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ABSTRACT: Paralia sulcata is a tychopelagic centric diatom species common in the North Sea. Due
to the fact that P. sulcata is found both in the sediment and the water column, it is assumed to be an
important food source for both benthic and pelagic grazers. We know a little about the environmen-
tal conditions associated with the occurrence of P. sulcata, but almost nothing is known of its ecolog-
ical role. Thus the aim of this study was to investigate the ecology of P. sulcata. The Helgoland Roads
long-term data set (North Sea), in which phytoplankton and physicochemical parameters have been
sampled since 1962, served as the environmental data set. To detect possible species—environment
relationships, multivariate statistical analysis was carried out (canonical correspondence analysis).
Annual niche breadth and niche position (outlying mean indices) were calculated for P. sulcata. Up
to 1996, P. sulcata occurred mainly in late autumn and winter, but since 1997 it has been found
throughout the year. The niche position and niche breadth for P. sulcata varied over the sampling
period. There was a change in the ecological niche of P. sulcata, with a shift from a more specialized
to a more generalized niche and a new occurrence of this diatom in summer during the last 10 yr.
Changing temperature, light and nutrient conditions at Helgoland Roads could be responsible for the
new occurrence and the shift in the ecological niche of P. sulcata.
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INTRODUCTION

Paralia sulcata (Ehrenberg) Cleve is a centric diatom
with robust, chain-forming valves. It benefits from chain
formation in terms of protection and increased nutrient
and light availability (Crawford 1979). This diatom has a
wide distribution and is often found in temperate brack-
ish to marine planktonic and benthic waters, in both
littoral and sublittoral zones (McQuoid & Nordberg
2003a, 2003Db). It is often associated with sandy habitats
and fine-grained sediments rich in organic material
(Roelofs 1984, Zong 1997, McQuoid & Hobson 1998).

In waters off the southern part of Vancouver Island
(British Columbia, Canada), Paralia sulcata was found
year-round in cell concentrations of 1500 cells 1!
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reaching maximum numbers in winter blooms of 3000
to 6000 cells 1"! (Hobson & McQuoid 1997). As a cold-
water alga, P. sulcata shows a growth optimum at
a temperature of 7 + 1°C (Hobson & McQuoid 1997,
Zong 1997). P. sulcata displays a competitive advan-
tage under low light conditions (Hobson & McQuoid
1997) and prefers low temperatures and short day
lengths with high irradiance (Roelofs 1984, Zong 1997,
McQuoid & Nordberg 2003b).

Often found in the benthos, the presence of Paralia sul-
catain the phytoplankton could be dependent on verti-
cal transport processes and resuspension into the plank-
ton by strong winds and tidal mixing (Roelofs 1984,
Hobson & McQuoid 1997). Increased vertical mixing in
the water column brings nutrient-rich, saline water to the

© Inter-Research 2009 - www.int-res.com



186 Aquat Biol 7: 185-197, 2009

surface, thus creating conditions which favour the occur-
rence of P. sulcata (McQuoid & Nordberg 2003b).
Abrantes (1988) showed that P. sulcatais correlated with
higher nutrient concentrations and is typically found in
regions with high levels of upwelling. The higher nutri-
ent concentrations due to remineralisation processes in
coastal waters and storm activity in winter could explain
the occurrence of P. sulcata in the water column. Fur-
thermore, salinity may have an impact on the abundance
of P. sulcata, which has been shown to be negatively cor-
related with low salinity in British Columbia inlets
(Roelofs 1984). Elsewhere, Zong (1997) has shown that
P. sulcata has a wide salinity tolerance range (5 to >30).

We know a little about the environmental conditions
associated with the occurrence of Paralia sulcata but
we know almost nothing of its ecological role. Due to
its thick siliceous valves, this diatom is often found in
late Quaternary sediments (Zong 1997). As diatoms
have existed since the early Mesozoic (Medlin et al.
1997), they can serve as good palaeoindicators of past
changes in coastal regions due to their abundance in
sediments and can act as proxies for specific environ-
mental conditions (McQuoid & Nordberg 2003a). An
understanding of the ecology of P. sulcata would there-
fore be helpful for the reconstruction of past environ-
mental conditions.

To determine the ecological niche of Paralia sulcata,
an analysis of the response of this species to several
environmental parameters is needed. According to the
ecological niche concept, each species has its own
environmental optimum, and the fundamental niche is
defined as a multidimensional space where the envi-
ronmental conditions could limit the growth of a spe-
cies (Hutchinson 1957, Begon et al. 1996). According to
Kearney (2006), a realized niche is defined as the sum
of all abiotic and biotic factors which influence the
organism's growth and fitness and the interactions
between the organism and environmental parameters;
the realized niche should be smaller than the funda-
mental niche (McGill et al. 2006). In order to define
optimum conditions for habitats or ecological niches of
species with statistical models, it is essential to deter-
mine particular niche parameters, i.e. niche breadth
and niche position, from the field data.

There are numerous statistical methods for analysing
ecological niches. For the present study, canonical cor-
respondence analysis (CCA) and outlying mean index
(OMI) analysis were selected to describe the ecological
niche of Paralia sulcata. CCA extracts environmental
gradients from ecological data sets, which are the basis
for describing the habitat preference of a species (ter
Braak & Verdonschot 1995, Dolédec et al. 2000). A
newly developed approach, OMI determines the niche
breadth and niche position of a given species (Dolédec
et al. 2000).

