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ARTICLE INFO ABSTRACT

Explaining species diversity as a function of ecosystem variability is a long-term discussion in community-
ecology research. Here, we aimed to establish a causal relationship between ecosystem variability and phyto-
plankton diversity in a shallow-sea ecosystem. We used long-term data on biotic and abiotic factors from
Helgoland Roads, along with climate data to assess the effect of ecosystem variability on phytoplankton di-
versity. A point cumulative semi-variogram method was used to estimate the long-term ecosystem variability. A
Markov chain model was used to estimate dynamical processes of species i.e. occurrence, absence and out-
compete probability. We identified that the 1980s was a period of high ecosystem variability while the last two
decades were comparatively less variable. Ecosystem variability was found as an important predictor of phy-
toplankton diversity at Helgoland Roads. High diversity was related to low ecosystem variability due to non-
significant relationship between probability of a species occurrence and absence, significant negative relation-
ship between probability of a species occurrence and probability of a species to be outcompeted by others, and
high species occurrence at low ecosystem variability. Using an exceptional marine long-term data set, this study
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established a causal relationship between ecosystem variability and phytoplankton diversity.

1. Introduction

Phytoplankton is a taxonomically and functionally diverse group of
organisms (Bonachela et al., 2015) comprising tens of thousands of
species (Mutshinda et al., 2013). Their ability to utilize solar energy
makes them fundamental for ocean productivity and they are re-
sponsible for half the global primary production (Field et al., 1998).
Phytoplankton are the energy source for larger heterotrophic zoo-
plankton and thus, transfer energy upwards to higher trophic levels
(Steele, 1970). They, therefore, play essential roles in food webs and
global biogeochemical cycles (Bonachela et al., 2015). Changes in
phytoplankton dynamics create an impact on species growth rate and
photosynthetic response (Duarte et al., 2006).

Many abiotic factors (e.g. light availability, temperature, salinity,
pH and nutrients) and biotic factors (e.g. predators, parasites) are
regulators of phytoplankton community structure (Wiltshire and
Boersma, 2016; Wiltshire et al., 2015). In addition, meteorological and
climatic factors, such as wind intensity and direction, the North Atlantic
Oscillation (NAO), the Atlantic Multidecadal Oscillation (AMO) and F1
Nino due to their impact on hydrography and ocean stratification are
also important for long-term changes in the abundance and diversity of

plankton.

The global marine environment is changing rapidly (IPCC, 2007),
and significant correlations between changes in marine environment
and species abundance and diversity have been reported (Aebischer
et al.,, 1990; Beaugrand and Reid, 2003). Large changes in phyto-
plankton species distribution in the North Sea over the last decades
have been identified (Wiltshire et al., 2015). Phytoplankton colour
index seems to have shown a marked increase in this region during the
mid to late 1980s (Edwards et al., 2001; Reid et al., 1998). Changes in
phenology (Greve et al., 2005; Wiltshire and Manly, 2004) and species
composition (Beaugrand, 2003) have also been observed in this area.
Although we know that these biotic changes are accompanied by var-
iations in environmental conditions, it remains challenging to establish
a causal relationship between environmental variability and commu-
nity structure change.

The majority of the factors which affect biodiversity show an in-
creasing trend and global diversity shows a decreasing trend (Butchart
et al., 2010). Contrastingly an analysis of algal species diversity based
on the Helgoland Roads Time Series data set (Wiltshire and Diirselen,
2004) shows that, over the recent years, there is a significant increase in
the species diversity (Fig. 1). Therefore, an important question which
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Fig. 1. Long-term weekly mean phytoplankton diversity at Helgoland Roads. Diversity is measured as Shannon diversity index from quality controlled counts data of 26 species from the

Helgoland Roads Time Series station.

needs to be addressed is what has caused this phytoplankton diversity
increase at Helgoland Roads.

Several ideas have been developed over the past few decades to
explain shifts in species diversity. The intermediate disturbance hy-
pothesis (Connell, 1978) is one of the most overarching concepts of
non-equilibrium community theory and explains high species diversity
(Craine, 2005; Grime, 2007). The intermediate disturbance hypothesis
(IDH) predicts that species diversity peaks at the intermediate levels of
disturbance. At low disturbance competitive exclusion reduces di-
versity. High disturbance produces high stress on species and increases
mortality, therefore reduces diversity. Disturbance at intermediate le-
vels prevents competitive exclusion, permits the coexistence of suc-
cessful competitors and maximizes species diversity (Floder and
Sommer, 1999). This “disturbance” is a result of heterogeneity of the
environment in the form of ecosystem drivers, such as nutrient supply,
temperature, salinity, light availability and biotic factors (i.e. species
interactions, parasites, predation etc.).

