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Abstract

Phytoplanktonic organisms are particularly sensitive to environmental change, and,
as they represent a direct link between abiotic and biotic compartments within the
marine food web, changes in the functional structure of phytoplankton communi-
ties can result in profound impacts on ecosystem functioning. Using a trait-based
approach, we examined changes in the functional structure of the southern North
Sea phytoplankton over the past five decades in relation to environmental conditions.
We identified a shift in functional structure between 1998 and 2004 which coincides
with a pronounced increase in diatom and decrease in dinoflagellate abundances,
and we provide a mechanistic explanation for this taxonomic change. Early in the
2000s, the phytoplankton functional structure shifted from slow growing, autumn
blooming, mixotrophic organisms, towards earlier blooming and faster-growing mi-
croalgae. Warming and decreasing dissolved phosphorus concentrations were linked
to this rapid reorganization of the functional structure. We identified a potential link
between this shift and dissolved nutrient concentrations, and we hypothesise that or-
ganisms blooming early and displaying high growth rates efficiently take up nutrients
which then are no longer available to late bloomers. Moreover, we identified that the
above-mentioned functional change may have bottom-up consequences, through a
food quality-driven negative influence on copepod abundances. Overall, our study
highlights that, by altering the phytoplankton functional composition, global and re-
gional changes may have profound long-term impacts on coastal ecosystems, impact-

ing both food-web structure and biogeochemical cycles.
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1 | INTRODUCTION

Phytoplanktonic organisms form the base of aquatic food webs, rep-
resenting the essential link between the abiotic environment and
higher trophic levels (Sommer et al., 2002). Because phytoplankton
species differ in their metabolic requirements and in their modes of
nutrient acquisition (Falkowski, 2004), environmental conditions can
directly influence community structure of phytoplankton, which in
turn, affects the biogeochemical cycles of many elements (e.g. car-
bon, nitrogen, phosphorus). Because of this sensitivity to environ-
mental change, the impact that global and regional change has on
phytoplankton communities may in turn affect the entire food web
and the associated ecosystem services, from nutrient turnover to
fisheries (Beaugrand et al., 2003; Capuzzo et al., 2018; Reid et al.,
2001).

The simultaneous impacts of global and regional change are par-
ticularly visible in coastal regions such as the North Sea, which have
undergone particularly rapid warming, and are, thus, considered
global warming hotspots (Simpson et al., 2011; Wiltshire & Manly,
2004). Over the past decades, warming of the coastal North Sea
has been accompanied by changes in dissolved nutrient concentra-
tions characterized first by a eutrophication phase in the 1960s and
1970s. In the period 1985-2000, the implementation of policy mea-
sures targeting terrestrial nutrient runoffs (Grizzetti et al., 2012) de-
creased total phosphorus inputs into the North Sea by 50-70% and
nitrogen inputs by 20-30% (Burson et al., 2016; Lenhart et al., 2010;
Passy et al., 2013; Skogen et al., 2004). Although most environmen-
tal changes occur gradually, natural variability and anthropogenically
induced changes can act concurrently and cause sudden non-linear
changes in marine community composition, which are indicative of
ecological regime shifts.

Complex systems may have critical thresholds, or tipping points,
at which the system shifts abruptly from one state to another
(Scheffer et al., 2009). In its ecological definition, a regime shift is
a rapid change in community structure, including replacement or
even loss of key species (Conversi et al., 2015). For instance, Reid
et al. (1998, 2001) described a sudden increase in phytoplankton
biomass in the North Sea for the late 1980s, which they linked to
concurrent increases in temperature and inflows of Atlantic water.
At roughly the same time, the abundance of calanoid copepods
also significantly increased (Beaugrand, 2003; Beaugrand & Ibaiiez,
2002). Hence, this regime shift was characterized by an increase in
planktonic abundances rather than by a change in taxonomic struc-
ture. A second regime shift was identified for the late 1990s-early
2000s (Beaugrand et al., 2014). During this period, diatom densities
rapidly increased (Alvarez-Fernandez et al., 2012; Bedford et al,,
2020; Wiltshire et al., 2008), seasonal diatom blooms started to
occur earlier (Wiltshire et al., 2008), whereas the abundances of
dinoflagellates (Hinder et al., 2012; Meunier et al., 2018) and most
copepod species declined (Alvarez-Fernandez et al., 2012; Boersma
et al., 2015). This shift in planktonic structure of the North Sea
was linked to the continuing increase of temperature and stronger
summer wind speed (Hinder et al., 2012), as well as to a decrease in
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dissolved nutrient concentrations (Alvarez-Fernandez et al., 2012;
Boersma et al., 2015; Meunier et al., 2018). Although these sudden
taxonomic changes have been well described, their consequences
for the functioning of the system have been rather implicit, and a
functional understanding of North Sea regime shifts is missing.

Most studies on phytoplankton community changes have thus
far used a taxonomic approach (e.g. Alvarez-Fernandez et al., 2012;
Beaugrand & Reid, 2003; Hinder et al., 2012; Scharfe & Wiltshire,
2019; Wiltshire et al., 2008; Wiltshire & Manly, 2004). Although
these studies have increased our understanding of the North Sea
ecosystem, taxonomic approaches do not provide a mechanis-
tic understanding of community changes and do not assess how
these changes can be linked to ecological functions (Litchman &
Klausmeier, 2008; McGill et al., 2006). Here, by focusing on traits
(i.e. biological characteristics), functional approaches, also called
trait-based approaches, we hope to provide an ecological under-
standing of the complex changes occurring in species assemblages.
In these approaches, traits are defined as any morphological, physi-
ological or phenological characteristic that reflects fitness indirectly
via its effects on growth, reproduction, and survival (Litchman
et al., 2013; Violle et al., 2007). Thus, functional approaches allow
the identification of the traits, which drive community composition
changes, or, alternatively, those that are most affected by alterations
in environmental conditions.

Here, using the trait-based approach we explored the potential
influence of changing environmental conditions on the functional
structure (i.e. trait composition) of the southern North Sea phyto-
plankton. We applied multivariate analyses to the unique long-term
Helgoland Roads data set for the period 1975 to 2018. We aimed
to (1) characterise the functional structure of a representative and
consistent part of the phytoplankton community in the North Sea;
(2) study how this functional structure changed over time; (3) iden-
tify the potential environmental drivers of functional structure
changes and (4) assess the potential repercussions of these func-
tional changes for the ecosystem.

2 | MATERIALS AND METHODS

2.1 | Data origins

Our analyses were based on the long-term data set of Helgoland
Roads (Wiltshire et al., 2008; PANGAEA, 2004; http://www.panga
ea.de). Since 1962, phytoplankton has been sampled and counted
on a work-daily basis. Additionally, temperature, salinity, nutrient
concentrations (Si0,*", PO, NH,*, NO,", NO,") and Secchi-depth
have been monitored (see Hickel et al., 1993 for method descrip-
tion). The identification of phytoplankton organisms was carried out
to the lowest taxonomic level possible, which was often the spe-
cies level (see Wiltshire and Dirselen (2004) for a complete list of
counted categories), and counted using the Uterméhl method (Lund
et al.,, 1958). In 1975, the zooplanktonic compartment was added
to the sampling, three times a week (Greve et al., 2004). For more
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details of the sampling and analytical methods used at Helgoland
Roads, see Greve et al. (2004) and Boersma et al. (2015) for zoo-
plankton, Wiltshire and Dirselen (2004) for phytoplankton, and
Raabe and Wiltshire (2009) for nutrients.

The analysis of the functional response of phytoplankton was
carried out for the time period 1975-2018, to include the potential
impact of grazers. Phytoplankton species for this analysis were cho-
sen following Scharfe and Wiltshire (2019), representing the subset
of the phytoplankton community which has been consistently iden-
tified and counted during the whole observational period, without
any taxonomical issues. Furthermore, this subset represents around
half of the total yearly phytoplankton abundance at Helgoland
roads, and includes the most dominant marine phytoplankton
groups, representing a seasonal cross section of all observed spe-
cies, with a wide variety of life history strategies. In Sarker et al.
(2018), the authors estimated the representativeness of this subset
and concluded that as a representation of long-term changes in phy-
toplankton diversity at Helgoland Roads, the use of this subset is
relevant. Most importantly, the data necessary to fill the trait table
for these species were available in the literature. This, in fact is one
of the main bottlenecks in trait-based approaches, as described by
Martini et al. (2021), who state ‘The main caveat [..] is that only a
limited number of species and/or traits have been reported so far,
thus not yet allowing for a generalization of findings across taxa, the
definition of fitness landscapes, and/or the characterization of eco-
logical niches or responses to environmental change’. Our represen-
tative selection allowed us to create a complete trait table after an
extensive review of the literature to identify trait characteristics or
modalities for all species (Table 1). This table comprised the four trait
categories as defined by Litchman et al. (2013), namely morphologi-
cal, life history, behavioural and physiological traits. In total, the trait
table gathered 15 traits of different types (i.e. numerical, binomial,
nominal and ordinal). The trait values assigned to each species are

given in the Appendix S1.

2.2 | Dataanalyses
Analyses were performed under the R environment (R Core Team,
2020). The threshold of significance for all tests was set at 5%.

2.2.1 | Data preparation

We first calculated the average monthly values for the abundance of
each species and for environmental parameter values. This was done
to smooth the data and obtain a homogeneous time step, necessary
for time series analyses. The complete environmental matrix com-
prised sea surface temperature (SST, °C), Secchi depth (m) and salin-
ity as well as nutrient concentrations (pmoI.L'i) for silicate (SiO44'),
phosphate (PO43’) and dissolved inorganic nitrogen (DIN) as the sum
of ammonium (NH, ), nitrate (NO;") and nitrite (NO,"). As copepods
are important grazers of phytoplankton (Frost, 1987), we considered

the sum of copepod abundances (ind.m™3) as proxy for grazing pres-
sure. Copepod abundances were then composed by the harpacticoid
Euterpina acutifrons, the cyclopoid Oithona spp., and five calanoids,
that is, Acartia spp., Calanus spp., Centropages spp., Pseudocalanus-
Paracalanus spp. and Temora longicornis. All these variables measured
at Helgoland Roads have changed substantially over the last decades
(Wiltshire et al., 2010) and have a strong potential to drive phyto-
plankton functional structure.

