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ABSTRACT: Macrofaunal samples were collected seasonally from 1978 to 1995 in the subtidal zone off
Norderney, one of the East Frisian barrier islands. Samples were taken with a 0.2 m? van Veen grab at
5 sites with water depths of 10 to 20 m. Interannual variability in biomass, abundance and species
number of the biota were related to interannual climate variability using multivaniate regression
models. Changes in the biota were described in relation to human impact and seasonal and long-term
meteorological variability. Our analyses suggest that macrofaunal communities are severely affected
by cold winters, whereas storms and hot summers have no impact on the communities. It appears that
mild meteorological conditions, probably acting in conjunction with eutrophication, have resulted in an
increase in total biomass since 1989. A multivariate model found the following strong relationship:
abundance, species number and (less clear) biomass in the second quarter are correlated with the
North Atlantic Oscillation (NAO). The mediator between the NAO and benthos is probably the sea-
surface temperature (SST) in late winter and early spring. On the basis of our results, we suggest that
most of the interannual variability in macrozoobenthos can be explained by climate variability.
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INTRODUCTION

Interannual and interdecadal variabilities are often
observed in biological time series and clearly influence
trophic relationships in the marine ecosystem. Vari-
ability is frequently characterized by a periodicity of
3 to 4 yr (Steele 1974, Colebrook & Taylor 1984). In the
North Sea, interannual and interdecadal vanabilities
have been observed in oceanographic and ecological
processes (Cushing & Dickson 1976). During the last
century 2 major events were observed in the North
Sea, the so-called 'Russell cycle’ (Russell 1973) and the
Great Salinity Anomaly (GSA) (Dickson et al. 1988).

The Russell cycle affected the North Sea and English
Channel. From 1925, the dominant herring and macro-
zooplankton community were replaced by pilchards
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and smaller zooplankton. The chaetognath Sagitta ele-
gans, a recognized indicator species of Atlantic Water,
was replaced by S. setosa, the corresponding form in
the southern North Sea (Russell 1973). At the same
time haddock disappeared from the German Bight and
haddock larvae were recorded off Plymouth, UK, where
they had not been observed in the preceding 50 yr
(Russell 1973). These and other profound ecosystem
changes were reversed between 1965 and 1979, when
more northwesterly winds prevailed once again and
the community began to revert to the former composi-
tion (Cushing 1978).

The strongest interdecadal change in the North Sea
was the appearance of the GSA between 1977 and 1978
(Dickson et al. 1988). The GSA, alarge cold water body
with low salinity, entered the northern North Sea and
had many ecological consequences (Aebischer et al.
1990, Lindeboom et al. 1995). In the northern North Sea,
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the abundance of phytoplankton and herring decreased,
with a distinct minimum in the late 1970s (Colebrook
1986, Daan et al. 1990). Phytoplankton and zooplank-
ton data collected in the North Sea with a continuous
plankton recorder (CPR) (Colebrook 1986) showed that
there was marked decrease in zooplankton abundance
in 1978, followed by an increase in 1982.

When the GSA appeared in the northern North Sea
there were congruent changes in the southern North
Sea and the Wadden Sea. Flagellate abundance in the
German Bight increased during 1979 at Helgoland
Roads (Hickel et al. 1993). In the Wadden Sea the bio-
mass of macrozoobenthos increased suddenly between
1979 and 1981 (Beukema 1991), whereas the phyto-
plankton data indicated a doubling of chlorophyll a
between 1976 and 1978 (Cadée & Hegemann 1991). In
1977 only 9 eider chicks fledged in the western
Wadden Sea, whereas in 1978 more than 1000 suc-
cessful fledglings were reported (Swennen 1991).

In contrast, a positive salinity anomaly was observed
in the southern North Sea between 1989 and 1991
(Becker et al. 1992, Becker & Dooley 1995). This posi-
tive anomaly was connected with a strong inflow of
Atlantic water masses through the English Channel.
Similar events of positive salinity anomalies caused by
strong inflow of Atlantic water masses were observed
by German light vessels in November 1934, from
February to April 1973 and in November 1977 in the
German Bight during the GSA event in the northern
North Sea (Deutsches Hydrographisches Institut 1984).
The strong inflow of Atlantic water masses into the
southern North Sea during 1989 coincided with recolo-
nization by the flagellate Gymnodinium catenatum
(Nehring 1994) and the appearance of Lepidodinium
viride in the German Bight.

