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ABSTRACT: The dynamics of individual phytoplankton species are often more variable than pre-
dicted for their functional groups. This observation is poorly understood in highly perturbed
coastal systems. Trends in the abundance of 54 phytoplankton species spanning a volumetric size
range from ~10?% to ~10° pm? in shelf waters of the NW Iberian upwelling system since the late
1980s were modelled as a function of environmental variables. Functional traits were assessed for
their ability to explain the across-species changes in occurrence and abundance due to the
environmental drivers. Species-specific responses to the environment were heterogeneous, pre-
cluding any generalisation by taxonomic groups, although these responses were partially related
to cell size. Smaller species showed a high probability of occurrence and higher abundance under
high nitrate concentration in the euphotic layer, pointing to a major role of the upwelling of East-
ern North Atlantic Central Water but also to inputs of nutrients mineralised over the shelf.
However, cell size explained only a small amount of the variability in the individual species’
responses to the environment. Growth rate and maximum rate of nitrogen uptake normalised to
cell size provided additional explanation for the individual species’ responses to the environmen-
tal drivers. Fast-growing species, though less efficient in taking up upwelled nutrients, thrived in
favourable upwelling conditions. These results support the dominance of species of intermediate
size during blooms in this upwelling region, and suggest that variability in functional traits among
species rather than cell size alone affects the response of phytoplankton to environmental changes
in upwelling ecosystems.

KEY WORDS: Phytoplankton - Cell size - Functional traits - Sea surface temperature - Nutrients -
Upwelling - NW Iberian margin

INTRODUCTION

Marine phytoplankton are responsible for roughly
50 Pg C yr! of global net primary production (Cha-
vez et al. 2011). This primary production supports all
marine food webs (e.g. Croll et al. 2005), plays an
essential role in global biogeochemical cycles and
climate (Falkowski et al. 2008) and constrains the
spatio-temporal variability of global fisheries catches
(Chassot et al. 2010). Photosynthetic net primary pro-
duction depends on nutrient supply processes largely

*Corresponding author: jotero@iim.csic.es

controlled by environmental variability and climate-
driven fluctuations that regulate the nutrient fluxes
in the water column (Chavez et al. 2011). Nutrients
are abundant in eutrophic coastal zones and lead
to transient blooms often dominated by diatoms
(Carstensen et al. 2015). The resultant biomass is
rapidly transferred up the food web to grazers and
pelagic fishes, particularly in Eastern Boundary
Upwelling Ecosystems (EBUEs), where wind-driven
upwelling supplies nutrients supporting around 5 %
of global marine primary production (Carr 2001) and
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20 % of worldwide fisheries (Chavez & Messié 2009).
Alterations in the physical conditions and climate-
driven changes in EBUEs might have important
implications for biogeochemical cycles, phytoplank-
ton and zooplankton composition and abundance,
phenological responses or overall ecosystem produc-
tivity (Rykaczewski & Dunne 2010, Bakun et al.
2015). Thus, understanding the mechanisms that
determine the changes in phytoplankton abundance
and biomass in coastal areas, and upwelling systems
in particular, is timely.

Documenting changes in phytoplankton abun-
dance and composition is common in the literature,
though mostly focused on studying long-term chan-
ges in taxonomic groups (e.g. Hernandez-Farinas et
al. 2014) or on investigating different assemblages in
relation to seasonal succession (e.g. Casas et al.
1999). Far fewer studies have been devoted to ana-
lysing changes in the response of individual phyto-
plankton taxa to environmental perturbations, which
can differ even within the same taxonomic group
(e.g. Mutshinda et al. 2013). It is, indeed, this inter-
specific variation in response to environmental con-
ditions that is the mechanism that determines the
community assembly (Edwards et al. 2013, Maranén
2015, Sommer et al. 2017). In particular, major phyto-
plankton groups often differ in average functional
trait values, implying a plethora of diverse perform-
ances and fitness under contrasting conditions (see
Barton et al. 2013a and references therein). For
example, nutrient utilization traits (Edwards et al.
2012) and light-use traits (Edwards et al. 2015a)
reveal different ecological strategies among major
phytoplankton taxa and help to explain community
structure and responses to seasonal environmental
fluctuations (Edwards et al. 2013). Many of these
physiological rates and tradeoffs across traits and
other ecological properties are related to, and con-
strained by, cell size (Edwards et al. 2011, Maranén
2015). Thus, cell size is usually considered as a meta-
or master-trait (Litchman & Klausmeier 2008, Barton
et al. 2013a), playing a key role in determining
phytoplankton metabolism and community assembly
along environmental gradients (Barton et al. 2013b,
Maranén 2015). Partitioning phytoplankton abun-
dance or biomass among species of different cell
sizes has provided useful insights on the organization
and function of phytoplankton communities, particu-
larly when considering a large range of individual
sizes (Cavender-Bares et al. 2001, Cermeno & Figu-
eiras 2008, Huete-Ortega et al. 2010). However, cell
size alone is insufficient for understanding key func-
tional aspects of phytoplankton ecology as the domi-

nance structure of blooms (Sommer et al. 2017); thus,
other physiological and ecological traits need to be
considered (Edwards et al. 2013, Harvey et al. 2015,
Klais et al. 2017).

