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ABSTRACT

Eutrophication due to high anthropogenic nutrient
loading has greatly impacted ecological processes in
marine coastal waters and, therefore, much effort
has been put into reducing nitrogen and phos-
phorus discharges into European and North-
American waters. Nutrient enrichment usually re-
sulted in increase of biomass and production of
phytoplankton and microphytobenthos, often
coinciding with shifts in species composition within
the primary producer community. Consequences
of increasing eutrophication for higher trophic
levels are still being disputed, and even less is
known about the consequences of nutrient reduc-
tion on coastal food webs. Here, we present 30-year
concurrent field observations on phytoplankton,
macrozoobenthos and estuarine birds in the Dutch
Wadden Sea, which has been subject to decades of
nutrient enrichment and subsequent nutrient
reduction. We demonstrate that long-term varia-

tions in limiting nutrients (phosphate and silicon)
were weakly correlated with biomass and more
strongly with community structures of phyto-
plankton, macrozoobenthos and estuarine birds.
Although we cannot conclusively determine if, and
if so to what extent, nutrient enrichment and
subsequent nutrient reduction actually contributed
to the concurrent trends in these communities, it
appears likely that part of the variance in the
studied coastal communities is related to changes in
nutrient loads. Our results imply that nutrient
reduction measures should not ignore the potential
consequences for policies aimed at bird conserva-
tion and exploitation of marine living resources.

Key words: Coastal marine ecosystems; eutro-
phication; nutrient reduction; phytoplankton; pri-
mary production; macrozoobenthos; estuarine
birds; community structure; management.

INTRODUCTION

Coastal eutrophication has become a wide-spread
phenomenon during the past decades (Rosenberg
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1985; Nixon 1995; Cloern 2001; Schindler 2006),
and much effort has been put into reducing nitro-
gen and phosphorus discharges to counteract this
situation (National Research Council 2000; Boesch
2002). Eutrophication usually results in an in-
creased production and biomass of phytoplankton
and microphytobenthos (for example, Cadée 1984;
Cadée and Hegeman 2002; Beman and others
2005; Smith 2006). The response of individual algal
species, however, depends on their specific life-
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history traits such as growth curves and storage
capacities (Grover 1997; Roelke and others 1999).

Previous analyses of long-term field observations
in coastal waters revealed that changes in nitrogen
and phosphorus concentrations were reflected in
the total phytoplankton biomass, production and
community structure (Bakker and others 1994;
Philippart and others 2000), implying a strong
causal relationship between the phytoplankton
community structure and the availability of (lim-
iting) nutrients. For example, principal component
analysis of 20-year (1974-1994) high-resolution
time series of the 32 most numerous marine algal
species of the western Wadden Sea revealed that
the phytoplankton community changed drastically
between 1977 and 1978 and again between 1987
and 1988, and that it was relatively stable in-be-
tween and hereafter. These major changes in
phytoplankton biomass and species composition
coincided with changes in nutrient concentrations
(Philippart and others 2000).

Eutrophic conditions are predicted to favor rela-
tively large phytoplankton species that, due to their
larger storage capacity, are better competitors under
high and pulsing nutrient regimes (Sommer 1984;
Stolte and others 1994; Grover 1997), whereas the
biomass of smaller algae is primarily controlled by
microzooplankton grazing (Thingstad and Sakshaug
1990; Riegman and others 1993). A system domi-
nated by larger phytoplankton species is character-
ized by relatively large fluxes of carbon and
nutrients to benthic communities via sedimentation
of these large cells (Thingstad and Sakshaug 1990;
Riegman and others 1993). In the western Wadden
Sea, nutrient enrichment resulted in an increase in
diatom biomass in general and an increase in larger
cells in particular (Philippart and others 2000).

Phytoplankton and microphytobenthos are an
important food source for macrozoobenthos (sedi-
ment-dwelling invertebrates >1 mm) in most
shallow coastal seas. Living phytoplankton is sifted
out of the water by filter-feeding bivalves at rates
on the order of 1-10 m*> m ? d™' (Riisgaard and
others 2004). Dead phytoplankton cells (detritus)
as well as microphytobenthos are mostly eaten by
deposit-feeding bivalves, gastropods and polychae-
tes (Beukema and others 2002). On the scale of
estuaries, Herman and others (1999) showed that
between 5 and 25% of the annual primary pro-
duction is consumed by macrozoobenthos. Path-
ways of fluxes depend, however, on the trophic
state of the estuary: high organic enrichment
appears to favor filter feeders, whereas deposit-
feeding organisms predominate in areas with a low

supply of organic matter (Pearson and Rosenberg
1987). It is, therefore, to be expected that long-
term variation in primary production will be re-
flected in macrozoobenthic biomass, filtering
capacity and community structure.

Macrozoobenthic communities generally support
a suite of consumers, of which estuarine birds are
amongst the most conspicuous. Bird numbers on a
particular site depend not only on the conditions at
that site, but also on conditions elsewhere in the
species” distribution range (for example, Goss-Cus-
tard and others 1995). However, because the quality
of a given estuary (‘‘carrying capacity’’) for birds is
determined by the local feeding conditions (Goss-
Custard and others 2002), changes in these condi-
tions will also affect local bird numbers (West and
others 2005). Estuarine birds may be grouped into
three main dietary categories, that is, those feeding
on filter-feeding bivalves, on deposit- or mixed-
feeding macrozoobenthos, or on other prey (Leopold
and others 2004). Changes in macrozoobenthos
biomass and species composition are, therefore, both
expected to affect estuarine bird communities.

In this paper, we report possible consequences of
changing nutrient conditions for phytoplankton,
macrozoobenthos and estuarine birds, jointly
comprising three trophic levels (that is, primary
producers, primary consumers and secondary
consumers). We use field data for the western
Wadden Sea from the period for which consistent
time series are available (1970-2003). Over the last
70 years, this area has been subject to an increase
and subsequent decrease of phosphorus and
nitrogen loads (van Raaphorst and de Jonge 2004).
We examined the covariance in the long-term
changes in dose (absolute and relative nutrient
concentrations) and respective response in bio-
mass, production and species composition of phy-
toplankton, macrozoobenthos and estuarine bird
communities. The implications of our results for
coastal system management are discussed.

METHODS
Study Area

The Dutch Wadden Sea is a shallow, well-mixed
tidal area that consists of several more or less sep-
arated tidal basins. Each basin comprises tidal flats,
subtidal areas and channels. Basins are connected
to the adjacent North Sea by relatively narrow and
deep tidal inlets between the barrier islands. The
two westernmost basins, Marsdiep and Vlie, have
subtidal mussel culture plots. This part of the
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Wadden Sea has an area of 1,415 km? and an
average depth of 3.3 m (Ridderinkhof and others
1990).

The river Rhine is the main source of nutrients
for this area. The densely populated drainage ba-
sin of this river comprises an area of 160,000 km?
upstream of the German-Dutch border and
receives water from both snow melting in the Alps
and rain. After passing the Dutch border, the
Rhine splits into three branches. The first two
branches flow (together with the river Meuse)
westwards and drain into the North Sea, where
the nutrients are transported northwards by
means of the residual current along the Dutch
coast, and subsequently enter the western Wad-
den Sea via the Marsdiep tidal inlet. The third
branch flows northwards into Lake IJssel, a former
part of the Wadden Sea that was closed off by a
dike in 1932. Nowadays, Lake IJssel discharges its
water into the western Wadden Sea through two
sluices in the dike (van Raaphorst and de Jonge
2004).