The appearance of the GSA between 1977 and 1978
in the northern North Sea and the opposite effect of a
positive salinity anomaly between 1989 and 1991 in
the southern North Sea were associated with the far-
field forcing of the Atlantic Ocean and the connected
variability in the inflow regimes. However, hydro-
graphic changes in the North Sea are also controlled
by the direct effect of atmospheric forcing (e.g. radia-
tion or air-sea exchange processes). Becker & Pauly
(1996) and Dippner (1998a) have shown that in nearly
all areas of the North Sea the sea-surface temperature
(SST) anomalies are correlated with the North Atlantic
Oscillation (NAO) index. Heyen & Dippner (1996,
1998) demonstrated that the interannual and inter-
decadal variability in surface salinity at German light
vessels is strongly correlated to the river runoff with a
time lag between 2 and 4 mo. In ecological terms, it is
important to identify the proportion of variance in bio-
logical time series which may be attributed to climate
variability.

Long-term changes in observations of North Sea
macrofauna have been described by Rees & Elefthe-
riou (1989) and Kroncke (1995). Changes were dis-
cussed in relation to environmental effects such as
temperature (Ziegelmeier 1970, Beukema 1979, 1990,
1992, Doérjes et al. 1986), storms (Rachor & Gerlach
1978) and currents or anthropogenic impacts like
eutrophication (Beukema & Cadée 1986, Rosenberg et
al. 1987, Rachor 1990), pollution (Borchardt et al. 1988,
Karbe et al. 1988, Kersten & Kroncke 1991} and
fisheries (de Groot & Lindeboom 1994). In addition,
several studies have emphasized that effects may be
synergistic {Rees & Eleftheriou 1989, Kroncke 1992).
The macrofauna of the coastal waters have been
studied at a site to the north of Norderney since 1978.
J. Dérjes sampled monthly from 1978 to 1991, but since
1992 sampling has been restricted to late winter and
late summer. In the present paper we describe the
long-term variability in the macrofauna at this site and
relate these data to the interannual variability of sev-
eral climate parameters.

We adopt 2 approaches to the analyses, an empirical
and a statistical approach. The empirical analysis is used
to identify extremes and trends in the biological and
climatological time series. The multivariate 'statistical
downscaling’ approach is normally used in climate im-
pactresearch (von Storch et al. 1993, Heyen et al. 1996).
One powerful feature of this method is that it can be used
to detect relationships between a vector of predictors
(e.g. climate parameters) and a vector of predictands
(e.g. biclogical parameters). This technique has rarely
been applied to biological time series, but when used it
has permitted the derivation of biological parameters
from large-scale climate variables in both terrestrial and
marine ecosystems. Maak & von Storch (1997) demon-
strated that the date at which the flowering of snowdrops
began in Germany and the United Kingdom could be
predicted from the large-scale development of air
temperature fields. Dippner (1998b) showed that vari-
ability in the recruitment of different fishes in the North
Sea was strongly correlated to the NAO index and the
SST anomalies in the North Sea. In the Pacific Ocean,
Mantua et al. (1997) showed that the anomalies in the
Alaskan salmon catch corresponded to the prevailing
polarity of the Pacific inter-decadal Oscillation (PDO). A
similar relationship between the southern oscillation and
fish stocks was shown by Binet (1997).

In the present paper the long-term variability of
benthic macrofauna in the southern North Sea is inves-
tigated with respect to large-scale climate variability.
The central question is how much of the observed vari-
ability in macrozoobenthos can be attributed to the
interannual variability of atmospheric pressure fields
and the variability of sea-surface temperature in the
southern North Sea?
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MATERIAL AND METHODS

Benthos data. The area of investigation was situated
north of the island of Norderney in the Wadden Sea,
southern North Sea. Five stations were located in water
depths between 12 and 20 m. Samples were taken with
a 0.2 m® van Veen grab and washed over a sieve of
0.63 mm mesh size. Samples were taken monthly from
1978 to 1991, but since 1992 sampling has been re-
stricted to late winter and late summer. Prior to statisti-
cal analysis all samples were revised taxonomically.
Species number, abundance and biomass (ash-free dry
weight) were calculated as means per 0.2 m? or of 5 sta-
tions and were given as values per yearly quarter
Mean water temperatures varied from 18.5°C in July/
August to 2.0°C in January/February until 1986 (Dorjes
et al. 1986). Highest air temperatures occurred in the
hot summers 1982, 1983 and 1984. The winters
197871979, 1981/1982, 1984/1985 and 1985/1986 were
colder than the long-term monthly average (Zeiss &
Kroncke 1997).