Since 1962, a daily monitoring program has been
maintained at Helgoland Roads which has resulted in
one of the most important marine data sets in the
world, unique with respect to the length of the time-
series, sampling frequency and number of parameters
measured (Franke et al. 2004, Wiltshire & Manly 2004).
These long-term data have been used for modelling
ecosystem functions (Wirtz & Wiltshire 2005) as well
for investigations into ecological questions concerning
bacteria (Gerdts et al. 2004), phytoplankton (Wiltshire
& Dirselen 2004, Wiltshire & Manly 2004, Wiltshire et
al. 2008, in press), zooplankton (Greve et al. 2004),
macroalgae communities (Bartsch & Tittley 2004) and
macrozoobenthos (Franke & Gutow 2004).

From the phytoplankton data set we know that the
abundance of Paralia sulcata has been changing over
the last 40 yr at Helgoland Roads (Wiltshire & Dirselen
2004), yet the food quality of this diatom in the marine
food web in the North Sea is unknown. It is possible
that P. sulcata has become a more important food
source for benthic and pelagic grazers due to its in-
creasing abundance in the summer but this requires
more detailed investigation.

Here we investigate the influence of nutrients, light,
temperature and salinity on the occurrence of Paralia
sulcata using the long-term data series from Helgoland
Roads. We determine the ecological niche of this dia-
tom and how it has adapted to changing environmen-
tal conditions. This information will enable a descrip-
tion of the temporal changes of P. sulcata at Helgoland
Roads, identification of the determining factors of its
occurrence and the variability in niche position and
breadth of P. sulcata over time.

MATERIALS AND METHODS

Study site. Helgoland is situated in the German
Bight about 60 km from the mainland and the estuaries
of the rivers Elbe and Weser (54°11.3'N, 7°54.0'E).
The German Bight is a transition zone between the
well-mixed low saline coastal waters and the deeper
waters of the southeastern North Sea (Bauerfeind et al.
1990). Dependent on the meteorological situation, the
water around Helgoland is influenced by the lower
coastal saline waters or the open North Sea several
times in the year due to currents and tidal mixing
(Hickel 1998, Wiltshire et al. in press). The water depth
at Helgoland Roads fluctuates between 3 and 8 m over
the tidal cycle.

Sampling and data sets. A series of periodic mea-
surements and daily water sampling was initiated by
the Biologische Anstalt Helgoland at Helgoland Roads
in 1962 (Franke et al. 2004) (54°11.3' N, 7°54.0' E). Sur-
face water samples represented the entire water col-
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umn, which is generally well-mixed as a result of
strong tidal currents (Hickel 1998). The surface water
samples were taken from the RV 'Aade’ with a bucket.
Identification and enumeration of the phytoplankton
and analyses of physicochemical parameters like salin-
ity, temperature, Secchi depth and dissolved inorganic
nutrients (ammonium, nitrate, nitrite, phosphate and
silicate) were measured and analysed daily (Wiltshire
& Manly 2004, Wiltshire et al. in press). For quantita-
tive measurement of phytoplankton, the water sample
was well mixed, subsampled into a brown glass bottle
and fixed with Lugol's iodine solution. Daily counting
of the phytoplankton was conducted according to the
method of Lund et al. (1958) in 25 or 50 ml Utermohl
settling chambers with an inverted microscope
(Axiovert 135, Zeiss); phytoplankton were identified to
species level or separated into size classes by micro-
scopically measuring species size (Wiltshire & Durse-
len 2004).

A subsample from the water sample was used to
measure the salinity with a Salinometer (Autosal,
Gamma Analysen Technik) and for the colorimetric de-
termination of the nutrients after Grasshoff (1976). All
data has been reviewed and quality controlled by
Raabe & Wiltshire (2009). Radiation data (global net
shortwave radiation from 100 to 700 pm) was provided
by the GKSS Research Centre (Geesthacht, Germany).

The explanatory variables included in the multivari-
ate analysis are temperature, the temperature differ-
ence between 2 consecutive weeks, Secchi depth,
salinity, solar radiation and concentrations of ammo-
nium, nitrate, nitrite, phosphate and silicate (Table 1).

The algal data set used in the multivariate statistical
analysis is a subset from the Helgoland Roads algal
data. It was composed of 3 species from the class Dino-
phyceae (Ceratium furca, C. fusus and C. horridum)
and 15 from Bacillariophyceae (Eucampia zodiacus,
Guinardia delicatula, G. striata, Melosira spp., Navi-
cula spp., Odontella aurita, O. mobiliensis, O. regia, O.
rhombus, O. sinensis, Paralia sulcata, Skeletonema
costatum, Thalassionema nitzschioides, Thalassiosira
nordenskioeldii and Thalassiosira rotula) (Table 1).
Some taxa have not been continuously identified to
species level (Hoppenrath 2004, Wiltshire & Diirselen
2004), such as Melosira spp. and Navicula spp., here
determined to genus. All algae chosen for analyses
regularly occur in the water column at Helgoland
Roads and virtually complete records exist from 1962
to the present day (Wiltshire & Durselen 2004). The
phytoplankton data have been quality controlled by
Wiltshire & Dirselen (2004). The Bacillariophyceae
were used because of their chain-forming properties
and centric morphology (as with Paralia). Navicula
spp. and Thalassionema nitzschioides were the only
pennate exceptions, occurring continuously since 1962

