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Abstract The main goal of this study was to
evaluate short-term interactions between increased
CO,, UVR and inorganic macronutrients (N, P and Si)
on summer phytoplankton assemblages in the Ria
Formosa coastal lagoon (SW Iberia), subjected to
intense anthropogenic pressures and highly vulnerable
to climate change. A multifactorial experiment using
20 different nutrient-enriched microcosms exposed to
different spectral and CO, conditions was designed.
Before and after a 24-h in situ incubation, phyto-
plankton abundance and composition were analysed.
Impacts and interactive effects of high CO,, UVR and
nutrients varied among different functional groups.
Increased UVR had negative effects on diatoms and
cyanobacteria and positive effects on cryptophytes,
whereas increased CO, inhibited cyanobacteria but
increased cryptophyte growth. A positive synergistic
interaction between CO, and UVR was observed for

Handling Editor: Bas W. Ibelings.

R. B. Domingues (B<)) - C. C. Guerra -

H. M. Galvao - A. B. Barbosa

CIMA - Centre for Marine and Environmental Research,
Universidade do Algarve, Campus de Gambelas,
8005-139 Faro, Portugal

e-mail: rbdomingues @ualg.pt

R. B. Domingues - V. Brotas

MARE - Marine and Environmental Sciences Centre,
Faculdade de Ciéncias, Universidade de Lisboa, Campo
Grande, 1749-016 Lisbon, Portugal

diatoms; high CO, counteracted the negative effects of
UVR under ambient nutrient concentrations. Nutrient
enrichments suppressed the negative effects of high
CO, and UVR on cyanobacteria and diatoms, respec-
tively. Beneficial effects of CO, were observed for
diatoms and cryptophytes under combined additions
of nitrate and ammonium, suggesting that growth may
be limited by DIC availability when the primary
limitation by nitrogen is alleviated. Beneficial effects
of high CO, and UVR in diatoms were also induced or
intensified by ammonium additions.

Keywords Nutrient limitation - Stress responses -
Ultraviolet radiation - Acidification - Coastal lagoons

Introduction

Predicting how phytoplankton communities will reor-
ganize in the future in response to multifaceted
simultaneous changes to their environment is cur-
rently a major scientific challenge (Litchman et al.
2012; Reusch and Boyd 2013), vital for conservation
and predicting ecosystem function and services
(Collins 2011). Several research directions have been
recently suggested to advance this field and increase
its predictive power, including the collection of
experimental data on phytoplankton major functional
traits, such as growth and production responses to
nutrient enrichment, light, ultraviolet radiation,
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warming and ocean acidification, and its combination
with distribution patterns along environmental gradi-
ents (Litchman et al. 2012).

Although closely associated with climate change,
these phytoplankton stressors also act on shorter
timescales, affecting phytoplankton growth and mor-
tality. For instance, ultraviolet radiation reaching the
sea surface depends on cloud cover, which can vary on
very short timescales, leading to intermittent exposure
to either high UVR levels or limiting PAR intensities
(Gao et al. 2007). Large diurnal fluctuations in pH are
observed in coastal waters, unrelated to ocean acidi-
fication (Nielsen et al. 2012). Sea surface temperature
may also vary significantly on a daily basis (Stuart-
Menteth et al. 2003), with day—night differences up to
3.5 °C (Stramma et al. 1986).

Therefore, short-term perturbation experiments
provide important insights on phytoplankton ecology
and physiology and have been extensively used by
ecologists to understand the (short-term) effects of
environmental stressors on phytoplankton (e.g., Var-
ona-Cordero et al. 2014; Reul et al. 2014; Sala et al.
2015). A caveat though, short-term incubations are not
the most adequate to address phytoplankton responses
over longer, climate-related timescales (Reusch and
Boyd 2013), given that environmental change in
natural ecosystems will not happen abruptly, but rather
gradually, over much longer temporal scales (Collins
2011; Reusch and Boyd 2013). In nature, phytoplank-
ton are progressively exposed to these changes and
respond not only through phenotypic plasticity (short-
term responses), but also through species sorting,
genetic adaptation or a combination of these (Litch-
man et al. 2012). Evolution experiments, with longer
incubation times, are the most adequate to address
adaptive responses to climate change (Reusch and
Boyd 2013) and other environmental drivers over
longer timescales. However, experimental approaches
with longer incubation times are laborious and require
a thorough planning, including previous indications on
phytoplankton responses to individual and multiple
drivers, as well as their synergistic and antagonistic
effects. These effects can be effectively addressed
with short-term manipulation experiments, represent-
ing an initial step to comprehend phytoplankton
acclimation and adaptation to short- and long-term
environmental changes.