Climatic variables. NAO index: The dominant signal
of interannual variability in the atmospheric circulation
is the NAO (Walker & Bliss 1932, Barnston & Livezey
1987, Lamb & Peppler 1987, Kushnir & Wallace 1989,
Hurrell 1995). An analysis with empirical orthogonal
functions (EOFs) (also known as 'principal compo-
nents') of the mean sea level pressure fields from
December to March over the region from 20°N to 80°N
and 90°W to 40°E revealed that the NAO is the domi-
nant source of the atmospheric vanability and explains
more than 36% of variance in climate. Barnston &
Livezey (1987) showed that the NAO was evident in
monthly mean data throughout the year but that it was
most pronounced during wintertime. The NAO index
variability since 1864 is shown in Fig. 1 (Hurrell 1995).
Hurrell (1995) defines the NAO index as the difference
between the normalized sea level pressure anomalies
during wintertime at Lisbon, Portugal, and Stykkis-
holmur, Iceland. The sea level pressure anomalies at
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Fig. 1. North Atlantic Oscillation index (NAOI) for winter after
Hurrell (1995). Thick line: low-pass filtered time series

each station were normalized by division of each sea-

sonal pressure by the long-term mean (1864 to 1994)

standard deviation. An equivalent definition, the

spatial difference in sea level pressure anomalies be-
tween Ponta Delgada, The Azores, and Akureyri, Ice-
land, was used by Lamb & Peppler (1987). A high

index is associated with strong westerly winds and a

low index with low westerly winds. During high NAO

winters the westerly winds over Europe are over 8 m

s™! stronger than during low NAO winters and conse-

quently, during high NAO winters, the moderating in-
fluence of the ocean results in unusually warmer win-
ter temperatures in Europe (Hurrell 1995). The NAO
index data used in this paper were kindly provided by

James Hurrell from the National Center of Atmos-

pheric Research (NCAR), Boulder, CO, USA.

Weekly SST data: Since autumn 1968 the German
Hydrographic Institute (now Federal Maritime and Hy-
drographic Agency, BSH) has analyzed and distributed
weekly SST charts of the North Sea. These SST maps
are based on near-surface temperature observations
from ship-of-opportunity programs, commercial vessels,
light vessels, fixed stations and buoys, coastal stations,
research vessels and monitoring programs (Mittel-
staedt 1969, Becker et al. 1986, Becker & Pauly 1996).
Time serics of SST anomalies were constructed by sub-
tracting the long-term seasonal mean temperature from
the SST The anomalies of these long-term data sets are
analyzed with EOFs. Fig. 2a shows the first SST EOF for
the months January to March, which represents 87 % of
the SST variance. The time series of the first principal
component of the SST anomalies in the North Sea
(Fig. 2b) 1s highly correlated with the NAO index
(Dippner 1998a), with a correlation coefficient of r =
0.71 and a confidence level of 97.9 %. One-month, 3-mo
and 6-mo running means of SST were used as input
for the multivariate regression model.

The stations for macrozoobenthos sampling are
located in the homothermal part of the Continental
Coastal Water, a water mass of low salinity, high
nutrient concentration and high turbidity. This water
mass is homothermal throughout the year due to the
pronounced influence of the coast and the intensive
mixing in the shallow parts of the North Sea (Laevastu
1962). As a result, the SST is identical to the bottom
temperatures which influence the macrofauna.