We hypothesized that algal diversity at Helgoland Roads is related
to disturbance associated with environmental variables. The IDH is able
to predict high diversity at the intermediate level of disturbance and
therefore, one can assume that this high species diversity at Helgoland
Roads might be related to an intermediate level of disturbance. This
disturbance is the heterogeneity in the ecosystem drivers which we
termed “ecosystem variability” in our study.

Many studies provide analytical methods for the link of ecosystem
variability to species diversity (e.g. Floder and Sommer (1999),
D'Odorico et al. (2008), Dornelas (2010) etc.). A number of studies
based on field data were reported in Padisak et al. (2013). Here we
carry out a study linking ecosystem variability to marine biodiversity
based on a marine time series of species abundance at Helgoland Roads
in the North Sea. The objectives of this study are:

(i) the estimation of long-term ecosystem variability as a function of
biotic, abiotic and climatic factors,

(i) to test if the intermediate disturbance hypothesis (IDH) can explain
recent increase (after the 1990s) in algal species diversity at
Helgoland Roads, and

(iii) to explain the observed relationship of phytoplankton diversity -
ecosystem variability.
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2. Materials and methods
2.1. Data source

We used the quality-controlled data of phytoplankton abundance,
nutrient concentrations, Secchi depth, temperature and salinity from
the Helgoland Roads long-term data sets (Raabe and Wiltshire, 2009;
Wiltshire and Diirselen, 2004). The Helgoland Roads Time Series sta-
tion (54°11.3’ N, 7°54.0’ E) is located between two islands, i.e. Helgo-
land and Diine, in the North Sea. Long-term monitoring of biological,
chemical, and physical parameters has been carried out continuously on
a work daily basis since 1962. This data set is one of the longest aquatic
data sets in history (Wiltshire and Diirselen, 2004). Water samples are
collected from the surface and preserved for further analysis of nu-
trients, phytoplankton and zooplankton. The nutrients (silicate, phos-
phate, ammonium, nitrate and nitrite) are measured immediately using
the standard colorimetric methods after Grasshoff (1976) on a filtered
sub-sample from the daily Helgoland Roads surface water sample
(Wiltshire et al., 2010). The phytoplankton sub-sample from the Hel-
goland Roads sample is preserved in a brown glass bottle with Lugols'
solution. The samples are subsequently counted under an inverted mi-
croscope using Utermohl settling chambers and individuals are identi-
fied to species level when possible, or otherwise differentiated into
defined size classes (Wiltshire and Diirselen, 2004; Wiltshire et al.,
2010). Secchi depth and temperature are measured directly on station
(Wiltshire et al., 2015). We also used three climatic variables i.e. the
NAO (data available from https://www.ncdc.noaa.gov/
teleconnections/nao/), the AMO (data available from https://www.
esrl.noaa.gov/psd/data/timeseries/AMO/) and the Tropical Pacific sea
surface temperatures in the El Nifio 3.4 region (data available from
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/
ensostuff/ensoyears.shtml) for our study.

2.2. Phytoplankton diversity estimation

We used species richness and the Shannon diversity index as a
measure of phytoplankton diversity. The Shannon diversity index
(Shannon and Weaver, 1949) depends on both species richness and
evenness (Pielou, 1966), and is the best measure of their joint influence
(Fager, 1972). In addition, this index is not strongly affected by rare
species (Stirling and Wilsey, 2001), it is sample size independent
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(Sanders, 1968), and has been developed as a test statistic that is
neutral with respect to physical, functional, and biotic interactions
(Caswell, 1976). Therefore, this index is widely used as a measure of
biodiversity.

We estimated species richness R as the sum of total number of
species present in each sample. The Shannon diversity index (H’) was
calculated for each sample using the following equations:

R
H=-) plh@)
i:zl @
b= N;
' Motal (2)

where, p; is the relative abundance of species i, N; is the number of
individuals in species i and N,y is the total number of individuals in
the community.

