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a b s t r a c t

Temperature change and eutrophication are known to affect phytoplankton communities, but relatively
little is known about the effects of interactions between simultaneous changes of temperature and
nutrient loading in coastal ecosystems. Here we show that such interaction is key in driving diatom-
dinoflagellate dynamics in the East China Sea. Diatoms and dinoflagellates responded differently to
temperature, nutrient concentrations and ratios, and their interactions. Diatoms preferred lower tem-
perature and higher nutrient concentrations, while dinoflagellates were less sensitive to temperature
and nutrient concentrations, but tended to prevail at low phosphorus and high N:P ratio conditions.
These different traits of diatoms and dinoflagellates resulted in the fact that both the effect of warming
resulting in nutrients decline as a consequence of increasing stratification and the effect of increasing
terrestrial nutrient input as a result of eutrophication might promote dinoflagellates over diatoms. We
predict that conservative forecasts of environmental change by the year 2100 are likely to result in the
decrease of diatoms in 60% and the increase of dinoflagellates in 70% of the surface water of the East
China Sea, and project that mean diatoms should decrease by 19% while mean dinoflagellates should
increase by 60% in the surface water of the coastal East China Sea. This analysis is based on a series of
statistical niche models of the consequences of multiple environmental changes on diatom and dino-
flagellate biomass in the East China Sea based on 2815 samples randomly collected from 23 cruises
spanning 14 years (2002e2015). Our findings reveal that dinoflagellate blooms will be more frequent and
intense, which will affect coastal ecosystem functioning.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Anthropogenic eutrophication and global warming have dra-
matic impacts on marine phytoplankton and are likely to continue
for many centuries (Doney et al., 2012; Hallegraeff, 2010; Karl and
Trenberth, 2003). Eutrophication is a major problem in many
coastal ecosystems and has resulted in large phytoplankton blooms
arine Environmental Science,
and the expansion of low-oxygen dead zones (Anderson et al.,
2002; Edwards et al., 2006). Warming affects phytoplankton in
two fundamentally different ways: directly through the effect of
warming on metabolic rates and indirectly through physical mix-
ing, which affects nutrient availability (Lewandowska et al., 2014).
Simultaneous warming and eutrophication will have complex
consequences because of interactions between the processes that
are driven by nutrient supply and metabolic rates. There is accu-
mulating evidence that the intensity of the response differs
considerably across taxa; these changes may therefore cause a shift
in phytoplankton community structure (Barton et al., 2016;
Edwards and Richardson, 2004; Irwin et al., 2012; Wells et al.,
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Fig. 1. Sampling stations from 23 cruises in the East China Sea from 2002 to 2015.
Symbol color represents the number of overlapping stations between the cruises. (For
interpretation of the references to colur in this figure legend, the reader is referred to
the web version of this article.)
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2015; Xie et al., 2015).
Within the phytoplankton community, the consequences for

diatoms and dinoflagellates are a major concern because these taxa
play key roles in ecosystem processes and form the basis of many
aquatic food webs (Agusti et al., 2014; Menden-Deuer and Lessard,
2000). Diatoms and dinoflagellates are two typical groups that form
harmful phytoplankton blooms, which can adversely affect human
health as well as marine fisheries and aquaculture (Anderson et al.,
2002; Moore et al., 2008). In fact, dinoflagellates and diatoms ac-
count for 75% and 5% of all harmful phytoplankton species,
respectively (Smayda and Reynolds, 2003). Various theoretical ar-
guments based on laboratory experiments and field studies suggest
that phytoplankton bloom dynamics and habitat preferences can be
described in terms of nutrient availability, degree of mixing, and/or
nutrient/resource ratios (Margalef, 1977; Reynolds, 1987; Smayda
and Reynolds, 2001, 2003; Tilman, 1977). All of these factors are
closely correlated with coastal eutrophication and surface layer
warming. While numerous studies have shown that the relative
abundance of diatoms and dinoflagellates varies in response to
regional climate warming, contrasting results can be obtained
(Hinder et al., 2012; Leterme et al., 2005, 2006; Xie et al., 2015),
because the net effect of warming depends on other environmental
changes. Quantitative predictive models that consider the effects of
temperature and nutrient interactions on the concentrations of
diatoms and dinoflagellates are still in their infancy for the lack of
sufficient real-time data (Glibert et al., 2010; Moore et al., 2008;
Wells et al., 2015). In this study we developed a series of statisti-
cal niche models to explore the existing relationships between the
diatom and dinoflagellate biomass and environmental factors, and
to project the biomass of diatoms and dinoflagellates in response to
future environmental changes using an extensive dataset of coastal
phytoplankton community composition and water quality from the
entire euphotic zone in the East China Sea (ECS), a region that is
affected by both eutrophication and warming and that is important
to biogeochemical cycles and fisheries.

Previous studies have demonstrated that diatoms are dominant
during much of the year in the ECS, but dinoflagellates become
important during late spring blooms (Guo et al., 2014). Long-term
studies have found that the relative biomass of diatoms
compared to dinoflagellates has decreased during a time of
increasing coastal eutrophication (Jiang et al., 2014; Tang et al.,
2006; Zhou et al., 2008). Our earlier work revealed that differ-
ences in the responses of diatoms and dinoflagellates to tempera-
ture may result in the earlier occurrence of dinoflagellate blooms
(Liu et al., 2016). Here, we further propose that warming combined
with eutrophication may have a great impact on the dynamics of
diatoms and dinoflagellates in the ECS.