Nutrients

Annual average riverine nutrient loads (mol s™')
into and concentrations (mmol m~>) within the
western Wadden Sea were derived from the water
quality monitoring database of the Dutch Ministry
of Transport and Public Works. The database con-
tains monthly averages of the concentrations of
total (TP) and dissolved inorganic phosphorus
(DIP), total nitrogen (TN), dissolved inorganic
nitrogen (DIN = ammonium, nitrite and nitrate),
and dissolved inorganic silicon (DSi). Nutrient
loads (mol s7!) from Lake IJssel into the Wadden
Sea were calculated by multiplying the nutrient
concentration (mmol m~>) within this freshwater
lake at sampling station ““Vrouwezand”’ near the
freshwater discharge (m®s™') through the Lake
Issel sluices into the western Wadden Sea. Previ-
ous analyses showed a strong correlation between
the nutrient loads from this lake and nutrient
concentrations in the Wadden Sea (Philippart and
others 2000).

Nutrient Limitation

The identification of the most limiting nutrient for
phytoplankton growth was based on nutrient
concentrations of phosphorus, nitrogen and silicon.
Because concentrations during the phytoplankton
bloom do not accurately reflect relative biological
availabilities (Howarth and Marino 2006), and (the
commonly used) winter concentrations differ from
those later in the year due to the relatively short

residence time of the water (9 days, see Ridder-
inkhof and others 1990), we took the concentra-
tions at the onset of the spring bloom. This onset
was defined as the first date at which the daily
increase in chlorophyll-a concentrations exceeded
0.2 mg Chl-a m> d™".

Two methods were used to identify the most
limiting nutrient at the onset of the spring bloom.
First, we calculated ratios of ambient nutrient
concentrations (N:P and N:Si), and compared these
values with Redfield ratios (nitrogen:phospho-
rus = 16:1 for all algae; nitrogen:silicon = 1:1 for
diatoms). Deviations from the ambient ratio com-
pared to the Redfield ratio indicate the nature and
strength of the nutrient limitation. Second, we
calculated the Monod-scaled concentrations of
dissolved inorganic nutrients, fpin, fpre, and fps;i. For
each nutrient (DIN, DIP and DSi), the scaled con-
centration is calculated according to fx = x/(x + xx),
where x is the concentration (mmol m~>), and x is
the half-saturation coefficient (2 mmol m™—> for
DIN and DSi, 0.2 mmol m™> for DIP). Subse-
quently, the most limiting nutrient is defined as the
one with the lowest f.

Phytoplankton

Phytoplankton species composition and chloro-
phyll-a concentrations were determined from sur-
face water samples, collected at a permanent
sampling station in the western Wadden Sea at a
sampling frequency from once a month in mid-
winter to twice a week during spring blooms.

Most algae were identified to species level; some
were clustered into taxonomic and size groups (for
example, small flagellates). For the present analy-
sis, marine phytoplankton species were grouped
into small (cell volume < 1,000 um?), intermedi-
ate-sized (1,000 pm® < v < 10,000 pm®) and
large (v> 10,000 pm?®) diatoms and flagellates.
Total plankton biomass (expressed as chlorophyll-
a) was assessed from 0.5 to 1 1 water samples (see
Cadée and Hegeman 2002 for methods).

Primary production was measured in an incu-
bator, kept at in situ temperature and constant light
conditions, using the '*C method (Cadée and
Hegeman 1974). In contrast to previous estimates
of in situ primary production in this area, we now
included actual daily irradiation in the estimation
model (see Appendix A at http://www.springer-
link.com).

Calculation of Yearly Sums

The nutrient and phytoplankton data came from
different sources and were both irregularly sampled
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in time. Moreover, most variables exhibited very
ragged behavior in time. In such cases the raw data
could not be used to simply calculate yearly indices
such as annual averages. Therefore, for each vari-
able and separately for each year a regression
model was fitted with time as the independent (x)
variable to calculate the yearly sums, which are the
areas under the curves. Sums were not calculated
for years that were only partly sampled. Phyto-
plankton cell counts were '°log-transformed before
calculation of the yearly sums.

Because of the diversity in such fitted curves,
smoothing splines (also known as generalized
additive models), were used to model the annual
time series (Hastie and Tibshirani 1990). Five
degrees of freedom were used where possible.
Ordinary regression, employing the normal distri-
bution for error, was not appropriate for most
variables, because the residual variations were not
constant. In such cases, a generalized linear model
(McCullagh and Nelder 1989) with a suitable dis-
tribution was used. We used the Poisson distribu-
tion with overdispersion for most nutrients and for
chlorophyll-g, and the gamma distribution for pri-
mary production. The binomial distribution was
used for variables that were by definition between
0 and 1, that is, the Monod-scaled nutrient con-
centrations (fy).

Macrozoobenthos

In the western Wadden Sea, the macrozoobenthos
is found on the tidal flats, in the subtidal areas and
on subtidal culture plots (mussels only). Biomass
and filter-feeding capacity of farmed mussels had to
be back-calculated from commercial landings (Bult
and others 2003), and should therefore be consid-
ered as indicative values only. Unfortunately, the
time series of the macrozoobenthos in the
remaining subtidal areas comprises only the second
half of the study period and is therefore not taken
into account.

For the intertidal macrozoobenthos, biomass
density (g ash-free dry mass m™?) and pumping
capacity (m’> m™?h™') of filter-feeding marine
bivalves was determined from late-winter obser-
vations on mid-shore communities of the wester-
most tidal flats within the Wadden Sea (Stations 8-
11 in Figure 1 of Beukema and others 2002). These
stations were considered to be most representative
of the average conditions in the western Wadden
Sea. The main filter-feeding bivalves in this area
are edible cockles (Cerastoderma edule), sandgapers
(Mya arenaria) and blue mussels (Mytilus edulis).
Total pumping capacity of these filter-feeding biv-

alves was based upon species- and size-specific
individual pumping rates, taking the submersion
time and relative surface area of their specific
habitat into account (Appendix B at http://
www.springerlink.com).

Estuarine Birds

Long time-series of bird numbers were based on
synoptic bird counts at high-tide roosts, during 93
counts between September 1973 and May 2002
(data courtesy Dutch Centre for Field Ornithology
SOVON). The counted roosts covered the entire
Dutch Wadden Sea. Missing and poor quality val-
ues were replaced by fitted values by using the
remaining available data, using site, year and
month factors in a generalized linear model with a
log-link function and a Poisson error distribution
(Underhill and Prys-Jones 1994; van Roomen and
others 2005). For each year and each bird species,
the annual sum of the daily number of birds (“bird
days”) was calculated from July of the previous
year to June.

Estuarine birds that eat large proportions of non-
benthic food (for example, terrestrial food or fish-
eries waste), birds that were clearly affected by
other exogenous factors (such as fox predation),
and birds for which few reliable counts were
available were excluded from the analyses (Leopold
and others 2004). Finally, the yearly sum of total
bird biomass was calculated by summing up the
annual number of bird days multiplied by the
estimated average body mass for all species
(Appendix C at http://www.springerlink.com).

Trophic Periods

Previous analysis of a 20-year (1974-1994) data set
showed that both the nature of the limiting nutri-
ent and the species composition of phytoplankton
changed drastically between 1977 and 1978 and
again between 1987 and 1988, and remained more
or less stable during the periods between these
shifts (Philippart and others 2000). To examine if
these trophic periods still could be recognized in the
longer data set of nutrients and phytoplankton, and
if they were also detectable in data sets of macro-
zoobenthos and estuarine birds, we divided the
time series into three periods, 1970-1977, 1978-
1987, and 1988-2003. Although nutrient concen-
trations and phytoplankton concentrations mainly
reflect the situation during spring, the macrozoo-
benthos and estuarine bird data were based on
observations during the following winter. The
trophic periods for macrozoobenthos and estua-
rine birds were, therefore, tested for differences
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between periodical means of 1970-1978, 1979-—
1988, and 1989-2003. During nutrient enrich-
ment, the increase in macrozoobenthic biomass
lagged 2-3 years behind the increase in phyto-
plankton biomass and production (Beukema and
others 2002). For macrozoobenthos and estuarine
birds, therefore, we additionally tested for differ-
ences between periodical means of 1970-1980,
1981-1990, and 1991-2003. Differences between
periods were tested by means of general linear
modelling, followed by Bonferroni-corrected pair-
wise comparisons.