Based on the counts in the Helgoland Roads long-term phyto-
plankton data set, a taxon list of 261 taxa has been assembled (Kraberg
et al., 2015). Numbers for all the species listed at the Helgoland Roads
Time Series Station are not continuously available from 1962. Details
on the gaps in species abundance data are explained in Wiltshire and
Diirselen (2004). However, due to the potential of this data set for
examining plankton biodiversity against the backdrop of global change
a list of species was made by Wiltshire and Diirselen (2004) to use for
comparisons of their long-term occurrence. We used 26 of these species
data to estimate the long-term phytoplankton diversity shifts at Hel-
goland Roads. These 26 species represent different groups and growth
types (i.e. fast and slow growing species), and they are merely a sub-
community of the overall counts. The reduced community with 26
species means a removal of large number of species from the entire
community which is a kind of thinning. This may cause difficulties in
comparing trends across different species numbers. Removing an ex-
tremely rare species typically leads to a smaller or similar diversity,
while the removal of a dominating species can have the opposite effect
of increasing diversity.

Diversity index estimated from the sub-community should be, on
average, equal to the value of diversity index when different species
numbers are compared. To examine if our sub-community of 26 species
meets these criteria, we performed following analyses:

We took data on observed phytoplankton species abundance from
the Helgoland Roads Time Series station for the time period of 1990 to
present. For this time period we have continuous observations of spe-
cies abundance. Ten replicate sub-communities each of sizes N = 30,
50, 70, 90, 110 and 130 species were randomly sampled from the
phytoplankton species of Helgoland Roads. Then, Shannon index was
calculated for each replicate sub-community. Estimated Shannon index
from each replicate sub-community were averaged as a ratio to the 26
species sub-community. The ratio < 1 or > 1 indicates that Shannon
index of replicate sub-community is smaller or greater than our 26
species sub-community, respectively. The ratio equal to 1 indicates that
our 26 species sub-community has perfect performance to describe the
diversity of the replicate sub-community.

Overall, it can be seen that the ratio for most of the replicate sub-
communities is close to 1 even when large number of species were
considered (Fig. S1). Average ratio across 10 replicates drew for sub-
communities each of sizes 30, 50, 70, 90, 110 and 130 species indicate
that all of them are located within the + 10% deviation from the ratio
1. This indicates that our 26 species sub-community has nearly perfect
performances to describe the diversity of entire community. In addition,
we found significant positive correlations of Shannon index of 26 spe-
cies with the Shannon index estimated from replicates of 30, 50, 70, 90,
110 and 130 species (r = 0.78, 0.82, 0.75, 0.72, 0.71, 0.68 respec-
tively). Therefore, as a representation of long-term shifts in phyto-
plankton diversity at Helgoland Roads consideration of 26 species is
reasonable.
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2.3. Ecosystem variability estimation

Ecosystem variability was examined by using the annual mean data
on biotic, abiotic and climatic factors (i.e. sum of phytoplankton species
abundance data, temperature, salinity, Secchi depth, silicate con-
centrations, nitrate concentrations, phosphate concentrations, NAO,
AMO and El Nifno index). To reduce the high dimensionality, we first
performed a principal component analysis (PCA) of these multivariate
data series. The first axis of the PC explained most of the variance
(61.44%). Therefore, we took PC1 as a representation of the ecosystem.
Then the “local variance” was calculated directly on the first PC to
examine the long-term ‘ecosystem variability’ by following Beaugrand
et al. (2008). The ‘local variance’ explains the heterogeneity of a value
of an observation with respect to the value of another observation
(Beaugrand et al., 2008).

To calculate the ‘local variance’, we borrowed the technique derived
from the method of point-cumulative semi-variogram (PCSV) which is
developed by Sen (1998). The PCSV function is proposed for identifying
the spatial behaviour of any variable around a reference site (Sen and
Habib, 1998). This method measures the dissimilarity between a con-
cerned observation with another (Beaugrand and Ibafez, 2002) and
therefore, provides valuable information for describing the hetero-
geneity between observations (Sen and Habib, 1998).

2.4. Markov chain model

Markov chain model is the simplest model to analyze multispecies
data and the transition matrix of this model summarizes essential
parameters related to the community dynamics in a way that few
models can achieve. In ecology, Markov chain model is used to estimate
the probabilities of species to move from one ecological state to another
(Wootton, 2001). The ecological states in the model depend on the
major mechanisms that the investigator believes are important
(Wootton, 2001). For example, occurrence and absence of a species can
represent two different ecological states if the investigator is interested
to estimate the probability of a species being present and absent re-
spectively.