Each time series (each monthly species abundance and envi-
ronmental parameters) was then decomposed into three constit-
uent components, seasonality, trend and random (package stats).
The trend component represents the seasonally detrended, or
de-seasonalized data, that is, the general trend once the seasonal
variations (i.e. repeating short-term cycle in the series) are removed
(Shumway & Stoffer, 2011). Thus, the trend of each species and en-
vironmental parameter over the time period was isolated and used
for further analysis. It permitted the removal of the signal of sea-
sonal variations and to focus on general trends over the time period
(Metcalfe & Cowpertwait, 2009). Environmental parameter trends

are given in Appendix S2.

2.2.2 | Functional space

The first aim was to characterise the phytoplankton functional struc-
ture. To do so, we defined the functional space which represents the
relative distance and position of species in relation to each other, ac-
cording to their traits. The functional space can be represented into
a multidimensional ordination and represents the functional similar-
ity/dissimilarity among species; that is the extent to which the traits
of different species differ (Villéger et al., 2008). The abundance of
the different species does not contribute to the shape or size of the
functional space.

We created a distance matrix based on the trait's dissimilarity be-
tween all pairs of species. We used Gower's distance metric, which is
capable of handling mixed data types (i.e. numerical and categorical).
Then, a PCoA was computed to transform pairwise species distances
into a multi-dimensional space that best represents the overall traits
variation among species (Borcard et al., 2018). Only traits driving
species position significantly (permutation test, 999 permutations)
along the first two PCoA axes were represented. We then analysed
temporal dynamics within the functional space by examining the
mean position (i.e. centroid) within the functional space, and how
this position changes over time. This centroid is the mean position
of the species in the functional space, weighted by their abundance
(Laliberté & Legendre, 2010). A movement of the centroid along the
axes of the PCoA reflects a relative increase in the representative-
ness of the traits positioned in the direction that the centroids take.
Finally, to highlight changes in centroid positions, a Euclidian dis-
tance matrix was calculated for annual centroid coordinates within
the bi-dimensional space and plotted as a heat map where colour in-
tensity represents dissimilarity among years. Rapid change of colour
intensity marks a period of functional structure change.
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2.2.3 | Functional structure changes

The second aim of our study was to identify changes in the func-
tional structure over the sampling period, that is, the relative contri-
bution of each trait to the total structure. To do so, we calculated the
community-weighted means (CWMs) as the abundance-weighted
average trait values of all species in the community. CWMs allow
the evaluation of how trait structure varies, over time in our case,
as changes in species composition and abundance lead to changes
in the mean trait values of the community (McLean et al., 2018). A
centred-scaled principal component analysis (PCA) was then per-
formed on the CWM table, and the contribution of each trait to the
creation of the first two axes of the PCA was calculated. We then
used PCA1 (axis explaining most variation) as an index of structural
change over time. To define the timing of potential phytoplankton
functional structure shifts, we graphically analysed the outcome of
the PCA, whereby a shift in data distribution from the positive to
the negative side of the principal component axis would indicate a
significant change in the structure of the data set, here functional
community composition. To verify that the traits responsible for
changes in functional structure over the time period are also those
discriminating species most, thereby indicating a functional change,
we correlated PCoA 1 centroids scores and PCA 1 loadings before
checking whether the correlation is significant.

2.2.4 | Identification of environmental
drivers and potential consequences of functional
structure changes

After having identified the functional structure dynamics, we ex-
plored the relation between the changes in functional structure and
environmental parameters through Granger causality tests (package
vars; Pfaff, 2008). This analysis provides a stringent criterion for cau-
sation (Damos, 2016; Zhang, 2011) and has already demonstrated its
relevance to ecology (e.g. Hinder et al., 2012; McLean et al., 2018).
In a nutshell, it adds a causal term to the linear prediction model and
compares this to a similar linear model without that term. Causality
must satisfy two criteria: (i) a causal factor should precede an ef-
fect in time and (ii) incorporating historical values of a causal factor
leads to significantly improved prediction of the observed effect.
Subsequently, a comparison of residual sum of squares is carried
out by a F-test. This value is then translated to a p-value using the
F-distribution. The strength of the causality is expressed in the F-
value: the higher the value, the stronger the causality. When a sig-
nificant causality is identified, the causal factor is said to ‘Granger
cause’ the effect variable since causality can never be proven in the
absence of well-controlled experiments (Granger, 1969).

In our study, Granger causality tests were used to identify po-
tential causal links between environmental parameters and func-
tional structural changes (represented by PCA 1), with potential
time lags. We also tested reverse causations, that is, whether the
changes in community structure could have affected environmental

conditions. From the definition of the Granger causality, a direct
correlation without time lag does not qualify. Hence, Granger cau-
sality tests showed the time that a variable trend needs to Granger
cause the trend of another one. Because phytoplankton organisms
have short life spans and high growth rates, and their community
composition can change rapidly, we defined an arbitrary minimum
lag of two months and a maximum of 24 months based on a trade-
off of bias versus power. With too few lags, residual autocorrelation
can be found, providing a biased test. With too many, the null hy-
potheses might be incorrectly rejected due to spurious correlations
(Thurman & Fisher, 1988).

To avoid overestimating causalities, as a result of correlations
between explanatory variables, we reduced potential redundancy,
by selecting only those variables that explained the highest variation
following the method proposed by Borcard et al. (2018). This method
also permitted the removal of variables unrelated to functional
structure changes. A redundancy analysis (RDA) was performed be-
tween the CWM and the complete de-seasonalized environmental
matrix followed by subsequently performing a forward selection
based on the null RDA and a backward selection based on the full
RDA, simultaneously. The simplified parsimonious model was then
tested by a permutation test (999 permutations), along with the re-
maining variables. Finally, we used the monthly trend of PCA 1 load-
ing and environmental variables selected by the parsimonious model
for Granger causality tests.

Furthermore, we performed a variation partitioning analysis
between significant potential drivers and traits affiliated to PCA
1, using the time lags identified above. This analysis quantifies
the part of variation in the trait values explained by each variable
when controlling for the effect of other variables, as well as the
amount of explained variation shared by the different variables
(Anderson & Cribble, 1998). Ecologically, it permits to identify the
main drivers of functional structure changes (Borcard et al., 2018).
The significance of the variation explained by each variable was
assessed by a Monte-Carlo permutation test (999 permutations).
For environmental parameters potentially affected by functional
structure changes, we performed a linear regression between PCA
1 and environmental parameters, considering the significant time
lag highlighted.

3 | RESULTS

3.1 | Characterisation of phytoplanktonic
functional space

Using the traits of each species, we defined the functional space of
the phytoplankton community (Figure 1a,b). The first and second
axes of the PCoA explained 39% and 16% of the trait variation be-
tween species, respectively (Figure 1c; permutation test, 999 per-
mutations). Cell volume, cell volume variation, ability to form blooms
and optimal irradiance did not significantly contribute to species
discrimination (permutation test, p > .05). The positive part of axis
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FIGURE 1 Phytoplankton functional
space determined by the relative distance
and position of species in relation to each
other, according to their traits (a) with

dot sizes indicating their relative mean
abundance as indication (b). (c) Traits
driving significantly species position along
the PCoA axes 1 and 2 (permutation

test; 999 permutations, p < .05). Arrows
correspond to quantitative traits.
Qualitative traits are represented by their
modalities

PCoA 2 (16%)

PCoA 2 (16%)

PCoA 2 (16%)
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1 was associated with low maximum growth rate (mu_max), mixo-
trophic mode, no silica and peak of occurrence during autumn. The
second axis mainly discriminated species depending on alpha (ability
to grow under low light).

The temporal dynamics within the functional space was studied
over time (Figure 2a). The centroid moved from the top, via the right,
to bottom left of the graph, with displacements especially rapid (i.e.
long distance between centroids) from 1989 to 2004, and the func-
tional space is especially distinct between two periods, before and
after 2004 (Figure 2b). In view of the range of variation of the two
axes, the temporal change within the functional space was mainly
along the first axis (i.e. ranged from 0.04 to -0.01), indicating that
species which increased in relative abundance were located in the

left half of the functional space, corresponding to silica, autotrophy

or high growth rate traits.

3.2 | Changes in phytoplankton functional
structure

Temporal dynamics of the phytoplankton functional structure were
examined by generating a CWM matrix using the functional traits
and the detrended monthly species abundances, ordinated in a PCA
(Figure 3a). The first two axes of the PCA gathered 60% of the trait
composition changes over time, with PCA 1 explaining 46% of the
temporal dynamic and PCA 2 only 14%. The percentage contribution
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FIGURE 3 Functional structure changes between 1975 and 2018. (a) Principal component analysis (PCA) of the community-weighted
mean matrix. Individual data points (months of each year, n = 528) are not represented for the sake of visibility. (b) Relative contribution of
each trait and modalities to the first and second PCA axes. The red dotted lines represent the mean contribution of all traits. Only traits
having a contribution higher than the mean are represented. (c) PCA 1 and PCA 2 individual data points coordinates. For the definition of the

traits and their modality, please refer to Table 1

of each trait was calculated for both axes (Figure 3b). Time separation
along axis 1 was mainly related to the functional structure changes
in terms of trophic mode, presence of silica or maximum growth
rate. PCA 2 mainly separated years depending on the blooming abil-
ity trait. Examination of the change of the PCA loadings with time
revealed temporal changes in the functional structure (Figure 3c).
PCA 1 coordinates showed a major drop starting in 1990 and ending
in 2008. Coordinates switched from the positive to the negative part
of the axis between 1998 and 2004, representing a significant shift
in the functional structure of the phytoplankton community. These
temporal dynamics were mainly explained by relative decreases of
mixotrophy and autumnal bloomers, and a relative increase in fast
growing and siliceous organisms. Fluctuations over time also oc-
curred along PCA 2 with two major drops, in the 1980s and the late
1990s. These fluctuations between the negative and positive sides
of axis 2 provide information about periods of time either character-
ised by high bloom-forming communities dominated by cylindrical-
shaped cells (negative part) or highly variable cells size (cell_var) with

elliptic cylindrical-shaped cells. The proportion of organisms capable
of forming blooms increased at the end of the 1980s, the average
position of the coordinates being in the negative part, or fluctuat-
ing around zero after this period. Using regression analyses, PCoA 1
.87;
p < .01), meaning that the traits that best differentiate species are

and PCA 1 loadings showed a highly significant correlation (R? =

also the traits that best differentiate years, namely trophic mode,
siliceous theca, maximum growth rate and high autumnal versus
spring abundance.

