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ABSTRACT: The architecture and development of the burrows of the endobenthic shrimp Callianassa 
subterranea from the central North Sea were studied in sediment-filled containers and thln cuvettes in 
the laboratory. Three-dimens~onal burrows of 81 shrlmps were used to describe the 3-dimensional bur- 
row architecture. In total, 41  shrimps made 2-dimensional burro\vs in cuvettes tailored to their body 
widths. Development of 8 burrows over time was registered by regularly mapping burrow outllnes and 
sediment surface levels. Excavation velocities and sed~ment  expulsion rates were denved from changes 
in the burrow outlines and sediment surface levels on the maps The total tunnel length increased at  a 
rate of 23.4 + 6 0 mm h-' durlng the initial stage of bul-row development. The length ~ncl-ease levelled 
off during the completion of the first and second U-tubes to 5.6 r 1.8 mm h-' In~tial  sediment expulsion 
rates up to 15 0 cm3 d.' were established. The average sedim~.nt expulsion rate was  1.080 t 0.096 cm" 
d.' Extrapolation to a yearly dry welght (dry I\?) sediment turnover, including population density and 
water temperature effects, resulted in an  estimate of 15.5 + 2.7 kg dry wt m-' yr-l, equivalent to d 1.2 cm 
layer. Samples of burrow lining, expelled sediment and unprocessed sediment did not show changes in 
grain size distributions or organic content due to manipulation or processing by C. subterranea. Burrow 
development experiments carried out in enriched seawater systems did not reveal consistent effects of 
particulate organic matter (POM) on sediment expulsion rates or on the composition of processed or 
unprocessed sediment. 
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INTRODUCTION 

Thalassinid shrimps characteristically create and 
inhabit burrows. Some species excavate hard sub- 
strate, but most species prefer sediments (Scott et  al. 
1988). The Callianassidae are almost completely con- 
fined to marine soft sediments (de Vaugelas 1985, 
Grlffis & Suchanek 1991). Resin casting techniques 
revealed a large variation in size and shape of cal- 
lianassid burrows (Dworschak 1983, Atkinson & Chap- 
man 1984, Atkinson & Nash 1985, 1990, Dworschak & 
Pervesler 1988, Witbaard & Duineveld 1989, Nickel1 & 
Atkinson 1995, Rowden & Jones 1995). Both size and 

shape of the burrow, as well as burrowing activity, are 
assumed to be related to feeding habits of the inhabit- 
ing species (Thompson & Pritchard 1969, Ott et  al. 
1976, Swinbanks & Murray 1981, Mukai & Koike 
1984). Suchanek (1985) distinguished 3 major burrow- 
ing guilds in thalassinids, depending on specific feed- 
ing habits: (1) filter feeders, usually occupying perma- 
nent U- or Y-shaped burrows, (2)  deposit feeders, 
which create complex branched tube-systems which 
are regularly changed, and (3) gardening species, 
inhabiting deep, relatively simple permanent burrows 
with chambers for gardening micro-organisms on 
debris. This classification was refined by Griffis & 
Suchanek (1991), who distinguish 6 burrow types 
among 3 feeding guilds: deposit feeders, drift catchers 
and filter/suspension feeders. Nickel1 & Atkinson 
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(1995) distinguish 3 trophic modes in relation to tha- 
lassinid burrow morphology: deposit feeding, omni- 
vorous scavenging and suspension feeding. Their clas- 
sification is based on studies of resin casts of the 
burrows and on video recordings of the (feeding) 
behaviour of 3 species of thalassinids from sea lochs on 
the Scottish west coast: Callianassa subterranea, Jaxea 
nocturna and Upogebia stellata. These 3 species are 
assumed to represent the respective 3 trophic modes, 
though plasticity in the feeding mechanism is assumed 
in all 3 species. 

Callianassa subterranea spends more than 40% of 
its active time burrowing, excavating and processing 
sediment (Stamhuis et al. 1996). This is typical for a 
dep0si.t feeder (de Vaugelas 1985, Suchanek 1985, 
Griffis & Suchanek 1991, Rowden & Jones 1995, 
Stamhuis et al. 1996). Witbaard & Duineveld (1989) 
speculate that C, subterranea feeds on particulate 
organic matter (POM) from the overlying water which 
becomes trapped in the burrow after ventilation. They 
also do not exclude gardening. Nickel1 & Atkinson 
(1995) suspect C. subterranea to be a facultative filter 
feeder, but no behavioural patterns related to filter 
feeding or gardening were detected during detailed 
studies of the behaviour of C. subterranea from the 
central North Sea (Stamhuis et al. 1996). 