Table 1. Explanation and abbreviations of the response vari-
ables (algae) and environmental parameters used for the sta-
tistical analysis of the algal community at Helgoland Roads,

North Sea

Term Abbreviation

Response variable (algae)
Ceratium furca C.fur
Ceratium fusus C.fus
Ceratium horridum C.hor
Eucampia zodiacus E.zod
Guinardia delicatula G.del
Guinardia striata G.str
Melosira spp. Mel.spec
Navicula spp. Nav.spec
Odontella aurita O.aur
Odontella mobiliensis O.mob
Odontella regia O.reg
Odontella rhombus O.rho
Odontella sinensis O.sin
Paralia sulcata P.sul
Skeletonema costatum S.cos
Thalassionema nitzschioides T.nit
Thalassiosira nordenskioeldii T.nor
Thalassiosira rotula T.rot

Environmental parameter
Global solar radiation (W m™2) Rad
Secchi depth (m) Secchi
Temperature (°C) Temp
Salinity Sal
Phosphate (pmol 171 PO,
Nitrite (pmol 1) NO,
Nitrate (umol 1) NO;
Ammonium (pmol 1'% NH,
Silicate (umol 1Y) SiOy

at Helgoland and used here as the counterpart to the
centric diatoms. The Dinophyceae were selected
because they are representative of summer season
algae and there are unbroken records for their occur-
rence (Wiltshire & Durselen 2004).

Statistical analysis. Only data from 1968 to 2005
were used for statistical analysis due to the high num-
ber of missing data points at the beginning of the mon-
itoring program (e.g. determination of silicate started
in 1966 and Secchi depth measurements began in
1968). The weekly mean was calculated for all data. A
total of 90 missing weeks were interpolated linearly.

The multivariate statistical analysis of such long-
term data is not easy to interpret because these results
cannot be verified or refuted by experiments in the lab-
oratory. Statistical analysis is not an analysis of cause
or effect, but this multivariate analysis is helpful for
describing ecological interactions which could be
investigated in experiments on a smaller scale.

Influence of environmental factors: Multivariate
ordination techniques were applied to determine the
significant environmental factors affecting Paralia sul-
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cata and for the investigation of seasonal trends. To
estimate whether weighted-averaging or linear tech-
niques should be applied, for each selected data subset
(individual years) a detrended correspondence analy-
sis (DCA) was performed using CANOCO for Win-
dows 4.53 (Biometris). The gradient of the first DCA
axis describes the extent of the species turnover along
the major ecological factors (e.g. the diversity of the
community composition along the environmental gra-
dients) and gradients with lengths of more than 4 SD
represent a complete species turnover indicating a uni-
modal ordination technique (Leps & Smilauer 2003,
Heino & Soininen 2005). SD values between 3 and 4
did not indicate a clear linear or unimodal relationship
(Leps & Smilauer 2003). Thus the selection of redun-
dancy analysis (RDA) or CCA requires the selection of
a linear or unimodal model for the species response to
the environmental parameters (Dolédec et al. 2000).
Hence, RDA as well as CCA were performed to exam-
ine species—environment correlations and to test for
the significance of the resulting eigenvalues and spe-
cies—environment correlations.

RDA and CCA were carried out as described by Leps
& Smilauer (2003). The marginal and conditional ef-
fects quantify the effects of the environmental parame-
ters on the response variables and were selected
according to their ranking or significance level (p <
0.05) as determined by Monte Carlo permutation (499
permutations). Marginal effects represent the influ-
ence of each environmental parameter on the algal
community. Higher values indicate a greater influence
on the algal community. Conditional effects demon-
strate the combined effects of environmental variables
on the algal community (Leps & Smilauer 2003). Bi-plot
scaling was used for the community ordination analy-
sis (Leps & Smilauer 2003). An overall CCA for the total
time period (1968 to 2005) was performed to determine
the general pattern of environmental parameters and
algal community. An automated forward selection with
a restricted permutation test for temporal structure of
the time-series was used with 499 permutations.

To support the results of the CCA and to show corre-
lations between Paralia sulcata and environmental
parameters, the non-parametric Spearman rank corre-
lation was calculated using STATISTICA 7.1 (StatSoft)
with a significance level of p < 0.05.

Ecological niche: The OMI of Paralia sulcata was
calculated using R version 2.6.0. and the software
package ADE-4 (R Development Core Team 2007).
This multivariate technique quantifies the niche para-
meters with consideration of niche position and niche
breadth for the diatom along several environmental
gradients (Dolédec et al. 2000, Lappalainen & Soininen
2006). In this analysis, the realized niche was calcu-
lated using the measured and sampled field data.

Niche position is a measure of the distance of average
habitat conditions (the measured environmental para-
meters) used by this species from the average habitat
conditions of the sampling site. Species tolerance rep-
resents the niche breadth of this species associated
with the environmental parameters (Dolédec et al.
2000). If the values of species tolerance are lower, the
species is considered a specialist. In contrast, general-
ists are assumed to live in a habitat with widely vary-
ing environmental conditions and thus they show
higher values of species tolerance (Dolédec et al. 2000,
Heino & Soininen 2006, Tsiftsis et al. 2008).