Here, we used a Markov chain model to estimate the dynamical
processes of species i.e. probability of species occurrence (i.e. prob-
ability of a species being present at time ¢t + 1 which was absent at time
t), probability of species being absent (i.e. probability of a species being
absent at time t + 1 which was present at time t) and probability of a
species to be outcompeted by other species. The Markov chain model
used for this study is shown in Eq. (3) where C, denotes a column vector
containing proportional abundance of community ¢; at time t and C,,
contains proportional abundance of community ¢; at time t + 1. The
column vector C, satisfies the conditions 0 <¢;j<1 and ) ¢;=1. In
transition matrix P at i row and jth column, the probability (p;) defines
a point in ecological state j at time t, being at state i at the next sampling
at the time t + 1. In Eq. (3), P is a matrix with S +1rows and S + 1
columns where S is the number of species in the model. Columns and
rows contain transition probabilities of points which either start from or
end in “empty space” (i.e. absence of species), respectively. We con-
sidered 26 species (S), thus, we had 27 ecological states (S + 1) in the
transitional probability matrix. Twenty-six species represent 26 ecolo-
gical states (S =1, 2, ..., 26) and (S + 1™ state or 27 state represents
the “empty space”.

Ciy1 = PC, 3)
where

bis Pis+1)
P= Dg;j-eseeeee-Dyj DPss Dss+1)

Pes+1yiPs+1)j Ps+1)s Ps+1)s+1)

Probability of species i occurrence was estimated according to
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Wootton (2001) as:

p(Occurance of species i) = p;(s, 1)

Probability of species j being absent was estimated according to
Wootton (2001) as:

p(Absence of species j) = Ds+1y

Total probability to outcompete species j by other species was es-
timated according to Wootton (2001) as:

S
L= Py = Psny = 2 Pyt #J
j=1

The transition matrix P was determined from the observations C
through Eq. (3) by performing Markov chain Monte Carlo (MCMC) si-
mulations (Gilks et al., 1995) in OpenBUGS software (Thomas et al.,
2006). We linked OpenBUGS software with the statistical computing
software R (R Development Core Team, 2010) by R20penBUGS
package (Sturtz et al., 2005) for the MCMC simulations. We ran 20,000
MCMC iterations with three parallel chains. To remove the dependence
on the starting values we discarded the first halves from each Markov
chain as burn in.

3. Results

3.1. What are the long-term trends in biodiversity and ecosystem
variability?

We first estimated the long-term trends in species richness (Fig. 2a),
Shannon index (Fig. 2b) and ecosystem variability (Fig. 2¢). The poly-
nomial regression analyses of year versus species richness, Shannon
index and ecosystem variability explained 87% (p < 0.0001), 49%
(p < 0.0001) and 43% (p < 0.001) of variations, respectively. Our
trend analyses revealed significant inter-annual variation in all these
three variables. Species diversity increased until around mid-1970s
before undergoing a decline during the 1980s. From the beginning of
the 1990s we observed an increase in species diversity. Overall, the
1980s represented a period of high ecosystem variability with a com-
paratively less variable period during the 1970s and from the beginning
of 1990s to onwards.

3.2. Does ecosystem variability explain increase in phytoplankton diversity?

We carried out linear regression analyses of ecosystem variability
versus species richness and Shannon index (Fig. 3) data. We found that
ecosystem variability is an important predictor of long-term change in
phytoplankton diversity. Ecosystem variability explained 47% and 40%
of variations in long-term species richness and Shannon index respec-
tively at Helgoland Roads. We also found a significantly negative re-
lationship between ecosystem variability and both the species richness
(r=-0.68, p < 0.0001) and the Shannon index (r= —0.63,
p < 0.0001).

3.3. What causes high diversity at low ecosystem variability?

Diversity only peaks at the intermediate level of variability if a
negative relationship exists between probability of species absence and
occurrence (Petraitis et al., 1989). Our analysis (Fig. 4) indicates non-
significant negative relationship (r = —0.095, p = 0.63) between the
probability of species absence and occurrence. In addition, species se-
lected for our study differs from each other in-terms of their occurrence
probabilities which should be same for all species to support the pre-
diction of the IDH. Thus, species interactions found in the community
contradicts the underlying mechanistic assumptions of IDH and there-
fore, diversity might not peak at the intermediate level of variability.