Studies on the burrowing process and burrow mor- 
phology of Callianassa subterranea have also not pro- 
vided a coherent picture (Witbaard & Duineveld 1989, 
Atkinson & Nash 1990, Nickel1 & Atkinson 1995, Row- 
den & Jones 1995). Although there is reasonable con- 
sensus on the structure of the central network of tun- 
nels and spherical chambers, disagreement remains on 
the burrow depth, the number of openings to the sur- 
face, and the structure and function of the more 
peripheral parts of the burrow. Rowden & Jones (1995) 
suggest the sedimentary conditions to be a possible 
determining factor in burrow morphology, causing 
intra-specific burrow plasticity. 

The central North Sea shows a high abundance of 
Callianassa subterranea, with densities up to more 
than 50 ind. m-' in the Oyster Grounds and near the 
Fnsian Front (Witbaard & Duineveld 1989, Rowden & 
Jones 1994). The high silt content in this area 
(Creutzberg et al. 1984, de Wilde et al. 1984) is perhaps 
an advantage in burrow construction. 

The present study concentrates on clarifying burrow 
architecture and burrow development of Callianassa 
subterranea of the central North Sea. Turbative activ- 
ity, expressed as burrowing veloc~ties and sed~ment 
expulsion rates, and the effects of burrowing on the 
sediment composition are quantified. The effect of 
POM enrichment on burrowing is evaluated. Relation- 
ships between burrow architecture and feeding mode 
in C. subterranea are discussed. 

METHODS 

Shrimps were collected from several locations at the 
southern border of the Oyster Grounds and at the 
Frisian Front, central North Sea, around 53" 45' N and 
4" 30' E. Sampling trips were made in October 1988, 
May 1989, October 1989, June 1990, October 1991 and 
September 1992 with the Dutch Research Vessels 
'Aurelia' and 'Pelagia'. A boxcorer, penetrating the 
sediment to a depth of about 0.5 m, was used for sam- 
pling. The cores were washed out on 2 mm mesh size 
sieves. Undamaged Callianassa subterranea with an 
estimated rostrum-to-telson length of at least 20 mm 
and ranging up to 50 mm were selected. Each shrimp 
was housed in a 0.5 1 plastic jar containing a 3 to 4 cm 
thick layer of sediment covered with 2 mm mesh size 
netting to prevent escape. The jars were kept sub- 
merged in a large container which was continuously 
flushed with aerated seawater. In the laboratory the 
shrimp were separately put into sediment-filled plastic 
(polyethene) containers (5 or l 0  l, open top) in running 
seawater systems, after being acclimated for 1 night to 
the conditions in the storage room. These conditions 
were about the same as the natural conditions: seawa- 
ter temperature = 12"C, and salinity = 30%0. Usually the 
shrimps started digging immediately and disappeared 
into the sediment within a few hours. For more details 
about collecting, transporting and keeping these ani- 
mals, see Stamhuis et al. (1996). 

The architecture of the burrows constructed by 81 
shrimps in the storage containers was used to obtain a 
general description of the architecture of Callianassa 
subterranea burrows. The sediment content of each 
contalner was tipped on a table as a block. Careful dis- 
section of these blocks allowed detailed observation of 
the burrows and provided insight about their architec- 
ture. 