Ocean biota is indeed subjected to a complex
matrix of multiple environmental change variables
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that act on short- and long-term scales, and it is
increasingly evident that synergistic and antagonistic
interactions among drivers are essential to provide
more realistic predictions of future ecosystems
changes (Doyle et al. 2005; Boyd and Hutchins
2012). However, these complex interactions also
present large uncertainties when predicting ecological
change (Piggott et al. 2015). In addition, experimen-
tally derived knowledge on combined impacts of
multiple environmental drivers on natural phytoplank-
ton communities, either short- or long-term, is limited
(Doyle et al. 2005; Bouvy et al. 2011). For instance,
and to the best of our knowledge, simultaneous
manipulation of CO,, UVR and nutrient enrichment
was only undertaken in two aquatic ecosystems, the
Ross Sea (Feng et al. 2010) and Mediterranean coastal
waters (Neale et al. 2014 and references therein).

In this context, the main goal of this study is to evaluate
the immediate isolated and interactive effects of
increased CO,, UVR and inorganic macronutrients (N,
P and Si) on summer phytoplankton assemblages in the
Ria Formosa coastal lagoon (southern Portugal), using a
short-term multifactorial experimental design with nutri-
ent-enriched microcosms subjected to different spectral
and CO, conditions. This lagoon is one of the most
important aquatic ecosystems in Portugal, from a
biological and social-economical perspective. It is
located in an extremely vulnerable region to climate
change (IPCC 2014), and it is subjected to strong
anthropogenic pressures. Previous experiments in the Ria
Formosa have included the simultaneous manipulation of
CO, and UVR (Domingues et al. 2014), and nutrients and
light (Domingues et al. 2015). We hypothesize that UVR
will have negative effects on phytoplankton growth,
which will be compensated by increased CO, and by the
alleviation of nutrient limitation.

Materials and methods
Study site

The Ria Formosa coastal lagoon is a shallow multi-
inlet euryhaline system, located in the southern coast of
Portugal and subjected to mediterranean climate with
hot, dry summers and moderate winters, in a region
classified as very vulnerable to climate change (IPCC
2014) (Fig. 1). The lagoon has a total humid area of
105 km? and a mean depth of 2 m and extends 55 km
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(E-W) and 6 km (N-S) at its widest point (Andrade
et al. 2004). Tides are semidiurnal and mesotidal, with
tidal amplitudes ranging between 1.3 m during neap
tides and 3 m during spring tides (Newton et al. 2003).
The water column is well mixed, with no persistent or
widespread haline or thermal stratification (Newton
and Mudge 2003). The lagoon is a breeding and
feeding ground for fish and birds and is subjected to
multiple anthropogenic stressors, supporting a wide
range of human activities, including tourism, fisheries
and shellfish farming (Barbosa 2010); the Ria Formosa
and its hinterland are also protected by national and
international legislation. The coastal region adjoining
the Ria Formosa, inserted in the Gulf of Cadiz, is
affected by regular upwelling events that also impact
the outer section of the lagoon, extending to at least
6 km upstream from the lagoon inlets (Barbosa 2010;
Cravo et al. 2014). To minimize the influence of
adjacent coastal waters, sampling was conducted at an
inner lagoon location during low tide (Fig. 1).

Experimental set-up

The experiment was carried out in early September
2012 under typical summer conditions (see Barbosa

2010 and “Results” section). Sub-surface (approxi-
mately 0.5 m) water samples were collected into
translucent 4.5 L UVR-transparent LDPE cubitainers
(Nalgene I-Chem Certified Series LDPE cubitainers)
with a reduced CO, diffusive loss (2.9 Pa day”:
Sobrino et al. 2009). Water samples were not pre-
screened, given that this procedure may significantly
alter the structure of the initial phytoplankton com-
munity, thus increasing the problems associated with
the extrapolation of experimental outcomes to natural
communities (Nogueira et al. 2014). Two different
spectral treatments were prepared: (a) exposure to
photosynthetically active radiation (PAR) and UVR
(i.e., total solar radiation), obtained by covering the
cubitainers with a net that allowed transmission of
86 % of incident light, and (b) exposure to PAR only,
obtained by covering the cubitainers with UV-ab-
sorbing film Llumar SHE ER PS7 that allowed
transmission of 87 % of incident PAR and eliminated
>99 % of incident UVR. In both spectral treatments,
incident irradiance was higher than mean PAR and
UVR intensities in the mixed layer. In addition, UV-B
radiation attenuates rapidly in the water column in the
Ria Formosa, approximately 91 % in the first 0.5 m
(Machado 2010).