Galicia is at the northern boundary of the Iberia/
Canary EBUE (see Fig. 1). Coastal winds at these
latitudes (42 to 44° N) are seasonal; northerly winds
prevail from March-April to September—October,
promoting coastal upwelling, while downwelling-
favourable southerly winds predominate the rest of
the year. However, more than 70 % of the variability
in coastal winds occurs in periods of <1 mo, so that
the upwelling season appears as a succession of
wind-stress events separated by wind-calm epi-
sodes, with a wide variety of frequencies ranging
from 3 to 15d (Alvarez-Salgado et al. 2002). Previ-
ous studies in the region have shown that these
oceanographic conditions have multiple impacts on
the broad variability of primary producers. In the
short term, upwelling events and wind-calm epi-
sodes affect both phytoplankton community compo-
sition and seasonal succession (Casas et al. 1997,
1999) and the size scaling of phytoplankton abun-
dance (Huete-Ortega et al. 2010). In the long term,
recent analyses have provided evidence of increases
in phytoplankton biomass (Pérez et al. 2010), pri-
mary production (Bode et al. 2011) and total cell
abundance (Bode et al. 2015a). These patterns were
attributed to increases in the stability of the water
column and in the remineralization of organic mat-
ter near the coast rather than to increases in nut-
rient fertilization associated with upwelling (Pérez
et al. 2010, Doval et al. 2016). However, long-term
changes in the composition of the phytoplankton
community were less clear, as there were reports of
increasing trends in the proportion of dinoflagellates
while diatoms decreased (Pérez et al. 2010), but also
non-significant variations in the abundance of both
diatoms and dinoflagellates (Bode et al. 2009). Fur-
thermore, analyses of the trends in abundance of
individual species showed that there was a large
variety of responses to environmental and climate
variability, even for species belonging to the same
taxonomical group (Bode et al. 2015a).

Here, using a large set of phytoplankton composi-
tion data collected at a shelf station off A Coruna
(NW Iberian upwelling system) over a 22 yr period,
we (1) quantified the responses of the abundance of
individual species to changes in sea surface temper-
ature, nutrient concentration and upwelling intensity
for a set of 54 phytoplankton species, (2) evaluated
the role of volumetric cell size in structuring individ-
ual responses to the environmental drivers within
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this coastal upwelling system, and (3) assessed the
degree to which species-specific responses to the
environment were also constrained by their maxi-
mum growth rate, optimum temperature for growth
and nutrient uptake, all measured from laboratory
experiments reported in the literature.

MATERIALS AND METHODS
Phytoplankton sampling

Phytoplankton identification and count data were
obtained from the time series project RADIALES con-
ducted by the Instituto Espanol de Oceanografia off
A Coruna (NW Spain; Fig. 1), which has been in
operation since 1987 (Bode et al. 2009). Specifically,
water samples were collected monthly with 51 Niskin
bottles or a rosette sampler from 0, 5, 10, 20, 30, 40
and 70 m depths at Stn E2 (43°25'30" N, 8°26'20" W,
water depth: 80 m; Fig. 1) from January 1989 to
December 2010 (n = 261 days sampled). For each
depth, samples were collected for the determination
of phytoplankton abundance and nutrient and
chlorophyll a (chl a) concentration following the
methods described in Casas et al. (1997, 1999).
Phytoplankton samples of volume 50 to 100 ml were
preserved in Lugol's solution and kept in the dark
until analysis. Depending on phytoplankton concen-
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Fig. 1. Sampling site showing Stn E2 (black dot) off A Coruna
(NW Spain) and the location of the grid cell at 43°N, 11°W
(black cross) used to calculate the upwelling index

tration, 10 to 25 ml of sample were allowed to settle in
an Utermohl chamber for up to 24 h. Samples were
always counted by the same person (co-author M.V.)
following the technique described by Utermohl (Lund
et al. 1958), using a Nikon Diaphot TMD microscope
until May 1997 and a Nikon Eclipse TE300 microscope
until the end of the time series. A magnification of
100x was used for large forms, 250x for intermediate
forms and 400x and 1000x for microflagellates. The
entire slide was examined at 100x to account for
large species while only transects or smaller areas
were examined at higher magnification. At least
250 cells were counted for each sample. Whenever
possible, organisms were classified to the species or
genus level. Species nomenclature followed the
World Register of Marine Species (www.marine
species.org). For the purposes of the present work,
we used the most abundant and recurrent species
resulting in a set of 54 taxa summarised in Table S1 &
Fig. S1in the Supplement at www.int-res.com/articles/
suppl/m596p033_supp.pdf. The original dataset is
available from the PANGEA repository at http://doi.
pangaea.de/10.1594/PANGAEA.855901 (Bode et al.
2015b).