Other climatic data: In order to examine the wider
effects of climate we tested relationships between ben-
thic communities and the following:

- Monthly means of sea-level air pressure (SLP) fields
(includes the NAQO) from 20°W to 10°E and 45°N to
65°N (NCAR) with a resolution of 5° x 5° (Trenberth
& Paolino 1980). This data set also contains indirect
information about advection of temperature and pre-
cipitation, storminess and wind direction.
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Fig. 2. (a) Pattern of the first EOF (empirical orthogonal function} of the January to March SST (sea-surface temperature). This

EOF explains 87 % of the SST variance in this season. The pattern can be interpreted as a North Sea that is either anomalously

warm (in the years where the time coefficient is positive) or anomalously cold (if the time coefficient is negative), with the highest

anomalies occurring in the southeast. (b) Time coefficient of the first EOF () compared to the NAO index {o—-<}. The correla-
tion is r = 0.71. Obviously, the SST in the North Sea is strongly coupled to the NAO

— Monthly means of storm activity (CYC) (same field size
and resolution) computed from the the daily NCAR sea
level pressure data. From the SLP data set, the variance
on ihe 2.5 to 6 d frequency band was calculated as a
proxy for storm activity (Blackmon 1976}.

- Monthly means of air temperature (T) (same field size
and resolution) (Jones 1994).

—Monthly means of the Gulf Stream index (GSI),
which is a measure of the northward extension of the
Gulf Stream (Taylor 1995).

— Discharge from the River Elbe, Germany (with
friendly help from the Arbeitsgemeinschaft Elbe,
ARGE}.

- Monthly means of high and low tide at Helgoland
(kindly provided by the Biologische Anstalt Helgo-
land).

The statistical model. Definition of the problem:

When we started to investigate the existence of a rela-
tionship between the interannual variability in climate
and benthos, we were uncertain as to which climate
parameters should be examined. As a result, we aimed
to include several potential predictor variables in the
investigation. This approach posed 2 problems. Firstly,
if the relationship is not known, how can it be identi-
fied and, secondly, how can the overdetermination of a
relationship based on multiple predictors be avoided.

We adopted the ‘statistical downscaling’ model of
von Storch et al. (1993). The features of this model
overcome the problems described above since: (1) sets
of information from fields of predictors and predic-
tands can be related to each other; (2) the dimensional-
ity of the model can be kept low; (3) the highest corre-
lations are detected automatically.

Description of the statistical model: The aim of the
statistical analyses was to correlate all 'potential’ pre-
dictor variables with the benthos observations via the

/7N N

Predictors (1) / Predictands |
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\ ssTT,.. / \ S,pect.)rjum_
log-biom.
NS \reeem
@ y (2)L
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Fig. 3. Outline of the applied method. Depending on the ben-
thos predictands (top right), possible predictor variables are
collected {1). One specific combination of predictor and pre-
dictand is selected (2). Between predictor and predictand, a
statistical model is fitted, validated with independent data,
and a skill factor is computed (3). Procedure 3 is repeated for
all combinations of predictor and predictand. Thereafter, the
combinations with the highest skills are selected and their
credibility is checked for statistical significance and physical
or biological plausibility (4). A combination that passes all
these tests probably indicates that a relationship exists
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multivariate model and to identify high correlations.
This approach is outlined in Fig. 3. The predictands are
the anomalies (in the seasonal cycle) of log abundance,
species number and log biomass, separated into sea-
sons. Seasonal separation is used because the relation-
ship between climate and benthos may depend on the
season. The potential predictors contain the anomalies
of SST, SLP, CYC, T, GSI, River Elbe runoff and Helgo-
land tidal data. Since the sought relationship might
occur on specific timescales, 1-, 3-, and 6-mo means
of each predictor were calculated. The predictors were
also separated into seasons for the reasons described
above.

The calculation starts with the selection of 1 specific
predictor and 1 specific predictand, e.g. 'SLP, 3-mo
average, centered around January' and ‘'log abun-
dance, first quarter of the year’ A statistical model is
fitted between them and validated. The result of the
validation is a skill factor. This procedure is repeated
for all possible combinations of potential predictors
and predictands. A possible time lag of 1 yr between
the signals in climate and benthos was taken into
account.

In a second step the combinations with the highest
skills are selected and tested for their statistical sig-
nificance. Finally, the physical or biological plausibility
of the remaining combinations has to be evaluated. A
combination that passes all these tests probably indi-
cates that a relationship exists.