37° 10" 3°|°°' 7°I40' —
o
TAVIRA '
Ria Formosa _
7 '(’b\A P
Coastal Lagoon <o
~n : \ %0
OLHAO "~ . -~ @o@
NN ““FARO o> P S 50
SRR L7ty - .
37°00'— °p k. % =
e
4
Barrety | Faro-Olhdo Inlet .
Atlantic Cape 399
Ocean Santa Maria m‘w
p 5 km
1 1 : .

Fig. 1 Location of the Ria Formosa coastal lagoon and sampling station (black star)
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For each spectral treatment, experimental treat-
ments with ambient CO, and high CO, concentrations
were prepared. CO327 (as Na,COz), HCO3™ (as
NaHCO3;) and HCl 0.01 N were added to each
cubitainer to increase pCO, and DIC to the levels
expected for the year 2100, according to Gattuso et al.
(2010). Partial pressure of CO, (pCO,) in each
cubitainer at the beginning and end of the incubation
period was estimated with Seacarb package for R.
Alkalinity, determined by titration (Parsons et al.
1984), and pH were used as input variables. CO,
partial pressure (pCO,) in the beginning of incubation
ranged between 418 and 712 patm in the low- and
high-CO, treatments, respectively, corresponding to
pH values of 8.03 and 7.88. After 1-day incubation,
pCO, and pH were 400 £ 218 patm and 8.14 £ 0.14,
respectively, in the low CO, treatments and
651 4+ 236 patm and 7.93 £ 0.13 in the high CO,
treatments.

Four different experimental treatments were thus
used to test the effects of increased CO, and UVR:
“PAR” (PAR only, ambient CO, levels), “high CO,”
(PAR only, high CO,), “UVR” (PAR + UVR, ambi-
ent CO,) and “UVR + high CO,” (PAR + UVR,
high CO,). For each of these four experimental
treatments, five different nutrient-enriched treatments
were prepared by adding saturating concentrations of
N, P and Si in a single pulse, as follows: control (no
nutrient additions); +NIT (100 pM of nitrate as
potassium nitrate), +AMM (100 pM of ammonium
as ammonium chloride), +NN (50 uM of nitrate and
50 uM of ammonium) and +NPSi (100 uM of nitrate,
100 uM of silicate as sodium hexafluorosilicate and
6.25 uM of phosphate as potassium dihydrogen
phosphate). These concentrations were based on
previous knowledge on nutrient availability and
limitation in the Ria Formosa lagoon (Barbosa 2010)
and were intended to be higher than nutrient concen-
trations in situ, to avoid the potential occurrence of
nutrient limitation that would mask the effects of other
variables on phytoplankton growth. Hence, a total of
20 experimental treatments, prepared in duplicate
(n = 40), were used to test the isolated and combined
effects of increased CO,, increased UVR and
increased dissolved inorganic macronutrients.

The cubitainers were incubated in situ for 24 h at the
water surface, fixed to a buoy and exposed to in situ
temperature, natural light—dark cycle, and PAR and
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Fig. 2 Abundance (left column) and biomass (right column) of »
the main phytoplankton groups (diatoms, cryptophytes and
cyanobacteria) at the beginning and end of the experiments. a,
b Treatment PAR; ¢, d treatment high CO,; e, f treatment UVR;
g, h treatment UVR + high CO,

UVR intensities higher than the mean light intensity in
the mixed layer, to simulate the effects of increased
radiation. This short incubation time was chosen due to
the high metabolic rates of summer phytoplankton in
the Ria Formosa (see Barbosa 2006) and to minimize
the occurrence of “bottle effects” (see Nogueira et al.
2014). At the beginning and end of incubation, aliquots
were taken from each experimental treatment for the
determination of pH and alkalinity, nutrient concen-
tration, chlorophyll a concentration, phytoplankton
composition and abundance, and photosynthetic
parameters. All materials used in the experiments and
laboratorial analyses were previously washed with HCI
10 % and thoroughly rinsed with deionized water.