Dose—Response Relationships

The relationships between the concurrent changes
in nutrients and taxonomic groups were examined
by correlation analyses of the time series, including
time lags. Time lags from —2% to +2' years were
applied when analyzing the correlation between
the phytoplankton and macrozoobenthos time
series, because measurements represent summer
and winter values, respectively, and from -2 to
+2 years for comparison of nutrients and phyto-
plankton and of macrozoobenthos and estuarine
birds (measurements represent values at the same
time of the year). Analyses were performed sepa-
rately for changes in biomass (chlorophyll-a of
phytoplankton, ash-free dry weight of macrozoo-
benthos and fresh weight of estuarine birds), pro-
ductivity (primary productivity of phytoplankton
and filtering capacity of bivalves) and species
composition (loadings of the principal compo-
nents).

In the statistical contemplations of multiple
comparisons, P-values are usually adjusted using
the Bonferroni correction. However, arguments
have recently been given not to adjust P-values in
such comparisons, as this greatly reduces statistical
power (Nakagawa 2004; Garamszegi 2006). We
have therefore chosen to indicate significant cor-
relations (P < 0.05) between dose and response
variables both with and without Bonferroni
adjustment.

RESULTS
Nutrients

Although annual loads of total phosphorus (TP)
from Lake IJssel and concentrations of DIP (phos-
phate) in the western Wadden Sea at the start of
the spring bloom were significantly correlated
(n =28, r* =0.38, P < 0.001), they showed differ-
ent trends during the study period. Phosphorus
loads gradually increased to maximum values in
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Figure 1. Time series of average nutrient loads from
Lake Issel (left axis; closed dots, thick smooth line depicts
weighted running means of 5 years) during the year, and
dissolved inorganic nutrient concentrations in the wes-
tern Wadden Sea (right axis; open dots, thin smooth line
depicts weighted running means) at the start of the
spring bloom. a Total phosphorus loads (mol TP s™') and
dissolved inorganic phosphorus concentrations (mmol
DIP m>). b Total nitrogen loads (mmol TN s™') and
dissolved inorganic concentrations (mmol DIN m™>).
¢ Dissolved inorganic silicon loads (mmol DSi s™') and
concentrations (mmol DSi m™>).

the early and mid-1980s, and subsequently
decreased to previous levels during the 1990s.
Phosphate concentrations were relatively high
during the first two trophic periods, and signifi-
cantly lower hereafter (Figure la, Table 1). For
nitrogen, no significant relationship was found
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Table 1.

Concentrations (-) during Three Trophic Periods

Means and Standard Errors of Nutrient Loads (mol s™'), Concentrations (mmol m~>) and Scaled

1970-1977 1978-1987 1988-2003 n i P
P-loads 2.79 £ 0.46° 4.90 + 0.33" 2.51 + 0.22° 29 0.61 0.000
N-loads 48.94 + 7.07° 68.27 + 5.09° 57.91 + 3.52° 29 0.17 0.089
Si-loads 11.06 + 3.81° 19.84 + 2.25° 21.52 + 3.05° 29 0.09 0.284
[DIP] 1.63 £ 0.29° 1.82 + 0.13° 0.83 + 0.10° 28 0.60 0.000
[DIN] 68 + 12° 59 + 5° 67 + 4° 28 0.05 0.498
[DSi] - 10.8 + 3.6 16.3 + 2.2° 22 0.08 0.201
for 0.86 + 0.06%" 0.88 + 0.01° 0.76 + 0.02° 28 0.58 0.000
fom 0.96 + 0.00° 0.96 + 0.01° 0.96 + 0.00° 28 0.04 0.586
fosi - 0.72% £ 0.07 0.79% £ 0.03 22 0.07 0.227
[DIN]:[DIP] 55 + 14 33 + 6° 87 + 5° 28 0.64 0.000
[DSi]:[DIP] - 6 +4° S 20 £ 2° 0.33 0.005

In each row, values with different superscripts (“*) differ significantly.
S significant shifts between periods.

between loads and concentrations (n = 28,
* =0.01, P = 0.680), and neither loads nor con-
centrations of nitrogen significantly differed for the
trophic periods (Table 1). For silicon, both loads
(n=29, ¥ =0.19, P=0.018) and concentrations
(n=22, r*=0.22, P=0.028) significantly in-
creased during (last two decades of) the study
period (Figure 1c¢).

Nutrient Limitation

Based on the Redfield nutrient ratios, nutrient
conditions for phytoplankton growth at the start of
the spring bloom gradually shifted from the mid-
1970s onwards from weak (N:P ~ 16 mol mol™ ")
to strong phosphorus-limitation (DIN:-
DIP ~ 100 mol mol™') (Figure 2a, b). For diatom
growth, nutrient conditions at the start of the
spring bloom gradually shifted from silicon-limita-
tion in the 1980s onwards towards phosphorus-
limitation in later years (Figure 2c, d). The DIN:DIP
ratio was not significantly different between the
first and second trophic period, whereas both the
DIN:DIP and the DSi:DIP ratio were significantly
higher during the third compared to the second
trophic period (Table 1).

Based on the Monod-scaled concentrations of
dissolved nutrients, fpin, fpre and fpsi, DIN never
limited phytoplankton growth at the start of the
spring bloom (Figure 3a). Scaled DIP concentra-
tions decreased between the second and third tro-
phic period (Figure 3b, Table 1). For diatoms,
silicon was most limiting during the second trophic
period, but its scaled concentration significantly
increased during the last two decades (Figure 3¢;
n =22, 1 =0.18, P = 0.048). The combination of a
decrease in DIP and an increase in DSi between the

second and third trophic period resulted in DIP
limitation for diatoms during the third trophic
period (Table 1).

In summary, both measures for nutrient limita-
tion indicate an overall enhancement of phospho-
rus limitation for phytoplankton growth in general,
and a shift from silicon- to more phosphorus-lim-
iting growth conditions for diatom growth in par-
ticular. The most apparent shifts in relative nutrient
concentrations have occurred between the second
and third trophic period.

Phytoplankton

Yearly sums of phytoplankton biomass more than
doubled from the first to the second trophic period,
and remained more or less constant hereafter (Ta-
ble 2, Figure 4a). Based on a more restricted data
set, it appeared that primary production may have
simultaneously increased after the mid-1970s (Ta-
ble 2, Figure 4b). In contrast to more or less stable
chlorophyll concentrations during the 1980s and
1990s, primary productivity declined during the
1990s. Present average levels, however, are still
higher than during the first trophic period (Table 2,
Figure 4b). Both diatom and flagellate densities
were higher during the second than during the first
trophic period (Table 2). During the third trophic
period, however, diatoms numbers were lower
than during the second period, whereas flagellates
further increased (Table 2).

Principal component analysis showed that the
first two principal components (PCs) of the six
phytoplankton groups accounted for 40 and 29%
of the total variance of the standardized yearly
sums of '°log-transformed cell densities (Figure 5).
Covariability between phytoplankton groups was
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Figure 2. Time series of relative nutrient concentrations
(mol mol™!) at the start of the spring bloom in the wes-
tern Wadden Sea. a Ratio of total nitrogen and phos-
phorus (N:P). b Ratio of dissolved inorganic nitrogen and
phosphorus (DIN:DIP). ¢ Ratio of dissolved inorganic
nitrogen and silicon (DIN:DSi). d Ratio of dissolved
inorganic silicon and phosphorus (DSi:DIP). Thick smooth
lines depict weighted running means, thin straight lines
indicate Redfield ratios, N:P = 16, N:Si = 1, Si:P = 16.

relatively high considering that the first two PCs
together explained 69% which is more than two
times higher than when the time series of the six
groups were not correlated at all (that is, 2/
6 X 100% = 33%). The first component (PC1)
showed an increase from the period 1974-1975 to
the period 1978-2003 (Table 2, Figure 6a). Based
on the correlations between the values of PC1 and
the underlying phytoplankton time series, this
component reflected the changes in five out of six
groups, that is, small diatoms (r = 0.73), interme-
diate-sized flagellates (r = 0.72), large diatoms
(r = 0.70), small flagellates (r = 0.69) and inter-
mediate-sized diatoms (r=0.61). The second
component (PC2) showed a significant decrease
during the study period (n=27, 7 =0.42,
P = 0.000), in particular between 1987 and 1988
(Table 1, Figure 6b). This component mainly re-
flected the changes in large flagellates (r = 0.76)
and intermediate-sized flagellates (r = —0.63).