2. Materials and methods

2.1. Data sources

Available material makes the ECS an ideal region for studying
the effects of environmental changes on phytoplankton community
dynamics (see SI 1). We conducted 23 cruises spanning 14 years
(2002e2015) and obtained 2815 pigment samples in the ECS (Fig. 1,
Table S1). The cruises took place in all four seasons and duringmost
months of the year. Stations were located irregularly in space and
were not all the same between cruises. Data density was greatest
near the Changjiang River estuary and adjacent coastal waters
(Fig. 1).

Temperature, salinity and water pressure were determined at
every station from casts of a Sea Bird CTD fitted with a Sea Tech
fluorometer. Using Niskin bottles attached on the CTD rosette
system, seawater samples were taken in the euphotic zone
(�150 m) from at least three layers: the surface water (�5 m), the
subsurface chlorophyll a (Chla) maximum, and the bottom of the
euphotic zone. The euphotic zone was defined as the water column
down to the depth at which the downward photosynthetically
active radiation (PAR) was 1% of the value just below the surface.
PARwasmade using a free-fall spectroradiometer (SPMR, Satlantic)
just prior to water sampling. Nutrient concentrations were deter-
mined by professional laboratories (Han et al., 2012; Liu et al.,
2016). To avoid issues with detection limits, nutrient concentra-
tions below the detection limit were deemed as the value of
detection limit. Samples for phytoplankton pigment analysis were
collected at every station on all cruises. Pigment concentrations
were measured by high performance liquid chromatography
(HPLC) following the method presented by Furuya et al. (2003) and
are reported in detail by Liu et al. (2012).

The long-term sea surface Chla (mg m�3) from August 1997 to
January 2015 was extracted from multiple-satellite products
(AVHRR, QuikSCAT, SeaWiFS and MODIS/Aqua). The resolutions of
these four databases were 0.044, 0.25, 0.1 and 0.05� respectively.
2.2. Generalized additive mixed models

To explore how temperature and nutrients influence the dy-
namics of diatoms and dinoflagellates, we developed a series of
generalized additive mixed models (GAMMs), which are an
extension of GAMs (see SI 2) (Wood, 2006; Zuur et al., 2009).
Fucoxanthin (Cf) and peridinin (Cp) concentration were used as
response variables. Fucoxanthin and peridinin are the diagnostic
photosynthetic pigments of diatoms and autotrophic peridinin-
containing dinoflagellates, respectively (Roy et al., 2011). Phyto-
plankton community structure determined from diagnostic
pigment concentration is widely used because it is easier to obtain
high resolution data relative tomicroscopic andmolecular methods
(Peloquin et al., 2013).

Temperature (�C), salinity (psu), nitrate þ nitrite (NOx, mmol
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L�1), soluble reactive phosphorus (PO4, mmol L�1) and the ratio of
NOx and PO4 (N:P) were taken as potential environmental
explanatory variables. Silicate (SiO3, mmol L�1) was not incorpo-
rated into the models for reasons that silicate is usually not limiting
in the ECS (Guo et al., 2014; Zhou et al., 2008) and that its effect co-
varied with NOx and/or PO4 during our initial test. TChla (the sum
of Chla plus divinyl chlorophyll a, ng L�1), geographic and temporal
parameters (longitude, latitude, depth, month) were incorporated
into the models as proxies for some missing parameters driving
phytoplankton dynamics (e.g., grazing, light). In order to account
for the potential influence of the different measuring instruments,
we added a nominal variable representing the measurement effect
for each group of cruises (Table S1). Of all these variables, we focus
on the results of temperature and nutrient parameters, which are
most likely to change in the future.

Before modeling, we used Cleveland dot plots and boxplots to
check for potential outliers in both response and explanatory var-
iables and used pairplots to check for collinearity between the
explanatory variables. After quality control we had 2809 observa-
tions of Cf and 1998 observations of Cp remaining. Cf, Cp, TChla, NOx,
PO4 and N:P ratio were ln transformed (Figs. S1 and S2, see SI 2).

To reduce collinearity, we built a set of models (Models F1eF3,
P1eP3) that use NOx as the metric of nutrient availability, a similar
set of models (Models F4eF5, P4eP5) that use PO4 for comparison,
and a set of models that use the N:P ratio instead (Models F6eF7,
P6eP7), among which a set of models (Models F3, P3, F5, P5, F6, P6)
treated nutrient parameters as independent variables and another
set of models (Models F1eF2, P1eP2, F4, P4, F7, P7) assumed in-
teractions between temperature and nutrients (Table S2).