Physical-chemical variables

Photosynthetically active radiation (PAR) intensity
was measured with a LI-COR radiometer, and mean
light intensity in the mixed layer (/,,,) was calculated
as:

I, :10(1 —e<*KeZm))(KeZm)" (1)

where Z;,, (m) represents the mean depth of the mixed
layer (2 m) and K. (m™") is the light attenuation
coefficient, estimated from the vertical profiles of PAR
intensity versus depth, as:

I, = Ie %2 (2)

where [, represents the light intensity at depth
Z (m) and I is the light intensity at the surface. Water
temperature was measured with an YSI probe.

Samples for determination of dissolved inorganic
macronutrient concentrations were filtered through
0.2-um cellulose acetate filters. Soluble reactive
phosphorus, dissolved silicate and ammonium were
analysed immediately after sampling using spec-
trophotometric methods described by Grasshoff et al.
(1983) on a spectrophotometer Hitachi U-2000. Sam-
ples for nitrate and nitrite were frozen (—20 °C) until
analysis on a Skalar autoanalyser.
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Phytoplankton biomass, abundance
and composition

Chlorophyll a concentration was determined spec-
trophotometrically using glass fibre filters (GF/F,
Whatman, nominal pore diameter = 0.7 pm), after
extraction with acetone 90 % (Parsons et al. 1984).

Phytoplankton composition and abundance were
determined using both epifluorescence (Haas 1982)
and inverted microscopy (Utermohl 1958). Samples
for enumeration of cyanobacteria and autotrophic
nanoflagellates were preserved with glutardialdehyde
(final concentration 2 %) immediately after collection,
stained with proflavine and filtered (<100 mm Hg)
onto black polycarbonate membrane filters (Whatman,
nominal pore diameter = 0.45 um). Preparations
were made within 24 h of sampling using glass slides
and Cargille type A immersion oil and then frozen
(=20 °C) in dark conditions, to minimize loss of
autofluorescence. Enumeration was made at 787.5x
magnification using an epifluorescence microscope
(Leica DM LB). Samples for enumeration of diatoms
and other microphytoplankton were preserved with
acid Lugol’s solution (final concentration c. 0.003 %)
immediately after collection, settled in sedimentation
chambers and observed at 400x magnification using an
inverted microscope (Zeiss Axio Observer Al). For
both methods, a minimum of 50 random visual fields,
at least 400 cells in total and 50 cells of the most
common genus were enumerated. Assuming that
phytoplankton cells were randomly distributed, count-
ing precision was 10 % (Venrick 1978).

Phytoplankton abundance of specific phytoplank-
ton groups was converted to biomass using carbon
content mean values for specific phytoplankton
groups, obtained within a 12-month monitoring pro-
gramme in the Ria Formosa coastal lagoon. Values
used for the three main phytoplankton groups were
299.61 pg Clcell for diatoms, 3.91 pg C/cell for
cryptophytes and 0.33 pg C/cell for cyanobacteria
(Domingues et al., unpublished data).

Phytoplankton net growth rates

Chlorophyll a was used as a proxy to calculate
phytoplankton community net growth rates, whilst
abundances were used to estimate net growth rates of
specific phytoplankton functional groups. Net growth
rates (day ') for each experimental treatment were
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calculated assuming exponential growth as (InN; —
InNy)/t, where N and N, represent Chla concentration
or cell abundance at the beginning and end of the
experiment, respectively, and ¢ represents incubation
time.

Data analyses

Data analyses were performed using IBM SPSS
Statistics 22 software. Data normality and homogene-
ity of variances were tested with Shapiro-Wilk and
Levene’s tests, respectively. For most dependent
variables, normality assumptions were not met. Data
transformation (reflect and square-root transformation
for moderately, negatively skewed data) did not
improve data normality. The nonparametric Mann—
Whitney test was used to evaluate individual effects of
nutrients (control vs. nutrient addition), CO, (ambient
vs. high) and UVR (PAR vs. UVR) on phytoplankton
net growth rates. For the evaluation of interactive
effects between the three independent variables, a
three-way ANOVA with replication was used. This
parametric test was used because it is considered
robust to violations of normality and no nonparametric
alternatives exist. Nevertheless, results were regarded
with caution (Dytham 2003). A Bonferroni post hoc
test was used to assess significant differences between
each experimental treatment and the control. All
statistical analyses were considered at a 0.05 signif-
icance level.