Macrozoobenthos

For both classifications of groups of trophic periods
(with and without a time lag), the total biomass of
intertidal macrozoobenthos almost doubled be-
tween the first and second trophic periods and re-
mained more or less stable hereafter (Table 3,
Figure 7a). This increase was mainly due to the
more than twofold increase in deposit- and mixed-
feeding benthos (Table 3, Figure 7b). The summed
biomass of the filter-feeding bivalves did not show
significant differences between the trophic periods
(Table 3, Figure 7c). The filter-feeding bivalves
contributed differently to the year-to-year varia-
tion in biomass. Whereas the biomass of Mya are-
naria, although strongly wvariable, showed an
overall increase in time (1 =34, r’=0.38,
P < 0.001) resulting in higher values during the
third than during the first trophic period (Table 3),
the periodical means of Cerastoderma edule and My-
tilus edulis did not differ significantly (Figure 8,
Table 3).

For the classification of trophic periods without
a time lag, the overall filter-feeding capacity of
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Figure 3. Monod-scaled nutrient concentrations (-) at
the start of the spring bloom in the western Wadden Sea.
a Dissolved inorganic nitrogen (fpy). b Dissolved inor-
ganic phosphorus (fprp). € Dissolved inorganic silicon
(fosi)- Open dots indicate in which year the nutrient is
limiting, based on the lowest value of fyin, fore, and fps;,
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filter-feeding bivalves on the tidal flats decreased
between the second and third trophic period
(Table 3, Figure 9a). This decrease is no longer
significant if a time lag of 3 years is considered
(Table 3). As for biomass, filter-feeding capacity of

Mya arenaria increased, in particular between the
first and second trophic period. Filtering capacity
of intertidal cockles and mussels did not vary
significantly between periods (Figure 8, Table 3),
but their summed filtering capacity significantly
decreased between the second and third trophic
period from 142 +27 to 40 +22dm’>m ?h™!
(n =34, r*=0.27, P=0.008). The filter-feeding
capacity of the mussels on the culture plots was
positively correlated with summed feeding capac-
ity of the bivalves on the tidal flats (n =31,
” =0.11, P=0.031), and significantly decreased
between the second and the third trophic period
(Figure 9b, Table 3).

The first two principal components of the PCA of
the biomass density of dominant macrozoobenthic
species (n = 8) accounted for 38 and 19% of the
total variance of the standardized log-transformed
biomass densities, which is more than two times
higher (57%) than when the time series of the
eight macrozoobenthic species were not correlated
at all (that is 2/8 X 100% = 25%). The first com-
ponent (PC1) showed an overall decrease during
the study period (17 =34, r*=0.71, P = 0.000;
Figure 10a, Table 3), and mainly reflected the
changes in the filter-feeding bivalves Mya arenaria
(r = —0.74), Cerastoderma edule (r = 0.41) and Myti-
lus edulis (r = 0.40), carnivorous polychaetes Nereis
spp (r=-0.70), and deposit-feeding polychaetes
Heteromastus filiformis (r = —0.66) and Arenicola
marina (r = —0.61). The second component (PC2)
increased from the first to the second period and
decreased again hereafter (Figure 10a, Table 3).
This component mainly reflected the changes
in the mainly deposit-feeding bivalve Macoma
balthica (r = 0.82) and polychaete Arenicola marina
(r = 0.69).

Estuarine Birds

The summed mass of estuarine birds did not change
significantly during the study period (Figure 11,
Table 4). On average, 56% of the total biomass was
the summed biomass of the two bird species that
mainly prey on filter-feeding bivalves (Figure 12a),
and 44% of biomass originated from the 10 bird
species that were feeding on deposit- and mixed-
feeding benthos (Figure 12b). The summed mass of
the two bird species that were feeding on other
benthic prey comprised less than 1% (Figure 12c).

For both classifications of groups of trophic
periods (with and without a time lag), the summed
biomass of the birds preying on deposit- and
mixed-feeding macrozoobenthos showed an in-
crease between the second and third trophic period
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Table 2. Means and Standard Errors of Phytoplankton Biomass (yearly sum; mg Chl-a m™>), Primary
Production (yearly sum; gC m~2 y~!), Abundance of Diatoms and Flagellates (yearly sum; '°log-transformed

cells ml™") and Indices of Species Composition (principal components; —) at Three Trophic Periods

1970-1977 1978-1987 1988-2003 n ? P
Biomass 1430 + 409° S 3104 + 224° 2902 + 177° 29 0.34 0.005
Production 95.5 + 33.9° (S) (275.5) (S) 184.6 + 12.8° 16 0.30 0.028
Diatoms 3625 + 240° S 4945 + 113° S 4356 + 85° 27 0.60 0.000
Flagellates 3521 + 280° S 5723 + 132° S 6334 + 99 27 0.80 0.000
Species: PC1 —2.78 + 0.42° S 0.51 +0.20° 0.06 + 0.15" 27 0.68 0.000
Species: PC2 0.96 = 0.45° 0.93 = 0.21° S —0.64 + 0.16" 27 0.62 0.000

In each row, values with different superscripts (“*°) differ significantly.
S significant shifts between periods.
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Figure 4. Time series of yearly sums (that is, area under
annual curves) of a phytoplankton biomass (g Chl-
am™>), and b primary production (g C m™2 y™') in the
western Wadden Sea. Thick smooth lines depict weighted
running means.

(Figure 12b, Table 4). The summed biomass of
birds preying on filter-feeding bivalves showed no
significant differences between periodical means
(Figure 12a, Table 4). The summed biomass of the
birds feeding on other prey generally increased
over the entire study period (Figure 12c, Table 4).

The first two principal components (PCs) of the
PCA of the abundance of estuarine bird species
(n = 14) accounted for 34 and 15% of the total
variance of the standardized log-transformed
number of bird days (together explaining 49%,
which is more than three times higher than if the
time series were not correlated at all, that is, 2/
14 X 100% = 14%). Values of the first component
increased between the second and third trophic
period (Figure 13a, Table 4). PC1 mainly reflected
the changes in bar-tailed godwit (r = 0.83), grey
plover (r = 0.80), sanderling (r = —0.78), dunlin
(r =0.73), curlew (r = 0.68), ringed plover (0.66),
common greenshank (r = 0.65) and oystercatcher
(r = —0.56). Values of PC2 decreased significantly
between the first and the second trophic period
(Figure 13b, Table 4). PC2 mainly reflected the
changes in common redshank (r = 0.91), ruddy
turnstone (r = 0.66), spotted redshank (r = —0.57)
and dunlin (r = 0.50).