The model without interaction between temperature and
nutrient (NOx, PO4, or N:P) was:

lnY ¼ aþ ai þ sðlongitude; latitudeÞ þ sðtemperatureÞ
þ sðnutrientÞ þ sðTChlaÞ þ sðsalinityÞ þ sðdepthÞ
þ sðmonthÞ þ ε (1)

While the model with temperature and nutrient interaction was:

lnY ¼ aþ ai þ sðlongitude; latitudeÞ
þ teðtemperature; nutrientÞ þ sðTChlaÞ þ sðsalinityÞ
þ sðdepthÞ þ sðmonthÞ þ ε

(2)

where Y represents Cf or Cp and i denotes measuring instrument.
The term a is a grand mean. The term ɑi is a random intercept
assumed to be normally distributed with mean 0 and variance s2a ,
which allows for random variation around the intercept and re-
flects between measurement variability. The term s($) indicates a
one-dimensional nonlinear function based on cubic regression
spline and te($) a two dimensional effect based on tensor product
spline. The two models are nested because te(temperature,
nutrient) contains s(temperature), s(nutrient), and their interac-
tion. The term ε represents within measurement variability, and it
is assumed to independently, normally distributed with variance
s2. Furthermore, the s2 is assumed allowing heterogeneity be-
tween months as the homogeneity assumption was violated along
the month effect (Fig. S3, see SI 3).
2.3. Generalized linear models

To simulate the effect of interactions of temperature and nu-
trients on the relative biomass of diatoms and dinoflagellates, we
formulated a more robust generalized linear model (GLM). In this
model, only samples of the upper 15 m were used. The samples
were divided into 64 bins on the basis of every 2.5 �C in tempera-
ture and every 1 interval in ln transformed PO4 concentrations. The
medians of each parameter in each bin were extracted instead of
the raw data. After removing those bins with less than 3 samples,
we had 37 available bins remaining.

We used the ratio of peridinin/fucoxanthin (Cp/Cf) instead of
their absolute concentrations as the response variable. Tempera-
ture, NOx and PO4 concentrations were taken as the explanatory
variables. The model was formulated as follows:

Cp
.
Cf ¼

X4

a¼0

X4

b¼0

X4

c¼0

babcðtemperatureÞaðNOxÞbðPO4Þc; aþbþc

�4

(3)

which produced 25 independent variables (Table S4). The term
babc is the coefficient of each variable. It will be the intercept when
a, b and c equate zero at the same time. We assumed a gamma
distribution with log-link function to keep the fitted ratio of Cp/Cf
more than zero. Model optimization was based on the AIC value
and the t-statistic, i.e., dropping the variables that did not reduce
the AIC value significantly step by step, and dropping those vari-
ables that did not significantly correlatedwith Cp/Cf judged by the t-
statistic.

Model simulations were conducted by assuming possible
changes in temperature and nutrients concentration. The actual
data showed the NOx concentration was linearly correlated with
the PO4 concentration, but the slope was dependent on the PO4
concentration (Fig. S4a). In addition, the N:P ratio was nonlinearly
correlated with temperature (Fig. S4b). We took this into account
by linking NOx as the function of PO4 and temperature. The model
formation was built as follows:

lnðNOxÞ ¼ aþ b1 � lnðPO4Þ þ sðtemperatureÞ (4)

where a is the intercept and b the slope of ln(PO4). The s(temper-
ature) term means a cubic regression spline for the temperature.
The model accounted for 93% of the variance of logarithms of NOx
concentration. Then we calculate NOx from PO4 and temperature
based on this equation.

All analyses were done using R in version 3.2.2 (R Development
Core Team, 2016). The GAMMs and GAMs were fitted with the
‘mgcv’ (GAMs with GCV smoothness estimation and GAMMs by
REML/ML (Wood, 2006)) package.
3. Results

3.1. Long-term variations of phytoplankton in the ECS

Long-term sea surface Chla concentration in our study area from
multiple-satellite products displayed a clear seasonal cycle in each
year (Fig. 2a). The maximum in Chla occurred in spring followed by
another peak in summer. The magnitude of the spring algal bloom
appeared to increase since 2000, except the last two years (Fig. 2a).
Monthly averaged TChla concentrations collected from our field
observations matched well with satellite derived Chla (r ¼ 0.55,
p < 0.01 after removing four observations with TChla concentration
greater than 2.5 mgm�3) given the uncertainty of satellite data and
irregularity of our sampling areas. The ratio of surface peridinin/
fucoxanthin increased during the last 10 years (Fig. 2b). High
fucoxanthin occurred in early spring and summer (Fig. S3a); high
peridinin values were found in late spring and summer (Fig. S3b).
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3.2. Partial effects of temperature and nutrients on Cf and Cp

Temperature was significantly correlated with both Cf and Cp
with different relationships (Fig. 3a and b). After keeping other
parameters constant, the partial effect of temperature on Cf was
significantly positive below ~24 �C and strongly negative above
~24 �C. There was a plateau of high Cf at temperatures of 20e24 �C
(Fig. 3a). Cp was less sensitive to temperature than Cf (Fig. 3b). Cp
was positively correlated with temperature in the approximate
range 13e26 �C, insensitive to temperature at temperatures of
10e13 �C, and negatively correlated with temperature at temper-
atures of 26e30 �C (Fig. 3b). The optimum temperature for Cf was
roughly 24 �C versus 26 �C for Cp, and the decline of Cf at temper-
atures exceeding 24 �C was much more precipitous than the anal-
ogous decline of Cp at temperatures exceeding 26 �C (Fig. 3a and b).
These results suggest that peridinin-containing dinoflagellates are
better able to tolerate high temperatures than fucoxanthin-
containing phytoplankton.