Biogeochemical sampling and analysis

At the same time and with the same periodicity,
vertical profiles of temperature and salinity were
measured with a CTD probe (Seabird SBE-25). The
salinity of the CTD was checked against the salinity
of bottom water samples measured with an induction
salinometer (Autosal 8400A), calibrated with stan-
dard seawater (Casas et al. 1997). Salinity was calcu-
lated using the practical salinity scale (UNESCO
1986). Dissolved inorganic nitrate concentration
(NO;™; in mmol m™®) was determined with an auto-
analyser (Technicon AA-II) according to the standard
procedures of Grasshoff et al. (1983). Chl a concen-
tration (in mg m™) was measured by fluorometric
analysis of acetone extracts of phytoplankton col-
lected on 0.8 pm pore size membrane filters (until
1992) or glass-fibre GF/F type filters (from 1993
onwards). Specific calibrations were performed to
ensure the continuity of the chlorophyll series when
changing from the filter fluorometer method (Parsons
et al. 1984) to the spectrofluorometric technique (Ne-
veux & Panouse 1987) after 2001. In this study, we
used the water-column integrated chl a and the
nitrate concentration integrated in the upper 40 m
(average depth of the euphotic zone as determined
with the irradiance sensor of the CTD).
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Physical forcing

Daily upwelling index (Ul; in m® s™' km™) data, a
rough estimate of the volume of water upwelled per
km of coast for the period 1989 to 2010, were down-
loaded from www.indicedeafloramiento.ieo.es/index_
UI_en.html. Ul was estimated from geostrophic winds
calculated from the surface atmospheric pressure
fields analysed every 6 h by the Fleet Numerical Me-
teorological and Oceanography Center (www.usno.
navy.mil/FNMOCY/) in a 2° x 2° grid centred at 43°N
to 11°W (Fig. 1), a representative cell for the physical
forcing that determines the hydrographic and bio-
geochemical conditions in the region (e.g. Alvarez-
Salgado et al. 2002). Positive values of Ul indicate
upwelling-favourable conditions whereas negative
values indicate downwelling-favourable conditions.
Further numerical details can be found in Gonzalez-
Nuevo et al. (2014). In this study, values of Ul were
averaged over 15 d prior to each sampling date.
These values represent the accumulated effect of the
main meteorological and hydrological factors on
phytoplankton dynamics as shown by other studies in
the Galician upwelling (e.g. Nogueira et al. 1997).

Volumetric cell size and functional traits

Cell size, expressed as cell biovolume (in pm?), for
each species was estimated in some samples distrib-
uted over all seasons from measurements of dimen-
sions of 30 to 100 cells under the microscope, assign-
ing a certain geometric shape to each species (see
Huete-Ortega et al. 2010). In the case of colonial spe-
cies, only the volumetric size of individual cells was
considered. Cell biomass (in pg C) was estimated
from biovolume by using conversion equations from
the literature (Menden-Deuer & Lessard 2000). Spe-
cies biomass was calculated by multiplying species
abundance by cell biomass. Total biomass (obtained
as the sum of the biomass of all species) was signifi-
cantly correlated with water column-integrated chl a
recorded at this station (see Fig. S2 in the Supple-
ment). Volumetric cell size values are provided in
Table S1.

Volumetric cell size is considered as a meta-trait
(see above) that can determine other physiological
traits and tradeoffs across traits (Edwards et al. 2011,
Barton et al. 2013a). Therefore, in order to comple-
ment the analysis of cell size effects (see below), we
obtained data on other traits from recently published
compilations on laboratory-measured functional
traits. In particular, maximum growth rates (Upna.x; in

d) were obtained from temperature dependent
growth rates assembled in Thomas et al. (2016). This
parameter measures the species’ maximum growth
rate as obtained from fitting a thermal tolerance
curve characterizing the growth responses to chan-
ges in temperature. Maximum growth rates could be
obtained by means of fitting other models, for in-
stance, the Droop model of phytoplankton growth
(Edwards et al. 2012), or using data from growth-
irradiance experiments (Edwards et al. 2015a). How-
ever, in order to be coherent, we only used data from
Thomas et al. (2016) and followed the quality control
measures specified by those authors. Additionally,
the optimum temperatures (Tp; in °C) for maximiz-
ing growth rates were also extracted from the same
source. Furthermore, nutrient utilization traits are
frequently used to link phytoplankton ecophysiology
and population dynamics (e.g. Edwards et al. 2013).
Thus, we collated nutrient utilization trait data from
Edwards et al. (2015b). More specifically, we used
the maximum rate of nitrogen uptake (VX in pmol
cell™d d') because measurements for V., were
available for a large number of our species. This
parameter measures the maximum cell-specific nu-
trient uptake rate of the Michaelis-Menten model of
nutrient uptake. In total, we obtained Upy.x and T,y
data for 20 species and V., data for 8 species
(Table S1). In those cases where multiple trait data
were available for a given species we computed
averages. It should be noted that the use of traits
obtained from laboratory experiments has limita-
tions. In particular, we were only able to obtain traits
for a small number of taxa because quantitative
physiological traits are usually not known for all spe-
cies. This occurs because researchers tend to study
certain species instead of a random sample from nat-
ural communities. Therefore, this fact may skew
results, though we believe that this approach does
provide new insights into the phytoplankton ecology
of the NW Iberian upwelling system.