Relationships Within Biomass,
Productivity and Community Structure
Characteristics

Biomass. When probability was corrected for
multiple comparisons, no significant relationship
was found between the concentration of the lim-
iting nutrients, DIP and DSi, at the start of the
spring bloom and the yearly sum of phytoplankton
biomass in that same year (Table 5). Without the
correction, however, the phytoplankton biomass
was positively related to the DIP concentrations at
the onset of the spring bloom (Figure 14a). Bio-
mass of deposit- and mixed-feeding macrozooben-
thos was positively related to changes in
phytoplankton biomass after 2% years (Table 5,
Figure 14b). No significant relationships were
found between biomass of phytoplankton and that
of the filter-feeding bivalves (Table 5). Without
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components (PCs) of the PCA of six phytoplankton
groups (see Figure 5), which accounted for a respective
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correction for multiple comparisons, the biomass of
the birds preying on filter-feeding bivalves was
negatively correlated with that of the filter-feeding
bivalves with a negative time lag of 1 year (Table 5,
Figure 14c).

Productivity. Filter-feeding capacity of the biv-
alves on the tidal flats (Figure 15a) and on the
mussel plots (Figure 15b) was weakly and nega-
tively correlated with phytoplankton production
with a negative time lag of 1% and % year,
respectively (Table 6).

Community Structure. Various significant rela-
tionships were found between nutrients and com-
munity structures of phytoplankton,
macrozoobenthos and estuarine birds as reflected
in the first two principal components (Table 7). The
positive relationship between DIP concentrations at
the start of the spring bloom and PC2 of phyto-
plankton (Figure 16a) indicates that high phos-

phate levels in early spring were mainly followed
by high annual concentrations of large flagellates
and, to a lesser extent, low cell densities of inter-
mediate-sized flagellates. The (weak) negative
relationship between DSi concentrations at the
start of the spring bloom and PC1 of phytoplankton
(Figure 16d) indicates that high silicon levels were
mainly followed by low overall abundance of
phytoplankton cells, in particular diatoms.

The negative relationship between phytoplank-
ton PC1 and macrozoobenthic PC1 with a time lag
of 2 years indicates that high overall abundance
of phytoplankton cells was followed by high late-
winter biomass of (mainly) Mya arenaria and Nereis
spp. after two to 3 years (Table 7, Figure 16b). The
positive relationships between phytoplankton PC2
and macrozoobenthos PC1, with time lags ranging
from —2% to +1Y% years, indicates that changes in
macrozoobenthos were preceded by changes in the
phytoplankton community (positive time lags) or
were followed by changes in the phytoplankton
community (negative time lags). The positive
relationship between phytoplankton PC2 and
macrozoobenthos PC2 with a time lag of +2% years
indicates that a decrease in large flagellates and, to
a lesser extent, an increase in intermediate-sized
flagellates was followed by a decrease in (mainly)
Macoma balthica and Arenicola marina after two to
3 years (Figure 16e).

The positive relationship between PC1 of mac-
rozoobenthos and PC2 of estuarine birds indicates
that winters with high biomass of (mainly) Mya
arenaria and Nereis spp. were characterized by low
numbers of (mainly) common redshank and ruddy
turnstone (Table 7, Figure 16¢). The negative
relationship between PC2 of macrozoobenthos and
PC1 of estuarine birds suggests that winters with
high biomass of (mainly) Macoma balthica and
Arenicola marina were followed by low numbers of
(mainly) bar-tailed godwit and grey plover 1 year
later (Table 7, Figure 16e).

Discussion
Nutrient Limitation

Over the past two decades, a consensus has evolved
within the scientific community that nitrogen is the
primary cause of eutrophication in many coastal
ecosystems around the world (Howarth and Mar-
ino 2006). However, our results from the various
indices for nutrient limitation indicate that
phosphorus was the main regulator of primary
production in the western Wadden Sea for phyto-
plankton in general, whereas silicon has limited
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Table 3. Means and Standard Errors of Macrozoobenthos Biomass (Total, Deposit-mixed Feeders, and Fil-
ter-feeding Bivalves; gADW m™2), Pumping Capacity of Filter-feeding Bivalves (Cerastoderma edule, Mya are-
naria, Mytilus edulis; dm> m™® h™"'), and Indices of Species Composition (principal components, —) at Three

Trophic Periods

1970-1980 1981-1990 1991-2003 n 7 P
Total biomass 24.8 + 4.3° S 42.0 + 4.1° 38.0 + 3.3%° 34 0.23 0.017
FF bivalves 19.0 + 4.2° 27.7 + 4.0° 23.2 +3.2° 34 0.07 0.330
C. edule 92 +2.8° 10.1 £ 2.6 3.2+22° 34 0.14 0.093
M. arenaria 6.6 +3.1° (S) 15.7 + 2.9% (S) 19.6 + 2.4° 34 0.27 0.008
M. edulis 3.2+ 1.3° 1.9 +1.2° 0.5+ 1.0° 34 0.08 0.261
DM feeders 5.6 + 0.5° S 12.6 + 1.3° 11.8 + 0.8° 34 0.48 0.000
Filtration 149 + 297 176 + 28° S 84 + 23° 34 0.19 0.037
C. edule 112 + 28% 123 + 26 S 35+ 21° 34 0.21 0.025
M. arenaria 12 + 7° (S) 34 + 6°° (S) 44 x s° 34 0.31 0.003
M. edulis 25 £ 92 18 + 9° 5+ 7% 34 0.10 0.198
M. edulis* 3814 + 2347 3407 + 222° S 2000 + 202° 31 0.59 0.000
Species: PC1 1.31 + 0.19° S —-0.10 = 0.18° S -0.72 + 0.14° 34 0.71 0.000
Species: PC2 -0.46 + 0.27° S 0.94 + 0.26° S -0.35 + 0.21° 34 0.38 0.001
1970-1980 1981-1990 1991-2003 n e P
Total biomass 24.0 + 2.1° S 443 + 4.2° 38.9 + 3.8° 34 0.35 0.001
EF bivalves 18.0 = 1.9° 27.4 £ 5.0° 25.0 £ 3.6 34 0.10 0.197
C. edule 8.4 +2.2° 10.0 £ 4.1° 3.0+ 1.0° 34 0.13 0.125
M. arenaria 6.5+ 1.3° S 15.9 + 2.1° 215 £330 34 0.38 0.001
M. edulis 3.1 +2.0° 1.5 + 0.5 0.5 + 0.3° 34 0.08 0.261
DM feeders 5.8+ 0.5° S 14.9 £ 0.9 S 10.9 + 0.6° 34 0.72 0.000
Filtration 146 + 222 164 + 43° 86 + 14° 34 0.13 0.108
C. edule 108 + 24° 115 + 40° 33 + 10° 34 0.18 0.045
M. arenaria 12 + 3° S 35 £ 5° 48 + 7° 34 0.41 0.000
M. edulis 25 + 13° 14 + 5 5+ 4° 34 0.09 0.215
M. edulis* 3824 + 232° 3050 + 282° S 1984 + 167° 31 0.53 0.000
Species: PC1 1.25 £ 0.13% S -0.34 + 0.16° -0.80 + 0.12° 34 0.81 0.000
Species: PC2 -0.34 £ 0.16° S 1.10 + 0.11° S -0.56 + 0.27° 34 0.53 0.000

In each row, values with different superscripts (“*) differ significantly.

S significant shifts between periods, Asterisk filter-feeding capacity of mussels on culture plots.

diatom growth during the first half of the study
period. When using nutrient concentrations at the
onset of the bloom as indices for their availability
during the bloom, however, the relatively rapid
and complete recycling of phosphorus compared to
that of nitrogen is not taken into account. Al-
though our results on relative nutrient concentra-
tions indicated that phosphorus and silicon were
mostly limiting phytoplankton growth, there re-
mains still a possibility that nitrogen inputs may
have ultimately driven the amount and scope of
the primary production (for example, Dodds 2003).