Both Cf and Cp responded nonlinearly to nutrient concentrations
(Fig. 3cef). NOx was positively correlated with Cf at NOx concen-
trations less than ~6 mmol L�1 (Fig. 3c). Cp was positively correlated
with NOx at NOx concentrations less than ~1 mmol L�1 but nega-
tively correlated thereafter (Fig. 3d). When PO4 was used as the
independent variable instead of NOx, its effect on Cf was qualita-
tively similar to that of NOx; Cf and PO4were positively correlated at
PO4 concentrations below ~0.3 mmol L�1, but there was no corre-
lation at higher PO4 concentrations (Fig. 3e). There was no highly
significant correlation (t-test, p ¼ 0.2) between PO4 and Cp across
the range of PO4 concentrations in the database, ~0.01 mmol L�1 to
~2.7 mmol L�1 (Fig. 3f), the indication being that Cp may not be
sensitive to phosphate concentrations. These trends also show that
optimal NOx and PO4 concentrations for Cf are much higher than
those for Cp, the clear indication being that peridinin-containing
dinoflagellates tend to dominate at nutrient concentrations lower
than those associated with fucoxanthin-containing phytoplankton
dominance.

Cf and Cp have an opposite relationship with N:P ratio (Fig. 3g
and h). The relationship between N:P and Cf was unimodal, with
maximum Cf values at N:P ratio of ~16 (Fig. 3g). The correlation
between N:P and Cp was positive across the observed range of N:P
ratios (0.2e300), but there was a local minimum at a N:P of ~16
(Fig. 3h).

3.3. Combined effects of temperature and nutrients on Cf and Cp

The interactions between temperature and nutrient concentra-
tions were significantly correlated with both Cf and Cp (p < 0.0001,
Table S3) and inclusion of these interactions produced statistically
better results than the models assuming no interaction (Table S2,
see F2 (P2) versus F3 (P3), F4 (P4) versus F5 (P5), and F6 (P6) versus
F7 (P7)). The nature of the interaction between temperature and
NOx was clear in the case of Cf (Fig. 4a). The negative correlation
between Cf and temperature estimated from the partial tempera-
ture effect (Fig. 3a) for temperatures above 20 �C was apparent, but
the magnitude of the slope was negatively correlated with NOx

concentrations (Fig. 4a). The implication is that fucoxanthin-
containing phytoplankton are better able to tolerate supraoptimal
temperatures at relatively high NOx concentrations. The response
of Cp to the interaction of temperature and NOx, however, was
rather complex (Fig. 4d). Cp remained relatively low but with two



Fig. 3. Partial effects of temperature and nutrient concentrations or ratios on logarithms of fucoxanthin and peridinin. (a, c), (b, d), (e), (f), (g) and (h) are results produced by
models F3, P3, F5, P5, F7 and P7, respectively (Table S2). The solid line is the smoother and the dashed lines 95% confidence bands. The partial temperature effect on fucoxanthin and
peridinin was qualitatively independent of whether NOx, PO4, or N:P ratio was used as the metric of nutrient availability in the models.

Fig. 4. Combined effects of temperature and nutrient concentrations or ratios on fucoxanthin and peridinin. aef are results produced by models F2, F4, F6, P2, P4 and P6,
respectively (Table S2). White areas in the lower-left corner of each panel represent there are few observations to support credible estimations.
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obvious peaks at temperatures of ~18 �C and ~25 �C, and the cor-
responding NOx concentrations were both around 1 mmol L�1,
which is consistent with the partial NOx effect (Fig. 3d).
The interactive model of the effects of temperature and PO4 on
Cf produced results qualitatively similar to the results of the inter-
active model with temperature and NOx, although the response
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surface was more complex (Fig. 4b). The effect of interactions be-
tween temperature and PO4 on Cp (Fig. 4e) was quite different from
that of temperature and NOx. The model results showed high Cp
values in some regions where Cf values were low (Fig. 4b,e). At the
lowest PO4 concentrations, Cp increased dramatically with
increasing temperature. At intermediate PO4 concentrations, there
was a maximum Cp at a temperature of ~18 �C; at higher PO4
concentrations, Cp was relatively insensitive to temperature. The
results of these models (Models P2, P4 and P6, Table S2) imply that
the relationship between Cp and temperature depends on the PO4
concentration (Fig. 4e).

Use of N:P and temperature as independent variables revealed
relationships with Cf and Cp that were less complex than was the
case when nutrient availability was quantified in terms of nutrient
concentrations (Fig. 4c,f). The temperature-N:P models suggested
that Cf would exceed e4 ¼ 55 under most conditions (Fig. 4c),
whereas Cp exceeded e3 ¼ 20 mostly at temperatures above 22 �C
and N:P higher than 100 (Fig. 4f). The highest Cf values were
associated with N:P ratios of roughly 16 and temperatures of
20e24 �C (Fig. 4c). In contrast, relatively high Cp values were esti-
mated at around 18 �C and between 25 and 28 �C when N:P ratios
are low and at temperatures upon 18 �C when N:P ratios are high
(Fig. 4f). The implication of the model is that the interaction of
temperature and the relative concentration of nutrients plays an
important role in the outcome of competition between
fucoxanthin-containing phytoplankton and peridinin-containing
dinoflagellates in the ECS.