We found a significant negative relationship between probability of
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Fig. 2. Long-term annual mean of (a) species richness (b) Shannon index and (c) eco-
system variability at the Helgoland Roads Time Series station. Red dots indicate the va-
lues of respective variable at different years, grey shade indicates 95% confidence interval
and blue solid line indicates the trend estimated as the function of time. The vertical
shaded block indicates the decline of species diversity (a, b) and high variability in
ecosystem (c) during the 1980s. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

species occurrence and probability to outcompete (Fig. 5; r = —0.81,
p = 0.0001). We also found that higher probability of phytoplankton
occurrence is related to low ecosystem variability (Fig. 6a; r = —0.58,

p < 0.001) while there is a non-significant relationship exists between
ecosystem variability and probability of a species to be outcompeted by
other species (Fig. 6b; r = 0.13, p = 0.38). Negative relationship be-
tween species occurrence and probability of a species to be out-
competed by other species, and high occurrence probability at low
ecosystem variability reduce species competition at low ecosystem
variability and thus, exclusion of species does not occur. Therefore,
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the linear trend. Each red dot indicates the average of each species over the study period
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species diversity increases at low ecosystem variability rather than
there being a decrease.

4. Discussion

We analyzed long-term quality-controlled Helgoland Roads phyto-
plankton, temperature, salinity, Secchi depth and nutrient data, and
three climate variables (i.e. NAO, AMO and El Nino). First we estimated

20

Ecosystem variability
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Fig. 3. Relationship between ecosystem variability and, (a)
species richness and (b) Shannon index. Red dots in both
plots indicate the values from each year, shaded grey lines
indicate 95% confidence interval and blue lines indicate the
linear trends. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)

r=-0.63
p < 0.0001

30 40

the long-term ecosystem variability and then explained long-term
phytoplankton diversity change as a function of ecosystem variability.

The southern North Sea has undergone considerable change in the
last decades, and many examples exist describing changes in the en-
vironment (Beaugrand et al., 2008; Beaugrand et al., 2014; Boersma
et al.,, 2015; Edwards et al., 2002; Siegismund and Schrum, 2001).
Three temporally persistent shifts were identified in the 1960s, 1980s
and during the period 1996 to 2003 in the North Sea and the three
shifts impacted 40% of the plankton species or taxa considered in a
study of Beaugrand (2014). In our study, we identified the 1980s as
period of high ecosystem variability at the Helgoland Roads Time Series
station while a comparatively less variable period in the ecosystem was
identified afterwards (Fig. 2c). Beaugrand et al. (2008) also identified
that the 1980s overall was a period of high variability with a low
variability in the recent years in the North Atlantic region. Similar
change in the late 1980s in long-term records of Mediterranean ecolo-
gical and hydro-climate variables were also observed (Conversi et al.,
2010). The hydrography of the southern North Sea has changed sig-
nificantly in the last 50 years (Scharfe, 2013), especially around Hel-
goland, showed a change in phenology of the phytoplankton (Wiltshire
et al., 2015). This known shift during the 1980s was also previously
described by Wiltshire et al. (2008) for the same data sets in terms of
average phytoplankton winter densities and average cell size.

During the 1980s, we observed a decline in phytoplankton diversity
while a positive trend is observed from the beginning of 1990s (Fig. 2a
& 2b). Reid et al. (2016) have confirmed that the 1980s shift in the
ecosystem represented a major change in many of the Earth's biophy-
sical systems. A collapse of global biodiversity occurred during the
1980s (Rockstrom et al., 2015). In a Costa Rican cloud forest, amphi-
bian and reptile populations declined in 1987 (Pounds et al., 1999).
From 1984 to 2004, the International Union for Conservation of Nature
(IUCN) recorded 27 extinctions of species (Pereira et al., 2012). All
these studies mentioned above support our findings of decline in phy-
toplankton diversity during the 1980s.