Results
Environmental background

At time of sample collection, mean water temperature,
mean incident PAR (/) and mean PAR intensity in the
mixed layer (/,) were 23.5 °C, 1115 pmol photons
m 2 s~' and 536 pmol photons m~*s™', respec-
tively, with approximately 13 h of daily solar insola-
tion. Dissolved inorganic nitrogen (DIN = nitrate +
nitrite 4+ ammonium) concentration at the beginning
of the experiments was 3.5 £ 2.8 uM. Dissolved
reactive phosphorus and dissolved silica concentra-
tions were 0.49 4+ 0.12 and 8.41 + 1.20 puM, respec-
tively. Mean nutrient ratios at the beginning of the
experiments were: NP = 7.1; SiN = 2.4; and SiP =
17.2.
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Fig. 3 Net growth rates (day ") of the phytoplankton community (based on chlorophyll a concentration), in the different nutrient, CO,

and spectral treatments. Vertical lines represent =1 SE

Table 1 p values for the effects and interactions between CO,, UVR and nutrient enrichment for net growth rates of community and
specific phytoplankton groups, obtained with three-way ANOVA, assuming a significance level of 0.05

Community Diatoms Cryptophytes Cyanobacteria
UVR ns 0.000 0.000 0.000
CO, ns ns 0.000 ns
NUTS 0.000 0.000 0.005 ns
UVR x CO, ns 0.028 0.000 ns
UVR x NUTS ns 0.000 0.002 ns
CO, x NUTS ns 0.000 0.000 ns
UVR x CO, x NUTS ns 0.017 ns 0.023

ns non-significant

Chlorophyll a concentration and phytoplankton
abundance at the beginning of the experiments were
222 +0.76 pg CL™" and 1.82 x 107 £ 0.51x10’
cell L™, respectively. Synechococcus-like coccoid
picocyanobacteria dominated the community, con-
tributing 94 % (1.72 x 107 £ 0.52 x 107 cell L")
to total abundance. Diatoms (7.21 x 10° + 0.70 x
10°), dominated by the solitary genera Rhizosolenia
and Thalassiosira, and cryptophytes (2.42 x 10° &
0.82 x 10° cell L™"), dominated by nano-sized
forms, accounted for 4 and 1.5 % of phytoplankton
abundance, respectively (Fig. 2). In terms of biomass,
diatoms dominated the community at the beginning of
the experiments (216.0 4 20.9 pg C L™"), followed
by cyanobacteria (5.7 &+ 1.6 pg C L") and crypto-
phytes (0.9 + 0.3 pg C L™Y), corresponding to 97,
2.6 and 0.4 %, respectively (Fig. 2).

Effects of increased nutrients, CO, and UVR
on phytoplankton composition and growth

Phytoplankton community net growth rates (based on
chlorophyll a) for all nutrient-enriched treatments
(1.65 + 0.23 day~' — 2.51 £ 0.13 day~ ') were sig-
nificantly higher (p < 0.001) in relation to the control
(-0.42 + 047 dayfl), and nitrogen source (nitrate,
ammonium or both) had no significant effects on
phytoplankton growth rate (Fig. 3). Bonferroni’s post
hoc tests showed no significant differences in net
growth rates among the different nutrient additions.
Overall, summer phytoplankton community in the Ria
Formosa coastal lagoon was potentially limited by
nitrogen. No interactive effects of nutrients, CO, and
UVR on phytoplankton community net growth rates
were revealed by three-way ANOVA (Table 1).

@ Springer
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Fig. 4 Net growth rates 4.0 -
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Diatom responses to nutrient enrichment mirrored
those of the community, responding positively to
N-additions in all experimental treatments (Fig. 4).
Diatom net growth rates were significantly affected by
nutrients and UVR exposure alone, but high CO,
levels had no significant effect on growth rates, in the
non-amended nutrient treatments. Two-way interac-
tions between UVR and CO, (p = 0.028), UVR and
nutrients (p < 0.001), and CO, and nutrients
(»p < 0.001) and also three-way interactions among
the three independent variables (p = 0.017) were
observed (Table 1). Specifically, in the nutrient-lim-
ited treatments (control), UVR exposure led to a
decrease in diatom growth rates, whereas the combi-
nation of UVR and high CO, alleviated the negative
effect of UVR on growth. Ammonium enrichments
combined with high CO, and UVR significantly
increased diatom net growth rates. Diatom abundance

3.0
2.0
1.0

0.0

highco2 UVR

UVR + highCO2

and biomass (Fig. 2) also increased in all experimental
treatments, and in some treatments exposed to UVR,
diatom abundance even surpassed cyanobacteria
(Fig. 2e, f). Overall, phytoplankton community struc-
ture in all experimental treatments changed towards
diatom dominance.