Statistical analyses

Seasonal and long-term trends in UI, physical and
biogeochemical variables, and total abundance and
biomass of phytoplankton in the euphotic layer were
evaluated using generalised additive mixed models
(GAMMs; Wood 2006) as follows:

Y, = o+ f1(DoY;)+ fo(Days; )+ & (1)

where the response variable, Y; would be recorded
on sampling day ¢ a is an intercept, and f,s are
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1-dimensional non-parametric smoothing functions
describing the effect of day of the year (DoY) and
days (consecutive days from 1989 to 2010). The
smoothing functions were fit by a penalised cyclic
cubic regression spline and a cubic regression spline
for DoY and days, respectively, and with a maximum
of 6 and 3 knots (Wood 2006). Observations were
made sequentially over time, thus errors (¢) might
not be independent. Therefore, a specific correlation
structure was added to the formulation. In the case of
the UI, observations were regularly spaced, thus an
auto-regressive model of order 1 allowing for within-
year auto-correlation between the residuals was
evaluated. By contrast, observations of biogeochemi-
cal variables, total abundance and biomass were
irregularly spaced, thus, in those cases the inclusion
of an exponential spatial correlation model that can
accommodate the imbalance in time was tested (see
Tables S2 & S3 in the Supplement). Model fitting
improvement was evaluated using likelihood ratio
tests (Pinheiro & Bates 2000).

Time-series of phytoplankton abundance typically
contain a large proportion of zeros due to naturally
large fluctuations in abundance and non-detection of
rare species (Fig. S1). This results in distributions
where the response variable takes values from zero
to infinity, exhibiting a large probability of mass at
zero. To account for this distribution, we used a semi-
parametric discrete—continuous mixture model ap-
proach with the zero-adjusted lognormal (ZALN)
distribution, which is useful when processes of occur-
rence and abundance can be influenced by different
factors (e.g. Fox et al. 2000, Edwards et al. 2013). The
model formulation for a variable, Y, that follows this
distribution was implemented as a 2-stage condi-
tional approach in which the presence/absence of
biomass was modelled as a binary response assum-
ing a Bernoulli distribution for the expected probabil-
ity of presence for each species, i, at time t (/) as fol-
lows:

10g(Lj =o' +hi(DoY,)+piDays, + BiSST,

1-n (2)

+ BINIT, +BLUIL,

The abundance, conditional on presence, for each
species i at time t () was modelled as a continuous
response assuming a lognormal distribution as fol-

lows:
log(ui) = ol + hi(DoY,)+piDays; +B5SST, 3)
+ BINIT, +BLUI, + ¢}

For both the binary and continuous parts we used
the same set of predictors, where DoY is the day of

the year and h is a 1-dimensional non-parametric
smoothing function fit by a penalised cyclic cubic
regression spline with a maximum of 6 knots. Days is
the time trend (i.e. consecutive days from 1989 to
2010), SST is sea surface temperature, NIT is the
nutrient concentration (i.e. nitrate concentration inte-
grated in the upper 40 m), and Ul is the coastal
upwelling, which were modelled parametrically with
slopes denoted by f,. o is an intercept, and €, is a vec-
tor of errors assumed to be independent and nor-
mally distributed. For simplicity, the 2 components of
the ZALN model are called occurrence (presence/
absence, PA) and abundance (positive counts, PO)
models. There were no apparent correlations be-
tween model predictors (variance inflation factors
< 2); and, before running the model, the 3 environ-
mental variables were standardized to have zero
mean and unit variance. Pearson residuals from each
ZALN model were evaluated for model assumptions.
In order to assess the importance of cell size and
functional traits in structuring the individual res-
ponses to the predictors, the parametric coefficients
from Eqs. (2) and (3) (i.e. Bl), defining each species i
trend in abundance and specific responses to SST,
nitrate concentration and upwelling strength, were
related to the species i cell biovolume as follows:

B; = a+ b(Biovolume,) +¢; 4)

To fit Eq. (4), we used model II regressions by the
standardized (or reduced) major-axis method (SMA;
Warton et al. 2012). Similarly, parametric coeffi-
cients from Eqgs. (2) and (3) were related to the labo-
ratory-measured functional traits. Prior to analysing
these later relationships, functional traits (i.e. Wmax
Topt and VN.,) were adjusted to account for cell
size —that is, we used as predictors the residuals of
the SMA regressions of each trait with cell bio-
volume.

All treatment of data and analyses were performed
with the software R v.3.4.3 (R Core Team 2017) using
the packages 'mgcv 1.8-22' (Wood 2006), ‘nlme 3.1-
131" (Pinheiro & Bates 2000), and ‘smatr 3.4-3'
(Warton et al. 2012).

RESULTS
Biogeochemical patterns
Coastal winds at the latitude of the NW Iberian
Peninsula caused upwelling during spring and

summer (March to October), whereas in autumn and
winter (November to February) there was a domi-
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Fig. 2. Seasonal and long-term trends of the (A,E) upwelling index, (B,F) sea surface temperature, (C,G) euphotic layer-inte-

grated nitrate and (D,H) water-column integrated chl a during the study period. Shaded areas indicate 95% CI around the
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tively (see numerical results for each model in Table S2 in the Supplement at www.int-res.com/articles/suppl/m596p033_
supp.pdf). Note that chl a was logy, transformed prior to analysis

nance of downwelling (Fig. 2A, Table S2). The hydro-
graphy at the sampling station also showed strong
seasonal patterns, though varying in shapes. While
SST peaked in August (Fig. 2B, Table S2), the inte-
grated nitrate concentration in the euphotic layer
reached maximum values during autumn and winter
(Fig. 2C, Table S2), and the water column-integrated
chl a showed a more extended maximum over spring
and summer months (Fig. 2D, Table S2). On the other

hand, there were no significant long-term trends for
any of these variables during the 22 yr study period
(Fig. 2E-H, Table S2).