Previous analyses of our long-term field obser-
vations revealed a positive relationship between
the phytoplankton community structures in early
spring and late summer (Philippart and others
2000), suggesting that spring conditions set the
stage for the rest of the blooming period. Present
correlation analyses of phytoplankton community

structure and potentially limiting nutrients showed
relationships between both DIP and DSi at the start
of the spring bloom and phytoplankton species
composition (Table 7). Noteworthy, the increase in
DSi coincided with a decrease in diatoms (Table 7).
This counterintuitive relationship may be the
consequence of the strong phosphate limitation for
phytoplankton growth, resulting in an inability for
diatoms to use the silicon that is available. Fur-
thermore, bioassays in the nearby open sea indicate
P-limitation as well (Peeters and Peperzak 1990).
These results strongly suggest that nitrogen was not
the main limiting nutrient in our waters during the
past 30 years.

Phytoplankton

Earlier publications showed that nutrient enrich-
ment in the 1970s coincided with a steep increase
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Figure 7. Time series of late-winter biomass of macro-
zoobenthos on tidal flats (g ADW m™2) in the western
Wadden Sea. a Summed biomass of eight dominant
species. b Summed biomass of deposit- and mixed-feed-
ing feeding macrozoobenthic species, Arenicola marina,
Heteromastus filiformis, Lanice conchilega, and Macoma
balthica ¢ Summed biomass of filter-feeding bivalves,
Cerastoderma edule, Mya arenaria and Mytilus edulis. Thick
smooth lines depict weighted running means.

in biomass and production of both phytoplankton
(Philippart and others 2000; Cadée and Hegeman
2002) and microphytobenthos (Cadée 1984). Sub-
sequent nutrient reduction appears to have been
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Figure 8. Time series of species-specific late-winter bio-
mass (left axis; closed dots, g ADW m™2) and filter-feeding
capacity (right axis; open dots, dm®> m™ h™") of filter-
feeding bivalves a Cerastoderma edule, b Mya arenaria and
c Mytilus edulis, at the tidal flats in the western Wadden
Sea.

followed by a more gradual decrease in primary
production of phytoplankton, although its biomass
remained more or less constant (this paper), which
implies that the P:B ratio of the phytoplankton was
not constant over time. Regrettably, little infor-
mation is available on microphytobenthos due to
termination of this time series in the early 1980s
(Cadée 1984).

Results of principal component analysis (Table 2,
Figure 6) suggested that the phytoplankton com-
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Figure 9. Time series of filtering-feeding capacity
(m>m 2 d") of a sum of three bivalve species, Ceras-
toderma edule, Mya arenaria and Mytilus edulis, on the tidal
flats in the western Wadden Sea, and of b mussels, My-
tilus edulis, on the culture plots. Thick smooth lines depict
weighted running means.

munity experienced two shifts in community
structure, one between 1975 and 1978 (PC1) and
one between 1987 and 1988 (PC2), possibly re-
sponses to nutrient enrichment and nutrient
reduction, respectively. During the first shift, phy-
toplankton biomass and overall cell abundance
increased for most groups, with exception of the
large flagellates. During the second shift, however,
overall phytoplankton biomass did not change,
(smaller) flagellates further increased whereas
diatom concentrations declined (Table 2). Al-
though the first shift (as comprised in PC1) appears
to be (weakly) related to DSi concentrations, the
second shift in species composition (as comprised in
PC2) was more strongly linked to variations in DIP
concentrations at the start of the spring bloom
(Table 7). However, it must be noted that primary
productivity appeared to be linked with previous
filtration capacity of filter-feeding bivalves on the
tidal flats and the culture plots (Table 6), and that
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Figure 10. Scores of the first (a) and second (b) principal
components (PCs) of the PCA of eight dominant macro-
zoobenthos species, which accounted for a respective 38
and 19% of the total variance of the standardized bio-
mass at late winter. Thick smooth lines depict weighted
running means.
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Figure 11. Time series of the yearly sum of daily total
biomass (10> kg) of 14 species of estuarine birds in the
Dutch Wadden Sea. Thick smooth line depicts weighted
running mean.
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Table 4. Means and Standard Errors of Estuarine Bird Biomass (Total, Birds Preying on Deposit-mixed
Feeding Macrozoobenthos and Filter-feeding Bivalves; 10> kg fresh weight) and Species Composition (Prin-

cipal Components; —) at Three Trophic Periods

1970-1978 1979-1988 1989-2003 n ? P
Total biomass 3450 + 215° 3660 + 1187 3768 + 103° 26 0.08 0.450
DMF prey 1538 + 108°° 1424 + 59° S 1767 + 52° 26 0.46 0.001
FFB prey 1907 + 181° 2231 + 99° 1993 + 87° 26 0.15 0.145

ther pre 7 £ 0. 2x0. 3 +0. . .
Other prey 4.7 £ 0.9° S 5.2 +0.5% S 7.3 + 0.587° 26 0.35 0.007
Species: PC1 ~0.44 + 0.42°° -0.77 = 0.23°% S 0.69 + 0.20° 26 0.51 0.000
Species: PC2 1.75 + 0.45° S -0.05 = 0.25° -0.37 + 0.22° 26 0.44 0.001

1970-1980 1981-1990 1991-2003 n s P
Total biomass 3523 + 117° 3752 + 140° 3709 + 105° 26 0.05 0.536
DMF prey 1477 + 49° 1476 + 55° S 1790 + 70° 26 0.42 0.002
FFB prey 2042 + 1367 2271 + 96° 1911 + 86° 26 0.26 0.034
Other prey 4.7 + 0.4° 5.3 + 0.4° S 7.7 £ 0.6° 26 0.46 0.001
Species: PC1 -0.41 = 0.13% -0.84 = 0.13% S 0.95 + 0.22° 26 0.72 0.000
Species: PC2 1.50 + 0.28° S -0.36 = 0.21° -0.35 + 0.22° 26 0.55 0.000

In each row, values with different superscripts () differ significantly.
S significant shifts between periods.

changes in phytoplankton species composition
were preceded by changes in the community
structure of macrozoobenthos (Table 7). These re-
sults may indicate a (delayed) top-down control of
filter-feeding bivalves on phytoplankton produc-
tion and community structure, in addition to the
possible bottom-up effects derived from changes in
nutrient concentrations.

Macrozoobenthos

Periodic means of trophic periods (Table 3, Fig-
ure 6) and correlations between taxonomic groups
(Table 7) indicated that the macrozoobenthos
community experienced two periods of change
during the last decades. The first shift at the end of
the 1980s was characterized by an increase in
biomass (predominantly as the result of an increase
in deposit- and mixed-feeding benthos) and a
change in species composition, whereas at the end
of the 1980s only a shift in species composition was
observed and biomass remained more or less stable.

Although the summed biomass of the filter-
feeding bivalves did not significantly change, an
overall increase of Mya arenaria was observed. With
regard to filtering capacity, the increase in rela-
tively slow filtering sandgapers could not com-
pensate for the concurrent decrease in the joint
filtering capacity of the more strongly filtering
cockles and mussels, resulting in a decrease in the
summed bivalve capacity between the second and
third trophic period. This implies that, although no

change in biomass was observed, the top-down
control of the filter-feeding bivalves on the phyto-
plankton was lower during the third than during
the second trophic period.

Changes in macrozoobenthos biomass of the
deposit-mixed feeding benthos and species com-
position appear to be mostly lagging 2Y: years be-
hind changes in phytoplankton biomass and
species composition (Tables 5, 7). This time lag may
be the result of a delayed response of macrozoo-
benthos to changes in the phytoplankton, but
possibly might also be an effect of changes in bio-
mass and productivity of benthic microalgae due to
phosphorus storage in the sediment and a sub-
sequent delay in recycling.