Fit, regression and validation: For each combination
of potential predictor and predictand, the model is
built in the following way. Firstly, EOFs of the predic-
tor and predictand are calculated. Thus, the major part
of the variance from a multidimensional vector (for
example a SLP field with many stations) is concen-
trated into a few new dimensions, the leading eigen-
modes. Secondly, a Canonical Correlation Analysis
(CCA) is performed between the leading eigenmodes
of the climate predictor and the benthos time series.
The CCA identifies patterns C and B and time series @
and B. C x c(t) represents a significant part of the vari-
ance of the climate predictors, B x b(t) is the investi-
gated benthos time series with B being a constant vec-
tor and Ba normalized time series (in the present
study, B is a scalar since the predictand is a single time
series; generally, one can take a mulfivariate predic-
tand instead, e.g. the spatial distribution of abun-
dances). Cand B are optimally correlated to each other.
Hence, thirdly, the benthos time series B - Bx b(t) can
be regressed from predictor data as Bog = B x clt).

Since CCA correlations are optimized with respect to
the used sample, it is necessary to validate the correla-
tion with independent data. In contrast to von Storch et
al. (1993), who splitted the records into a fitting and a
validation period, we use a cross-validation technique

(Michaelsen 1987). If n time steps of data are available,
n models are fitted using n - 1 different time steps
each. For each model, the nth step of the predictand is
regressed from the predictor. Finally, the n estimations
are compared with the observations of the predictand.
Detailed informations about EOFs and CCA are given
in von Storch (1995).

Selection of the results: From all tested combina-
tions, the results with the relatively highest skills were
selected. ‘Relatively highest' means that we looked
for combinations of predictor and predictand that pos-
sessed a maximum of skill within a narrow range of
time lags and clearly lower skills for any other time
lags. As skill factors, correlation coefficient r (between
the benthos observations and the cross-validated esti-
mations) and Brier-based score B were used. B is de-
fined as: B = 1 - 62/ 62, where ¢2 and ? are the vari-
ances of the error (i.e. observation minus model) and
observations. § = 1 means that model and observation
are identical, B = 0 that the error of the model has the
same size as the variance of the observations (Livezey
1995).

The significance level of the selected results was
calculated by generating 10000 series of random
numbers with the same statistical properties (mean,
standard deviation, autocorrelation) as the EOF coeffi-
cients of the predictor {the climatic predictor was cho-
sen since its statistical properties are better known and
more Gaussian-distributed than that of the benthos).
These series were related by CCA to the benthos data
in the same way as the real EOF coefficients were.

Since the discarding of combinations with ‘relatively
low skill' or 'low significance’ is necessarily subjective,
the presented results cannot be described as complete
but provide a sample of ‘most probable relationships’.

RESULTS
Benthic data

In total, 196 taxa were found in 351 samples (81 Crus-
tacea, 59 Polychaeta, 32 Mollusca, 9 Echinodermata and
15 others). In the first quarter, mean species numbers
varied between 9 (1979) and 28 (1992) per 0.2 m*. Be-
tween 1980 and 1989 species numbers were below 24
per 0.2 m? but after 1991 they were above 24 per 0.2 m?
(Fig. 4a). In the second quarter the lowest species num-
ber was found in 1979 with 11 species per 0.2 m?. High-
est species numbers occurred in 1990 (42) and there
were more than 30 species per 0.2 m?in 1992 and 1993
(Fig. 4b). Species numbers were usually higher in the
third quarter and only fell below 30 per 0.2 m? in 1979
and 1989 (Fig. 4c). Species numbers were lowest during
the fourth quarter and only 18 per 0.2 m? were found in
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Fig. 4 Mean species numbers per 0 2 m? for the first to fourth

quarter (a to d) between 1978 and 1995

S

1979 and 1988. More than 30 species per 0.2 m’ were
recorded in 1990 and 1991 (F1g. 4¢)

Mean abundance 1n the first quarter varied between
440 (1979) and 3363 (1981) ind. m™? (Fig 5a). In the
second quarter the lowest values were recorded 1n
1980 and 1988 with 1252 and 961 ind. m~? respectively.
The highest abundance was 5785 ind. m 2 in 1990
(F1ig. 5b). Dunng the third quarter the maximum abun-
dance was recorded 1in 1982 with 12730 and the mini-
mum 1n 1989 with 1479 ind m™ (Fig 5¢). Dunng the
fourth quarter the greatest abundance occurred 1n
1980 and 1982 with 6115 and 5865 ind. m™? respectively.
During other years the abundance ranged between
774 and 2956 ind. m'? (Fig 5d).