To determine similarities between different years
from the given environmental parameters an analysis of
similarities (ANOSIM) was performed using PRIMER
software (version 6.1.6, PRIMER-E). ANOSIM is a non-
parametric method which allows statistical compar-
isons for multivariate data in a similar way to univariate
techniques (Clarke & Warwick 2001). All environmen-
tal parameters for the years 1968 to 2005 were nor-
malised before analysis and the Euclidean distance was
calculated. Hierarchical cluster analysis (pairwise
tests, group averages) was carried out on the basis of
ANOSIM rho-values. The result of the hierarchical
cluster analysis is the differentiation of 4 groups of year
clusters based on the environmental parameters.

Niche position and niche breadth of Paralia sulcata
were correlated with the most important environmen-
tal parameters, as extracted from the CCA, to test for
the effects of these parameters on niche position and
niche breadth. The Spearman rank correlation and
product-moment correlation were calculated with an-
nual mean environmental parameters and their stan-
dard deviation for niche position and niche breadth for
the 4 different clustered year groups.

RESULTS

Fig. 1 gives a data plot of the important environmen-
tal parameters influencing the occurrence of Paralia
sulcata at Helgoland Roads and shows significant
changes in temperature, Secchi depth and phosphate
concentrations from 1968 to 2005. From 1968 to 1996,
Paralia sulcata occurred at Helgoland Roads exclu-
sively in autumn, winter and early spring with a mean
abundance of around 3000 cells 1! (Fig. 2). Since 1997,
this diatom has also been detected during summer in
the water column at around 1000 cells 1!, There is a
high intra- and inter-annual variability in the abun-
dances of P. sulcata. This may be due to the overall
patchiness in the water column at Helgoland Roads
and upwelling processes in the North Sea, as well as
strong tidal mixing and storm-induced mixing in
autumn and winter.
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Fig. 1. Time-series plots of the annual mean of the environmental parameters measured at Helgoland Roads. Running means in-
dicate the trend of these parameters. Significant changes are shown for temperature (R?> = 0.2055, p < 0.05), Secchi depth
(R?=0.3732, p < 0.05) and phosphate (R? = 0.2566, p < 0.05)

Influence of environmental factors on Paralia sulcata

The results of the DCA showed that the length of
gradients varied from 2.63 to 6.77, so CCA or RDA was
subsequently performed (Table 2). A high variability in
the algal community and the species—environment
correlation was observed, which is explained by the
first axis of the CCA and RDA.

A CCA covering all years from 1968 to 2005 was car-
ried out for the impact of environmental parameters on
the algal community. The position of the algal species
on the first 2 canonical axes gave a qualitative indica-
tion of their environmental optima (Fig. 3). The algal
community is influenced by 6 major parameters: water
temperature, Secchi depth, global solar radiation and
phosphate, nitrite and silicate concentrations extracted
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Table 2. Length of gradients, variability of algae community and species—environment correlations of the first axis of the canoni-
cal correspondence (CCA) and redundancy analyses (RDA). Significant axes are labelled with an asterisk (p < 0.05)

Year Gradient CCA/RDA Variability =~ Species— Year Gradient CCA/RDA Variability =~ Species—

length of algae  environment length of algae  environment

community correlation community correlation

1968 3.419 CCA 17.5 0.876* 1988 5.209 CCA 26.0 0.982*
1969 4.945 CCA 49.5 0.962* 1989 4.913 CCA 27.0 0.996*
1970 4.201 CCA 22.0 0.963* 1990 4.027 CCA 29.0 0.957*
1971 4.235 CCA 21.6 0.988* 1991 4.411 CCA 20.4 0.977*
1972 4.13 CCA 18.5 0.980* 1992 5.913 CCA 24.2 0.983*
1973 3.416 CCA 24.0 0.964* 1993 3.775 CCA 34.5 0.996*
1974 4.611 CCA 22.0 0.983* 1994 3.051 RDA 25.9 0.540
1975 3.788 CCA 27.0 0.961* 1995 3.793 CCA 30.7 0.940*
1976 4.012 CCA 23.8 0.938* 1996 3.149 RDA 38.3 0.621*
1977 4.882 CCA 23.6 0.953* 1997 4.022 CCA 29.7 0.985*
1978 3.758 CCA 26.6 0.941* 1998 3.052 RDA 25.3 0.547
1979 4.207 CCA 26.4 0.977* 1999 2.825 RDA 19.8 0.450
1980 0 RDA 36.4 0.842* 2000 2.814 RDA 38.9 0.674*
1981 4.65 CCA 23.1 0.918* 2001 2.63 RDA 23.3 0.489
1982 3.368 RDA 21.6 0.707* 2002 3.69 CCA 26.8 0.922*
1983 3.946 CCA 20.5 0.830* 2003 2.91 RDA 26.3 0.615
1984 6.768 CCA 19.2 0.943* 2004 3.121 RDA 22.8 0.516
1985 4.278 CCA 25.9 0.968* 2005 4.162 CCA 16.3 0.928*
1986 3.829  CCA 34.4 0.992 1968-2005 4.581  CCA 5.8 0.697*
1987 5.336 CCA 19.5 0.969*

from the conditional effects (Table Al in Appendix 1).
High water temperatures, Secchi depth and radiation
are positively correlated, as are silicate, phosphate, ni-
trite and nitrate concentrations. It was shown that light,
Secchi depth and temperature were mostly negatively
correlated with nutrients. This pattern reflects the typi-
cal conditions found for different seasons, where spring
to summer (April to September) is characterized by
higher light levels and warmer water temperature and
autumn to winter (October to March) by higher nutrient

concentrations. This reflects a common pattern for tem-
perate regions where, for example, the winter period is
characterized by lower water temperatures and light
conditions but higher concentrations of nutrients due to
recycling processes in the water column like we ob-
served at Helgoland Roads. In late spring and summer,
the concentrations of nutrients are much lower, limiting
the algal growth. The monthly pairwise test of the
ANOSIM with all environmental parameters showed
the same pattern for the seasons (data not shown).
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N which might fuel the high silicate demand of P. sulcata.
NH4 Silicate is a nutrient of pivotal importance as it is re-
quired for the production of P. sulcata's strongly silici-
. fied valves.

