 
abundance in response to physical disturbance of the 
w rack in 1 m uddy site, but not consistently in the other 
m uddy sites, w here it was similarly abundant. Rather, 
physical disturbance of w rack affected micro-scale d is
tribution of the soldier crabs, w hich aggregated  in 
small patches in the presence of buried mats (thus 
altering the variance of num bers per core). The distrib
ution of burrow ing crabs at small scales has been 
linked to the presence of stems, which may provide an 
anchor for burrow ing especially in unconsolidated 
habitats (Bertness & Miller 1984). Kelaher et al. (1998), 
however, found that in more consolidated substrata 
in m angrove forests, the crabs H eloecius cordiformis 
w ere more abundant in softer sediments. Two models 
could explain the burrow ing behaviour of the soldier 
crab M ictyris longicarpus. First, w ithin mats of wrack, 
there are structures, such as stems, w hich provided 
anchoring. Second, w rack is an obstacle to burrowing, 
and crabs can only burrow  w here the structure of the 
w rack is softer or less thick.

Among taxa, which did not show any response, 
am phipods such as Urohaustoridae and G am m aridae 
are largely affected by the presence of plant m aterial 
on the surface of the sediment. Wrack can be either a 
refuge from predators and food (Inglis 1989, Colombini
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et al. 2000) or an obstacle to the settlem ent and recruit
m ent of larvae (Hull 1987, Raffaelli et al. 1991). W hen 
algae disappear from the surface, rapid recolonisation 
(Ford et al. 1999), or no effect (Hull 1987) as in this 
study, have been found; therefore, responses are vari
able and, as yet, unpredictable.

Moreover, M ysella  sp. and spionids also did not 
show any pattern. O ther bivalves like Macoma baltica 
have shown mixed responses in different studies; 
increasing, decreasing or not changing under superfi
cial (Norkko & Bonsdorff 1996b) or buried algal mats 
(Hull 1987), depending on the degree to which the sed
iment becam e reduced (Hull 1987). Spionids like 
Pygospio elegans and Streblospio benedicti, although 
generally considered to show opportunistic behaviour, 
sometimes are not affected by organic enrichm ent 
(Bridges et al. 1994) or they show a negative response 
to the presence of mats (Norkko & Bonsdorff 1996a, 
Bolam et al. 2000).

Reproduction, larval settlem ent or recruitm ent can 
be also stim ulated by an increase in food (Hull 1987, 
Raffaelli et al. 1991, Ford et al. 1999, Bolam et al. 2000). 
In the short term, in small patches of mats, as in this 
study, the positive response of these animals could be 
related  to the movem ents of adults (Norkko & Bons
dorff 1996a) towards the patches of wrack, which can 
be more suitable m icro-habitats for some species 
(oligochaetes) and constitute a source of food, e sp e 
cially for capitellids, nereids and orbinids.

M any nereid  worms are known to be omnivorous or 
to feed on diatoms and m acroalgal debris (Fauchald & 
Jum ars 1979, Smith et al. 1996) as well as to stimulate 
the m ineralisation of the old fraction of different spe
cies of dead  plants, including Zostera marina (Kris- 
tensen et al. 1992, Olivier et al. 1996). Orbinidae and 
Capitellidae are sub-surface deposit feeders (Fauchald 
& Jum ars 1979), which can easily feed on sedim ent 
modified by the wrack. Moreover, surface deposit 
feeders are not bulk ingestors of surface sediments, but 
rather they modify their behaviour and can choose to 
feed on enriched sedim ents at small spatial scales 
(Kihslinger & Woodin 2000). Therefore, plant detritus 
under the sedim ent would attract these animals either 
by directly providing food or by enhancing the growth 
of other types of food.

Few studies have directly addressed the response to 
disturbances of organism s in m uddy and sandy hab i
tats. Populations living in organic-rich sedim ents may 
be capable of exploiting sudden resources of food and 
resisting hypoxic conditions (Pearson & Rosenberg 
1978, Lopez & Levinton 1987). In the present study, 
N ereidae (mostly Australonereis ehlersi) w ere found in 
both m ud and sand, but showed no responses in sand. 
This w as also in agreem ent w ith laboratory experi
ments, w here N ereis diversicolor have shown a differ

ent ability to mineralise C and N in m ud as com pared 
to sand (Hansen & Kristensen 1998). This suggests that 
different populations of nereid worms could respond 
differently to additions of organic matter.

The effect of a disturbance can vary depending on its 
severity. Increasing the time of exposure, and the size 
of patches of w rack could cause changes in the 
response of the organisms. At low levels of stress, a dis
turbance could contribute to an increase in complexity 
of the habitat (bare patches and w eed patches) and 
enhance heterogeneity  of assem blages (Norkko & 
Bonsdorff 1996b). Here, the small patches used and the 
short period of time could account for a small level of 
disturbance. Increasing the time of exposure and the 
sizes of the patches could cause more m arked and, 
probably, negative effects.

Furtherm ore, the characteristics of resilience, inertia 
and stability of populations of the organism s can d e te r
mine the type of response. In this study, all the sites 
w here these experim ents w ere done, although charac
terised by different organic loading, are affected by 
repeated  input of w rack during the year. Together with 
the small severity of disturbance, the presence of a 
fauna characteristic of organic-enriched sedim ents and 
frequently affected by the deposition of w rack may be 
am ong the reasons why only minor changes in assem 
blages and positive effects in some taxa w ere ob
served, rather than major changes in assem blages and 
differences betw een m ud and sand, w hich only 
occurred for nereids.

CONCLUSIONS

In this study, the effect of w rack due to its disturbing 
and creating a different structure in sedim ents was 
clearly differentiated from an effect due to the increase 
of nutrients by the use of carefully designed controls. 
There have been  few studies w hich have taken  distur
bance itself into account and have therefore included 
appropriate controls in simulating the addition of 
w rack (Vetter 1996). Here, w e did not have resources 
to include a completely undisturbed control, but d istur
bance of sedim ent was very small. In other experi
m ents in local intertidal sedim ents (Lindegarth & 
Underwood 2002), much greater disturbance of sedi
m ents did not affect m acrofaunal assem blages. It 
would, however, be better to have included untouched 
controls.

As shown in this study, nutrients can be released 
from the w rack and are likely to be used by micro
phytobenthos, w hich may play a major role in the flux 
of carbon and nutrient in the sediments. Release of 
nutrients and w rack itself may also represent a direct 
or indirect source of food for some invertebrates
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(Capitellidae, O rbinidae and Nereidae) and physical 
disturbance, which is considered to be im portant when 
mats are stranded on the surface, is still im portant for 
some taxa (Oligochaeta and M ictyris longicarpus) 
w hen mats are buried. N evertheless, although burial 
of aged plant m aterial in small patches can contribute 
to the spatial variability of these m acrofaunal assem 
blages, it does not represent a major source of varia
tion. M ore w rack and longer periods of burial would 
probably be necessary before w rack causes changes in 
the structure of assem blages.
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