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Abstract The polychaete Arenicola marina is abundant
and widespread on intertidal sand flats in Konigshafen
(island of Sylt, North Sea). Juveniles overwinter in subti-
dal channels and then colonize the upper tidal zone
above the range of the adults. In the summers of 1995
and 1997, after a mild and a moderate winter, a distinct
nursery belt fringing the shoreline was apparent. The se-
vere winter of 1995/96 changed this pattern. Population
size of the adults was halved, and in summer 1996 the
juveniles were no longer restricted to an upper intertidal
belt and settled over a wide range of tidal flats where
adults were diminished. This spatial expansion of re-
cruits is assumed to be a density-dependent response. An
overcompensation by one-third of the previous popula-
tion size did not carry over into the next year. Compared
to some other species of the tidal-flat fauna, the distur-
bance effect by the severe winter on the lugworm popu-
lation was small and brief.
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Introduction

The lugworm Arenicola marina (L.) has a predominantly
northern distribution along Atlantic coasts including the
arctic (Wells 1964; Hartmann-Schréder 1996). On sandy
tidal flats of the cold-temperate zone A. marina is a
dominant component of the zoobenthos. Its share in zoo-
mass ranges between 15 and 30% in the Wadden Sea
(Beukema 1989; Reise et al. 1994). A. marina is a depos-
it-feeder dwelling in J- or U-shaped burrows down to a
sediment depth of up to 0.4 m. Surface sediment slides
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through a feeding funnel down to this depth, where the
sediment is consumed (Riisgdrd and Banta 1998).
Meiofauna and some macrofaunal species find an ex-
tended habitat in and alongside these burrows (Reise
1985; Lackschewitz and Reise 1998), while other species
of the macrofauna become displaced by the burrowing
activity of A. marina (Cadée 1976; Flach 1992). Through
its capacity for facultative anaerobiosis the lugworm is
well adapted to intertidal conditions (Schéttler 1980). At
temperatures below 5°C, North Sea lugworms turn to an-
aerobic metabolism (Sommer et al. 1997).

The population of A. marina is distinguished from
most others of the tidal-flat benthos by a relatively con-
stant density in space and time (Reise 1985; Beukema et
al. 1993; Flach and Beukema 1994). After hibernating in
mussel beds (Reise 1985) and in shell gravel of deep tidal
channels (M. Simon, unpublished), the juveniles settle
from May to October in conspicuous nursery beds at the
upper margin of the adult range (Wohlenberg 1937; Farke
et a. 1979; Reise 1985). From there the juveniles migrate
downshore before or during the next winter (Werner
1956; Flach and Beukema 1994), leaving an empty upper
tidal zone for the next generation arriving the following
spring. The largest, and presumably oldest, individuals of
the population are to be found in seaward, low-lying sand
flats and possibly aso in some subtidal sands (Beukema
and de Vlas 1979; Lackschewitz and Reise 1998).

A. marina is known to be a winter hardy species with
arelatively stable abundance and biomass even after ex-
ceptionally cold winters (Beukema 1979, 1990). Two
mechanisms may be involved when coping with extreme
winter conditions. On the one hand, A. marina may en-
dure freezing in winter to some extent (Sommer and
Portner 1999). On the other, strong frost may be avoided
by downshore migration. Postlarvae drift with the tidal
currents, and some mobility — including swimming —
may occur throughout the entire lifetime (Farke and
Berghuis 1979a, b). The emptied intertidal space may
then be available for the recruits and allow the lugworm
population to readily compensate for winter losses on the
tidal flats. We used the severe winter of 1995/96, which
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was the ninth most severe of the last century with respect
to the duration of ice development on the German North
Sea coast (Striibing 1998), to study (1) how a severe
winter affected the distribution pattern of adult and juve-
nile lugworms and (2) how the summer recruits respond-
ed to spatial changes of adult abundance. To answer
these questions we compared the lugworm population
from the summer immediately after the severe winter
with that of one summer before and one summer later.