Significant and positive responses of cryptophytes
to nutrient addition were observed in treatments NIT
(»p = 0.032) and NPSi (p = 0.005), under PAR and
ambient CO, levels (Fig. 5). Net growth rates of
cryptophytes were significantly higher (p = 0.029) in
the UVR treatments in relation to the control (PAR).
Increases in CO, and UVR, either alone or in
combination, were associated with significantly higher
net growth rates for most nutrient additions, and
significant two-way interactions between nutrients and
CO; (p < 0.001) and CO, and UVR (p < 0.001) were
observed (Table 1). Stimulation of cryptophyte net

control [JNIT EAMM [ NN [ NPSi

-1.0

Net growth rate (d)

-2.0

-3.0

-4.0 -
PAR highC02

UVR UVR highCO2

Fig. 5 Net growth rates (day ") of cryptophytes in the different nutrient, CO, and spectral treatments. Vertical lines represent =1 SE
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Fig. 6 Net growth rates (day ') of cyanobacteria in the different nutrient, CO, and spectral treatments. Vertical lines represent £1 SE

growth rates by increased CO, and/or UVR was more
pronounced after ammonium additions (AMM and
NN) (Fig. 5). In terms of abundance and biomass,
cryptophytes remained the least important group in all
experimental treatments (Fig. 2).

Cyanobacteria net growth rate was not affected by
nutrients in the experimental treatments (Fig. 6).
Conversely, net growth rates of cyanobacteria were
negative in all CO, and UVR treatments in relation to
the control (PAR), but these differences were not
statistically significant, probably due to a high vari-
ability between replicates. Significant three-way inter-
actions among nutrients, CO, and UVR (p = 0.023) on
net growth rates were observed (Table 1). Growth rates
were significantly lower under exposure to UVR,
particularly after nitrate + ammonium (NN) and NPSi
additions. An inhibitory effect of increased CO,, in
isolation, was observed on cyanobacteria growth rates,
but this negative effect was eliminated after nutrient
additions (Fig. 6). Cyanobacteria importance in terms
of abundance was surpassed by diatoms in some of the
UVR treatments. Overall, cyanobacteria abundance
and biomass decreased in the UVR treatments and
increased in the high CO, treatments (Fig. 2).

Discussion

We hypothesized that UVR would have negative
effects on phytoplankton growth, which would be
compensated by increased CO, and by the alleviation
of nutrient limitation. Indeed, nutrient limitation was

clear in our experiments, regardless of CO, levels and
UVR exposure; community and diatom growth were
limited by nitrogen (N), and cryptophytes seemed to be
limited by phosphorus (P) or co-limited by N and P.
UVR had positive effects on cryptophytes growth,
under ambient nutrient levels, but negative effects on
cyanobacteria and diatoms. Nutrient addition allevi-
ated the negative effects of high CO, on cyanobacteria,
and the combination of nutrients, particularly ammo-
nium, and high CO, increased diatom growth rates
under UVR exposure.

Regarding potential nutrient limitation, community
response to nutrient enrichment was strongly associ-
ated with the response of diatoms, which dominated in
terms of biomass (97 %). Nutrient limitation, partic-
ularly by nitrogen, is a common occurrence in the Ria
Formosa coastal lagoon during summer (Domingues
et al. 2015), when nutrient concentrations attain their
lowest values (Barbosa 2010), and it has been
experimentally demonstrated for the phytoplankton
community and, specifically, diatoms (Loureiro et al.
2005; Domingues et al. 2015). However, a decoupling
between community biomass (measured as chloro-
phyll a concentration) and diatom abundance was
observed in the non-enriched treatments, where the
former decreased over time, whilst the latter increased.
This may be an indication of cell acclimation to higher
light intensities (PAR exposure during the experi-
ments was higher than [,,,) by decreasing the cellular
content of Chla. Indeed, chlorophyll a concentration
may not always represent the ideal proxy for phyto-
plankton biomass (see Domingues et al. 2008).
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Unlike diatoms, cryptophytes were stimulated only
under nitrate enrichments (NIT and NPSi), denoting a
preferential use of nitrate and/or an inhibitory effect of
ammonium on growth. In addition, the more pro-
nounced growth response in treatment NPSi indicates
co-limitation by nitrogen and phosphorus. Nutrient
enrichment experiments conducted a few weeks
earlier at the same location in the Ria Formosa coastal
lagoon showed no nutrient limitation of cryptophytes
growth (Domingues et al. 2015), suggesting a signif-
icant short-term variability in nutritional conditions
and/or requirements. In contrast to diatoms and
cryptophytes, Synechococcus-like picocyanobacteria
were not nutrient limited, probably due to low half-
saturation constants for nutrient uptake (Timmermans
et al. 2005; Domingues et al. 2015).