Mean total biomass during the first quarter vaned
between 263 and 1123 mg m™? in the years 1978 to

1988. In 1989 the biomass mcreased to 1715 mg m™2
(Fig 6a). The lowest biomass was recorded in the
second quarter in 1979 with 78 mg m™2 (Fig 6b) Bio-
mass increased after 1988 and the highest value was
reached 1n 1990 with 3.96 g m™ In the third and fourth
quarters biomass tended to remain low up to 1987,
with maxima of 1 and 0.7 g m™ but increased after
1987 to maxima of 2.9 and 2.8 g m™? respectively
(Fig 6¢, d).

Benthos in relation to climate

Table 1 giwves an overview over the combinations
with the highest skills. Three things are worth noting
Firstly, all combinations refer to benthos data in the
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Fig. 6. Mean biomass per m? for the first to fourth quarter
{(a to d) between 1978 and 1995

second quarter. This does not mean that no correla-
tions exist at all between climate and benthos data in
other quarters, instead it means that benthos data in
the second quarter possess the highest correlations
with climate. Secondly, climate data from winter and
early spring are more strongly correlated to benthos
than climate data from other seasons. Thirdly, the best
climate predictors are SST, SLP and NAO index.
Obtained skills for T and CYC were lower and no
correlations at all were found between GSI, the mean
sea level anomalies observed at the tide gauge of
Helgoland, the runoff of the River Elbe, and benthos.
Also, log abundance and species number were better
predictands than log biomass.

Fig. 7 shows model 1 (for reference see Table 1). The
3leading EOFs (which represent more than 90 % of the
6-mo-averaged SLP variance) of December to May SLP
are used to estimate the log abundance in the second
quarter. The CCA pattern shows an anomalously high
pressure in the north and an anomalously low pressure
in the south, a combination that leads to anomalously
weak westerly winds. This combination coincides with
an anomaly in log abundance of -0.5. In the same way,
low pressure anomalies in the north and high pressure
anomalies in the south coincide with positive anom-
alies in log abundance.

The depicted CCA pattern in Fig. 7 is practically iden-
tical to the first EOF of SLP and describes the NAO. It can
be concluded that model 1 describes the same mecha-
nism as model 2, which uses the NAOI as the predictor.
The same can be shown for models 4 and 5.

Model 3 is shown in Fig. 8. The leading 3 EOFs
(which explain more than 95% of the 3-mo-averaged
SST) of January to March SST in the southeastern
North Sea are used to estimate the species number in
the second quarter. The CCA pattern shows an anom-
alously warm southeastern North Sea, with the highest
anomalies in the German Bight. This anomaly coin-
cides with an anomalously high species number; in the

Table 1. The best of the detected combinations. All combinations possess a maximum of skill within a narrow range of time lags
and clearly lower skills for any other time lags. In addition, the significance of the skill is >99%. A subscripted p to a predictor
month indicates a month in the preceding vear. All combinations contained the benthos observations in the second quarter
Anomalously high log abundances and species numbers in the second quarter seem to depend on anomalously mild '‘westerly’
climate conditions in winter or early spring. The left column contains reference model numbers that are used in the text

Model Com
Predictor (months)

SLP (12,-5): westerly winds

NAO index (12,-3): westerly winds

SST {1-3): warm North Sea
SLP (11,-4}: westerly winds
NAO mdex (12,-3): westerly winds

oo W N o~ ]

bination

and
and

and
and
and

Skill
Predictand (season) r B
high log-abundance (second) 0.73 0.52
high log abundance (second} 0.73 0.52
high species number (second) 0.74 0.52
high species number (second) 0.66 0.38
high species number (second) 0.67 0.44




32 Mar Ecol Prog Ser 167: 25-36, 1998

72 76 80 84 88

60N
50N
years 18W 12W 6W 0 6E
" | S
a2 -0.2 0 2 4

Fig. 7. (a) Estimated () and observed (o--<) anomalies of log abundance of benthos in the second quarter. Estimations were de-

rived from the 3 leading EOFs of the December to May SLP. {b) The SLP CCA pattern describes a pressure anomaly of -1 hPa in

the south and +3 hPa in the north and coincides with an anomaly in log abundance of -0.5 (the same is also true for the reverse
situation, i.e. opposite signs). Estimated and observed log abundance are correlated with r = 0.73 and = 0.52

same way, an anomalously cold southeastern North
Sea coincides with low species number.