Burrow development, burrowing and sediment pro- 
cessing were studied by introducing individual Cal- 
lianassa subterranea into sediment-filled 30 X 30 cm 
perspex cuvettes with widths between 6 and 10 mm, 
depending on the corresponding body width of the 
specimen. The removable back panels of the cuvettes 
were roughened on the inner side to prevent burrow 
collapse due to the sliding of sediment. The cuvettes 
were stored vertically, submerged in seawater aquaria. 
Usually shrlmps started digging immediately after 
introduction, and established the main part of the 
(2-dimensional) burrow within 3 wk. The shrimps were 
visible throughout the burrow and the burrowing 
process could be studied by placing the transparent 
cuvettes against the front window of the aquarium. 
Over a period of almost 4 yr, 41 animals constructed 
complete burrows in the cuvettes. The burrowing 
process was observed in each case and photographs of 
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the burrows were taken. In 5 cases, the development of 
the burrow was studied by drawing the burrow out- 
lines on overhead-projector transparencies at time 
intervals of a few hours to a few days for 2 to 3 wk after 
introduction of the shrimps to the cuvettes. Burrowing 
velocities were calculated as the rate of increase of 
total tunnel length. For 3 other shrimps, the level of the 
sediment surface in the cuvette was drawn dally on 
transparencies, starting directly after introduction of 
the shrimp to a cuvette. Amounts of expelled sediment 
were obtained by multiplying each area between 2 
successive sedlment levels with the cuvette width. 

Grain size and organic content of sediment pro- 
cessed by Callianassa subterranea were quantitatively 
compared with unprocessed sediment samples. Sam- 
ples of expelled sediment and of sediment lining the 
burrows were taken in duplicate from burrows of 6 
single C. subter-I-anea residing in 10 1 containers. Sedi- 
ment expelled by the shrimps was collected using 
home-made sediment traps (Fig. l )  placed on burrow 
openings directly after an opening was discovered 
during daily inspections. Sediment lining the burrows 
was sampled by scraping off a thin (about 0.5 mm) 
layer of the tube walls during dissection of the burrows 
at the end of the experimental period (4 to 6 wk).  

Expelled sediment was analyzed at the end of the 
experiments after removal from the 3 cuvettes by suc- 
tion. The accunlulated sediment was removed in 4 por- 
tions corresponding to 4 periods with relatively high 
expulsion activity. The periods could be reconstructed 
from the series of surface level drawings on the trans- 
parencies. 

Fig 1 Home-made sed~men t  trap used to trap expelled sedl- 
ment from the openings of Calllanassa subterranea burrows. 
The trap is con~posed of a 250 m1 jar (polyethene), a petri d ~ s h ,  
and a petn dish lid (both polystyrene) held together with a 
small stainless steel bolt with nut An opening in the bottom of 
the jar was set ill line with openings In the dishes before plac- 
ing the trap. The trap was closed prior to removal by turnlng 

one dish with respect to the other 

In a separate experiment, the seawater was en- 
riched continuously with a concentrated suspension of 
ground algal and zooplanktonic material. The rate of 
enrichment was about 1.8 g dry wt m-' d-'. This level 
roughly equals an algal spring bloom in the sampling 
area, estimated at 1.64 g C m-2 d-' (Bak et al. 1991). 
Changes In the sediment composition caused by the 
hurl-owing and feeding activities of Callianassa subter- 
ranea were quantif~ed by comparing grain size distrib- 
utlons and organic contents of expelled sediment and 
burrow lining with unprocessed samples. Changes in 
the compos~tion of expelled sediment in time were 
analyzed following procedures identical to those used 
during the experiment with normal seawater. 

Grain size distributions were determined in percent- 
ages of dry weight per grain size class. Sediment sub- 
samples were washed through a n  8-step fractioning 
column with filters of 300, 150, 70, 30, 12, 5, 1.2 and 
0.7 pm pore size successively. The filters were dried for 
24 h at 60°C and weighed to the nearest 0.0001 g 
before and after fractioning. Organic contents of sedi- 
ment sub-samples in percentages of dry weight were 
calculated from differences in dry weight before and 
after combustion at  480 to 500°C for 3.5 h (Cadee 
1984). 