Increased UVR was associated with negative
effects on diatoms and cyanobacteria growth and
positive effects on cryptophytes, whereas increased
CO, inhibited cyanobacteria and increased crypto-
phytes net growth rates. Overall, short-term exposure
to increased UVR and/or CO, under ambient nutrient
concentrations led to changes in summer phytoplank-
ton community structure in the Ria Formosa, from a
dominance by Synechococcus-like picocyanobacteria
towards dominance by centric diatoms. The same
trend was observed in the Ria Formosa for winter
phytoplankton assemblages (Domingues et al. 2014).
These changes in phytoplankton community structure
were mostly due to deleterious effects of UVR and
CO, on cyanobacteria. Synechococcus net growth
rates were negative in all UVR treatments, indepen-
dently of nutrient enrichment, as previously referred
for the Ria Formosa during winter (Domingues et al.
2014). Synechococcus mortality under UV exposure is
well established, even at natural UV intensities
(Llabrés et al. 2010), because, unlike larger phyto-
plankton, this dominant cyanobacteria and other
picoplankters have low levels of photoprotective
compounds (Garcia-Pichel 1994; but see Rastogi
et al. 2014). Additionally, the high susceptibility of
Synechococcus to UVR is probably related to its small
size and high surface-to-volume ratio, leading to a
shorter path length for UV absorption (Beardall et al.
2009a). Increased CO,, under ambient nutrient con-
centration, also induced a significant decline in
cyanobacteria net growth rates, as previously reported
for the Ria Formosa and other ecosystems (Paulino
et al. 2008; Domingues et al. 2014). However,
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contrasting results, including no CO, effects (Fu
et al. 2007) or increased growth rates (Sobrino et al.
2009), have been observed for cyanobacteria. Down-
regulation of the metabolically costly carbon concen-
trating mechanisms (CCMs) of most cyanobacteria,
including Synechococcus, under increased CO, con-
centrations, may increase the allocation of energy and
nutrients available to other cellular processes, thus
leading to increased growth rates (Badger et al. 2006;
see Domingues et al. 2014). However, under ambient
nutrient conditions, Synechococcus in the Ria For-
mosa during both winter (Domingues et al. 2014) and
summer (this study) were apparently not able to
explore this pathway.

Diatom net growth rates also decreased after short-
term exposure to increased UVR under ambient
(limiting) nutrient concentrations. Effects of UVR on
diatoms are highly variable in the literature (Gao et al.
2012a; Domingues et al. 2014), but diatoms are
usually considered highly resistant to UVR, due to the
UV-absorbing capacities of their silica frustules (van
de Poll et al. 2005; Ingalls et al. 2010), an effective
xanthophyll cycle (Zudaire and Roy 2001) and the
production of UV-absorbing compounds. Stimulation
of diatom net growth rates under UVR exposure has
also been observed in the Ria Formosa during winter
and interpreted as a possible indirect response medi-
ated through detrimental effects of UVR on diatoms
grazers (Domingues et al. 2014). Negative effects of
UVR on summer diatoms can also be explained by a
lower capacity to repair UVR-induced damages under
nitrogen limiting conditions (Shelly et al. 2002;
Beardall et al. 2009b). Indeed, the negative effect of
UVR on diatom net growth was counteracted by
nutrient enrichment (see below).

Contrasting with the response of winter diatoms in
the Ria Formosa coastal lagoon, which significantly
increased their net growth rates following CO,
additions probably due to the physiological benefits
of the downregulation of CCMs (Domingues et al.
2014), diatom net growth rates were not affected by
CO,; enrichment in our summer experiments. Indeed,
reported effects of increased CO, on diatoms are
contradictory across the literature and depend on
environmental levels of nutrients, light and tempera-
ture, with reports of neutral, stimulatory and inhibitory
effects on diatom photosynthesis and growth (Gao
et al. 2012a; Li and Campbell 2013; Gao and
Campbell 2014). However, a relatively reduced
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stimulation of diatom growth rate by high CO, is
usually referred under nutrient limiting conditions
(Sun et al. 2011; Tatters et al. 2012) and high PAR
intensities (Wu et al. 2010; Gao et al. 2012b; Gao and
Campbell 2014), conditions effectively observed in
the Ria Formosa during summer (Barbosa 2010;
Domingues et al. 2015).