Regarding total phytoplankton abundance and bio-
mass, strong seasonal patterns were also observed,
reaching a maximum in July and August (Fig. 3A,B).
The long-term trend was similar for both variables,
though not statistically significant (Fig. 3C,D,
Table S3).
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Species-specific models

The set of 54 species analysed comprised various
phytoplankton groups including 35 diatom taxa and
13 dinoflagellate taxa as the main taxonomic groups
within the community (Table S1). Diatoms were nu-
merically dominant, with Chaetoceros socialis show-
ing the largest abundance. Regarding dinoflagel-
lates, Heterocapsa niei was the species with the
highest cellular abundance. In addition, Crypto-
phyceae was the most abundant taxon among the
other phytoplankton groups (Table S1). In general,
all species showed peaks and troughs in abundance
over the studied period (Fig. S1) and annual cycles in
most instances. As such, the occurrence model re-
vealed heterogeneous trends among species during
the year (Fig. S3), with some taxa having a higher
probability of occurrence in spring and summer
months (e.g. species 1, Asterionella glacialis; or spe-
cies 34, Phaeocystis pouchetii), and others appearing
mainly in winter (e.g. species 18, Dictyocha fibula;
or species 30, Navicula transitans). Regarding the
abundance model, most species showed clear sea-

sonal cycles with higher abundances in spring and
summer months; however, a few species were more
abundant in autumn and winter, while others did not
show any apparent seasonality (Fig. S4). Pearson
residuals from the individual models did not show
any significant patterns (Figs. S5-S7).

Long-term changes in occurrence were variable
across species, with 9 out of 13 species of dinoflagel-
lates and 7 out 35 species of diatoms showing positive
slopes in the occurrence model, indicating higher
probabilities of occurrence through time (Fig. S8A).
When present, most species tended to increase in
abundance during the study period, with the excep-
tion of 13 species of diatoms, 4 dinoflagellates and
Cryptophyceae, which showed decreasing trends
(Fig. S8E). The effect of SST was heterogeneous in
both the occurrence and abundance sub-models.
Most dinoflagellates, but also 21 diatoms, showed
positive slopes, indicating a higher probability of oc-
currence in warmer waters (Fig. S8B), whereas when
present, abundance of most species tended to de-
crease when SST was higher (Fig. S8F). Regarding
nitrate concentration and UlI, the responses in the oc-
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currence sub-model were mostly positive, indicating
that the probability of occurrence increased when
both nitrate concentration (Fig. S8C) and upwelling
strength (Fig. S8D) were higher. Furthermore, the
abundance model indicated heterogeneous respon-
ses to changes in nitrate concentration, with nearly
the same number of species with negative or near-
zero slopes as species with positive slopes (Fig. S8Q),
and a majority of positive responses to an increase in
the UI with steeper slopes for most taxa but particu-
larly for diatom species (Fig. S8H).

Role of cell size

The distribution of the species’' responses to the
environment as a function of volumetric cell size was
strongly heterogeneous, though model II regressions
revealed some patterns (Fig. 4, Table S4). In particu-
lar, the lowest probabilities of occurrence over time
were observed only for the smaller species (Fig. 4A).
However, when present, abundance of smaller spe-
cies tended to increase more than larger species dur-
ing the studied years (Fig. 4E). Additionally, on the
one hand, there were positive and negative trends
between SST (Fig. 4B) and nitrate concentration
(Fig. 4C) with cell size in the occurrence sub-models,
indicating a higher probability of occurrence for
smaller species when SST was cooler and nitrate con-

centration was higher (Table S4). On the other hand,
when present, the abundance of smaller species
showed more positive responses to increases in SST
(Fig. 4F) and nitrate concentration (Fig. 4G). Finally,
the responses to upwelling intensity for both the
occurrence (Fig. 4D) and abundance (Fig. 4H) mod-
els were strongly heterogeneous along the range of
cell size without showing any clear pattern.

Role of functional traits

Functional traits obtained from laboratory experi-
ments for some of the species studied here scaled with
cell size (Table S5). Maximum growth rates (Fig. S9A)
and optimum temperature for growth (Fig. S9B) de-
creased with increasing cell size, whereas the maxi-
mum rate of nitrogen uptake tended to increase with
cell size (Fig. S9C). In turn, functional traits adjusted
for cell size also suggested certain patterns in species-
specific responses to environmental drivers, though
not in individual long-term trends (Tables S6 & S7).
First, the probabilities of occurrence over the study
period (Fig. 5A) and changes in abundance over time
(Fig. 5D) were strongly heterogeneous along the
range of growth rate and did not show a significant
relationship with this trait. Second, regarding the
environmental individual responses, species that had
greater growth rates also had higher probabilities of



Otero et al.: Phytoplankton traits role in response to upwelling

41

A
3 4Te
o
o N ® o
o 0e YN O g O
%] S °
> e 9. °
© -2 1 ~
Dl \\o
° K
§_4_ T I..I T I\
-04 -02 00 02 04 06
D
¥ ®
O N
X 27 \\ ® e
o AR o
o 1A 3 °
ke} e o w9 e
® N
% 0 - P b\\ ®
[a) L [} &,
a )

v9)