Materials and methods

The basis of this study are mappings of the Arenicola-population
in Konigshafen, a bay at the northern end of theisland of Sylt with
3.63 km? of tidal flats. This study area and its biota are described
by Wohlenberg (1937), Reise (1985) and Reise et al. (1994). Mean
tidal range is 1.8 m. The tidal area is predominantly sandy except
for a muddy depression at its western part (Austen 1992). The to-
pography of the bay was surveyed in 1991 and graphed with 0.1 m
isoline intervals on a map of 1:10,000 (Amt fur Land- und Was-
serwirtschaft, Husum).

The procedure of mapping Arenicola marina followed Quinones
(1984) and Simon (1991) to allow for long-term comparisons. We
recorded the density of fecal castings and differentiated between
those of juveniles (feca string <2 mm in diameter) and adults
(>2 mm). Transects perpendicular to the shoreline run at intervals

of 250 m across the bay. Along these 16 transects the density was
estimated by counting fecal castings every 150 m within a 10 m
radius in ten random replicates of 0.25 m2. Intervals were short-
ened to 50 m when changes in abundance were apparent on a
smaller scale. Thiswas the case in the region of the lugworm nurs-
ery belt. Thetotal number of stations varied between 126 and 140.

The number of fecal castings varies with the feeding activity of
the lugworms and can only be taken as an approximation for the
abundance of A. marina. Some standardization was achieved by
carrying out al surveys in the same month (August), and during
the second half of tidal emergence when no more new castings ap-
pear at the surface. Surveys lasted about a week and were inter-
rupted during rain and storm when fecal mounds became blurred.

Means of the counts of fecal castings from each of the
126-140 stations were corrected by a factor of 0.9 to estimate real
abundance. This factor was determined by Quinones (1984) for
the month of August. Abundances of juveniles and adults were
categorized into three classes and these are depicted by isolines
and shading in Fig. 1. The areal extent of each class of abundance
was multiplied by its arithmetic mean to arrive at estimates for the
total number of juvenile and adult A. marina in the bay.

Results
Patterns of abundance

Arenicola marina occurred throughout the entire intertid-
al area of Konigshafen (Fig. 1). Juveniles were concen-

Fig. 1 Distribution and abun-
dance of juvenile (fecal strings
<2 mm diameter) and adult
(>2 mm diameter) Arenicola
marina on intertidal flatsin
Koénigshafen, island of Sylt,
August 1995, 1996 and 1997
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trated close to the shoreline, while adults attained their
highest densities in the center of the bay. The patterns for
1995 and 1997 were similar. In 1996 the pattern differed,
with juveniles spread over awider area and with the area
of adults contracted compared with the other summers.

Details in the distribution of abundance-classes bear
relationships to the topography and sediment composi-
tion in Kdnigshafen. Conspicuous nurseries were found
close to the shoreline in the inner (western) part of the
bay and at a sandy hook in the southeast. These are the
only flat areas of >0.4 m above mean tide line, with a
tidal submergence of 2-3 h. Adult lugworms were absent
in this zone or remained <20 m~2. The nearshore zone in
the northeast and at the isle of Uthérn in the lower right
of the bay is steep and lacks high tidal flats. In southeast
Konigshafen there is a dike, without high tidal flats in
front. There no nurseries could be found. Adult A. mari-
na occurred with a frequency of >20 m2 in these near-
shore but steep tidal zones in 1995 and 1997. A low
abundance of adults in the westernmost part of Konigs-
hafen is correlated with muddy sediments. All other tidal
flats are sandy and were densely (30-50 m—2) populated
by adultsin August 1995 and 1997.

Juveniles extended their range from a belt of mostly
<100 m in the high nearshore zone in 1995 and 1997 to
some 300 m in 1996. In addition, the nearshore zone in
the northeastern bay and at the isle of Uthorn were also
colonized in 1996. Juveniles ranged down to mean tide
level, with about 6 h of tidal submergence. In the north-
east, there were even aggregations of juveniles along the
low-water line. These were al areas where adults had
occurred with a frequency of >20 m—2 and often >40 m—2
in the previous year but were scarce in 1996. In that year
high abundances of adults were limited to an area below
mean tide line in the center of an extensive tidal flat
south of the tidal channel and a small area just north of
it. In summer 1997 the pattern of adults switched back to
the configuration of 1995, with a slightly larger share of
the abundance-class >40 m2 than in 1995. The nurseries
in 1997 resembled the pattern of 1995 as well.