3.3 | Drivers of functional structure changes and
environmental implications

An analysis of Variance Inflation Factors and forward/backward
selection carried out on the complete RDA (all variables) identi-
fied SST, DIN, PO,
in trait composition, removing salinity, SiO44

" and grazing as variables related to variations
" and Secchi. Then, we
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used Granger causality tests to investigate potential causalities be-
tween these environmental time series and PCA 1 loadings as an
index of structural changes, explaining by itself almost half of the
total observed variation (Figure 4). The results of all Granger causal-
ity tested at the 23-time lags (from 2-month to 24-month lag) are
given in Appendix S3.

The series of Granger causality identified that changes in
functional structure were significantly related first to PO43'
(F11,986 =2.53; p <.01) and, secondly, to SST (F16,956 =1.84;p < .05),
both roughly a year earlier (11 and 16 months, respectively). Neither
DIN nor grazing pressure had significant causal influence on phyto-
planktonic functional changes at any time lag. Following these re-
sults, a variation partitioning was performed, considering time lags,
to highlight the amount of variation in the functional structure ex-
plained by the two identified drivers (Figure 5).

The variation partitioning results show that 63% of the total
annual trait composition variation was explained by the SST, PO43'
concentration and their shared variation. The dissolved PO43' com-
ponent accounted for 53% of trait variation while SST explained
45%. In terms of pure effect (i.e. variation explained when con-
trolling for the effect of the other variables), PO43_ concentration
explained still the most with 18% of variation explained and 10% for
SST. However, the largest amount of variation was shared between
SST and PO43' concentration, accounting for 35% of the functional
composition changes.

Reverse causations were also tested. This time, the series of
Granger causality tests identified PO43' (F12,980 =2.48;p<.01),DIN
(F14,968 = 2.04; p < .01), both with roughly 1-year time lag, and graz-
ing pressure (F24'908 =1.96; p < .01) (2 years) as potentially driven by
phytoplanktonic functional structure changes. We then calculated

F=1.84*
16-month lag G SST
F=2.53%* F=2.48**
_
11-month lag p PO4 12-month lag
C
A
s F=2.04*
F=0.88
1| e—— DIN 14-month lag
~ = i F=1.96**
F=031 —— Grazi ng el

FIGURE 4 Results of Granger causality test between
environmental variables and PCA 1 axis. Most significant time lags
(lowest p value and highest F-value) are indicated. * = p < .05, ** =
p < .01. The direction of the arrow indicates the hypothesis being
tested. Arrow from right to left; HO: environmental parameter
variations do not Granger-cause functional structure variations.
When blue, the null hypothesis is rejected. Arrow from left to right;
HO: PCA variation do not Granger-cause environmental parameter
variations. When red, the null hypothesis is rejected. Dotted arrows
indicate no granger causality at the threshold of 5%

SST***  PO4***

18%

Residuals = 37%

FIGURE 5 Variance partitioning analysis. Venn diagram showing
the percentage of variation in the functional structure explained by
each of the potential driver identified by Granger causality test (see

Kok,

Figure 4). ***: p < .01 (Monte-Carlo test; 999 permutations). Only
traits affiliated to PCA 1 were used, namely trophic mode, siliceous
theca, maximum growth rate, motility, chain forming, resting stage,
autumnal and spring abundance. The explanatory variables are
placed to their time of effect (SST: -16 months; PO,*: ~11 months)

linear regressions between annual PCA 1 loading and these three
variables considering the most significant time lags (Figure 6). The
three regressions performed were significantly correlated to PCA
1 loading at different magnitudes. Grazing was most correlated to
functional structure changes after 24 months (p < .01; R2adj =.69)
adj = 47)
and PO43’ (12-month lag; p < .01; R2adj = .41). This implies that the

time needed by the nutrient trends to respond substantially to the

followed by DIN concentration (14 month-lag; p < .01; R?

functional structure shift is around 1 year, while grazing as the sum
of copepods abundance, reacted more slowly, with 2 years needed
to be substantially impacted.

4 | DISCUSSION

In this study, we investigated changes in the functional structure of
North Sea phytoplankton during the past five decades, and their re-
lation to changing environmental conditions. Phytoplankton showed
an increase in blooming ability at the end of the 1980s, followed by
a rapid shift in functional structure between 1998 and 2004. This
functional change was characterised by a switch from mixotrophic,
slow growers and autumnal bloomers, to autotrophic fast-growing
cells and spring bloomers. This functional restructuring was associ-
ated mostly, in terms of explained variation, with decreasing phos-
phate concentrations, followed by increasing temperatures. This
functional restructuring of the phytoplankton in turn had conse-
quences for the nutrient concentrations roughly 1 year later, and for
the grazer-densities 2 years later.



DI PANE ET AL. 2813
% GloballChange Biology %A | ]_EYJ—
FIGURE 6 Lag-plot between PCA e
. . o _| ° o0 °
1 loading as explanatory variable and <~ ° &
dependent variables highlighted by . ~ - ®
Granger causality tests. Each point o o S 7] © g o
o _|
corresponds to the annual trend value of el //‘ ® o o
PCA 1 and the dependent variable at its —_ ® e © * +°
. =3 / = ® o ~ o ®/
relevant time lag £ o /o D @ 2 ° ’
% © /. ® § » E s [ //
. — o ® - 7’ = /
g © o '. S v | ° / 5 ~ | L
< 4 £ W ° £ o o °
N " ° < ° . //' o0 ﬁ o o i °
Z - ’
g < | e/ ot z Q- N ,’ ° S o© o/ © 6
g ° Lot 8 7l g o7 ./
(O] .// ° S . o/ .
o ./ v ° A 72 .
’ oog B (¥
~ _[® A ) ®
@ Tje% o ® S 2 %
/e o | »° ‘
~ A °
[ ] [ ]
) _r ®e g 4° .
T T 1 T T e T T T T T 1 T T T T 11
-6 -2 2 6 -6 -2 2 6 -6 -2 2 6
PCA 1 Score PCA 1 Score PCA 1 Score

4.1 | Shiftin phytoplankton functional structure
Towards the end of the 1980s, the coastal North Sea experienced
a substantial increase in phytoplankton biomass, both in absolute
amounts as well as seasonal extent (Reid et al., 1998; Wiltshire
et al., 2008). Edwards et al. (2001) also reported after this period a
phytoplanktonic biomass higher than the long-term average, with a
particularly strong increase in winter (Reid & Edwards, 2001). Our
study provides a potential mechanistic explanation for this increase
in phytoplankton biomass, as we also identified a sharp increase of
phytoplankton with strong bloom-forming characteristics at the end
of 1980s. Thus, increased abundances of organisms forming large
blooms likely lead to higher chlorophyll concentrations, which sug-
gests an increase in primary productivity in the North Sea ecosys-
tem at the end of the 1980s. Although this relative increase in the
importance of high bloomers seems significant, this trait represented
a relatively small percentage of the total variation observed in func-
tional structure composition. We, therefore, cannot characterize the
late 1980s as having experienced a shift in functional structure sensu
stricto. Therefore, we focused our attention on the dramatic change
in the functional structure, which occurred around 10 years later.
The late 1990s-early 2000s were marked by profound changes
in the planktonic compartment of the North Sea (Beaugrand
et al., 2014; Sarker et al., 2018). Hinder et al. (2012) and Alvarez-
Fernandez et al. (2012) identified that after 1999, the North Sea eco-
system experienced a pronounced increase in diatom and decrease
in dinoflagellate abundances, and Wiltshire et al. (2008) identified
that seasonal diatom blooms started to occur earlier. These results
are supported by Beaugrand et al. (2014) and Sarker et al. (2018)
who highlighted an abrupt ecosystem shift in the planktonic assem-
blages of the North Sea between 1996 and 2003 and found sim-
ilar trends for these two phytoplanktonic lifeforms. Furthermore,
Sarker et al. (2018) found that ecosystem variability is an import-
ant predictor of phytoplankton diversity, and that low ecosystem

variability yields higher species diversity due to niche differentia-
tion, which tends to reduce competition. However, these studies did
not provide a functional explanation for this taxonomic shift. Using
our trait-based analysis, we addressed this issue and identified that
the shift in functional structure we observed was driven by a few
main traits. Indeed, from 1975 to 1990, the functional structure was
characterised by slow growing species, having a mixotrophic feeding
behaviour, no silica and displaying maximal abundance during au-
tumn. While the 1990s was a transition period with high variations
in the relative proportion of different traits, since the beginning of
the 2000s, the functional structure is dominated by organisms with
high growth rates, highly abundant in spring, often found in chains,
able of resting stage production and having an autotrophic feeding
mode. Those traits were the same as the traits differentiating spe-
cies the most within the functional space, indicating a major shift
in functional structure passing from one lifeform dominance to its
functional opposite.

Although these results are ecologically significant, it is worth not-
ing that we analysed a subset of all phytoplankton species that can be
observed within the southern North Sea, which could limit our ability
to capture patterns of community composition (Vellend et al., 2008).
However, trait-based approaches address ecological strategies along
trait continua, and the subset of phytoplankton we used covered a
broad range for each trait considered, which gives us confidence in the
relevance of the results we obtained. It must be mentioned that trait
selection also can have direct impacts on research conclusions (Zhu
et al., 2017). Trait choice must be based on the hypotheses of interest,
they must holistically capture functional diversity, and reflect well-
defined ecological functions (Dee et al., 2016; Lefcheck et al., 2015;
McGill et al., 2006; Petchey & Gaston, 2006). We ensured that the
traits used in this study match these requirements, representing the
four main trait types defined by Litchman et al. (2013). Furthermore,
the functional changes we identified are well in line with other studies
focusing on taxonomic approaches.
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Our analyses show that maximum growth rate, seasonal prefer-
ence and trophic mode are the main traits related to the functional
shift we observed. Compared with dinoflagellates, diatoms have
generally higher growth rates, an earlier seasonal preference, and
essentially autotroph, whereas dinoflagellates can be mixotrophs.
These differences make diatoms and dinoflagellates successful in
different environmental conditions as summarized by Margalef's
Mandala (Glibert, 2016; Margalef, 1978), which predicts the occur-
rence of different taxonomic/functional groups of phytoplankton
along environmental gradients. In the following, we expand on these
aspects and discuss how changing environmental conditions in the
North Sea may have led to this functional structure shift.