3.4. Relations of the Cp/Cf ratio to interactions of temperature and
nutrient stoichiometry

The Cp/Cf ratio showed higher values at ~18 �C and at above 26 �C
(Fig. 5). There was a clear interaction between temperature and PO4
concentration (Fig. 5a). A negative correlation was found between
temperature and the Cp/Cf ratio at PO4 concentrations greater than
0.8 mmol L�1. At PO4 concentrations between 0.4 mmol L�1 and
0.8 mmol L�1 there was a positive correlation between temperature
and the Cp/Cf ratio. At PO4 concentrations less than 0.4 mmol L�1

there was a minimum of the Cp/Cf ratio at intermediate tempera-
tures. The ratio became higher at lower/higher temperature end
members. The Cp/Cf ratio was also correlated with the interaction of
temperature and NOx concentration. It is clear that the higher ratios
Fig. 5. Relationships of the peridinin/fucoxanthin ratio and temperature at different nutrient
Data were grouped by PO4 concentration. b. Data were grouped by NOx concentration. (For in
web version of this article.)
at ~18 �C occurred at NOx concentrations ranging from 1 to
5 mmol L�1, and the higher ratios at higher extreme temperatures
occurred at NOx concentrations less than 5 mmol L�1 (Fig. 5b). The
implication is that the succession of fucoxanthin-containing
phytoplankton and peridinin-containing dinoflagellates do
depend on the absolute concentration of the limiting nutrient,
while which nutrient is limiting depends on the ambient N:P ratio.

Based on the relationships between the Cp/Cf ratio and the in-
teractions of temperature and nutrient concentrations, we formu-
lated a GLM model (equation (3), Table S4). This model accounted
for 97% of the variance of the Cp/Cf ratio, with the residuals showing
no heterogeneity with respect to temperature (Fig. S5). Then we
simulated the relationship of the Cp/Cf ratio and temperature at
three constant PO4 concentrations, 0.05 mmol L�1, 0.25 mmol L�1,
and 0.6 mmol L�1, based on this model. When we assumed the
molar N:P ratio to be constant and equal to 16:1, the simulations
presumably reflected the trends in the actual data at PO4 concen-
trations less than 0.25 mmol L�1, but deviated from the actual data
at higher PO4 concentrations (Fig. 5a and Fig. S6a). We therefore
assumed that the N:P ratio varied from 8 to 32. Comparing with the
actual data, we found that different temperatures selected for
different optimum N:P ratios; lower temperature selected for a
higher N:P ratio, whereas higher temperature selected for a lower
N:P ratio (Fig. S6b). The explanation is that in the ocean the dis-
solved N:P ratio is not constant. The data showed that the NOx

concentration was positively correlated with the PO4 concentra-
tion, and N:P ratio variability was dependent on both the PO4

concentration and the temperature (Fig. S4a,b). We therefore
calculated NOx from PO4 and temperature through equation (4) and
repeated the simulations (Fig. 6).

3.5. Future responses of Cf and Cp to warming and eutrophication

Future changes in the Cf and Cp as a result of warming and
eutrophication are not straightforward to anticipate because the
effects of temperature, nutrients, and their interaction are all sig-
nificant. Because we obtained clear relationships of the interaction
of temperature and N:P ratio to Cf and Cp, using GAMM models F6
and P6 (Table S2), we simulated surface Cf and Cp concentrations
based on assumed surface temperatures increases of 2 �C and N:P
ratio increases of e2 ¼ 7.4 while leaving other parameters constant.
The predicted Cf concentrations decreased significantly (t-test,
concentrations. The colored lines are simulated using the loess method (span ¼ 0.7). a.
terpretation of the references to colur in this figure legend, the reader is referred to the



Fig. 6. Fitted ratio of peridinin/fucoxanthin on the basis of equation (3) at constant PO4

concentrations. NOx concentrations were calculated from PO4 and temperature ac-
cording to equation (4).
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p < 0.05), with 60% stations showing decreased concentrations
(Fig. 7a). In contrast, the predicted Cp increased significantly (t-test,
p< 0.05), with 70% of the stations showing an increase (Fig. 7b). The
magnitude of these changes was a function of latitude and longi-
tude. Most of the big changes occurred in coastal regions, especially
at the mouth of the Changjiang River estuary and adjacent coastal
waters. The changes decreased in magnitude in a southeast
offshore direction (Fig. 7).

We then focused on the surface waters of coastal regions with
salinities less than 31. We predicted a significant decrease of Cf
(Fig. 8a) and a significant increase of Cp (Fig. 8b) when temperature
and ln N:P ratio were simultaneously increased by 0.25 �C and 0.25,
respectively. The present surface median temperature and N:P ratio
in these regions are 23.0 �C and e3.19 ¼ 24, respectively. Given an
Fig. 7. Distribution of predicted changes in pigment concentrations assuming surface tem
increases and blue circles decreases compared to present concentrations. a. fucoxanthin. b. p
is referred to the web version of this article.)
increase of 2 units, the values would increase to 25 �C and
e5.19 ¼ 180 (~7 fold increase), respectively. Correspondingly, we
predicted that the mean Cf should decrease by 19% (from 508 ng L�1

to 412 ng L�1) while the mean Cp should increase by 60% (from
334 ng L�1 to 535 ng L�1).
4. Discussion