Population size in Kénigshafen

The distribution of abundances of juvenile and adult
A. marina alows for a rough calculation of the popula-
tion size in the intertidal Konigshafen. Numbers vary
between 159 and 265 million individuals on 3.63 km? of
tidal flats. When distinguishing between juveniles and
adults, distinct differences become apparent between the
three years (Fig. 2). As with the distributional patterns,
the years 1995 and 1997 resembled each other, while
1996 was clearly different in absolute numbers and in
the juvenile—adult ratio. The number of juveniles was
6-8 times higher in 1996 and comprised three-quarters
of the total population size, while in the other two years
their share was less than a quarter. The severe winter of
1995/96 halved the adult stock of 1995 but also caused a
conspicuous rejuvenation of the population. The total
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Fig. 2 Numbers of juvenile (fecal strings <2 mm diameter) and
adult (>2 mm diameter) Arenicola marina on 3.63 km? of intertid-
a flats in Konigshafen, island of Sylt, August 1995, 1996 and
1997

number of lugworms increased by one-third. However,
by 1 year later, adults had almost returned to the level of
1995. In the years 1995 and 1997 we found an average
of 37.5 and 43.5 adults m—2 in Kdnigshafen while there
were only 18.2 m2in 1996. The reverse was the case
with the average density of the juveniles. This was 6.3
and 9.1 m2in 1995 and 1997 respectively, and 54.8 m—2
in 1996.

Discussion

We mapped the population density of A. marina in
Konigshafen near Sylt in the three consecutive years
19951997 to demonstrate the effects of the severe win-
ter 1995/96, with 66 days of ice in Kénigshafen, on the
lugworm population. The eight winters preceding the
summer of 1995 were rather mild (with no or only short
periods of ice on the tidal flats) and the one before the
summer 1997 with 36 days of ice may be regarded as
moderate relative to the centenary average for the entire
German North Sea coast provided by Stribing (1998);
for more details of the severe winter see Martens (2001).
Dead lugworms were not found on the sediment surface
nor in the sediment during or after the severe winter
1995/96. The decrease in abundance of adults may there-
fore be explained by downshore migration into subtidal
sands triggered by the freezing conditions.

Such winter migrations are not well documented.
However, singular observations by Werner (1956) in
Konigshafen and by Flach and Beukema (1994) in the
southern Wadden Sea suggest that these occur with the
ebbing tide. If this was the case in winter 1995/96, then
it can be assumed that many individuals have left the
Konigshafen altogether. Lackschewitz and Reise (1998)
found A. marina of distinctly larger size than those in
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Konigshafen at low-lying sandy shoals in the flood tide
delta of the Sylt-Rgmg tidal basin of which Konigshafen
is a part (see Reise et a. 1994). Since juvenile or small
lugworms were never found on these outer shoals, the
big ones must have immigrated from elsewhere. Thus, it
is likely that winter emigrants from Konigshafen arrived
at these shoals or settled in subtidal sands of the tidal ba-
sin.

The few areas with >40 adults m—2 in August 1996
were adjacent to the nurseries of the year before. This
implies that the 1-year-old lugworms left the nurseries
and moved to the mid-tide zone and may not have left
the bay. Recruitment in summer 1996 originated from
spawning in late summer and autumn 1995. Only a small
proportion of the postlarvae seem to stay over winter in
the tidal zone (Simon 1991, unpublished). Most of them
hibernate in mollusc shell gravel of the deep tidal chan-
nels. From there they drift back to the tidal zone in
April/May and settle primarily in the uppermost tidal
zone above the densely populated range of the adults
(Reise 1985). These juveniles have feca strings of
<2 mm in diameter when recorded in August. An en-
hanced recruitment in summer 1996 implies that the
postlarvae suffered no increased mortality during the se-
vere winter 1995/96. Their subtidal hibernation sites did
not experience frost or ice cover.