4.2 | Drivers of functional structure changes and
effects on the environment

4.21 | Drivers of functional structure changes

In our study, warming appeared as one of the two main direct driv-
ers of the late 1990s functional structure change. The study of
Hinder et al. (2012) supports this result as it showed that, after
the 1990s, the sharp increase in diatoms/dinoflagellates ratio
was related to warming and increasingly windy conditions, caus-
ing higher degrees of turbulence. This finding is supported by
the study of Berdalet et al. (2007) showing that turbulence im-
pairs dinoflagellates cell-division and life-cycle processes. Such
effects of turbulence may be even more marked in well-mixed
systems such has the southern North Sea where stratification pro-
cesses are restricted (Tett & Walne, 1995; Wiltshire et al., 2015).
Similarly, Bedford et al. (2020) observed an offshore decline of di-
noflagellate abundances in the North Sea, correlated with increas-
ing temperatures at the same period. Temperature was positively
correlated to the increase in diatoms, and therefore negatively to
dinoflagellate abundances in the study of Beaugrand et al. (2014).
Whereas these studies did not consider nutrient concentrations as
a potential driver, here, we determined that decreasing phosphate
concentrations in the North Sea since the 1980s was the main fac-
tor influencing the functional structure of phytoplankton commu-
nities. The time needed for the functional structure to respond to
warming and de eutrophication was about 1 year. Many species of
phytoplankton have very specific periods of the year that they can
be found, so any reaction to changing environmental conditions is
most likely only observable the next time the species is found in
the plankton, which is typically 1 year later. Hence, the observed
time lags of 1 year suggest the most rapid reaction we could have
observed, and suggests that there is an almost instantaneous re-
action of phytoplankton communities to environmental change. In
fact, Hinder et al. (2012) observed a similar time lag effect of sea
surface temperature on phytoplankton abundances. Hence, func-
tional structure changes which occurred in the southern North
Sea are driven by concurrent regional (dissolved phosphate con-
centrations) and global changes (temperature).

Disentangling the relative influence of different environmental
drivers on biological systems is a useful but highly complex scientific
exercise (e.g. Ozkan et al., 2016; Winder & Cloern, 2010). Different
processes involved in the structure of the phytoplankton commu-
nity, such as climate-induced annual changes, human disturbance or
aperiodic weather events can act on multiple time scales, making
it difficult to disentangle their specific effects (Ozkan et al., 2016).
Information about the pre-industrial state of the phytoplanktonic
community would be interesting to contrast the composition of a
community under an historical, nutrient-poor and cooler tempera-
ture regime with the current community under also less nutrient-rich
conditions but a higher water temperature. Using the continuous-
plankton-recorder data set, Gieskes and Kraay (1977) studied North
Sea plankton changes between 1948 and 1975. Over this period, di-
atoms contributed to a minor degree to the total community, while
dinoflagellates were always the most abundant taxa in summer and
autumn. Using back-tracking modelling approaches, some studies
(e.g. Kerimoglu et al., 2018; Stegert et al., 2021) have shown a much
lower phytoplankton biomass in the pre-industrial nutrient-poor
coastal system. However, this type of approach does not allow the
study of the taxonomic composition, and even less functional struc-
ture, but instead treats the phytoplankton community as a whole,
either using chlorophyll a concentration or total abundance.

In our study, we found that decreasing phosphate could be the
main driver of phytoplanktonic changes. Competition can be defined
as the rivalry between lifeforms for access to limited environmen-
tal resources. Following Tilman's theory (Tilman, 1990), the life-
form with the lowest R* (i.e. the minimal concentration of limiting
resource that a lifeform requires to survive in a habitat) is predicted,
at equilibrium, to displace all competitors (Craine, 2005). Because
phosphorus is often the factor limiting phytoplankton growth in the
North Sea (Pitsch & Radach, 1997; Wiltshire et al., 2010), one may
expect that fast-growing organisms, having high phosphorus de-
mands (Egge, 1998), should be outcompeted when dissolved phos-
phorus concentrations decrease. However, analyses of long-term
data series, results from scientific expeditions, as well as laboratory
experiments have all shown that dinoflagellates are negatively in-
fluenced by low dissolved phosphorus concentrations (Camarena-
Gobmez et al., 2021; Li et al., 2016; Meunier et al., 2018). Indeed,
although earlier studies have shown that dinoflagellates can be
more successful than diatoms in warm and relatively nutrient-poor
conditions (Henson et al., 2012; Kamykowski & Zentara, 2003; Xiao
et al., 2018), the study of Marafdn et al. (2018) showed that nu-
trient limitation suppresses the temperature dependence of meta-
bolic rates and growth of phytoplankton species, which may explain
why dinoflagellates, which are rather dominant in autumn, did not
benefit from warmer waters. This hypothesis stresses out the im-
portance of bloom timing trait. We identified a shift from autumnal
bloom-forming algae to a functional structure dominated by early-
blooming (spring), fast growing algae. Spring phytoplankton bloom
is a rapid event, which selects taxa, mainly diatoms, displaying a
combination of traits fitting to the spatio-temporal environmental
conditions, typically high growth rates, photoadaptation to low-light
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conditions, nutrient kinetics and grazing resistance (Lewandowska
et al., 2015). Previous studies have shown that warming has sig-
nificantly increased the length of the growing season for diatoms
(Wiltshire et al., 2008, 2015; Wiltshire & Manly, 2004), and have
shown large shifts in species occurrence and phenology (Scharfe &
Wiltshire, 2019) which are in line with our results. We suggest that
warming favours these early-blooming organisms, which efficiently
deplete dissolved nutrients seasonally due to their fast-growing abil-
ities, and thereby, in the de-eutrophication context of the area we
studied, exacerbate the consequences of overall decreasing nutrient
availability for autumn-blooming lifeforms.

Predicting species or functional groups response to global change
on a fixed environmental niche preference (i.e., optimal temperature
or nutrient range) has its limits. Phytoplanktonic organisms and
their traits can display resilience or plasticity, which would be ben-
eficial for persisting under global change (Charmantier et al., 2008;
Litchman et al., 2012; Nicotra et al., 2010; Reusch & Boyd, 2013).
Chivers et al. (2017) addressed this issue, and showed that, com-
pared with diatoms, dinoflagellates have a lower phenotypic plas-
ticity, closely tracking the velocity of climate change. Although the
authors could not explain the underlying mechanisms, this dichot-
omy may have influenced the restructuring of the phytoplankton
community. Consequently, there is no single driver of phytoplank-
tonic community change, but a synergy between warming and other
environmental parameters, in the case of our study dissolved phos-
phate concentrations, which drive the net impact that global change
has at different spatial scales (Bedford et al., 2020).

4.2.2 | Consequences of functional structure
changes on ecosystem functioning

We identified that the functional structure changes described
above, had a significant influence on dissolved nutrient concen-
trations, as well as copepod abundance trend represented by the
grazing pressure. Even if our results on the causal influence of phy-
toplankton functional shifts on nutrient concentrations and copepod
abundances were statistically significant and in line with the exist-
ing literature, such causality links must be taken with caution, and
well-controlled experiments are necessary to establish them. For
instance, cryptic mechanisms could be unravelled when studying in
situ communities and their complex interactions with the biotic and
abiotic compartments in mesocosm experiments (Boyd et al., 2018).

In the North Sea, nitrogen inputs were reduced by 20 to 30%
in the period 1985-2002 due to the success of policy measures ad-
dressing eutrophication (Burson et al., 2016; Lenhart et al., 2010;
Passy et al., 2013), and since 2003, total nitrogen inputs to the North
Sea have remained fairly constant (www.ospar.org/assessments).
However, nitrogen concentrations at Helgoland Roads have de-
creased by more than 50% compared to the 1980s (see Appendix
S2). We hypothesize that the sharp restructuring of the phytoplank-
ton functional structure, and in particular the fast growing and
early blooming characteristics of the post 1990’s community, are
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responsible for this nitrogen sink. The functional restructuring could
have also led to a faster dissolved phosphate depletion, making this
environmental parameter both a response and effect variable. After
controlling for seasonal variations, the dissolved concentrations of
nitrogen and phosphorus appeared to be influenced by phytoplank-
ton functional structure changes with a time lag of 1 year. The com-
bination of fast-growing performance, related to efficient nutrient
uptake (Litchman et al., 2007) and, earlier blooming characteristics
of the post 1990s functional structure, could lead to an earlier and
faster flow of nutrients to the benthos through cellular senescence
(Wasmund et al., 2017), thereby negatively impacting the concen-
tration of dissolved nutrients from 1 year to the next. The efficient
depletion of dissolved nitrogen may further influence the identity
and strength of biological nutrient limitation. Hence, we hypothesize
that nitrogen concentration, and the overarching phosphorus limita-
tion at Helgoland roads (Wiltshire et al., 2015), and in coastal North
Sea waters in general (Patsch & Radach, 1997), is not only driven by
seasonal variations of riverine inputs but is also influenced by the
functional structure of the phytoplankton community. Growth rate
and seasonal preference can, thus, be considered as effect-traits,
having a direct influence on ecosystem processes (Pakeman, 2011).

Total copepod abundance (used here as an index of grazing pres-
sure) appeared significantly and negatively impacted by the changes
in phytoplankton functional structure, with a 2-year time lag. Their
more complex ontogeny and longer life span may explain this lon-
ger response time compared to phytoplankton. This result is sup-
ported by previous studies indicating that the abundances of most
copepod species have declined in the North Sea since the late 1990s
(Alvarez-Fernandez et al., 2012; Beaugrand et al., 2014; Boersma
et al., 2015). From the phytoplankton traits we used in this study, we
could not isolate a specific trait of the post 1990s community which
could have driven this decline in copepod abundance. Scharfe and
Wiltshire (2019) also used copepod abundances as proxy of grazing
pressure and identified a reduction, particularly pronounced after
2007, but could not identify a direct bottom-up nor top-down con-
trol exerted on this compartment.