RESULTS 

Burrow architecture 

An artist's impression of a typical burrow of Cal- 
ljanassa subterranea from the central North Sea is 
shown in Fig 2 and is based on burrows established 
under constant laboratory conditions Burrows of C 
subterranea (body length = 3 to 4 cm) have a stereo- 
typical arch~tecture From the outside, a burrow is 
characte~istically identified by 1 2, or more (on aver- 
age 1 1 + 0 6) volcano-shaped mounds with holes in 
the top and 1 to 4 (on average 2 2 + 1 2) holes In the 
flat s ed~ment  surface These are sometimes funnel 
shaped Occasionally, a hole is found near the base 
of the slope of a lnound The subterranean part of 
the burrows consists in general of a numbel of verti- 
cal shafts connected to the openings at the surface 
Most of the shafts have the same dlameter as the 
Inhabiting C subterlanea (8 0 + 1 5  mm) Usually a 
twining shaft about half as narrow as the other shafts 
is connected to a smooth mound at the sed~ment  sur- 
face At t h e ~ r  lowest points, all shafts are connected 
to sphencal chambers interconnected by a network 
of honzontal and oblique tunnels with additional 
spherical chambers Some of the tunnels are dead- 
ends The twining shaft lunnlng down from the 
smooth mound shows an S-bend at its connection to 
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Fig. 2. Diagram showing a typical burrow of Callianassa 
subterranea in small containers under laboratory conditions 
generalised for a C. subterranea of average size (3 to 4 cm 
total length). Traces of other animals and artefacts d.ue to the 
container walls are left out. Overall dimensions of burrow: 15 
X 18 cm bottom surface area, depth 20 to 25 cm (sediment 

block dimensions: h = 30, W = 35, l = 40 cm) 

the side of an ellipsoid chamber The central part of 
the burrow network usually remains unchanged, 
whereas the more peripheral parts are reconstructed 
regularly. 

Burrow development 

New burrows are excavated following a stereotypi- 
cal procedure (see Fig. 31. First a small funnel-shaped 
pit is excavated. This is the starting point of the first 
vertical shaft. During this first excavation stage, the 
animal loosens and lifts up some sediment, transports it 
to the surface walking backwards, and drops it near 
the funnel. This process is repeated until shaft plus 
funnel are about twice the length of the animal 
(Fig 3A). Then the lowest part of the shaft is widened 
and transformed into a spherical chamber As soon as 
the animal is able to turn in this chamber, it starts to 
narrow the funnel with sediment from the turning 
chamber until it has the same diameter as the shaft 
(Fig. 3B). The animal narrows the funnel from below. 
After this stage, the animal only appears at the sedi- 
ment surface for dumping sediment. 

During the next stage, a tunnel is excavated side- 
wards or obliquely downwards from the turning cham- 
ber. From there it gradually curves upwards until it 
penetrates the sediment surface, completing a U- 
shaped tube. The sediment excavated during this 
operation is dumped around the first opening, forming 
a granular mound (see Fig. 3C) .  From the deepest part 
of the U-tube a second tunnel is excavated, again at an 
oblique angle downwards before it gradually curves 
upwards until the sediment surface is reached. Usu- 
ally, the excavated sediment is transported directly to 
the surface. Sometimes, however, it is dropped in the 

er + S-shaped ranea burrow in 5 distinct 
stages, for an animal of aver- 
age length (ca 35 mm) in 
a 30 x 30 X 0.9 cm cuvette. 

See 'Methods' 
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Table 1 Callianassa subterranea. Average excavation veloc- (550 h), however, did not differ substantially. The data 
ity (AEV: mm tunnel length h-' 2 SD) and average burrowing compare less well above 23 d due  to the very high 
time per burrow section (h * SDI during burrow construction, expulsion activity of of the animals ,  ~h~~ lasted 2 d ,  
from transparency drawings of burrows during development 

of 5 C. subterranea in cuvettes and was probably induced by a small hurl-ow collapse. 
The averaae e x ~ u l s i o n  rate after 1028 h, however. 

Burrow section AEV (mm h-'] Burrowing time (h )  

Vcrt. tube 23.4 * 6 0 2.1 ;t 0.7 
Turning chamber 17.4 * 9.6 1.5 + 1.0 
1st U tube 9.0 * 3.6 18.4 + 3.7 
2nd U tube 5.6 1 .8  ca 21.7 

U-shaped tube, loosened, and then pumped to the sur- 
face through the second opening, adding a thin layer 
to the smooth mound (Fig. 3D). 

Once the 'double-U'-shaped burrow is completed, a 
number of individually different extension configura- 
tlons can be observed. Often a new branch is started at 
the lowest point of the second U.  The first vertlcal shaft 
is frequently excavated deeper and then intercon- 
nected horizontally to the second U. Fig. 3E shows one 
of the possible extensions of the basic burrow form. 

Burrowing velocities 

The in~tial  stages of burrow formation are always 
carried out at  higher excavation velocities, expressed 
as the increase of total tunnel length per hour, than the 
later ones (Table 1, Fig. 4).  