© 0000
oN MO ®
T N T N |

—-0.2 1

PA-SST slope
)
N

|
o
]
1

N

NN J
N

T T T T T
-04 -02 00 02 04 O

C
°
o 0.6 .
& 04
- 41 [
n [ Y A
= 0.2 g
ZI ° .o ®
0.0+ . )
< o, o °
° °
O g2 7,8
/, .
-0.4 ’? T T T T
-04 -02 0.0 02 04 06
F
O
044\ ¢
8_ ° R l
IS 0.2 1 ! N
[} o
= 0.0 7 P "R e ©
= $ N
< 0.2 AN
9 RN
-0.4 1 o "
° N

T T T T T
-04 -02 00 02 04 06

T T T T T
-04 -02 00 02 04 06
Cell size-corrected pmax

T T T T T
-04 -02 00 02 04 06

Fig. 5. Relationships between volumetric cell size-adjusted growth rate p., (d!) and species-specific slopes for (A,D) time,
(B,E) sea surface temperature (SST) and (C,F) nitrate concentration for the (A-C) occurrence and (D-F) abundance models.
Lines are included for reference and show regressions fit by the standardized major-axis method (SMA) method. In (F), the
regression indicated by the solid line was computed excluding the extreme case that appears in the lower left hand side.
Numerical results for each model are shown in Table S6, and colour codes as in Fig. S8 in the Supplement

occurrence when SST was cooler (Fig. 5B), and when
nitrate concentration (Fig. 5C) and especially up-
welling intensity (Fig. 6A) increased. Furthermore,
the abundance of species that had greater growth
rates showed more negative responses to increases in
SST (Fig. 5E) and nitrate concentration (Fig. 5F), and
more positive responses to increases in the UI

(Fig. 6B).
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In addition, on the one hand, species with higher
values of optimum temperature for growth (Fig. 7A)

maximum rates of nitrogen uptake

(Fig. 7B) had higher probabilities of occurrence when
SST and upwelling intensity increased. On the other

present in the water, the abundance of

species with higher maximum rates of nitrogen

uptake was also more responsive to increases
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Fig. 6. Relationships between volumetric cell size-adjusted growth rate .«
(d!) and species-specific response to the upwelling intensity for the (A) oc-
currence (PA) and (B) abundance (PO) models. Lines are included for refer-
ence and show regressions fit by the standardized major-axis method (SMA)
method. Numerical results for each model are shown in Table S6, and colour
codes as in Fig. S8

in nitrate concentration (Fig. 7C),
whereas increases in abundance with
upwelling intensity were higher for
species with lower rates of nitrogen
uptake (Fig. 7D).

DISCUSSION

Heterogeneous patterns in
phytoplankton

Phytoplankton species sharing a
certain ‘life-form' and strategies rela-
ted to the uptake of nutrients and per-
sistence in the photic layer are gener-
ally of the same taxonomic group (e.g.
Margalef 1978), and such generalisa-
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(Mutshinda et al. 2013, Bode et al.

2015a). In fact, recent analyses high-
light the large diversity of species-spe-
cific patterns that preclude the use of
L4 trait means by taxonomic groups or
communities to predict the dynamics of
individual species (Edwards 2016, Mut-
F 4 shinda et al. 2016).

Across-system comparisons in estuar-

® ine and coastal waters have revealed

H N
Cell size-corrected V .«

that phytoplankton blooms are typically
dominated by one or a few species that
are generally of large size and able to
escape grazing (Irigoien et al. 2004,

T
0.5

Carstensen et al. 2015), though no gen-
eral rules for responses to environmental
forcing can be outlined. This suggests
that site-specific bloom dynamics should
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Fig. 7. Relationship between (A) volumetric cell size-adjusted optimum tem-
perature for growth T,,; and species-specific responses to sea surface tem-
perature (SST) for the occurrence (PA) model; (B) cell size-adjusted maxi-
mum rate of nitrogen uptake (umol cell! d!) and species-specific responses
to upwelling index (UI) for the occurrence model; (C) cell size-adjusted
maximum rate of nitrogen uptake and species-specific responses to nitrate
concentration for the abundance (PO) model; and (D) cell size-adjusted
maximum rate of nitrogen uptake and species-specific responses to Ul for
the abundance model. Lines are included for reference and show regres-
sions fit by the standardized major-axis method (SMA) method. In (A), the
regression indicated by the solid line was computed excluding the extreme
case that appears in the mid left hand side. Numerical results for each model
are shown in Table S7, and colour codes as in Fig. S8

tions lead to the common assumption of certain func-
tional responses usually ascribed to those groups.
This separation into broad categories (e.g. diatoms
and flagellated groups mostly identified with dinofla-
gellates) has been and is still used to analyse phyto-
plankton community structure, and particularly to
interpret changes related to climate (e.g. Leterme et
al. 2005, Pérez et al. 2010, Barton et al. 2013b, 2015).
However, several authors have suggested that there
is a continuum of species responses to changes in the
environment (Margalef 1978, Reynolds 1997, Nogu-
eira et al. 2000), and today there is growing evidence
that the trends observed in individual species’ abun-
dance or biomass might not follow any general pat-
tern related to these broad taxonomical groupings

H N
Cell size-corrected V .«

? be regulated by species-explicit re-
sponses to environmental conditions

\:\ (Carstensen et al. 2015). This diversity
AN in responses would be ultimately deter-
\\\. mined by the interspecific variation in