Klausmeier and Litchman (2012) identified that decreasing nu-
trient input benefits spring bloomers and can lead to the decrease
or complete absence of fall bloom dynamics and ultimately to a de-
crease in grazers biomass. The lower copepod abundance observed
could also be directly related to the shift from dinoflagellates to di-
atoms, as reports exist that dinoflagellates are a better food source
for many copepod species (lanora et al., 2004), and even that dia-
toms may produce substances that inhibit copepod reproduction in
some cases (Ban et al., 1997; Calliari & Tiselius, 2005; Miralto et al.,
1999; Mller-Navarra et al., 2004). This could have led to a decrease
in copepod abundances by reducing their larval survival success, and
therefore their recruitment. However, changes in nutrient availabil-
ity are also directly reflected in the elemental composition of phy-
toplankton (Meunier et al., 2014). As the relative carbon to nutrient
ratios in copepods is less variable, as compared with that in phyto-
plankton (Van de Waal et al., 2010), changes in dissolved nutrient
availability modifies the nutritional quality of phytoplankton and
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creates room for nutritional mismatches. Hence, the shift observed
in functional structure may have been associated with a change
in food quality resulting in an elemental mismatch between cope-
pods and their phytoplankton prey, leading to changes in copepod
abundances.

5 | CONCLUSION

In this study, we used a trait-based approach to explain an environ-
mental induced shift in North Sea coastal phytoplankton functional
structure. Organismal traits appeared very useful to identify a func-
tional shift during the 1990s. The changes in growth rate perfor-
mance, seasonal preference, motility or trophic mode dominance
of phytoplankton, likely emerged from the combined influence of
decreasing phosphate concentrations and sea warming. These traits
were related to the two dominant and contrasted phytoplanktonic
lifeforms; dinoflagellates and diatoms, and more precisely, those that
grow fast. By their great differences in life history traits, this abrupt
1990s shift between two functional structures likely had major
ecosystem-level consequences, impacting both food-web structure
and biogeochemical cycles. The functional structure dominated by
fast-growing-spring bloomers since the mid-2000s could have, in ad-
dition to a change in food quality, lowered copepod fitness and led
to an earlier and faster energy flow to the benthos. By impacting
nutrient concentration (top-down control) and higher trophic levels
(bottom-up control), the trait characteristics of the phytoplankton
community could result in wasp-waist control on ecosystem func-
tioning. These hypotheses still need more investigations to support
or infer true causality. Overall, our results emphasize the profound
impact that both global and regional change have on coastal eco-
systems through the lever represented by phytoplankton. This com-
partment and the many life strategies it contains could therefore be
the key component to marine food web stability in a context of a
changing environment.

ACKNOWLEDGEMENTS

JDP and CLM were supported by the Bundesministerium fur Bildung
und Forschung (BMBF grant no. 01LN1702A). MB was supported by
the German Science Foundation (DFG), with the Priority Programme
Dynatrait. Open access funding enabled and organized by Projekt
DEAL. The authors declare that they have no known competing fi-
nancial interests or personal relationships that could have appeared

to influence the work reported in this paper.

ORCID
Julien Di Pane "= https://orcid.org/0000-0003-0973-2702

Karen Helen Wiltshire "= https://orcid.org/0000-0002-7148-0529
Matthew McLean "= https://orcid.org/0000-0001-6518-6043
Maarten Boersma "= https://orcid.org/0000-0003-1010-026X

Cédric Léo Meunier "= https://orcid.org/0000-0002-4070-4286

REFERENCES

Alvarez-Fernandez, S., Lindeboom, H., & Meesters, E. (2012). Temporal
changes in plankton of the North Sea: Community shifts and en-
vironmental drivers. Marine Ecology Progress Series, 462, 21-38.
https://doi.org/10.3354/meps09817

Anderson, M. J., & Cribble, N. A. (1998). Partitioning the variation among
spatial, temporal and environmental components in a multivariate
data set. Australian Journal of Ecology, 23, 158-167. https://doi.
org/10.1111/j.1442-9993.1998.tb00713.x

Ban, S., Burns, C., Castel, J., Chaudron, Y., Christou, E., Escribano, R.,
Umani, S. F., Gasparini, S., Ruiz, F. G., Hoffmeyer, M., lanora, A.,
Kang, H. K., Laabir, M., Lacoste, A., Miralto, A., Ning, X., Poulet, S.,
Rodriguez, V., Runge, J., ... Wang, Y. (1997). The paradox of diatom-
copepod interactions*. Marine Ecology Progress Series, 157, 287-
293. https://doi.org/10.3354/meps157287

Beaugrand, G. (2003). Long-term changes in copepod abundance and
diversity in the north-east Atlantic in relation to fluctuations in the
hydroclimatic environment. Fisheries Ocenanography, 12, 270-283.
https://doi.org/10.1046/j.1365-2419.2003.00248.x

Beaugrand, G., Brander, K. M., Alistair Lindley, J., Souissi, S., & Reid,
P. C. (2003). Plankton effect on cod recruitment in the North Sea.
Nature, 426, 661-664. https://doi.org/10.1038/nature02164

Beaugrand, G., Harlay, X., & Edwards, M. (2014). Detecting plankton
shifts in the North Sea: A new abrupt ecosystem shift between
1996 and 2003. Marine Ecology Progress Series, 502, 85-104.
https://doi.org/10.3354/meps10693

Beaugrand, G., & Ibafiez, F. (2002). Spatial dependence of calanoid cope-
pod diversity in the North Atlantic Ocean. Marine Ecology Progress
Series, 232, 197-211. https://doi.org/10.3354/meps232197

Beaugrand, G., & Reid, P. C. (2003). Long-term changes in phytoplankton,
zooplankton and salmon related to climate. Global Change Biology, 9,
801-817. https://doi.org/10.1046/j.1365-2486.2003.00632.x

Bedford, J., Ostle, C., Johns, D. G., Atkinson, A., Best, M., Bresnan, E.,
Machairopoulou, M., Graves, C. A., Devlin, M., Milligan, A., Pitois,
S., Mellor, A., Tett, P., & McQuatters-Gollop, A. (2020). Lifeform in-
dicators reveal large-scale shifts in plankton across the North-West
European shelf. Global Change Biology, 26, 3482-3497. https://doi.
org/10.1111/gcb.15066

Berdalet, E., Peters, F., Koumandou, V. L., Roldan, C., Guadayol, 0., &
Estrada, M. (2007). Species-specific physiological response of
dinoflagellates to quantified small-scale turbulence. Journal of
Phycology, 43, 965-977.

Boersma, M., Wiltshire, K. H., Kong, S.-M., Greve, W., & Renz, J. (2015).
Long-term change in the copepod community in the southern
German Bight. Journal of Sea Research, 101, 41-50. https://doi.
org/10.1016/j.seares.2014.12.004

Borcard, D., Gillet, F., & Legendre, P. (2018). Numerical Ecology with R.
Springer.

Boyd, P. W., Collins, S., Dupont, S., Fabricius, K., Gattuso, J.-P,,
Havenhand, J., Hutchins, D. A., Riebesell, U., Rintoul, M. S., Vichi,
M., Biswas, H., Ciotti, A., Gao, K., Gehlen, M., Hurd, C. L., Kurihara,
H., McGraw, C. M., Navarro, J. M., Nilsson, G. E., ... Pértner, H.-O.
(2018). Experimental strategies to assess the biological ramifica-
tions of multiple drivers of global ocean change - A review. Global
Change Biology, 24,2239-2261. https://doi.org/10.1111/gcb.14102

Burson, A., Stomp, M., Akil, L., Brussaard, C. P. D., & Huisman, J. (2016).
Unbalanced reduction of nutrient loads has created an offshore
gradient from phosphorus to nitrogen limitation in the North Sea.
Limnology and Oceanography, 61, 869-888.

Calliari, D., & Tiselius, P. (2005). Feeding and reproduction in a small
calanoid copepod: Acartia clausi can compensate quality with
quantity. Marine Ecology Progress Series, 298, 241-250. https://doi.
org/10.3354/meps298241


https://orcid.org/0000-0003-0973-2702
https://orcid.org/0000-0003-0973-2702
https://orcid.org/0000-0002-7148-0529
https://orcid.org/0000-0002-7148-0529
https://orcid.org/0000-0001-6518-6043
https://orcid.org/0000-0001-6518-6043
https://orcid.org/0000-0003-1010-026X
https://orcid.org/0000-0003-1010-026X
https://orcid.org/0000-0002-4070-4286
https://orcid.org/0000-0002-4070-4286
https://doi.org/10.3354/meps09817
https://doi.org/10.1111/j.1442-9993.1998.tb00713.x
https://doi.org/10.1111/j.1442-9993.1998.tb00713.x
https://doi.org/10.3354/meps157287
https://doi.org/10.1046/j.1365-2419.2003.00248.x
https://doi.org/10.1038/nature02164
https://doi.org/10.3354/meps10693
https://doi.org/10.3354/meps232197
https://doi.org/10.1046/j.1365-2486.2003.00632.x
https://doi.org/10.1111/gcb.15066
https://doi.org/10.1111/gcb.15066
https://doi.org/10.1016/j.seares.2014.12.004
https://doi.org/10.1016/j.seares.2014.12.004
https://doi.org/10.1111/gcb.14102
https://doi.org/10.3354/meps298241
https://doi.org/10.3354/meps298241

DI PANE ET AL.