! Summarizing the results shown by the CCA, the
-08 ' most important environmental parameters influencing
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Paralia sulcata abundance were temperature, light
Fig. 3. Biplot diagram showing the 1st (horizontal) and 2nd conditions and phosphate and silicate concentrations.
(vertical) canonical correspondence analysis (CCA) axes of
inter-species distance from 1968 to 2005 of phytoplankton
composition and environmental parameters at Helgoland
Roads, North Sea. Length and direction of environmental
parameter arrows indicate their importance (in terms of the ) ) )
influence on) the phytoplankton community. Algae data are With the exception of 1980 (where Paralia sulcata
shown as triangles, using the calculated weighted averaging appeared only once), the yearly niche position and
method, indicating the species optima in the environment. niche breadth was calculated for all years of the time

Algae grouped together are mostly pooled together in the . . s . }
CCA, and indicate seasonal assemblages (winter: Paralia sul- series. The niche position and niche breadth of P. sul

Ecological niche of Paralia sulcata

cata, Odontella thombus and Melosira spp.; summer: Cer- cata showed large interannual differences from 1968 to

atium spp., Guinardia spp. and Eucampia zodiacus). Abbre- 2005 and could be grouped into 4 clusters (Fig. 4). At

viations of algae and environmental parameters in Table 1 the beginning of time period (1968 to 1978), niche posi-
This CCA showed a typical pattern for the al- 14

gae species. Along with Paralia sulcata, a group 124

of algae was associated with comparable envi- T

ronmental conditions such as very low light and 10

Secchi depth, low water temperature and high 5

nutrient concentrations, which is representative
of winter and early spring conditions (Fig. 3).
This group consisted of Melosira spp., Odontella
rhombus, O. aurita, O. mobiliensis, O. regia and
Thalassionema nitzschioides. Another species

Niche position and niche breadth

group, Ceratium furca, C. fusus, C. horridum, 211+

Eucampia zodiacus, Guinardia delicatula, G. 0 1

striata and Odontella sinensis, was mostly abun-

dant at warmer water temperatures, high light —27

conditions and higher Secchi depth, indicating

typical summer conditions. The growth of Cer- iz ',\6' i ',\' RN T R 'Qg';' ERT TR 'Qér BRT SR 'é:g';
2 N N N N N q,QQ' o

atium spp. was mostly independent of silicate
concentrations, and negatively correlated to nu- Cluster 1 Cluster 2  Cluster 3 Cluster 4
trients, reflecting typical summer conditions.

To show the correlation of Paralia sulcata with  Fi9. 4. Paralia sulcata. Niche position (filled circle) and niche breadth
the environmental parameters, the Spearman (species tolerance, bars) from 1968 to 2005. The years which are

! grouped together are the same clusters as those found in the ANOSIM

rank correlation coefficient was calculated for  cluster analysis of the environmental parameters for the years 1968 to
the entire time period (1968 to 2005). The Spear- 2005 (see Fig. 5)
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tion fluctuated, while niche breadth did not change a
great deal. From 1979 to 1986, niche position de-
creased continuously, indicating a switch from a spe-
cialized to a more generalized niche position. The nar-
row niche breadth indicated a specialized niche for
P. sulcata. In the following years until 1995, niche posi-
tion fluctuated and the narrow niche breadth again
indicated a more specialized ecological niche for P.
sulcata. From 1996 to 2005, niche position decreased
and niche breadth became wide, reflecting a more
generalized ecological niche of P. sulcata (Fig. 4).
Interestingly, the similar years which grouped together
in the ANOSIM cluster analysis presented the same year
cluster in niche position and niche breadth of Paralia sul-
cata (Figs. 4 & 5). Based on the ANOSIM analysis, simi-
lar environmental conditions were found for Cluster 1

Year pairwise tests

030 - Group average

0.26 +

0.20 +

from 1968 to 1980, Cluster 2 from 1981 to 1986, Cluster 3
from 1987 to 1995 and Cluster 4 from 1996 to 2005. Only
the transition years such as 1978 to 1981 showed a bigger
change in niche position and niche breadth. A clear
change in niche position of P. sulcata was found from
1986 to 1987, indicating the transition between Clusters
2 and 3. The niche breadths of Clusters 2 and 3 were
significantly smaller than those of Clusters 1 and 4
(ANOVA, LSD-test, p < 0.05).