Phytoplankton that contain peridinin are found only in the class
Dinophyceae (Roy et al., 2011). Although not all autotrophic Dino-
phyceae contain peridinin (Zapata et al., 2012), the dominant spe-
cies, Prorocentrum donghaiense, Alexandrium catenella, Alexandrium
minutum and Gymnodinium catenatum, in the ECS do contain (Guo
et al., 2014; Zapata et al., 2012). Fucoxanthin (fuco), however, is
found in phytoplankton belonging to at least some species in five
phytoplankton classes: Chrysophyceae, Pelagophyceae, Prymne-
siophyceae, Bacillariophyceae, and Dinophyceae (Roy et al., 2011).
Fucoxanthin is commonly associated with diatoms (i.e., Bacillar-
iophyceae) (Letelier et al., 1993), but the presence in some of our
samples of pigments such as 190-butanoyloxyfucoxanthin (but) and
190-hexanoyloxyfucoxanthin (hex), which are not associated with
diatoms but are found in some species of Pelagophyceae, Prym-
nesiophyceae, and Dinophyceae, indicates that diatoms did not
account for all the fucoxanthin in our samples. However, the fuco/
but and fuco/hex ratios in our samples averaged 15 and 6, respec-
tively, whereas the fuco/but and fuco/hex ratios in Dinophyceae and
Prymnesiophyceae, for example, are only about 0.5 and 0.02,
respectively (Chang and Gall, 2013; Letelier et al., 1993), thus it
seems unlikely that the fucoxanthin in our samples reflects high
biomass of Dinophyceae and Prymnesiophyceae. We do have some
cases where the concentrations of but and hex exceed the fuco-
xanthin concentrations. Those cases presumably are Chrys-
ophyceae, Prymnesiophyceae, Pelagophyceae, and maybe some of
the Dinophyceae that contain no peridinin. However, those are all
cases where the fucoxanthin concentrations are low (Fig. S7).
Another possible source of fucoxanthin may be Phaeophyta, but
peratures increases of 2 �C and N:P ratio increases of e2 ¼ 7.4. Red circles represent
eridinin. (For interpretation of the references to colour in this figure legend, the reader



Fig. 8. Predicted concentrations of pigments displayed as a boxplot for a sequence of increases in both temperature and ln transformed N:P ratio. The white horizontal line and the
white dot inside each box are the median and the mean respectively. The solid line across the boxes represents GAM smoothing and shaded areas denote 95% confidence bands. a.
fucoxanthin. b. peridinin.
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suchmacroalgae are usually benthic and unlikely to be contained in
our water samples. In our previous study, diagnostic pigment
concentration in the ECS was comparable to the microscopy results
based on morphology (Liu et al., 2016). Thus we feel confident in
assuming that most of the fucoxanthin and peridinin in our sam-
ples was associated with diatoms and dinoflagellates, respectively,
and that all of the high fucoxanthin concentrations were the result
of diatom blooms.

Based on the raw data, our GAMM model revealed that Cf
exceeded Cp in the ECS when NOx and PO4 concentrations were
relatively high (Fig. 3c,e). The Cp concentrations were relatively
high when PO4 concentrations were less than 0.1 mmol L�1 but NOx
concentrations were higher than 0.5 mmol L�1 (Fig. 3d,f). These
patterns in fact seem reasonable if we assume that most of the
fucoxanthin was associated with diatoms. Diatoms tend to have a
competitive advantage when nutrient concentrations are high for
several reasons. Diatoms are typically R-strategists (species tolerant
of shear/stress forces in physically disturbed water masses) (Alves-
de-Souza et al., 2008) and tend to have high maximum carbon-
specific nutrient uptake rates and disproportionately large stor-
age vacuoles (Edwards et al., 2012; Litchman and Klausmeier,
2008). Dinoflagellates, however, may replace diatoms by using
multiple growth strategies (C, colonist species which predominate
in chemically disturbed habitats; S, nutrient stress tolerant species;
and R) to exploit abiotic habitats that support them (Smayda and
Reynolds, 2003). Dinoflagellate have an intrinsically high affinity
for phosphate and the ability to utilize organic phosphorus com-
pounds via alkaline phosphatase (e.g., P. donghaiense) (Huang et al.,
2005), as well as mixotrophic and vertical migration capabilities. As
a group, dinoflagellates are not very sensitive to nutrient
conditions.