Since no causal mechanism is known for how a se-
vere winter could increase the survival rate of hibernat-
ing postlarval A. marina, we assume that the cause of
high recruitment in summer 1996 has to be found at the
intertidal sites of settlement. The adult population being
diminished by winter emigration to about half its former
size is the most likely cause. Thisis corroborated by the
spatial pattern. In 1996 nurseries expanded into those
tidal zones where adult density had decreased to
<20 m=2,

Intraspecific competition in populations of A. marina
has been suggested by Flach and Beukema (1994) based
on (1) field experiments with overcrowded patches
which caused high emigration, (2) observations that ju-
veniles preferentially settled where adults were scarce,
and (3) high recruitment in years with low adult abun-
dance. The latter two points can be supported by this
study when comparing the summer situation after the se-
vere winter with those of the years before and after. The
distribution pattern as well as the population size indi-
cate that juvenile lugworms need empty space at the
margins of the adult range. Only at low densities of
adults (<20 m—2) may juveniles also settle in between the
adults.

Flach and Beukema (1994) assume high bioturbation
activity or food limitation as possible mechanisms that
keep juveniles away from adults. Thiswould be acasein
an asymmetric adult—uvenile-interaction (see Woodin
1976). A strong adult population cuts down the recruit-
ment success. The result of such a density-dependent
regulation is arelatively constant population size in spite
of the highly variable living conditions in the intertidal
Wadden Sea. This is here documented by the response to

a severe winter. The emigration of adults from the inter-
tidal zone of Kdnigshafen is compensated for by an in-
creased recruitment in the subsequent summer. In the
next year the population size and the distributional pat-
tern had already returned to the same state as before the
severe winter.

An overcompensation by one-third of the former pop-
ulation size occurred in summer 1996. Juveniles com-
prised 75% of the population. However, this did not re-
sult in a conspicuous increase of the adult population in
the following year. Population size returned to about the
same level as in 1995. This indicates high mortality or
emigration rate in the 1- to 2-year old lugworm genera-
tion which had settled in summer 1996. In the other two
years, juveniles comprised only 14% and 17%, respec-
tively. This small share of recruits suggests low mortality
in normal years and, as a corollary, considerable longevi-
ty of adult lugworms. As the high recruitment rate in
1996 was sufficient to explain the recovery of the adult
stock 1 year later, there is no need to assume that winter
emigrants might have returned from offshore shoals or
subtidal sands into the Kénigshafen tidal zone.

The population response of A. marina distinctly dif-
fers from that of other benthic macrofauna of the
Wadden Sea which has been studied with respect to the
severe winter 1995/96. In the cockle, Cerastoderma ed-
ule, this winter wiped out almost the entire intertidal
population and recruits must have been supplied by sur-
vivors in the subtidal channels or coastal waters of the
North Sea (Strasser 2000; Strasser et al. 2001a, b). Due
to areduced standing stock, larval supply after a severe
winter may be rather low despite higher egg production
by the surviving adults (Honkoop and van der Meer
1998). However, retarded predation on recruits at the
bottom allows for a high survival rate and this seems to
be the key factor in the population dynamics of this spe-
cies in the Wadden Sea. In the long term, population
size of C. edule is highly variable, with peaks subse-
guent to the irregular occurrence of severe winters
(Reise 1985). By contrast, half of the adult lugworms
survived the cold winter on the tidal flats, spawning al-
ready occurs before the winter, and juveniles survive
their first winter in subtidal habitats where freezing tem-
peratures are damped. Success of recruitment isinverse-
ly related to the adult stock, which seems to be the key
factor in the rather stable long-term dynamics of this
species. The polychaete Lanice conchilega is most sen-
sitive to cold winters and recruitment in the tidal zoneis
a function of larval supply from surviving subpopula-
tions in the offshore North Sea (Armonies et al. 2001;
Strasser 2000; Strasser and Pieloth 2001). Population
size in the intertidal zone gradually builds up subse-
guent to a severe winter and crashes at freezing events,
resulting in a highly variable population size. Compared
to C. edule and L. conchilega, the lugworm A. marinais
best adapted to cope with harsh winter conditions in the
Wadden Sea, showing only minor and brief fluctuations
in population size and composition in response to the
severe winter 1995/96.
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