O.I5 functional traits that will influence

growth rates during the onset of the
blooms (Lewandowska et al. 2015).
Thus, the mechanisms underlying the
complex structure of phytoplankton
communities could be explained at least
in part by the physiological and ecologi-
cal characteristics of each species (e.g.
Klais et al. 2017). Hence, community as-
sembly can, to some extent, be pre-
dictable using a small group of func-
tional traits, at least for regions with
short and well-defined productive peri-
ods (e.g. the Western English Channel;
Edwards et al. 2013, Edwards 2016).
However, this interaction between environmental
conditions and species physiology and traits for struc-
turing the community is not well understood for
phytoplankton assemblages in coastal upwelling eco-
systems in which most of the variability in abundance
is ascribed to stochastic processes (Bode et al. 2009).
The results of our study confirm the conclusions of
a previous analysis of the annual fluctuations in
abundance for the same set of species (Bode et al.
2015a), as no clear patterns emerged for diatoms,
dinoflagellates or other groups, belying the implicit
assumption of homogeneous responses to climate by
species belonging to the same taxonomic group in a
highly perturbed coastal upwelling system. Rather,
the species studied in this region clustered according
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to the long-term pattern without any correspondence
with taxonomical groups. The present study extends
those results by providing insights on the influence
of functional traits in structuring the abundance
responses by individual species to environmental
conditions.

Phytoplankton changes in the
NW Iberian upwelling

The upwelling regime in this region is characterized
by an intermittent inflow of cold and nutrient-rich
subsurface waters followed by relaxation or down-
welling events (Alvarez-Salgado et al. 2002). Phyto-
plankton populations occurring in these waters are
adapted to those upwelling-relaxation-downwelling
episodes, with specific assemblages characterizing
the different annual oceanographic stages (Casas et
al. 1997, 1999). Microflagellates are the dominant
group during most of the year, while diatoms predom-
inate over dinoflagellates during bloom periods (Casas
et al. 1999). However, besides this general framework,
species-specific reactions to temperature, nutrient in-
puts and upwelling intensity are expected. As such,
the occurrence and abundance of the group of species
analysed here showed heterogeneous responses to
environmental drivers. In particular, the occurrence of
most species seemed to be favoured when SST was
warmer and when both nitrate concentration and up-
welling intensity were higher, with relationships with
nitrate and upwelling being more important for di-
atoms which showed more positive slopes. Addition-
ally, the abundance of species was more sensitive to
changes in the upwelling intensity, especially for
diatoms, whereas nitrate concentration played a
minor role in affecting abundance for the majority of
species, and responses to SST where both negative
and positive. For instance, spring blooms are generally
dominated by Chaetoceros socialis, while Leptocylin-
drus danicus dominated summer blooms related to
upwelling (Casas et al. 1999). The underlying func-
tional responses of these species can be found in our
analysis in the form of a negative slope in the abun-
dance-SST and abundance-nitrate relationships for
the former species while the latter showed positive
slopes. Both species showed positive responses of
similar magnitude to upwelling intensity, thus modu-
lated by their specific responses to temperature and
nitrate. This underlies the importance of the response
of individual species to seasonal variations in pho-
toperiod, as the light would be limiting for phyto-
plankton growth during spring (Varela 1992).

Role of cell size

When using cell size to explain the structure of the
responses to environmental drivers we found that
occurrence of smaller species tended to be favoured
when SST was cooler and when nitrate concentration
was higher. Correspondingly, when present in the
water, smaller species also showed larger increases
in abundance (i.e. more positive slopes) with higher
values of SST and nitrate concentration. Overall,
these results suggest that smaller species are more
responsive to decreases in temperature and espe-
cially increases in nitrate concentration compared to
larger species under non-limiting conditions where
nutrients are provided in sufficient amounts by either
upwelling of Eastern North Atlantic Central Water or
by inputs of nutrients mineralised in the bottom shelf.
In support of this, Lomas & Glibert (2000) reported
half-saturation values for nitrate that were higher for
smaller than larger diatom species in experimental
cultures, while Bode et al. (2015a), applying non-lin-
ear models to a subset of the series used in the pres-
ent study, found in most cases a saturating type of
relationship between species abundance and nitrate
concentrations.

The larger occurrence and increase in abundance
of smaller species (note that our size range spanned
from ~10% to ~10° um?®) with favourable upwelling
conditions agrees with the unimodal distribution of
phytoplankton biomass with the size of bloom-form-
ing species (Maranén 2015). Such distribution has
been attributed to a size-dependent tradeoff be-
tween resource acquisition and the potential rate of
internal metabolism (Ward et al. 2017). This implies
that large changes in the size composition of the
phytoplankton community in the study region would
not be expected within the current range of up-
welling intensity and nutrient supply. However,
intraspecific variations in many traits, including cell
size, could ultimately determine the structure of com-
munities, as shown by models (e.g. Menden-Deuer &
Rowlett 2014). While we used only average sizes per
species, a more detailed analysis could be done using
the actual size of cells in the different environmental
situations. Including a higher number of traits and
species may provide further insights into the appar-
ent dominance of species with cells of intermediate
sizes during blooms (Maranén 2015).