The Spearman rank correlation and product—-moment
correlation coefficients were also calculated for niche po-
sition and niche breadth of Paralia sulcata with the an-
nual mean environmental parameters and their standard
deviations (Table 3). Cluster 1 is influenced by the neg-
ative correlation for niche breadth of P. sulcata with stan-
dard deviations of temperature and salinity explaining

33 and 38 % of the interannual variabil-
ity, respectively. Cluster 2 clearly shows
a smaller niche breadth of P. sulcata indi-
cating a specialized niche. The main fac-
tors influencing the ecological niche are
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of salinity, which explains 87 % of the
variability in niche position, and the an-
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nual mean of nitrite, which explains 70 %
of the variability in niche position and
84 % of the variability in niche breadth.
The last cluster (1996 to 2005) exhibits a
clear generalized ecological niche of
P. sulcata. Cluster 4 is influenced by an-
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Fig. 5. Dendrogram of the ANOSIM cluster analysis of environmental parameters
for the years 1968 to 2005. Four clusters are shown; years in each cluster indicate

similar environmental conditions

o
=
&
&

<

nual mean temperature, explaining
55% (niche position) and 43 % (niche
breadth) of the variability, and Secchi
depth, explaining 62 % of the variability

Table 3. Spearman rank and product-moment correlation coefficients for the environmental parameters and their standard devi-
ation and niche parameters of Paralia sulcata in the 4 clusters (significance level, p < 0.05). Abbreviations as in Table 1. Means are
annual means of environmental parameters

Environmental Niche parameter Spearman rank Environmental Niche parameter Product-moment
parameter correlation parameter correlation
Cluster 1 Cluster 1
Temp SD Niche breadth -0.587 Sal SD Niche breadth -0.616
Sal SD Niche breadth —-0.643 Cluster 2
Cluster 2 NO, mean Niche position 0.839
NH, SD Niche breadth 0.886 NO,; mean Niche breadth -0.917
Sal SD Niche position 0.943 NO, SD Niche position 0.990
Sal SD Niche breadth -0.829 Sal SD Niche position 0.934
Cluster 4 Sal SD Niche breadth -0.860
Secchi SD Niche position 0.661 Cluster 4
Temp mean Niche position —-0.742
Temp mean Niche breadth 0.654
Temp SD Niche position 0.645
Secchi mean Niche position 0.787
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in niche position (Table 3). There is a clear trend of P. sul-
cata switching to a more specialized niche position with
increasing Secchi depth. The correlations of niche posi-
tion and niche breadth with annual mean temperature
are interesting, indicating a clear trend from a special-
ized to a generalized niche with increasing temperature.

The results of the Spearman rank correlation analy-
sis of niche position and niche breadth showed that
only the niche position of Paralia sulcata was highly
negatively correlated with temperature (R = -0.493,
p = 0.002), whereas the other parameters showed no
significant influence on niche position or niche
breadth. This indicates a strong influence of tempera-
ture on P. sulcata; increasing temperatures in the
North Sea could have led to a change in niche position
to a more generalized niche. But no environmental fac-
tor alone is responsible for the shift in the ecological
niche of P. sulcata; therefore, other parameters such as
Secchi depth, nitrite and salinity could have also influ-
enced this shift, albeit to a lesser degree.

DISCUSSION

Influence of environmental parameters on
Paralia sulcata

At Helgoland Roads, high abundances of Paralia sul-
cata do not occur relative to the total diatom counts,
due to the fact that P. sulcata does not form typical
blooms (Roelofs 1984). The occurrence of P. sulcata at
Helgoland Roads has changed over the last 40 yr (Wilt-
shire & Durselen 2004, Wiltshire et al. in press). Up to
1996, P. sulcata occurred only in autumn and winter;
however, since 1997 this diatom has been abundant
year-round. Changing environmental conditions at
Helgoland Roads could be an explanation for the new
occurrence in summer.

The CCA extracted a typical seasonal pattern for
Paralia sulcata, which occurs mostly in winter with low
light and temperature conditions and higher nutrient
concentrations, but does not show a shift in the ecolog-
ical niche of P. sulcata. P. sulcata abundance is posi-
tively influenced by higher silicate, phosphate and
nitrite concentrations and negatively influenced by
higher light and temperature conditions.

A negative correlation of the abundance of Paralia
sulcata and temperature was described by Hobson &
McQuoid (1997). Although temperatures in the south-
ern part of Vancouver Island were slightly higher in
winter (mean of 8.1°C) and cooler in summer (mean of
13.7°C) (Hobson & McQuoid 1997), the abundance
pattern of P. sulcata shows similar seasonal patterns to
those found at Helgoland Roads. Another study has
shown that temperature has positive effects on the

abundance of P. sulcata in the water column in British
Columbia inlets (Roelofs 1984, Zong 1997). In the pre-
sent study, we detected a clearly negative correlation
between temperature and P. sulcata. The new occur-
rence of P. sulcata in the last 15 yr in summer could be
explained by the adaptation of P. sulcata to a recent
warming trend of the North Sea of 1.13 to 1.33°C over
the last 40 to 50 yr (Wiltshire & Manly 2004, Wiltshire
et al. 2008) or hidden species diversity, i.e. the intro-
duction of P. sulcata from warmer waters.

Hobson & McQuoid (1997) found that the abundance
of Paralia sulcata increased under low light conditions.
This fact is supported by the present study, where
growth of P. sulcata was negatively correlated with
radiation and Secchi depth. Interestingly, annual mean
Secchi depth has increased by 1 m in the North Sea
over the last 30 yr (Wiltshire et al. 2008). However, no
significant correlation with the Secchi depth and total
algal densities in winter (January to March) has been
found (Wiltshire et al. 2008), which could explain the
increasing Secchi depth. The total algal density has
increased in winter since the late 1980s in spite of de-
creasing phosphate and ammonia concentrations
(Wiltshire et al. 2008). As a tychopelagic diatom spe-
cies, P. sulcata could be indirectly influenced by the
higher light availability in winter and summer due to
an adaptation to higher light conditions. This could
result in a change in the life cycle and ecological niche,
which in turn could be a possible explanation for the
new occurrence of this diatom in summer. Neverthe-
less, nothing is known about the exact life cycle of
P. sulcata due to the slow growth rates of this diatom.