The total length of the tunnel system (Lt,,lrr,,w, in mm) 
as a function of time (in hours), as in Fig. 3, can be 
described by the following equation: 

.2 

hardly differs from that after 550 h (Table 2). 
The sediment expulsion data from the experimental 

animals in the enriched seatvater system show on aver- 
age  about the same results (Fig. 6, dashed lines). The 
expulsion is initially high and varies during the exper- 
imental period, as do the expulsion period lengths The 
average expulsion rate of the animals in the enriched 
system does not differ much from the animals in the 
normal seawater system (Table 2), although it is signif- 
icantly lower (t-test, p c 0.05). However, when ac- 
counting for effects of high initial expulsion rates, as 
expressed in the intercept (b )  in Table 2, the differ- 
ences are  minimal and not significant. 

The curves for the individual animals in the non- 
enriched as well a s  in the enriched system indicate 
variations in expulsion activity, reflected in the aver- 
age  expulsion rates (Figs. 5 & 6, thin lines). This sug- 
gests periodicity in sediment expulsion activity. 

Sediment composition and the effects of POM 
enrichment 

Grain size analysis showed that the classes 150 to 
7 0 p m  (72%,  S D = 6 % ,  n =  1 2 ) a n d 3 0 t o  1 2 p m ( 1 6 . 4 +  
4 .9%),  and to a lesser extend the class 70 to 30 pm 
(6.1 rt 2.6%), represented most of the dry mass In 
unprocessed sediment. The sediment composition data 
from the experiments comparing non-enriched and 

This function runs asymptotically to its 
maximum value a .  The variation in our 
data could be explained for 94 % with a = 
452 (SD = 16) and b = 0.028 (SD = 0.002) 
(p 4 0.001). The average total tunnel 
length for burrows in cuvettes after about 
14 d is therefore 452 + 16 mm. 

Expulsion rates and the effects of POM 
enrichment 

The data on volume of expelled sediment 
from the experiments in normal seawater 
indicate that the experimental Callianassa 
subterranea show individually different 

Vert. tube + tu rn  chamber 
U-tube 
Second U + branches 

-I l 

Burrowing time [hrs] 

patterns Of excavation (Fig. 5 ,  dashed Flg. 4. Total tunnel length (mm) vs total time burrowed for Callianassa 
lines). The total volumes of expelled sedi- subterranea, all 69 data points from transparency drawings of 5 shrimps in 
ment per individual after about 23 d cuvettes 
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2.0 
Sediment expelled by the ani.mals in the cuvettes 

was removed according to 4 periods as reconstructed 

; from the sediment surface level drawings (see Figs. 5 & 
1 5 0. 

5 6, expulsion rates): Day 1 and 2, Days 3 to 12, Day 13 to 
U 33 and Days 34 to 43.  Although some significant differ- - 

i o E ences were found within some of the size classes ( t -  
test, p < 0.05), no obvious patterns or significant trends . - 

, 
in the grain-size distributions or organic contents in 

LU time were found. 

DISCUSSION 

Fig. 5. Expelled sediment (accumulated) vs time as calculated In all Callianassa subterranea burrows studied, a 
from sediment surface level drawings and cuvette widths for double- or multi~le- U-shaped structure was recoa- - 
3 individual Cafianassa stibterranea in a normal seawater nized. ~h~ shrimps usually excavate a double U first, 
system.. The thick line shows the average amount of expelled 

sediment, the thin line the averaae exuuls~on rate and extend this subsequently to a full size burrow. The 
d .  

double-U shape is therefore considered to be the basic 

B 7o 1 Enriched 

2 60 

o t !  v, , , 4 0 0 

0 200 400 600 800 1000 

Ttrne [hrs] 

Fig. 6. Expelled sediment volume (accumulated) vs time as 
calculated from sediment surface level drawings and cuvette 
widths for 3 individual Callianassa subterranea in an enriched 
seawater svstem. The thick line shows the averaae amount 

burrow form. 
Our observations on the burrow archilecture of Cal- 

lianassa subterranea in the laboratory match to a cer- 
tain extent the descriptions based on resin casts of bur- 
rows in the field or in mesocosms by Atkinson & Nash 
(1985, 1990), Witbaard & Duineveld (1989), Rowden & 
Jones (1995) and Nickell & Atkinson (1995). There are, 
however, differences regarding the average length of 
the vertical shafts, and the number of openings to the 
surface. We found longer shafts but fewer openings 
than Rowden & Jones (1995) and than Witbaard & 
Duineveld (1989), who also investigated animals from 
locations in the central North Sea. On the other hand 
we found shorter shafts and more openings than did 
Atkinson & Nash (1990) and Nickel1 & Atkinson (1995) 
for animals from Scottish muddy sea lochs. Rowden & 
Jones (1995) suggest that silt content of the sediment 