Camarena-Gomez, M. T., Ruiz-Gonzalez, C., Piiparinen, J., Lipsewers, T,
Sobrino, C., Logares, R., & Spilling, K. (2021). Bacterioplankton dy-
namics driven by interannual and spatial variation in diatom and di-
noflagellate spring bloom communities in the Baltic Sea. Limnology
and Oceanography, 66(1), 255-271. https://doi.org/10.1002/Ino.
11601

Capuzzo, E., Lynam, C. P.,, Barry, J., Stephens, D., Forster, R. M,
Greenwood, N., McQuatters-Gollop, A., Silva, T., van Leeuwen,
S. M., & Engelhard, G. H. (2018). A decline in primary production
in the North Sea over 25 years, associated with reductions in zoo-
plankton abundance and fish stock recruitment. Global Change
Biology, 24, e352-e364. https://doi.org/10.1111/gcbh.13916

Charmantier, A., McCleery, R. H,, Cole, L. R, Perrins, C., Kruuk, L. E. B,,
& Sheldon, B. C. (2008). Adaptive phenotypic plasticity in response
to climate change in a wild bird population. Science, 320, 800-803.
https://doi.org/10.1126/science.1157174

Chivers, W. J,, Walne, A. W., & Hays, G. C. (2017). Mismatch between
marine plankton range movements and the velocity of climate
change. Nature Communications, 8, 14434. https://doi.org/10.1038/
ncomms14434

Conversi, A., Dakos, V., Gardmark, A., Ling, S., Folke, C., Mumby, P. J.,
Greene, C., Edwards, M., Blenckner, T., Casini, M., Pershing, A.,
& Mollmann, C. (2015). A holistic view of marine regime shifts.
Philosophical Transactions of the Royal Society B: Biological Sciences,
370, 20130279. https://doi.org/10.1098/rsth.2013.0279

Craine, J. M. (2005). Reconciling plant strategy theories of Grime
and Tilman. Journal of Ecology, 93, 1041-1052. https://doi.
org/10.1111/j.1365-2745.2005.01043.x

Damos, P. (2016). Using multivariate cross correlations, Granger cau-
sality and graphical models to quantify spatiotemporal synchroni-
zation and causality between pest populations. BMC Ecology, 16.
https://doi.org/10.1186/512898-016-0087-7

Dee, L. E., Miller, S. J., Peavey, L. E., Bradley, D., Gentry, R. R,, Startz, R.,
Gaines, S. D., & Lester, S. E. (2016). Functional diversity of catch
mitigates negative effects of temperature variability on fisheries
yields. Proceedings of the Royal Society B-Biological Sciences, 283,
20161435. https://doi.org/10.1098/rspb.2016.1435

Edwards, K. F., Thomas, M. K., Klausmeier, C. A., & Litchman, E. (2012).
Allometric scaling and taxonomic variation in nutrient utilization
traits and maximum growth rate of phytoplankton. Limnology and
Oceanography, 57, 554-566. https://doi.org/10.4319/10.2012.57.2.
0554

Edwards, K. F., Thomas, M. K., Klausmeier, C. A., & Litchman, E. (2015).
Light and growth in marine phytoplankton: Allometric, taxonomic,
and environmental variation. Limnology and Oceanography, 60, 540~
552. https://doi.org/10.1002/In0.10033

Edwards, M., Reid, P, & Planque, B. (2001). Long-term and regional
variability of phytoplankton biomass in the Northeast Atlantic
(1960-1995). ICES Journal of Marine Science, 58, 39-49. https://doi.
org/10.1006/jmsc.2000.0987

Egge, J. K. (1998). Are diatoms poor competitors at low phosphate con-
centrations? Journal of Marine Systems, 16, 191-198. https://doi.
org/10.1016/50924-7963(97)00113-9

Falkowski, P. G., Katz, M. E., Knoll, A. H., Quigg, A., Raven, J. A., Schofield,
0., & Taylor, F. J. R. (2004). The evolution of modern eukaryotic
phytoplankton. Science, 305, 354-360. https://doi.org/10.1126/
science.1095964

Frost, B. (1987). Grazing control of phytoplankton stock in the open
subarctic Pacific Ocean: A model assessing the role of mesozoo-
plankton, particularly the large calanoid copepods Neocalanus spp.
Marine Ecology Progress Series, 39, 49-68. https://doi.org/10.3354/
meps039049

Gieskes, W. W. C., & Kraay, G. W. (1977). Continuous plankton records:
Changes in the plankton of the North Sea and its eutrophic south-
ern bight from 1948 to 1975. Netherlands Journal of Sea Research,
11, 334-364. https://doi.org/10.1016/0077-7579(77)20014-X

S i ey

Glibert, P. M. (2016). Margalef revisited: A new phytoplankton
mandala incorporating twelve dimensions, including nutritional
physiology. Harmful Algae, 55, 25-30. https://doi.org/10.1016/
j.hal.2016.01.008

Granger, C. W. J. (1969). Investigating causal relations by econometric
models and cross-spectral methods. Econometrica, 37, 424-438.
https://doi.org/10.2307/1912791

Greve, W., Reiners, F., Nast, J., & Hoffmann, S. (2004). Helgoland Roads
meso- and macrozooplankton time-series 1974 to 2004: lessons
from 30 years of single spot, high frequency sampling at the only
off-shore island of the North Sea. Helgoland Marine Research, 58,
274-288. https://doi.org/10.1007/s10152-004-0191-5

Grizzetti, B., Bouraoui, F., & Aloe, A. (2012). Changes of nitrogen and
phosphorus loads to European seas. Global Change Biology, 18, 769-
782. https://doi.org/10.1111/j.1365-2486.2011.02576.x

Harrison, P. J., Zingone, A., Mickelson, M. J., Lehtinen, S., Ramaiah, N.,
Kraberg, A. C., Sun, J., McQuatters-Gollop, A., & Jakobsen, H. H.
(2015). Cell volumes of marine phytoplankton from globally dis-
tributed coastal data sets. Estuarine, Coastal and Shelf Science, 162,
130-142. https://doi.org/10.1016/j.ecss.2015.05.026

Henson, S., Lampitt, R., & Johns, D. (2012). Variability in phytoplank-
ton community structure in response to the North Atlantic
Oscillation and implications for organic carbon flux. Limnology and
Oceanography, 57, 1591-1601. https://doi.org/10.4319/10.2012.
57.6.1591

Hickel, W., Mangelsdorf, P., & Berg, J. (1993). The human impact in the
German Bight: Eutrophication during three decades (1962-1991).
Helgoldnder Meeresunters, 47, 243-263. https://doi.org/10.1007/
BF02367167

Hinder, S. L., Hays, G. C., Edwards, M., Roberts, E. C., Walne, A. W.,
& Gravenor, M. B. (2012). Changes in marine dinoflagellate and
diatom abundance under climate change. Nat. Clim. Change, 2,
271-275. https://doi.org/10.1038/nclimate1388

lanora, A., Miralto, A., Poulet, S. A., Carotenuto, Y., Buttino, I., Romano,
G., Casotti, R., Pohnert, G., Wichard, T., Colucci-D'Amato, L.,
Terrazzano, G., & Smetacek, V. (2004). Aldehyde suppression of
copepod recruitment in blooms of a ubiquitous planktonic diatom.
Nature, 429, 403-407. https://doi.org/10.1038/nature02526

Kamykowski, D., & Zentara, S.-J. (2003). Can phytoplankton community
structure be inferred from satellite-derived sea surface tempera-
ture anomalies calculated relative to nitrate depletion tempera-
tures? Remote Sensing of Environment, 86, 444-457.

Kerimoglu, O., GroRe, F., Kreus, M., Lenhart, H.-J., & van Beusekom,
J. E. E. (2018). A model-based projection of historical state of
a coastal ecosystem: Relevance of phytoplankton stoichiome-
try. Science of the Total Environment, 639, 1311-1323. https://doi.
org/10.1016/j.scitotenv.2018.05.215

Klais, R., Norros, V., Lehtinen, S., Tamminen, T., & Olli, K. (2017).
Community assembly and drivers of phytoplankton functional
structure. Functional Ecology, 31, 760-767. https://doi.org/10.1111/
1365-2435.12784

Klausmeier, C. A., & Litchman, E. (2012). Successional dynamics in the
seasonally forced diamond food web. American Naturalist, 180,
1-16. https://doi.org/10.1086/665998

Kraberg, A., Baumann, M., & Dirselen, C.-D. (2010). Coastal phytoplank-
ton. Photo guide for Northern European Seas. Verlag Dr. Friedrich
Pfeil.

Laliberté, E., & Legendre, P. (2010). A distance-based framework for
measuring functional diversity from multiple traits. Ecology, 91,
299-305. https://doi.org/10.1890/08-2244.1

Lefcheck, J. S., Bastazini, V. A. G., & Griffin, J. N. (2015). Choosing and
using multiple traits in functional diversity research. Environmental
Conservation, 42, 104-107. https://doi.org/10.1017/S037689291
4000307

Lenhart, H.-J., Mills, D. K., Baretta-Bekker, H., van Leeuwen, S. M.,
der Molen, J. V., Baretta, J. W., Blaas, M., Desmit, X., Kithn, W.,


https://doi.org/10.1002/lno.11601
https://doi.org/10.1002/lno.11601
https://doi.org/10.1111/gcb.13916
https://doi.org/10.1126/science.1157174
https://doi.org/10.1038/ncomms14434
https://doi.org/10.1038/ncomms14434
https://doi.org/10.1098/rstb.2013.0279
https://doi.org/10.1111/j.1365-2745.2005.01043.x
https://doi.org/10.1111/j.1365-2745.2005.01043.x
https://doi.org/10.1186/s12898-016-0087-7
https://doi.org/10.1098/rspb.2016.1435
https://doi.org/10.4319/lo.2012.57.2.0554
https://doi.org/10.4319/lo.2012.57.2.0554
https://doi.org/10.1002/lno.10033
https://doi.org/10.1006/jmsc.2000.0987
https://doi.org/10.1006/jmsc.2000.0987
https://doi.org/10.1016/S0924-7963(97)00113-9
https://doi.org/10.1016/S0924-7963(97)00113-9
https://doi.org/10.1126/science.1095964
https://doi.org/10.1126/science.1095964
https://doi.org/10.3354/meps039049
https://doi.org/10.3354/meps039049
https://doi.org/10.1016/0077-7579(77)90014-X
https://doi.org/10.1016/j.hal.2016.01.008
https://doi.org/10.1016/j.hal.2016.01.008
https://doi.org/10.2307/1912791
https://doi.org/10.1007/s10152-004-0191-5
https://doi.org/10.1111/j.1365-2486.2011.02576.x
https://doi.org/10.1016/j.ecss.2015.05.026
https://doi.org/10.4319/lo.2012.57.6.1591
https://doi.org/10.4319/lo.2012.57.6.1591
https://doi.org/10.1007/BF02367167
https://doi.org/10.1007/BF02367167
https://doi.org/10.1038/nclimate1388
https://doi.org/10.1038/nature02526
https://doi.org/10.1016/j.scitotenv.2018.05.215
https://doi.org/10.1016/j.scitotenv.2018.05.215
https://doi.org/10.1111/1365-2435.12784
https://doi.org/10.1111/1365-2435.12784
https://doi.org/10.1086/665998
https://doi.org/10.1890/08-2244.1
https://doi.org/10.1017/S0376892914000307
https://doi.org/10.1017/S0376892914000307

DI PANE ET AL.