We found that lower temperatures favored diatoms and that
higher temperatures inhibited the growth of diatoms. That di-
noflagellates were less sensitive to temperature than diatoms
(Fig. 3a and b) is inconsistent with a previous found that the
adaptive temperature range of diatoms (Skeletonema costatum,
15e25 �C) is wider than that of dinoflagellates (P. donghaiense,
20e25 �C) (Wang et al., 2006) and the global scenario that diatoms
have a wider thermal tolerance than dinoflagellates (Chen, 2015).
However, we found that the temperature effect was very depen-
dent on the nutrient regime, a consequence of either species spe-
cific variations or an interact effect of the temperature and the
nutrient regime on the same dominant species. The result showed
that diatoms can tolerate higher temperatures at high nutrient
(NOx and PO4) concentrations than at low nutrient concentrations
(Fig. 4a,c). The implication is that the response of diatoms to high
temperature may not be a consequence of an inherent metabolic
intolerance to supraoptimal temperatures as long as the tempera-
ture stress is not accompanied by the additional stress of nutrient
limitation. Thermal stratification of marinewaters will increase as a
consequence of global warming, which will inhibit nutrient inputs
from waters below the mixed layer. In the offshore waters of the
ECS, a reduced degree of mixing in the summer results in low
nutrient availability, which inhibits the growth of diatoms but has
no apparent negative effect on S-strategist dinoflagellate species.
Such species include the harmful unarmored dinoflagellate
Cochlodinium polykrikoides, which prefers a temperature of ~27 �C
(Matsuoka et al., 2010). In the coastal waters, there is a continuous
input of terrestrial nutrients from the Changjiang River, even when
the seawater is stratified, and that input benefits diatoms (Furuya
et al., 2003). High nutrient concentrations that benefit diatoms
also occur in the Changjiang Diluted Water front, where it mixes
with the Taiwan Warm Current Water, and in the upwelling zones
in the coastal waters of Zhejiang and Fujian provinces (Tang et al.,
2006), where diatom blooms have been reported. However, di-
noflagellates may replace diatoms in any of these areas if there is a
relaxation of the processes that deliver the allochthonous nutrients
(Smayda, 2010). For example, well-known late spring dinoflagellate
blooms (Gymnodinium and Prorocentrum species) occur at tem-
peratures of ~18 �C when nutrient concentrations are low, after the
phosphate has been consumed by diatoms and there is still some
nitrogen remaining. This phenomenon has been reported in the
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ECS (Guo et al., 2014) and in other coastal and shelf areas (Anderson
et al., 2002; Heisler et al., 2008). Similarly, we found that during the
summer Changjiang Diluted Water, characterized by both high
temperatures and high nutrient concentrations, can be a site of
dinoflagellate blooms (Fig. 4def), perhaps due to the combined
ability of R- and S-strategists to tolerate high turbulence and
phosphate depletion, but otherwise eutrophic conditions. The
biomass of diatoms relative to that of dinoflagellates decreased
from 1959 to 2009 in the Changjiang River estuary and adjacent
coastal waters in summer (Jiang et al., 2014). Our data (Fig. 2) and
model results indicate that this pattern may have been enhanced in
the past several years.

Using surface microscopy data (dominated by Pseudo-nitzschia
delicatissima, Thalassionema nitzschioides, Paralia sulcata, and Skel-
etonema sp. for diatoms, and P. donghainese, Scrippsiella trochoidea,
and G. lohmanni for dinoflagellates) collected from cruises C1eC4
(Table S1), Guo et al. (2014) has obtained a decreasing trend for
diatoms against N:P ratio and an opposite trend for dinoflagellates
against N:P ratio. Our analysis of temperature and N:P ratios pro-
vides additional insight into the dynamics of diatoms and di-
noflagellates in the ECS. An analysis of the GAMM results (Fig. 4)
and an analysis of themedians of the bins of the GLM results (Figs. 5
and 6) revealed that the N:P ratio may be a factor that drives the
succession of diatoms and dinoflagellates, and that the effect of the
N:P ratio is a function of temperature. The N:P ratio in algal biomass
is positively correlated with temperature at the global scale (Yvon-
Durocher et al., 2015), and the external N:P ratio is negatively
correlatedwith temperature in the ECS (Fig. S4b). The implication is
that the algal internal N:P ratio will exceed the external N:P ratio
when the temperature is higher than a threshold. Because the in-
ternal N:P ratio of dinoflagellates is generally higher than that of
diatoms (John and Flynn, 2000; Rhee and Gotham, 1981), the high
N:P ratios of particulate matter at high temperatures was probably
accounted for by the greater biomass of dinoflagellates, the indi-
cation being that high temperatures favor dinoflagellates in the
ECS. In addition, according to the resource ratio theory (Rhee and
Gotham, 1981; Tilman, 1977), if the maximum growth rates of di-
atoms and dinoflagellates are similar, diatoms will competitively
eliminate dinoflagellates when external N:P ratios are low, whereas
mixotrophic dinoflagellates will prevail when the external N:P ra-
tios are high. Given the fact that dinoflagellates typically have lower
growth rates than do diatoms of a comparable size (Finkel et al.,
2010), the internal N:P ratio must be lower for diatoms than di-
noflagellates (Klausmeier et al., 2004a, 2004b). The winner of the
competition will therefore tend to be mixotrophic dinoflagellates
when the external N:P ratios are high, a conclusion consistent with
our observations that high N:P ratios favor dinoflagellates in the
ECS and a previous report that a high N:P condition is more likely to
promote species that have slow growth rates (Glibert and
Burkholder, 2011). The N:P ratio (26 ± 20) at PO4 concentrations
less than 0.08 mmol L�1 was obviously higher than the N:P ratio
(17 ± 8) at higher PO4 concentrations. The ratio of Cp/Cf was
significantly higher for PO4 < 0.08 mmol L�1 than at the latter
conditions (Kruskal-Wallis rank sum test, p < 0.001, Fig. S4c).
Because there is evidence that the internal N:P ratio is highest
under phosphorus limited conditions compared to the condition of
abundant resources and conditions limited by light or nitrogen
(Klausmeier et al., 2004a), the dominance of dinoflagellate under
high N:P conditions is expected in the ECS.