., 
of expelled sediment, the thin line the average expulsion rate might influence these characteristics in the burrowing 

style of C. subterranea. When comparing shaft length, 
number of openings and organic content (as a measure 

enriched systems dld not show significant changes in for silt content) among all sources, a few trends are rec- 
the grain-size distributions of burrow linlng or ex- ognized (Table 4). There are 2 data clusters which cor- 
pelled sediment compared to unprocessed sediment, respond to sampling area: the first from the central 
which otherwise could have indicated a difference in North Sea, showing shallow burrows with 3 or more 
sediment processing by the inhabiting Cal- 
lianassa .%lbterranea due enrichment' Table 2. Callianassa subterranea. Average expulsion rates (A) during 
no significant trend was recognizable in the burrow excavation of 3 shrimp in a normal and 3 shrimp in an enriched 
organic content of burrow lining or expelled seawater system, derived from linear regression through the average 
sediment compared to unprocessed sedi- expulsion data per period (h). (V,,, = A X time + B; V,,, is expelled 
m.ent, which otherwise could have indicated volume in cm3, A in cm" h-', B in cm3, and time in h) .  n is the number 

of data points per regression 
the burrow acting as a trap for POM 
(Table 3). Expelled sediment shows a signifi- 
cantly higher organic content than un- 
processed sediment in the non-enriched as 
well as the enriched system, which might 
indicate that this well aerated sediment 
attracts micro-organisms. 

System Period A + SD B t S D  R n p 

Normal 550 0.045 + 0.004 8.6 * 1.3 0.93 22 e 0.001 
Normal 1028 0.050 * 0.002 7.7 * 1.0 0.97 43 <. 0.001 

Enriched 770 0.040 ? 0.004 12.3 i 1.3 0.92 24 4 0.001 
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Table 3.  Organic contents in percentage of dry weight (i SD) behaviour and also pumped sediment to the surface 
of unprocessed sediment, burrow lining, and expelled sedi- (see also Stamhuis et al. 1996). Both these activities 
ment from buri-ocvs of Callianassa subten-anea for a normal require a t  least inhalant alld exhalant opening, All 
and an en r~ched  seawater system: 6 shrimps in separate 
burrows per system. Samples were taken and analyzed in We studied had a t  least Openings to the sed- 

duplicate (n = 12) iment surface. The tiny exhalant tubes might have 
been overlooked by Atkinson & Nash (1990) and 

Sediment Normal Enriched Nickel & Atkinson (1995) because they close after the 
inhabit~ng animal has pumped sediment to the surface. 

Unprocessed 1.8 2 1.0 1.9 2 1.1 These thin partly closed off tubes are difficult to pene- 
Burrow 11n1ng 1 9 2 0.6 2.0 2 0.7 trate with viscous resin and hardly show up in the casts 
Expelled 3.0 k 1.2 3.8 + 1.5 1 (see 1995), also but Witbaard were found & Duineveld in all burrows 1989, in Rowden our laboratory & Jones 