The combination of the negative correlation and
the negative time lag between biomass of birds that
take filter-feeding bivalves and their prey (Table 5)
indicates that high bird numbers were followed by
low bivalve stocks 1 year later, and vice versa. This
may imply that bird predation may play a role in
determining the size of the bivalve stocks (top-
down control). Subsequently the positive rela-
tionships between phytoplankton PC2 and macro-
zoobenthos PC1, with time lags ranging from -2V
to +1% years may be a combined result of grazing
of macrozoobenthos on the species composition of
phytoplankton (top-down control) and of a re-
sponse of the macrozoobenthos community to
changes in the phytoplankton community (bot-
tom-up control).
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Figure 12. Time series of the yearly sum of daily total
biomass (10> kg) of estuarine birds with different feeding
guilds in the Dutch Wadden Sea. A Biomass of birds that
prey on filter-feeding bivalves (oystercatcher and herring
gull). B Biomass of birds that prey on deposit- and
mixed-feeding macrozoobenthos species such as curlew
and shelduck. C Biomass of birds that feed on other
benthic prey items (greenshank and spotted redshank).
Thick smooth lines depict weighted running means.

Estuarine Birds

Although the summed biomass of estuarine birds
did not significantly change in time, periodic means
of trophic periods indicated that this community
still experienced two periods of change during the
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Figure 13. Scores of the first (a) and second (b) principal
components (PCs) of the PCA of estuarine bird species
(n = 14), which accounted for a respective 34 and 15% of
the total variance of the standardized yearly sums of daily
total biomass. Thick smooth lines depict weighted running
means.

last decades (Table 4). The summed biomass of
estuarine birds feeding on deposit- and mixed-
feeding macrozoobenthos increased between the
second and third trophic period. Principal compo-
nent analyses indicated a change between the first
and second trophic period (PC2) and between the
second and third trophic period (PC1), in particular
if a time lag of 2'4 years with regard to the trophic
periods of phytoplankton is considered (Table 4).
There appears to be a strong and direct rela-
tionship between community structure of estuarine
birds as reflected in PC2 and macrozoobenthos as
reflected in PC1 (Table 7). In addition, changes in
the estuarine bird community as reflected in PC1
were related with some delay to changes in the
macrozoobenthic community as reflected in PC2
(Table 7). One of the main changes within the
macrozoobenthos was the increase in the propor-
tion of Mya arenaria to the total macrozoobenthic
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Table 5. Pearson Correlation Coefficients of Relationships between Limiting Nutrients and Biomass Indices

Chlorophyll-a (mg m™)

Nutrients -2 -1 0 +1 +2

DIP (mmol m_g) -0.20 -0.04 0.44 0.11 -0.02

DSi (mmol m™?) 0.07 0.34 0.43 -0.41 -0.16
Filter-feeding bivalves (gADW m™2) Deposit-mixed feeding benthos (SADW m™2)
212 -1 14 +% +1V2 +2% -2V -1 ) +% +1% +2%

Chl-a (mg m_3) -0.23 -0.20 0.03 0.13 0.34 -0.15 0.24 0.30 0.34 0.37 0.50 0.52

Birds preying on FF bivalves (10> kg) Birds preying on DM-feeding benthos
(10? kg)

Zoobenthos -2 -1 0 +1 -2 -1 0 +1 +2

FFB (gADW mfz) -0.13 -0.45 -0.37 -0.36 -0.24 -0.04 -0.13 -0.05 -0.09 0.04

DM (gADW m_z) 0.34 0.33 0.35 0.15 -0.24 -0.15 0.14 -0.04 0.20

Shown are the relationships between concentrations of dissolved inorganic nitrogen (DIN) and phosphorus (DIP) at the start of the spring bloom, yearly sums (Jan—Dec) of
phytoplankton biomass and production, late winter biomass of filter-feeding bivalves and other macrozoobenthic species, and yearly sum (July-June) of biomass of estuarine
birds preying on filter-feeding bivalves and on deposit-mixed feeding macrozoobenthic species. The time lag (in years) between the time series is indicated above the columns.
Correlations that are significant without correction for multiple comparisons are italicized, and those that are still significant after Bonferroni-correction are printed in bold as

well.

biomass from 27% (1970-1980) via 36% (1981-
1990) to 55% (1991-2003). Because the adult
clams burrow deeply, they are out of reach for most
estuarine bird species (Zwarts and Wanink 1993).
This implies that, although the total biomass of
filter-feeding bivalves did not change significantly
over time, the availability of these benthos species
as a food source for birds may still have changed.

Previous analyses of long-term trends (1976—
2002) of estuarine birds in the Wadden Sea showed
that shellfish-preying birds were stable (for exam-
ple, common eider Somateria mollissima) or in-
creased (oystercatcher, herring gull and red knot)
until the winter of 1990/1991, and declined in
numbers hereafter (Leopold and others 2004). In
contrast, five out of six birds that mainly prey on
polychaetes increased during the study period (grey
plover), since the winter of 1986/1987 (dunlin) or
since the winter of 1990/1991 (ringed plover, bar-
tailed godwit, sanderling). These results corrobo-
rate with present findings that the estuarine birds
responded to the changes in abundance of their
preferred benthic prey items.

Different Responses to Nutrient
Enrichment Compared to Nutrient
Reduction

In contrast to the sequential increase in biomass
of phytoplankton and macrozoobenthos during

nutrient enrichment at the end of the 1970s, sub-
sequent nutrient reduction affected the biomass of
these communities to a much lesser extent. The
weak coupling between nutrient levels and bio-
mass during the reduction phase might be a result
of delayed response (for example, Jeppesen and
others 1998) and concurrent changes in size
structure, feeding modes or species composition
(for example, Rossi and others 2004; Micheli and
Halpern 2005) which can dampen the numerical
and biomass responses at higher trophic levels.
For example, the different response may be the
result of the shift in relative nutrient concentra-
tions during nutrient reduction (which did not
appear during nutrient enrichment, see Table 1),
which may have enhanced shifts in phytoplankton
and subsequently macrozoobenthos species com-
position. Furthermore, a shift from relatively small,
short-living bivalves with high area-specific grazing
rates (for example, mussels and cockles) towards
relatively large long-lived ones with low area-spe-
cific grazing rates (for example, sandgapers) can
result in a decline in overall pumping capacity (Fig.
8) and food demand of the filter-feeding bivalve
community. If these bivalves are the main grazers
in this system, the subsequent loss of grazing power
can result in an increase (or the observed non-
appearance of a decrease) in algal abundance, even
during a period of nutrient reduction. In addition,
shifts from surface-living to deeply burrowing
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Figure 15. Relationships between limiting nutrients and
indices of productivity. a Relationship between primary
productivity of phytoplankton (g C m™ y™') and filtering
capacity of the filter-feeding bivalves on the tidal flats
(m> m™2 d7!). b Relationship between primary produc-
tivity of phytoplankton (g Cm™y™') and filtering
capacity of mussels on culture plots (m> m™2 d™'). Open
dots indicate first trophic period (1970-1977 for nutrients
and phytoplankton, 1970-1980 for macrozoobenthos and
birds), grey dots indicate second trophic period (1977-1987
and 1981-1990, respectively), and black dots indicate third
trophic period (1988-2003 and 1991-2003, respectively).

benthic species may withdraw potential food from
the estuarine bird communities, possibly dampen-
ing or enhancing the effects of changes in nutrient
supply.

Concurrent Factors

In this study, we examined the covariance in the
long-term changes in dose (absolute and relative
nutrient concentrations) and respective response in
biomass, production and species composition of
phytoplankton, macrozoobenthos and estuarine
bird communities. The actual explanatory value of
the regression models must always be questioned,
however, because the observed changes may be
due to variations in other factors that were not
included in the analysis, such as coinciding changes
in shellfish fisheries, import of organic matter from
the North Sea, recruitment success of bivalves and
climate variability.

Shellfish Fisheries. Overexploitation of primary
or tertiary consumers can cause similar effects as
nutrient enrichment (Schindler 2006). In the early
1990s, an intense public discussion on shellfish
exploitation in the Dutch Wadden Sea was fuelled
by near destruction of intertidal mussel beds all over
this area, unprecedented low bivalve stocks, and
emigration and mass mortality of shellfish-eating
birds (Beukema and Cadée 1996; Camphuysen and
others 1996, 2002; Piersma and others 2001;
Ens and others 2004). Shellfish fisheries became
restricted by 1993, and the mechanical cockle fish-
ery was closed in 2006. Because shellfish fisheries
not only affected stocks but possibly also recruit-
ment success (Piersma and others 2001), exploita-
tion of shellfish may have contributed to the
observed changes in cockles and mussels.