Lacroix, G., Los, H. J., Ménesguen, A., Neves, R., Proctor, R.,
Ruardij, P., Skogen, M. D., Vanhoutte-Brunier, A., Villars, M. T.,
& Wakelin, S. L. (2010). Predicting the consequences of nutrient
reduction on the eutrophication status of the North Sea. Journal
of Marine Systems, 81, 148-170. https://doi.org/10.1016/j.jmarsys.
2009.12.014

Lewandowska, A. M., Striebel, M., Feudel, U., Hillebrand, H., & Sommer,
U. (2015). The importance of phytoplankton trait variability in
spring bloom formation. ICES Journal of Marine Science, 72, 1908-
1915. https://doi.org/10.1093/icesjms/fsv059

Li, M., Shi, X., Guo, C., & Lin, S. (2016). Phosphorus deficiency inhibits
cell division but not growth in the dinoflagellate Amphidinium car-
terae. Frontiers in Microbiology, 7, 826. https://doi.org/10.3389/
fmicb.2016.00826

Litchman, E., Edwards, K., Klausmeier, C., & Thomas, M. (2012).
Phytoplankton niches, traits and eco-evolutionary responses to
global environmental change. Marine Ecology Progress Series, 470,
235-248. https://doi.org/10.3354/meps09912

Litchman, E., & Klausmeier, C. A. (2008). Trait-based community ecol-
ogy of phytoplankton. Annual Review of Ecology Evolution and
Systematics, 39, 615-639. https://doi.org/10.1146/annurev.ecolsys.
39.110707.173549

Litchman, E., Klausmeier, C. A., Schofield, O. M., & Falkowski, P. G.
(2007). The role of functional traits and trade-offs in struc-
turing phytoplankton communities: Scaling from cellular to
ecosystem level. Ecology Letters, 10, 1170-1181. https://doi.
org/10.1111/j.1461-0248.2007.01117.x

Litchman, E., Ohman, M. D., & Kigrboe, T. (2013). Trait-based approaches
to zooplankton communities. Journal of Plankton Research, 35, 473~
484. https://doi.org/10.1093/plankt/fbt019

Lund, J. W. G,, Kipling, C., & Le Cren, E. D. (1958). The inverted micro-
scope method of estimating algal numbers and the statistical basis
of estimations by counting. Hydrobiologia, 11, 143-170. https://doi.
org/10.1007/BFO00007865

Maraién, E., Lorenzo, M. P., Cermefio, P., & Mourifio-Carballido, B.
(2018). Nutrient limitation suppresses the temperature depen-
dence of phytoplankton metabolic rates. ISME Journal, 12, 1836-
1845. https://doi.org/10.1038/541396-018-0105-1

Margalef, R. (1978). Life-forms of phytoplankton as survival alternatives
in an unstable environment.

Martini, S., Larras, F., Boyé, A., Faure, E., Aberle, N., Archambault, P.,
Bacouillard, L., Beisner, B. E., Bittner, L., Castella, E., Danger, M.,
Gauthier, O., Karp-Boss, L., Lombard, F., Maps, F., Stemmann, L.,
Thiébaut, E., Usseglio-Polatera, P., Vogt, M., ... Ayata, S.-D. (2021).
Functional trait-based approaches as a common framework for
aquatic ecologists. Limnology and Oceanography, 66, 965-994.
https://doi.org/10.1002/In0.11655

McGill, B. J., Enquist, B. J., Weiher, E., & Westoby, M. (2006). Rebuilding
community ecology from functional traits. Trends in Ecology &
Evolution, 21, 178-185. https://doi.org/10.1016/j.tree.2006.02.002

McLean, M. J., Mouillot, D., Goascoz, N., Schlaich, I., & Auber, A. (2018).
Functional reorganization of marine fish nurseries under climate
warming. Global Change Biology, 25(2), 660-674.

Metcalfe, A. V., & Cowpertwait, P. S. P. (2009). Introductory Time Series
with R (Springer New York).

Meunier, C. L., Alvarez-Fernandez, S., Cunha-Dupont, A. O., Geisen, C.,
Malzahn, A. M., Boersma, M., & Wiltshire, K. H. (2018). The craving
for phosphorus in heterotrophic dinoflagellates and its potential im-
plications for biogeochemical cycles. Limnology and Oceanography,
63,1774-1784.

Meunier, C. L., Malzahn, A. M., & Boersma, M. (2014). A new approach
to homeostatic regulation: Towards a unified view of physiologi-
cal and ecological concepts. PLoS One, 9, €107737. https://doi.
org/10.1371/journal.pone.0107737

Miralto, A., Barone, G., Romano, G., Poulet, S. A., lanora, A., Russo, G. L.,
Buttino, |., Mazzarella, G., Laabir, M., Cabrini, M., & Giacobbe, M. G.

(1999). The insidious effect of diatoms on copepod reproduction.
Nature, 402, 173-176. https://doi.org/10.1038/46023

Muller-Navarra, D. C., Brett, M. T., Park, S., Chandra, S., Ballantyne, A. P,,
Zorita, E., & Goldman, C. R. (2004). Unsaturated fatty acid content
in seston and tropho-dynamic coupling in lakes. Nature, 427, 69-72.
https://doi.org/10.1038/nature02210

Nicotra, A. B., Atkin, O. K., Bonser, S. P.,, Davidson, A. M., Finnegan,
E. J., Mathesius, U., Poot, P., Purugganan, M. D., Richards, C. L.,
Valladares, F., & van Kleunen, M. (2010). Plant phenotypic plasticity
in a changing climate. Trends in Plant Science, 15, 684-692. https://
doi.org/10.1016/j.tplants.2010.09.008

Ozkan, K., Jeppesen, E., Davidson, T. A., Bjerring, R., Johansson, L. S.,
Sgndergaard, M., Lauridsen, T. L., & Svenning, J.-C. (2016). Long-
term trends and temporal synchrony in plankton richness, diversity
and biomass driven by re-oligotrophication and climate across 17
Danish Lakes. Water, 8, 427. https://doi.org/10.3390/w8100427

Pakeman, R. J. (2011). Multivariate identification of plant functional re-
sponse and effect traits in an agricultural landscape. Ecology, 92,
1353-1365. https://doi.org/10.1890/10-1728.1

Passy, P., Gypens, N., Billen, G., Garnier, J., Thieu, V., Rousseau, V.,
Callens, J., Parent, J.-Y., & Lancelot, C. (2013). A model reconstruc-
tion of riverine nutrient fluxes and eutrophication in the Belgian
Coastal Zone since 1984. Journal of Marine Systems, 128, 106-122.
https://doi.org/10.1016/j.jmarsys.2013.05.005

Pitsch, J., & Radach, G. (1997). Long-term simulation of the eutrophication of
the North Sea: temporal development of nutrients, chlorophyll and pri-
mary production in comparison to observations. Journal of Sea Research,
38, 275-310. https://doi.org/10.1016/51385-1101(97)00051-8

Petchey, O. L., & Gaston, K. J. (2006). Functional diversity: Back to ba-
sics and looking forward. Ecology Letters, 9, 741-758. https://doi.
org/10.1111/j.1461-0248.2006.00924.x

Pfaff, B. (2008). VAR, SVAR and SVEC Models: Implementation Within R
Package vars. Journal of Statistical Software. 27.

R Core Team. (2020). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-project.
org/

Raabe, T., & Wiltshire, K. H. (2009). Quality control and analyses of
the long-term nutrient data from Helgoland Roads, North Sea.
Journal of Sea Research, 61(1-2), 3-16. https://doi.org/10.1016/
j.seares.2008.07.004

Reid, P. C., Borges, M. F., & Svendsen, E. (2001). A regime shift in the
North Sea circa 1988 linked to changes in the North Sea horse
mackerel fishery. Fisheries Research, 50, 163-171. https://doi.
org/10.1016/50165-7836(00)00249-6

Reid, P. C., & Edwards, M. (2001). Long-term changes in the pelagos, ben-
thos and fisheries of the North Sea. Senckenbergiana maritima, 31,
107-115. https://doi.org/10.1007/BF03043021

Reid, P.C., Edwards, M., Hunt, H. G., & Warner, A. J. (1998). Phytoplankton
change in the North Atlantic. Nature, 391, 546. https://doi.
org/10.1038/35290

Reusch, T. B. H., & Boyd, P. W. (2013). Experimental evolution meets
marine phytoplankton. Evolution, 67, 1849-1859. https://doi.
org/10.1111/evo.12035

Sarker, S., Lemke, P., & Wiltshire, K. H. (2018). Does ecosystem variability
explain phytoplankton diversity? Solving an ecological puzzle with
long-term data sets. Journal of Sea Research, 135, 11-17. https://doi.
org/10.1016/j.seares.2018.02.002

Scharfe, M., & Wiltshire, K. H. (2019). Modeling of intra-annual abun-
dance distributions: Constancy and variation in the phenology
of marine phytoplankton species over five decades at Helgoland
Roads (North Sea). Ecological Modelling, 404, 46-60. https://doi.
org/10.1016/j.ecolmodel.2019.01.001