setup. 
openings to the sediment surface, in sediment of rela- The shape of openings at the sediment surface 
tively low organic content, and the second from the depends on the burrowing style of the inhabiting Cal- 
Scottish sea lochs, with deep burrows and l or occa- lianassa subterranea, as well as on wear over time. 
sionally 2 openings, in sediment of relatively high or- Older openings are often funnel shaped, larger in dia- 
ganic load. This suggests different burrowing habits in meter and the funnel extends deeper than the more 
separate C. subterranea populations. When analyzing nozzle-like younger ones, due  to small slumpings of 
the results irrespective of sampling area, 2 trends are the tube walls at  the sediment surface (see also Row- 
recognized which suggest ~ntra-specific burrow plastic- den & Jones 1995). The funnel shape is induced by the 
ity depending on organic content of the sediment: the instability of surface sediment. Differences in density, 
shaft length increases with organic content and the elasticity and silt content between the upper seabed 
number of openings to the surface decreases with the surface layers may have caused the irregular thistle- 
organic content. Both trends are  not significant, with shaped funnels observed by Atkinson & Nash (1985, 
correlation coefficients of 0.8 (n = 5). According to 1990) and Nickel1 & Atkinson (1995). As long as  a n  ani- 
Creutzberg et al. (1984) macro-endobenthic bion~ass of mal frequently visits an  opening, it is maintained in a 
the upper layer of the seabed in the central North Sea is straight tube or nozzle shape,  otherwise the opening 
positively correlated to the mud content of the sedi- slowly degrades to a funnel. We never observed C. 
ment. Higher mud contents are associated with higher subterranea walk or turn in a funnel, as was suggested 
macrobenthos densities. Assuming that these organ- by Atkinson & Nash (1990), nor did Rowden & Jones 
isms are competing for food and/or space, C. subter- (1995). Turning in the funnel would probably induce 
ranea may avoid this competition by making deeper a small avalanche causing a barrier in the tube, even- 
burrows. It thereby reaches the deeper layers which tually preventing the shrimp from re-entering the 
are inaccessible to other, more surface dependent mac- burrow. 
robenthic burrowers (de Wilde et al. 1984, Atkinson & In the rare cases of spontaneous tube collapse, Cal- 
Nash 1985). Maintaining connections to the surface lianassa subterranea removed the blockage and 
may take more effort when living deeper in the sedi- repaired the tube-walls. Obstructing sediment was 
ment, explaining a lower number of openings for transported to an old tube or to the surface and 
deeper burrows. This agrees with Atkinson & Nash dumped on the rim of a mound. Sediment was also 
(1990), who found deep b.urrows with 1 
opening and also a shallower burrow Table 4 Number of burrow openings, average shaft lengths and organlc content 
with 4 openings during the same sur-  of the inhabited sediment observed for Call~anassa subterranea In 5 different 

studies at  2 sites (N: North Sea; S: Scottish sea lochs). Number of observations vcy. Alternatively, due  to the lower or- 
shown in parentheses 

aanic content of the North Sea sedi- 

the organically richer Scott~sh sedi- 1 5.9 * 1.6 (10) 13 t 3 ( 1 3 )  1-2 Rowden & Jones (1995) N ( 

ments, C. subterranea may be forced to 
maintain a higher excavation level to 
satisfy ~ t s  energetic needs, compared to 

rnents ( ~ o w d e n  & Jones 1995). This 9-5 * 0.7 (2) Witbaard & D.uineveld (1989) N 1 254' This study 1 does, however, not explain the higher 4.2 (42) 25 (81) 
2.3 0.5 (8) 65 k 17 (8) Nickel1 & Atkinson (1995) 

number of openings to the sediment . ( 1 3 )  44 17 (28, Atkinson & Nash (1990) 
surface of the North Sea burrows. 

"Number of observations of shaft length and 'X, organic content not given 
The Callianassa subterranea we in source 

observed always displayed ventilation 

Opemngs Shaft length Organic Source Site 
( n o  + (cm t SDI content ('K) 
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pumped to the surface by fast pleopod movements 
after it was mixed with water in a special pump-cham- 
ber. (For a detailed description of the burrowing 
behaviour of C. subterranea, see Stamhuis et al. 1996.) 
The pump chamber is connected to the mound at the 
surface by a vertical twining shaft, which is sealed off 
after each pumping bout by the sedlment ejected last. 
Every time sediment is pumped to the surface, the ani- 
mal has to open the shaft by building up pressure until 
the plug of sediment is pushed away and the water- 
sediment mixture from the pump-chamber is flushed 
out. This results in a 10 to 15 S volcano-like eruption 
from the mound opening, after which the ejected 
material slowly beds down on and around the mound. 
The narrow exhalant shaft is connected to the side of 
the pump chamber by a S- or coil-shaped bend of the 
shaft (Wltbaard & Duineveld 1989, Nlckell & Atkinson 
1995, Rowden & Jones 1995; this study). This shaft with 
its connection to the pump chamber evolves during 
early stages of burrow development from a shaft of the 
same diameter as the other tunnels and shafts. The ini- 
tially wide shaft silts up gradually because the last sed- 
iment ejected during pumping partly falls back into the 
shaft. At every eruption, the water-sediment slurry 
meanders through the partly closed off tube, following 
a coiled or twinlng path (see also Fig 2D, E). The nar- 
row shaft IS not used for purposes other than pumping 
out sediment. 