The depicted SST anomaly is closely related to
atmospheric circulation. The first SST EOF pattern
(Fig. 2a) shows an anomalously warm (or cold) North
Sea with the highest anomalies in the southeast. The
time coellicients of this pattern and the NAO index are
correlated with r = 0.71. Hence, SST and atmospheric
circulation are closely related to each other in winter
and it can be concluded that models 3, 4 and 5 describe
the same relationship. In addition, SST might be the
mediating mechanism between SLP or NAO index and
log abundance in models 1 and 2.

Models 2 and 5 are shown in Fig. 9. Though these
models possess 2 fewer degrees of freedom than mod-
els 1, 3 and 4 (since they use a scalar predictor instead
of 3 EOFs), they reach a similar skill. It has already
been stated that the SLP CCA pattern from model 1
(Fig. 7) equals the first EOF of SLP and, hence, the
NAO. A comparison between the first EOF of SST
(Fig. 2) and the SST CCA pattern in Fig. 8 shows that
these are similar as well. In both cases, the climate

information that is important for the benthos is con-
tained in the first EOF and the additional informaticn
in the second and third EOF does not improve the
model any more. Hence, the simple model that uses
the NAO index as predictor contains all the important
information by itself and a multivariate regression is
not necessary.

Finally, Fig. 9c shows the skill of a model that uses
the NAO index to estimate the log biomass in the sec-
ond quarter. A high NAO index coincides with a high
biomass. The skill of the modelisr = 0.56 and B = 0.31
and possesses a significance >95% Hence, although
the correlation is less clear than in models 1 to 5, bio-
mass seems to be related to the atmospheric circulation
as well.

DISCUSSION

Since sediment composition and morphology did not
change in the study area (Dérjes 1976, 1992, Doérjes et
al. 1986, Hagendorff 1993) and hot summers or storm
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Fig. 8. (a) Estimated (~—) and observed (o—-©) anomalies of the species number of benthos in the second quarter. Estimations were

derived from the 3 leading EOFs of the January to March SST. {b) The SST CCA pattern describes a SST anomaly of +1.5°C in the

German Bight and coincides with an anomaly in species number of +7.0 (the same is also true for the reverse situation).
Estimated and observed species number are correlated withr =0.74 and B = 0.52
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Fig. 9. Estimated {~—} and observed {o--©) anomalies of (a) log
abundance, (b) species number and (c) log biomass of mac-
robenthos in the second quarter. The estimations were de-
rived from the NAO index in the preceding winter. An anom-
alous NAO index of +1 is correlated with an anomalous log
abundance of +0.3, species number of +3.8, log biomass of
+0.6 (the same is also true for the reverse situation). Estima-
tions and observations are correlated with r = 0.73, § = 0.52
(log abundance), r = 0.67, B = 0.44 (species number) and
r=0.56, B = 0.31 (log biomass)

events could not explain changes in the benthos, these
factors can be excluded as possible causes for vari-
ability in the macrofauna. On the other hand, previous
analyses of the Norderney benthic data using Multi
Dimensional Scaling (MDS) and canonical correspon-
dence analysis indicated that cold and mild winters are
important determinants of changes in the macrofaunal
communities (Kroncke et al. 1997, Zeiss & Kroncke
1997). Furthermore, a possible synergistic effect of
mild winters and observed eutrophication (Hanslik et
al. 1994) was discussed by Kroncke et al. (1997).