High nutrient concentrations in the water column in
winter as a result of remineralisation processes are typ-
ical for temperate coastal waters (Wafar et al. 1983).
This could be an explanation for the positive correla-
tion between nutrient concentration and abundance of
Paralia sulcata. Some studies have shown comparable
positive correlations with abundance and higher nutri-
ent concentrations, indicating that P. sulcata is com-
mon in nutrient-rich waters (Abrantes 1988, Zong
1997). The absence of the fast-growing spring bloom
species in winter may support the occurrence of P. sul-
cata in the water column (Roelofs 1984). The signifi-
cantly positive relationship between the abundance of
P. sulcata and silicate concentrations indicate a high
silicate demand of P. sulcata which could be attributed
to its strongly silicified valves. The highest silicate con-
centrations in the present study were measured in win-
ter and spring, after which the concentration de-
creased to half of those measured until autumn. In the
spring bloom, silicate concentrations decrease rapidly
due to the fast-growing spring bloom phytoplankton
species which utilize the silicate very quickly (Wafar et
al. 1983).
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The present study showed no strong correlations be-
tween salinity and abundance of Paralia sulcata, sug-
gesting that this diatom can live in a wide range of
salinities, as previously described in the literature
(Zong 1997). In comparison, the distribution of P. sul-
cata in the phytoplankton in the British Columbia
inlets appears to be strongly correlated to salinity, and
P. sulcata abundance was negatively correlated with
low salinity (Roelofs 1984).

The study site at the southern part of Vancouver
Island is characterized by storm activity in the winter
months, which could explain the higher abundance of
Paralia sulcata in the phytoplankton as algal cells are
transferred from the sediments into the plankton by
wave activity (McQuoid & Hobson 1998). Storm activ-
ity was not included in the present study. However,
there are strong tidal mixing and storm activities at
Helgoland Roads in summer and winter, which could
explain the occurrence of P. sulcata, caused by the
resuspension of chains into the water column.

The higher nutrient concentrations and lower tem-
perature and light conditions in the water column dur-
ing winter could be of advantage to the slow-growing
Paralia sulcata. During spring, when water tempera-
tures and light conditions are increasing, the fast-
growing spring bloom species may outcompete P. sul-
cata (Roelofs 1984), which could explain the absence or
lower abundances of P. sulcata in summer.

Long-term trends and ecological niche of
Paralia sulcata

This is the first time that niche parameters such as
niche breadth and niche position were calculated for
an alga found in a long-term data set, and a long-term
trend can be shown for Paralia sulcata. This is also
the first study to examine the ecological niche of P. sul-
cata in detail. Several studies with other organisms use
the new method of OMI analysis of Dolédec et al.
(2000). Heino & Soininen (2006) used this method to
characterize the stream diatom communities in 47
streams in northern Finland. The determinants of fish
distribution in 97 lakes in southern and central Finland
were also investigated with this method (Lappalainen
& Soininen 2006).

In the present study we investigated the ecological
niche of Paralia sulcata over a time period of 38 yr.
Changes from a more specialized niche in the 1980s to
a more generalized niche in the late 1990s were exem-
plified by changes in the occurrence of P. sulcata over
the last decade. Since 1996-1997, P. sulcata has oc-
curred in the water column during summer at Hel-
goland Roads, resulting in a wider niche breadth and a
more generalized ecological niche. These results indi-

cate that the niche position of P. sulcata can change
considerably within a time period of several decades.

The correlations between niche parameters of Par-
alia sulcata and environmental parameters grouped
into the 4 clusters were inconsistent. The annual mean
SD of the environmental parameters describes the
variation of the parameters in an individual year. Sig-
nificant correlations within the annual mean SD of
individual environmental parameters and niche para-
meters of P. sulcata in the clusters indicate variation in
the marine system at Helgoland Roads. If the marine
system is variable (i.e. in terms of temperature, salinity,
nitrite and Secchi depth), then the ecological niche of
P. sulcata becomes more specialized. This means that
the change in variability of an environmental parame-
ter could lead to a change in the tolerance of this envi-
ronmental parameter by P. sulcata, which leads to a
more specialized niche. Therefore, the tolerated range
of the individual parameter for P. sulcata could de-
crease when the range of the variability of this para-
meter converges to the upper or lower limit tolerated
by P. sulcata.