Scheffer, M., Bascompte, J., Brock, W. A., Brovkin, V., Carpenter, S. R.,
Dakos, V., Held, H., van Nes, E. H., Rietkerk, M., & Sugihara, G.
(2009). Early-warning signals for critical transitions. Nature, 461,
53-59. https://doi.org/10.1038/nature08227


https://doi.org/10.1016/j.jmarsys.2009.12.014
https://doi.org/10.1016/j.jmarsys.2009.12.014
https://doi.org/10.1093/icesjms/fsv059
https://doi.org/10.3389/fmicb.2016.00826
https://doi.org/10.3389/fmicb.2016.00826
https://doi.org/10.3354/meps09912
https://doi.org/10.1146/annurev.ecolsys.39.110707.173549
https://doi.org/10.1146/annurev.ecolsys.39.110707.173549
https://doi.org/10.1111/j.1461-0248.2007.01117.x
https://doi.org/10.1111/j.1461-0248.2007.01117.x
https://doi.org/10.1093/plankt/fbt019
https://doi.org/10.1007/BF00007865
https://doi.org/10.1007/BF00007865
https://doi.org/10.1038/s41396-018-0105-1
https://doi.org/10.1002/lno.11655
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1371/journal.pone.0107737
https://doi.org/10.1371/journal.pone.0107737
https://doi.org/10.1038/46023
https://doi.org/10.1038/nature02210
https://doi.org/10.1016/j.tplants.2010.09.008
https://doi.org/10.1016/j.tplants.2010.09.008
https://doi.org/10.3390/w8100427
https://doi.org/10.1890/10-1728.1
https://doi.org/10.1016/j.jmarsys.2013.05.005
https://doi.org/10.1016/S1385-1101(97)00051-8
https://doi.org/10.1111/j.1461-0248.2006.00924.x
https://doi.org/10.1111/j.1461-0248.2006.00924.x
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.seares.2008.07.004
https://doi.org/10.1016/j.seares.2008.07.004
https://doi.org/10.1016/S0165-7836(00)00249-6
https://doi.org/10.1016/S0165-7836(00)00249-6
https://doi.org/10.1007/BF03043021
https://doi.org/10.1038/35290
https://doi.org/10.1038/35290
https://doi.org/10.1111/evo.12035
https://doi.org/10.1111/evo.12035
https://doi.org/10.1016/j.seares.2018.02.002
https://doi.org/10.1016/j.seares.2018.02.002
https://doi.org/10.1016/j.ecolmodel.2019.01.001
https://doi.org/10.1016/j.ecolmodel.2019.01.001
https://doi.org/10.1038/nature08227

DI PANE ET AL.

Shumway, R. H., & Stoffer, D. S. (2011). Time series analysis and its applica-
tions. Springer New York.

Simpson, S. D., Jennings, S., Johnson, M. P., Blanchard, J. L., Schén, P.-J.,
Sims, D. W., & Genner, M. J. (2011). Continental shelf-wide response
of a fish assemblage to rapid warming of the sea. Current Biology, 21,
1565-1570. https://doi.org/10.1016/j.cub.2011.08.016

Skogen, M. D., Sgiland, H., & Svendsen, E. (2004). Effects of changing
nutrient loads to the North Sea. Journal of Marine Systems, 46, 23-
38. https://doi.org/10.1016/j.jmarsys.2003.11.013

Sommer, U, Stibor, H., Katechakis, A., Sommer, F., & Hansen, T. (2002).
Pelagic food web configurations at different levels of nutrient rich-
ness and their implications for the ratio fish production:primary
production. In O. Vadstein, & Y. Olsen (Eds.), Sustainable increase
of marine harvesting: fundamental mechanisms and new concepts
(pp. 11-20) Springer Netherlands.

Stegert, C., Lenhart, H.-J.,, Blauw, A., Friedland, R., Leujak, W., &
Kerimoglu, O. (2021). Evaluating uncertainties in reconstructing the
pre-eutrophic state of the North Sea. Frontiers in Marine Science, 8,
564. https://doi.org/10.3389/fmars.2021.637483

Tett, P., & Walne, A. (1995). Observations and simulations of hydrogra-
phy, nutrients and plankton in the southern North Sea. Ophelia, 42,
371-416. https://doi.org/10.1080/00785326.1995.10431514

Thurman, W. N., & Fisher, M. E. (1988). Chickens, eggs, and causality, or
which came first? American Journal of Agricultural Economics, 70(2),
237-238. https://doi.org/10.2307/1242062

Tilman, D. (1990). Constraints and tradeoffs: Toward a predictive the-
ory of competition and succession. Oikos, 58, 3-15. https://doi.
org/10.2307/3565355

van de Waal, D. B., Verschoor, A. M., Verspagen, J. M., van Donk, E.,
& Huisman, J. (2010). Climate-driven changes in the ecological
stoichiometry of aquatic ecosystems. Frontiers in Ecology and the
Environment, 8, 145-152. https://doi.org/10.1890/080178

Vellend, M., Lilley, P. L., & Starzomski, B. M. (2008). Using subsets of spe-
cies in biodiversity surveys. Journal of Applied Ecology, 45, 161-169.
https://doi.org/10.1111/j.1365-2664.2007.01413.x

Villéger, S., Mason, N. W. H., & Mouillot, D. (2008). New multidimen-
sional functional diversity indices for a multifaceted frame-
work in functional ecology. Ecology, 89, 2290-2301. https://doi.
org/10.1890/07-1206.1

Violle, C., Navas, M.-L., Vile, D., Kazakou, E., Fortunel, C., Hummel, ., &
Garnier, E. (2007). Let the concept of trait be functional! Oikos, 116,
882-892. https://doi.org/10.1111/j.0030-1299.2007.15559.x

Wasmund, N., Kownacka, J., Gobel, J., Jaanus, A., Johansen, M.,
Jurgensone, |., Lehtinen, S., & Powilleit, M. (2017). The Diatom/
Dinoflagellate index as an indicator of ecosystem changes in the
Baltic Sea 1. Principle and handling instruction. Frontiers in Marine
Science, 4, 22.

Wiltshire, K. H., Boersma, M., Carstens, K., Kraberg, A. C., Peters, S.,
& Scharfe, M. (2015). Control of phytoplankton in a shelf sea:

) 2819
&= [Blobal Change Biology sAYYA N I 2A'%

Determination of the main drivers based on the Helgoland Roads
Time Series. Journal of Sea Research, 105, 42-52. https://doi.
org/10.1016/j.seares.2015.06.022

Wiltshire, K. H., & Durselen, C. D. (2004). Revision and quality analy-
ses of the Helgoland Reede long-term phytoplankton data archive.
Helgoland Marine Research, 58, 252-268. https://doi.org/10.1007/
s10152-004-0192-4

Wiltshire, K. H., Kraberg, A. Bartsch, |, Boersma, M., Franke,
H.-D., Freund, J., Geblhr, C., Gerdts, G., Stockmann, K., &
Wichels, A. (2010). Helgoland roads, North Sea: 45 years of
change. Estuaries and Coasts, 33, 295-310. https://doi.org/10.1007/
s12237-009-9228-y

Wiltshire, K. H., Malzahn, A. M., Wirtz, K., Greve, W., Janisch, S.,
Mangelsdorf, P., Manly, B. F. J., & Boersma, M. (2008). Resilience
of North Sea phytoplankton spring bloom dynamics: An analysis of
long-term data at Helgoland Roads. Limnology and Oceanography,
53, 1294-1302. https://doi.org/10.4319/10.2008.53.4.1294

Wiltshire, K. H., & Manly, B. F. J. (2004). The warming trend at Helgoland
Roads, North Sea: Phytoplankton response. Helgoland Marine
Research, 58,269-273. https://doi.org/10.1007/s10152-004-0196-0

Winder, M., & Cloern, J. E. (2010). The annual cycles of phytoplankton
biomass. Philosophical Transactions of the Royal Society B: Biological
Sciences, 365,3215-3226. https://doi.org/10.1098/rstb.2010.0125

Xiao, W,, Liu, X., Irwin, A. J., Laws, E. A., Wang, L., Chen, B., Zeng, Y., &
Huang, B. (2018). Warming and eutrophication combine to restruc-
ture diatoms and dinoflagellates. Water Research, 128, 206-216.
https://doi.org/10.1016/j.watres.2017.10.051

Zhang, W. (2011). Constructing ecological interaction networks by cor-
relation analysis: Hints from community sampling. 18.

Zhu, L., Fu, B., Zhu, H., Wang, C., Jiao, L., & Zhou, J. (2017). Trait choice
profoundly affected the ecological conclusions drawn from func-
tional diversity measures. Scientific Reports, 7, 3643. https://doi.
org/10.1038/s41598-017-03812-8

SUPPORTING INFORMATION
Additional supporting information may be found in the online

version of the article at the publisher’s website.

How to cite this article: Di Pane, J., Wiltshire, K. H., McLean,
M., Boersma, M., & Meunier, C. L. (2022). Environmentally
induced functional shifts in phytoplankton and their potential
consequences for ecosystem functioning. Global Change
Biology, 28, 2804-2819. https://doi.org/10.1111/gcb.16098



https://doi.org/10.1016/j.cub.2011.08.016
https://doi.org/10.1016/j.jmarsys.2003.11.013
https://doi.org/10.3389/fmars.2021.637483
https://doi.org/10.1080/00785326.1995.10431514
https://doi.org/10.2307/1242062
https://doi.org/10.2307/3565355
https://doi.org/10.2307/3565355
https://doi.org/10.1890/080178
https://doi.org/10.1111/j.1365-2664.2007.01413.x
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1016/j.seares.2015.06.022
https://doi.org/10.1016/j.seares.2015.06.022
https://doi.org/10.1007/s10152-004-0192-4
https://doi.org/10.1007/s10152-004-0192-4
https://doi.org/10.1007/s12237-009-9228-y
https://doi.org/10.1007/s12237-009-9228-y
https://doi.org/10.4319/lo.2008.53.4.1294
https://doi.org/10.1007/s10152-004-0196-0
https://doi.org/10.1098/rstb.2010.0125
https://doi.org/10.1016/j.watres.2017.10.051
https://doi.org/10.1038/s41598-017-03812-8
https://doi.org/10.1038/s41598-017-03812-8
https://doi.org/10.1111/gcb.16098