From our analyses, we know that phytoplankton diversity at
Helgoland Roads has increased significantly over the past years.
However, a definite single cause of this increase has yet to be eluci-
dated. Previous studies on this data set found a strong decrease in the
densities of calanoid zooplankton (Boersma et al., 2015) and an in-
crease in diatom biomass (Wiltshire et al., 2010). Therefore, lower
herbivore densities would release the predation pressure of zoo-
plankton on the algae, and that this may lead to higher algal densities at
Helgoland Roads (Wiltshire and Boersma, 2016). However, in this study
we focused on long-term change in the phytoplankton diversity at
Helgoland Roads in relation to ecosystem variability. Our study found
ecosystem variability as an important predictor of phytoplankton di-
versity at Helgoland Roads, but due to significantly negative association
between these two variables finding of our study contradicts with the
prediction of the IDH (Connell, 1978; Grime, 1973). Findings of many
experimental studies supported the prediction of the IDH (Floder and
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ecosystem variability and probability to outcompete by other species (each data point indicates the mean of 26 species for a year).

Sommer, 1999; Gaedeke and Sommer, 1986; Robinson and Sandgren,
1984; Sommer, 1995). However, field based studies rarely found the
predicted peak in diversity at intermediate disturbance levels (Fox,
2013). Some studies found completely different patterns i.e. monotonic
increases and declines with increasing disturbance intensity (Mackey
and Currie, 2001). Collins (1987), Collins and Gibson (1990) and
Robinson and Minshall (1986) found diversity decreases with the in-
crease in variability while diversity increases at comparatively less
variable ecosystem which are in line with our findings.

Due to contradiction of our finding with most commonly cited
prediction of the IDH, we explored the reasons of why diversity peaked
at low ecosystem variability. Existing studies suggest that biodiversity
only peaks at the intermediate level of variability if there is a negative
relationship exists between species absence and occurrence (Petraitis
et al., 1989). Our study did not find significant negative relationship
between these two parameters (Fig. 4) and thus no peak in biodiversity
at the intermediate level of variability might happen. The IDH con-
sidered the “equal chance hypothesis” which assumes that the species
occurrence probabilities are very similar (Connell, 1978), but in our
case species differ in-terms of their occurrence probabilities (Fig. 6).
This might be another reason that diversity did not peak at the inter-
mediate level of variability.

Negative relationship between species occurrence and probability of
a species to be outcompeted by other species promote biodiversity, and
this relationship is also a powerful explanation of species coexistence
(Cadotte, 2007). We also found a similar negative relationship (Fig. 5),
which indicates that species has higher ability to co-exist. Both diversity
and species occurrence probability declined with the increase of eco-
system variability (Figs. 3 and 6, respectively) and these indicate that
species are generally inferior to occur at highly variable ecosystem.
Moreover, these species are skewed toward the competitive end of
probability to outcompete and occurrence probability. This means in-
creasing ecosystem variability should reduce diversity (Cadotte, 2007).
In addition, negative relationship between species occurrence and
probability to outcompete, and high occurrence probability at low
ecosystem variability prevent exclusion of species at low ecosystem
variability. Thus, many species can occur in a less variable ecosystem
and therefore, increase the diversity. Following the loss of diversity
from disturbance or highly variable condition, species increase owing to
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recruitment and species are able to occur in cleared patches (Hughes
et al., 2007). After in the decline of species diversity during the 1980s
due to high ecosystem variability, species might had a window for their
occurrence in the system afterwards with an ability that was not enough
to exclude other species. Therefore, coexisted in a less variable eco-
system and enhanced diversity.

In conclusion, going back to our title: Does ecosystem variability
explain phytoplankton diversity? The answer is “yes”. We found that,
ecosystem variability is an important predictor of long-term shifts in
phytoplankton species diversity at Helgoland Roads. The increasing
diversity trend of the last two decades is related to low ecosystem
variability. The occurrence of more species at low ecosystem variability
without causing the loss of other species indicates the niche differ-
entiation, tend to reduce competition so that exclusion does not occur
and directly increases species diversity.

The search for the causal explanation of species diversity and eco-
system variability is one of the key questions in modern community
ecology research. In this study we considered annual mean data of
biotic, abiotic and climatic factors for ecosystem variability analysis. It
would be interesting to consider in addition the seasonality in the
analysis. To our knowledge, this is the first report of causal relationship
between ecosystem variability and phytoplankton diversity using such a
long-term and regularly sampled data set of a marine ecosystem. Our
ability to solve this puzzle of phytoplankton diversity increase at
Helgoland Roads will help to understand the role of long-term en-
vironmental heterogeneity and inherited complexity of community to
maintain the biodiversity.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.seares.2018.02.002.
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