Our study of benthic and large-scale climate data
shows a clear relationship between climatic and bio-
logical parameters. Such a relationship was already
described in the 'Introduction’ for phytoplankton and
pelagic fish stocks but relationships for benthic com-
munities have been limited to small-scale studies of
severe climatic events like cold winters and hot sum-
mers in combination with oxygen deficiency for
spatially limited investigations (Ziegelmeier 1970, von

Westernhagen et al. 1986, Beukema 1992). On a larger
scale Austen et al. (1991) and Buchanan (1993) found
changes in benthic biomass at the Northumberland
coast, UK, which correlated with the intensity of inflow
of Atlantic water masses into the area of investigation.

In the present study, the strong correlations found
between large-scale parameters, such as SLP (includ-
ing NAO) and SST, and the benthos reflect the strong
relationship between the climate in winter and spring
and the species number and biomass of benthic com-
munities in the second quarter of the subsequent year.
Our analyses support the results of other studies that
suggest that winter temperatures have a strong influ-
ence on the benthic communities. The sea urchin
Echinocardium cordatum seems to be sensitive to low
temperatures since it was almost absent in the German
Bight after severe winters (Ziegelmeier 1964, Beukema
1985), but dominated the biomass of the macrofauna
communities off Norderney in mild winters. In addi-
tion, during 1980 and 1986, 2 years which followed
cold winters, the polychaetes Spiophanes bombyx and
Scoloplos armiger occurred in large numbers. Ziegel-
meyer (1970) correlated the dominance of sedentary
sediment-feeding polychaetes like S. bombyx with
the absence of the bivalve Fabulina fabula after cold
winters. Beukema et al. (1988) also recorded low sur-
vival rates of F. fabula in the sublittoral Dutch Wadden
Sea after the cold winter 1978/1979. On the other
hand, during mild winters mortality, production and
reproduction are not as reduced as in cold winters,
while primary production starts earlier. The sum of all
factors results in higher biomass, as documented in our
data. In relation to eutrophication, the processes are
similar to those described above for mild winters but
the availability of food is higher, which might result in
even stronger effects.

Since the best correlations between climatic and
benthic parameters were found during the cold period
of the year, this may indicate that the climatic factors at
this time play a major role in structuring the benthos.
Conversely, during the summer, biological processes
like reproduction become stronger and may interact
with, or obscure, the climatic factors. Beukema (1990,
1992), Reise (1993) and Beukema et al. (1996) con-
firmed the importance of cold winters for the structure
of littoral benthic communities. Generally, highly suc-
cessful recruitment after cold winters results in in-
creased biomass (Beukema 1990, 1992). After warm
winters over a number of years, Beukema (1990, 1992)
found increases in species number and stable total bio-
mass, but a decrease in individual biomass of bivalves.

Therefore, single cold winters appear to have minor
long-term etfects on the benthic communities of sub-
littoral coastal regions in the North Sea. Periods of low
temperature are part of the natural variability in the
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habitat and may even stabilize the system (Beukema
1990, 1992, Reise 1993). In contrast, mild winters win-
ters over a number of years lead to distinct long-term
changes in the subtidal benthic communities, as is
seen in our data. These patterns contradict the one
claimed for the Wadden Sea by Beukema (1990, 1992)
and Reise (1993), but indicate a general difference in
the functioning of benthic communities in eulittoral
and sublittoral coastal areas.

For future observations our analyses suggest that
changes in the NAO and in the SST might predict
changes in the benthic system, e.g. a positive NAO
index will result in an increase in benthic biomass of
subtidal benthic communities.

Nevertheless, the changes cannot be foreseen since
the analyses of time series data for other marine areas
indicate the variety of biological responses to climate.
An increase in temperature of 2 to 4°C might cause a
shilt in species composition similar to that observed on
the Atlantic coast or during the Eem period of the last
interglacial (van Straaten 1956, de Vooys 1990). We
suggest that not only temperature but also the syner-
gistic effects of changes in salinity and hydrodynamics
together with human impacts like eutrophication will
cause extreme future changes in the ecosystem. Such
synergistic effects can only be estimated if we learn
more about the relationship between climate and bio-
logy from recent data.

The general questions of whether and how commu-
nity structure as well as biodiversity depends on the
sensitivity of species to winter temperature can prob-
ably be answered by a correlation of climate parame-
ters and abundance and biomass of single species. This
future study will allow a better understanding of the
functioning of the benthic ecosystem in relation to
changes in the physical forcing.
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