Callianassa subterranea maintains an extensive bur- 
row and regularly expels sediment (Nickel1 & Atkinson 
1995, Rowden & Jones 1995, Rowden et al. 1997, this 
study). Excavated sediment is processed during bur- 
rowing (Stamhuis et al. 1996), and only a fraction is 
ingested (Stamhuis pers. obs.). C. subterranea should 
therefore be classified as a burrowing deposit feeder. 
Existing thalassinid burrow classification models 
(Griffis & Suchanek 1991, Nickell & Atkinson 1995) 
suggest that C. subterranea filter feeds as well, but nei- 
ther the behaviour nor the burrow architecture pro- 
vides evidence for this assumption. 

Burrows may provide shelter against predators. Cir- 
cumstantial evidence for this assumption can be 
deduced from the fact that Callianassa subterranea 
always immediately starts to excavate a shaft when 
placed on the sediment surface. As soon as the shaft 
reaches a certain depth, the opening is narrowed and 
the shrimp hardly shows up on the sediment surface 
any more. The shaft is extended to a full burrow by 
excavating underneath the sediment surface. The ani- 
mal only appears at the surface to dump excavated 
sediment. 

Within a few days after initiation of a new burrow, 
the amount of expelled sediment reduces to almost 
zero. Subsequently, short periods of higher expulsion 
activity alternate with longer periods of low expulsion 

activity. These results suggest periodicity in the sedi- 
ment expulsion rate, which was also found by Rowden 
et al. (1997). Callianassa subterranea temporarily 
stores sediment inside the burrow and transports it 
periodically to the surface. The cycle duration varies 
between a few days and a few weeks. A cycle usually 
starts with h ~ g h  expulsion activity, levelling off in time. 
The burrowing behaviour of C, subterranea does not 
show significant periodicity with cycles shorter than 
72 h (Stamhuis et al. 1996). 

On average Callianassa subterranea burrows with 
an expulsion rate of 0.045 + 0.004 cm3 sediment h-' (at 
12°C). This is equivalent to 1.41 t 0.25 g dry wt ind:' 
d-' using a conversion coefficient of 1.31 + 0.22 g dry 
wt cm-3 based on the analysis of 8 samples of expelled 
sediment. When extending this estimate to a yearly 
period for a community with an average density of 40 
individuals of average size (carapace length = 9 mm, 
total length = 35 mm) per m2, the sediment turnover 
rate for C. subterranea would be 20.6 t 3.6 kg dry tvt 
m-2 yr-l. However, this estimate assumes a constant 
temperature of 12"C, and a constant expulsion rate 
throughout the year. The actual bottom water temper- 
ature at the sampling site shows a sinusoidal annual 
cycle between 6 and 15°C (Duineveld & van Noort 
1986, Rowden et al. 1997). Regression on data from 
Rowden et al. (1997) reveals that the sediment expul- 
sion rate of C. subterranea varies linearly between 
zero and maximum values in this temperature range 
(p < 0.002). Our estimate of the annual sediment 
turnover of C. subterranea is 15.5 & 2.7 kg dry wt m-' 
yr-' (a layer of 1.2 * 0.2 cm), if the linear expulsion rate 
variation with the annual temperature change is taken 
into account. This is 1.4 times the estimate of Rowden 
et al. (1996) but almost 5 times as high as estimated by 
Witbaard & Duineveld (3.989). Witbaard & Duineveld 
based their figure on the amount of sediment expelled 
by 4 shrimp during 1 wk. Temperature and population 
density effects were not taken into account. Recalcula- 
tion of their data, including temperature and density 
effects, results in 10 + 5 kg DW m-2 yr-' 

We found no evidence showing that the burrows of 
Callianassa subterranea function as a trap for POM, as 
suggested by Witbaard & Duineveld (1989). No consis- 
tent relations were found between sediment composi- 
tion, sediment expulsion rates or burrowing behaviour 
and POM enrichment of the overla.ying water. 
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