The GLM model reflected the fact that the spring dinoflagellate
blooms became weaker with increasing PO4 concentrations but
became stronger with increasing N:P ratios (Fig. 6 and Fig. S6b).
Projecting future changes of these blooms requires knowing what
will happen to nutrient concentrations as a result of eutrophication.
Assuming a C/Chla ratio of 50 by weight and a C/N ratio of 5.68 by
weight (Laws,1991; Laws and Redalje, 1979; Laws andWong,1979),
we estimated that the percentage of nitrogen in phytoplanktonwas
negatively correlated with nutrient concentrations, and this rela-
tionship was rather insensitive to the assumed C/Chla and C/N ratio
(Fig. S8). Therefore, low ambient nutrient concentrations were the
result of phytoplankton taking up a large fraction of the nutrients.
In accord with this logic, we hypothesized that there would be an
increase in phytoplankton as a result of eutrophication instead of an
increase of inorganic nutrient concentrations. Previous studies
have demonstrated that the nitrogen in the ECS has been increasing
while the phosphorus has been decreasing slightly as a result of the
long-term increase in the Changjiang River discharge and an in-
crease in nitrogen fertilizer use in China (Jiang et al., 2014; Zhou
et al., 2008). The regression lines between NOx and PO4 would
therefore move toward the left and up (Fig. S4a). The result would
be more phosphate-limited situations, leading to higher N:P ratios,
and such conditions would favor dinoflagellates.

To predict the future responses of diatom and dinoflagellate
biomass to combined effects of warming and eutrophication, we
assumed a 2 �C increase in water temperatures and ~7.4-fold in-
crease in the N:P ratio and focused on the surface water of coastal
regions with salinity less than 31 (Gong et al., 1996). The surface
waters of the ECS underwent a significant warming at a rate of
0.09 �C per decade during 1870e2011 (Bao and Ren, 2014). The
largest warming trend occurred in the mouth of the Changjiang
River, where the annual mean warming rate exceeded 2.4 �C per
century (Liu and Zhang, 2013) and exceeded 0.49 �C per decade in
the summer (Jiang et al., 2014). If this warming trend continues, it is
reasonable to assume that there will be a temperature rise of at
least 2 �C by 2100 in the surface waters of much of the ECS. In
addition to warming, anthropogenic activities have led to a shift in
the nutrient regime in the ECS, especially in the Changjiang River
estuary and adjacent coastal waters, where the N:P ratio has been
steadily increasing (Zhou et al., 2008), and the observed average
molar N:P ratio in 2010 reached about 200 (Jiang et al., 2014). As a
result of the increase of nitrogen fertilizer use in China, our pre-
sumptive future N:P ratio of about 180 will therefore likely be an
underestimate, at least near the Changjiang River estuary. We
predict that the mean Cf should decrease by 19% and the mean Cp
should increase by 60% as the temperature increases by 2 �C. These
decrease in Cf and increase in Cp reflect a shift from diatoms to
dinoflagellates over the next century, as proposed previously (Jiang
et al., 2014; Zhou et al., 2008). We did not project changes of
temperature beyond the year 2100 because it is unclear whether
phytoplankton will adapt to future niches over time (Irwin et al.,
2015). Changes beyond 2100 could have even more serious impli-
cations than the changes we have projected. We did not project
changes of N:P ratio over 180 because such situations may be more
complicated than we assumed here. For instance, although silicate
is not limiting in the ECS at present, increasing nitrogen input and
diatom consumption will result in a decrease of Si:N ratio (Jiang
et al., 2014), and silicate may be the limiting factor for diatoms
someday.

It is important to realize that the influence of changes in irra-
diance may alter phytoplankton community composition (Barton
et al., 2015; Edwards et al., 2015), but we do not feel that the pre-
dictions of our model are seriously compromised by the absence of
irradiance because the indirect effect of this factor is accounted for
approximately by the variables we considered in this study; tem-
perature, irradiance, nutrient concentrations and ratios and
changes in these variables co-vary (Irwin et al., 2012; Litchman and
Klausmeier, 2008). An important caveat is that we did not consider
the effect of grazing because high-resolution sampling of processes
such as grazing is difficult. Because observations in the China seas
have shown that microzooplankton grazing is enhanced in
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eutrophic ecosystems (Chen et al., 2012; Zheng et al., 2015), further
study is needed to explore the effect of grazing to make more
realistic predictions about the impact of future climate scenarios.

5. Conclusions

We determined a series of quantitative functional responses of
diatom and dinoflagellate biomass (Cf and Cp) resulting from the
interaction of temperature and nutrient concentrations or ratios.
Such interaction is key in driving the succession of diatoms and
dinoflagellates in the ECS. We project that decreases in diatom
biomass (Cf) of 19% should occur in 60% of stations while increases
in dinoflagellate biomass (Cp) of 60% should occur in 70% of stations
as a result of anthropogenic changes in temperature and nutrient
inputs. Such a shift projects a more important role of dinoflagellates
in this coastal ecosystem, including a change in the timing and
increase in the spatial extent and frequency of dinoflagellate
blooms. These changes may be responsible for a decrease of fish
production and an increase of gelatinous organisms, such as jelly-
fish in the ECS (Jiang et al., 2008). Because the sinking rate of di-
noflagellates is lower than that of diatoms (Guo et al., 2015), these
changes may also reduce the efficiency of the biological pump in
the ECS. Such a shift in phytoplankton community structure from
diatoms to dinoflagellates should be taken into consideration in
future studies of global climate models, carbon cycling and fishery
yields.
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