Changes in the ecological niche of Paralia sulcata
are mainly influenced by temperature and Secchi
depth. This may be explained by the fact that regime
shifts have occurred in the North Sea over the last 3
decades, which has resulted in a change in the funda-
mental niche of the North Sea. Weijerman et al. (2005)
examined evidence for the regime shift in the North
Sea using existing long-term data series on a wide
range of physical and biological parameters from 1960
to 2002. Their results indicate that substantial regime
shifts occurred in the North Sea in 1979 (salinity and
changing weather conditions), 1988 (temperature and
changing North Atlantic Oscillation Index) and 1998
(temperature). These regime shifts are most evident
among biological parameters, e.g. the changes in the
abundance of copepods (Reid et al. 2001, Weijerman et
al. 2005, Martens & van Beusekom 2008, Schliiter et al.
2008). The 1998 regime shift comprised an increase in
storm activity and wind speed in the North Sea (Alex-
andersson et al. 2000, Weijerman et al. 2005, Wiltshire
et al. 2008). Because of this storm-induced mixing of
the water column, P. sulcata may increasingly be trans-
ferred from the benthos into the pelagial in summer at
Helgoland Roads. Therefore, the realized ecological
niche of P. sulcata could lead to a shift from a special-
ized to a more generalized niche.

Another possible explanation for the new occurrence
of Paralia sulcata is a shift in the algal population that
occurs in summer and winter at Helgoland Roads to in-
clude those species which are more adapted to warmer
conditions. The next step of our research therefore will
be to investigate genetic isolates from different times
of the year.
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CONCLUSIONS

The present study found a change in the ecological
niche of Paralia sulcata indicating a shift from a special-
ized (1980s) to a more generalized niche (since 1996)
and a new occurrence of this diatom in summer over
the last 10 yr. CCA extracted the most important factors
influencing the abundance of P. sulcata in the water
column: temperature, Secchi depth, light conditions
and silicate, phosphate and nitrite concentrations. A
seasonal pattern has shown that P. sulcata is a typical
winter alga adapted to low light conditions under
colder water temperatures but high concentrations of
nutrients. However, the CCA does not show the shift in
the occurrence of P. sulcata in the summer months
since 1997 and cannot explain the niche displacement.
Changing environmental conditions in the North Sea,
such as increasing temperature and Secchi depth and
decreasing phosphate and ammonia concentrations,
may influence the occurrence of P. sulcata and result in
the clear shift from a specialized to a generalized eco-
logical niche. Another possibility is the introduction of
P. sulcata strains from warmer waters which are
adapted to the temperature conditions resulting from
the recent warming trend of the North Sea. However,
these factors alone do not explain the niche displace-
ment of P. sulcata. Adaptation to the higher light
regime and decreasing nutrient concentrations in the
North Sea could be an advantage for the slow-growing
P. sulcata in contrast to fast-growing phytoplankton
species, as it may have resulted in a changing occur-
rence and a shift in the ecological niche of P. sulcata.
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Appendix 1

Table Al. Conditional effects of the environmental parameters of the canonical correspondence redundancy analyses for the
years 1968 to 2005. Significant values are indicated by asterisks: *p < 0.05; **p < 0.01; ns = not significant

Year Temp Delta T Secchi Sal Rad PO, NO, NO; NH, SiO,
1968 - - . ns . . . ns P N
1969 ** * ns ** ns ns ** ns ns **
1970 ns ns . . . . . ns . .
1971 ** * ns ns ** ns ** ns ns ns
1972 ** ns * ** ** * ns ns * **
1973 ** ns ns * ** ns ns ** ns ns
1974 ns ** ** ns ** ** ns ** ns *
1975 . N o o * . - ns - -
1976 ns * ** * ns ns ** ** ns *
1977 ns ns ** ns ns ** * ns ** **
1978 ns ns ** ns ns * * ** ns **
1979 ** ns ** ns ** ** ns ns ns **
1980 ns ns ns ** * ns ns ** ns ns
1981 ns ns ** * * ** * ** ns **
1982 ns ns ** * ** ns ns ns ns *
1983 ** ns ** ns ns ** ** * ns *
1984 ** ns * ns ** ns ns * ns ns
1985 ns ns ** ns ns ** * ** ns ns
1986 ns ** ** ** ** ns ns ** * ns
1987 ** ** ** ns ns ** * ns ** ns
1988 . . ns ns ns . . . N .
1989 ** * ns * ** ns ns ns * **
1990 ** ns * ns ** ns ** ** ** ns
1991 ns . . . ns . . . ns .
1992 . - . . . ns ns ns . P
1993 ** ns ** ** * ns ** ns ns **
1994 ns ns ns ns ** ns ns ns ns ns
1995 . ns . . . . . ns ns P
1996 ** ns ns ns ns ns ns ns * ns
1997 ns . . . . ns . P N .
1998 ns ns ns ns ** ns ns ns ns ns
1999 ns ns ns ns ** ns ns ns ns ns
2000 ns ns ns ns ns ** ns * ns ns
2001 ns ns * ns ns ns ns ns ns ns
2002 . ns . ns . * . ns * *
2003 ns ns ns ns ** ns ns ns ns ns
2004 ns ns ns ns ** ns ns ns ns ns
2005 ** ns * * ** ns ns ns ** ns
1968-2005  ** . . . . . . . . N
Editorial responsibility: Max Tilzer, Submitted: October 14, 2008; Accepted: September 11, 2009

Konstanz, Germany Proofs received from author(s): October 22, 2009



	cite1: 
	cite2: 
	cite3: 
	cite4: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite9: 
	cite10: 
	cite11: 
	cite12: 
	cite13: 
	cite14: 
	cite15: 
	cite16: 
	cite17: 
	cite18: 
	cite19: 
	cite20: 
	cite21: 
	cite22: 
	cite23: 
	cite24: 
	cite25: 
	cite26: 
	cite28: 
	cite29: 
	cite30: 
	cite31: 
	cite32: 