Import from the North Sea. In addition to riverine
nutrient loads, primary production within the
Wadden Sea is supported by nutrient release from
remineralized organic matter that originates from
the North Sea (Postma 1961; Philippart and others
2000; van Beusekom 2005). Among other factors,
the strength of the exchange of matter between the
North Sea and the Wadden Sea is determined by
the tidal amplitude, which follows an 18.6 year
cycle. During the study period, maximum values
occurred in 1979 and 1998, and minimum value
around 1987/1988 (Dronkers 2005). Nutrient
enrichment originating from the river Rhine may,
therefore, have been strengthened by a relatively
high supply of nutrient-rich organic matter from
the North Sea in the mid-1970s, whereas nutrient
reduction may have been enforced due to relatively
low imports of matter into the Wadden Sea at the
end of the 1980s.

Recruitment Success. In north-western European
estuaries, a series of mild winters followed by low
bivalve recruit densities lead to small adult stocks,
possibly as the result of a temperature-related
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Table 6. Pearson Correlation Coefficients of Relationships between Limiting Nutrients and Indices of Pro-
ductivity

Primary productivity (g C m2 y™")

Nutrients -2 -1 0 +1 +2
DIP (mmol m™?) -0.40 0.49 0.37 -0.50 0.23
DSi (mmol m™) -0.40 0.51 -0.15 -0.35 -0.15

Tidal flats (m®> m™> d™!)

Plankton =2% -1% =Y +Y2 +1%2 +2Y2

Prim Prod (gC m™2 y™*) 0.06 -0.69 -0.62 0.07 -0.22 -0.49

Mussel plots (m> m™> d™?)

Plankton =2 -1% =Y +¥2 +1% +2Y2

2

Prim Prod (gC m~2 y™?) -0.40 -0.43 -0.65 -0.58 -0.31 -0.09

-2 -1

Shown are primary production of phytoplankton (9C m™2 y™') and filtering capacity of bivalves on the tidal flats and in the mussel plots (m*> m™2 d”"). The time lag (in years)
between the time series is indicated above the columns. Significant correlations are italicized (without correction for multiple comparisons) and printed in bold (if still significant
after Bonferroni-correction,).

Table 7. Pearson Correlation Coefficients of Relationships between Limiting Nutrients and Indices of
Community Structure

Phytoplankton (PC1)

Phytoplankton (PC2)

Nutrients -2 -1 0 +1 -2 -1 0 +1 +2
DIP 0.49 0.46 0.32 -0.15 -0.22 0.55 0.45 0.65 0.15 -0.23
DSi 0.35 -0.10 -0.10 -0.53 0.06 -0.05 0.03 0.22 -0.32 -0.14

Macrozoobenthos (PC1)

Macrozoobenthos (PC2)

Plankton =2 -1% =Y +Y2 +1%2 +2Y2 =2 -1 ) +¥2 +1%2 +2%2
PC1 -0.22 -0.27 -0.41 -0.49 -0.59 -0.63 0.35 0.32 0.16 0.33 0.34 0.26
PC2 0.76 0.80 0.70 0.65 0.60 0.51 -0.37 -0.24 -0.02 0.22 0.34 0.54

Estuarine birds (PC1)

Estuarine birds (PC2)

Benthos -2 -1 0 +1 +2 -2 -1 0 +1 +2
PC1 -0.28 -0.23 -0.23 -0.34 -0.30 0.76 0.80 0.81 0.78 0.71
PC2 -0.48 -0.59 -0.49 -0.74 -0.66 0.18 -0.23 0.52 0.47 0.57

Shown are the relationships between standardized concentrations of dissolved inorganic nitrogen (DIN) and phosphorus (DIP) at the start of the spring bloom, the first two
principal components of yearly sums of six phytoplankton groups, of the biomass of eight macrozoobenthos species on the tidal flats, and of the biomass of 14 estuarine bird
species. The time lag (in years) between the time series is indicated above the columns. Significant correlations are italicized (without correction for multiple comparisons) and

printed in bold (if still significant after Bonferroni-correction).

advancement of predation by shrimp on bivalve
post-larvae (Philippart and others 2003; Beukema
and Dekker 2005). Large and co-varying fluctua-
tions in bivalve recruit densities largely determine
the year-to-year variation in the size of the adult
stocks (for example, Beukema and others 2001;
van der Meer and others 2001). This means that if

nutrient loads limit the potential size of the bivalve
stock within this system (Brinkman and Smaal
2003), recruitment success determines the extent
to which this stock can be actually realized. In the
Wadden Sea, a series of mild winters (1988-1990)
led to a prolonged period of low bivalve recruit-
ment, and years with recruitment failure were
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more frequent during the last approximately
15 years than before (Beukema and Dekker 2005).
Temperature-related lowering of recruitment suc-
cess since 1988 may, therefore, have acted syner-
gistically with the effects of nutrient reduction on
marine bivalves in the western Wadden Sea.

Climate Variability. Remarkably, part of the
changes in the Wadden Sea as presented here
coincided with shifts in marine systems observed at
a much larger scale such as the North Sea (Weij-
erman and others 2005) and the western English
Channel (Southward and others 2005). Changes in
salinity and possibly weather preceded the shifts in
biological variables in 1979. Weather and, most
specifically, temperature were likely triggers for the
1988 shift. We can only speculate how these large-
scale variations may have contributed to the local
changes in the Wadden Sea. Variations in precipi-
tation will have affected the European river run off
and subsequently influenced the supply of fresh-
water and riverine nutrients to estuarine areas like
the Wadden Sea. If the strength of the local import
of organic matter from the sea is also influenced by
coastal circulation and river runoff, large-scale
changes in circulation and precipitation patterns
may have been reflected in local phytoplankton
dynamics and subsequent higher trophic levels.
Variations in winter temperatures may have af-
fected the biogeographic distributions (and subse-
quently the local densities) of marine organisms, as
has been observed for bird species along the east
coast of the USA (Valiela and Bowen 2003).

Conclusions and Implications

The significant relationships between phosphorus
and community structures of phytoplankton,
macrozoobenthos and estuarine birds may be spu-
rious, that is, due to other factors than included in
the analysis. However, because phosphorus and
silicon were limiting at the start of the spring
bloom, changes in their concentrations must have
affected local primary producers and, hence,
most likely, also higher trophic levels. Due to the
complexity of the dose-response relationships, the
lack of data on some ecosystem components (for
example, microphytobenthos biomass and pro-
duction), the possible role of top-down controls
and the concurrence of other structuring factors
possibly acting at a larger scale, we cannot con-
clusively determine if, and if so to what extent,
nutrient enrichment and subsequent reduction
contributed to the observed trends in the studied
communities. Based on the correlation structure
within our data set, it appears likely that part of the

variance in the studied coastal communities is re-
lated to changes in nutrient loads.

This case study demonstrates that policies aimed
at bird conservation, fishery management and
nutrient reduction should not ignore the possible
consequences of measures targeting one of these
approaches on other ecosystem components via
trophic relationships. Furthermore, our findings
reveal that the precise responses of biomass and
production to changes in nutrient loads is largely
unpredictable, and that chlorophyll-a concentra-
tions and macrozoobenthos biomass are therefore
not suited as sole indicators of the trophic status of
marine coastal waters. During the past three dec-
ades, the control of eutrophication has become a
focal point of estuarine and coastal science and
management. At present, we are faced with the
challenge of understanding the ultimate conse-
quences of nutrient reduction in relation to
concurrent effects of other stressors such as
exploitation of marine living resources, climate
variability and climate change.
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