Despite the structure of the responses to environ-
mental changes showing certain patterns along the
range of cell size, the explanatory power of this trait
was very low and inconclusive in some instances,
suggesting that traits other than size would interact
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with cell size causing the change in variance on the
distribution of the species-specific relationships with
upwelling intensity, SST and nutrients. An invariant
size scaling of phytoplankton abundance across eco-
systems suggests that the cells were able to over-
come the limitations arising from cell size by diverse
adaptive strategies (Cermeno et al. 2006). For in-
stance, some species may increase in size by using
non-limiting substrates to escape grazing (Thingstad
et al. 20095).

Role of functional traits

The relationships between Wyay, Topt OF VN . and
cell size for our set of species were consistent with
previous studies (e.g. Edwards et al. 2011, Maranén
2015). Accounting for cell size in these traits allowed
us to provide complementary contributions of traits
other than cell size in explaining individual res-
ponses to the environment. In this regard, on the one
hand, fast-growing species showed higher prob-
ability of occurrence in cooler waters. Correspond-
ingly, species with higher optimum temperatures for
growth had higher probabilities of occurrence in
warmer waters. On the other hand, the occurrence of
fast-growers was higher when nutrients and espe-
cially upwelling intensity increased. When present in
the water, the abundance of fast-growers was again
more dependent on upwelling intensity, whereas
slow-growers responded more positively to increases
in nitrate concentration. This corresponds well when
considering the nitrogen uptake rate. Abundance of
species with more positive responses to nitrate con-
centration also had higher rates of nitrogen uptake.
Furthermore, the occurrence and abundance of
species with lower rates of nitrogen uptake were
favoured when upwelling intensity increased. In con-
junction, this all suggests that smaller species that
grow at faster rates though are less efficient in taking
up nitrogen respond rapidly in upwelling conditions
with increases in occurrence and abundance. These
results concur with the fact that in coastal upwelling
zones the nutrient supply to the euphotic layer occurs
through intermittent pulses, thus favouring the pro-
liferation of species of intermediate sizes with higher
growth rates (Varela 1992, Maranén 2015). Nitrate
affinity scales isometrically with cell volume (Mara-
non et al. 2013), but this relationship also has impli-
cations for the scaling of kinetic parameters with
other traits, such as the number of transporters
required in the cell membrane or the handling time
required (Beltran-Heredia et al. 2017). As mentioned

earlier, the differential dominance of certain species
in spring (C. socialis) or summer blooms (L. danicus)
under different nutrient and temperature conditions
but similar upwelling regimes suggests a major role
of additional traits related to nutrient processing
(Varela 1992).

Species-specific long-term trends

The analysis of the long-term trends in abundance
also revealed high interspecific variation, as previ-
ously shown (Bode et al. 2015a). Remarkably, most
dinoflagellate species exhibited an increase in occur-
rence and abundance during the study period,
whereas increases and decreases in occurrence and
abundance of diatoms where more evenly distrib-
uted across species during the last decades. A domi-
nance of dinoflagellates (considered as a homoge-
neous group) is expected in warmer waters because
of their greater responsiveness to warming compared
to diatoms (Finkel et al. 2010, Mutshinda et al. 2016).
We may speculate that this could be due to a plausi-
ble scenario in Galician waters, given that the occur-
rence of the studied dinoflagellates was more sensi-
tive to increases in temperature, and taking into
account the observed warming for the Galician coast
(Santos et al. 2012). Regarding the contribution of
traits in structuring the changes in occurrence and
abundance over time, larger species with lower
growth rates tended to have higher probabilities of
occurrence in recent years; however, the smaller spe-
cies were the ones that showed greater increases in
abundance over the study period, concurring with
the postulated increase in importance of smaller pri-
mary producers in a warmer ocean (Mordn et al.
2010).

CONCLUSIONS

The response of individual phytoplankton taxa to
the environmental drivers in the Galician upwelling
was widely heterogeneous even for species belong-
ing to the same taxonomic group. Therefore, our
results provide further evidence for limitations of
analyses based on patterns observed in broad groups
(e.g. diatoms vs. dinoflagellates) when interpreting
and predicting changes in the organization of phyto-
plankton communities as a result of key environmen-
tal drivers, in particular those related to climate
change. The influence of cell size in the individual
responses to environmental drivers was relatively
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minor, though it suggested that smaller species
would be favoured under upwelling conditions. The
heterogeneity in individual responses to the en-
vironmental drivers along the whole size range stud-
ied here implies the existence of tradeoffs between
multiple traits affecting phytoplankton abundance.
Functional traits, such as maximum growth rate and
maximum rate of nitrogen uptake, once adjusted for
cell size, indicated that species with higher growth
rates and lower rates of nitrogen uptake had a
greater chance of success and increased abundance
in upwelling-favourable conditions. In conjunction,
these results support the dominance of species of
intermediate size during blooms in this upwelling
region. Additionally, the results of this study align
with recent evidence highlighting the need to better
quantify traits, and tradeoffs among traits, to dis-
entangle the mechanisms implied in the species-
specific responses to the environment in a fluctuating
upwelling system, and how these responses feed
back into the biogeochemical cycles of a changing
coastal ocean. Traits averaged or integrated across
communities or groups (e.g. diatoms, dinoflagellates)
are useful when analysing community structure and
ecosystem function, but may lead to oversimplified
interpretations of the underlying responses of indi-
vidual species, as shown in this and other studies.
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