Significant and positive synergistic effects (sensu
Piggott et al. 2015) of increased CO, and UVR on
diatom net growth rates were observed; high CO,
levels suppressed the negative effects of increased
UVR under ambient nutrient concentrations. Reports
on interactive effects between light intensity, UVR
and CO, on phytoplankton are divergent, depending
on the phytoplankton species considered and other
environmental drivers, including the relative contri-
butions and intensities of UV-A and UV-B (Gao et al.
2007; Chen and Gao 2011). Some studies refer that
increased CO, and UVR synergistically reduce the
activity of phytoplankton natural assemblages (So-
brino et al. 2009, 2014), diatoms (Sobrino et al. 2008;
Wu et al. 2012) and other taxa (Gao et al. 2009; Chen
and Gao 2011). However, decreased sensitivity to
UVR under high CO, was also reported for three
phytoplankton species, including diatoms, in unialgal
culture-based experiments (Sobrino et al. 2005; Li
etal. 2012; Garcia-Gomez et al. 2014; Wu et al. 2014).
Regarding natural diatom assemblages, our study is
the first to report an alleviation of the detrimental
effects of UVR due to positive synergistic interactions
between UVR and CO, (the sum of individual effects
is greater than any individual effect in the same
direction: Piggott et al. 2015). This interactive effect
suggests that UVR damages specific processes related
to HCO;™ transport in diatoms, being minimized at
high CO, levels (Sobrino et al. 2005). Moreover,
increased availability of energy due to downregulation
of CCMs at high CO, may have actively stimulated
non-photochemical quenching of cells or other pho-
toprotective and recovery pathways after UVR dam-
age (Li et al. 2012; Wu et al. 2014), partially
counteracting the harmful UVR effects.

In contrast to cyanobacteria and diatoms, net
growth rates of cryptophytes increased significantly
after exposure to high CO, and UVR, alone and in
combination, under both ambient and increased nutri-
ent concentrations. Regarding UVR, our results con-
trast with previous studies that suggest that
cryptophytes are highly sensitive to UVR (Gerber

and Hédder 1995; Banaszak and Neale 2001). In the Ria
Formosa coastal lagoon, cryptophytes seem to be less
sensitive to UVR; winter cryptophytes were not
affected (Domingues et al. 2014), whilst summer
cryptophytes were stimulated by UVR exposure. The
Ria Formosa is a shallow, well-mixed system, located
at 37°N and thus subjected to high radiation intensi-
ties. Given that sensitivity to UVR increases under low
light levels, cryptophytes in the Ria Formosa are
probably not only acclimated to high irradiances
(summer I, in the Ria Formosa is >500 pmol
photons m~* s™': Domingues et al. unpublished data),
including high UVR, but are also less sensitive to UVR
than communities from deeper ecosystems (Neale
et al. 1998). High CO, levels also benefited crypto-
phytes growth in our experiments, contrasting with
previous results in the Ria Formosa (and other coastal
ecosystems, e.g., Nielsen et al. 2010), where no effects
of CO, enrichment on winter cryptophytes were
observed (Domingues et al. 2014). Divergent results
regarding the effects of high CO, levels on phyto-
plankton may be explained by the lower sensitivity of
coastal phytoplankton to pH and CO, changes due to
the natural fluctuations of these drivers in coastal
ecosystems, in relation to the more stable oceanic
environment (Berge et al. 2010).

Beneficial effects of high CO, are evident and/or
intensified under nutrient-replete conditions, in rela-
tion to nutrient-limited conditions, for different dis-
solved inorganic micro- and macronutrients and
different phytoplankton species, including filamen-
tous and coccoid cyanobacteria (Hutchins et al. 2007;
Fu et al. 2008; Endo et al. 2013), diatoms (Sun et al.
2011; Tatters et al. 2012) and dinoflagellates (Fu et al.
2010). In our study, the negative effects of elevated
CO, on cyanobacteria net growth rates under ambient
nutrient concentrations were suppressed under all
nutrient enrichments, indicating an additive or positive
synergistic interaction between CO, and nitrogen.
Regarding diatoms and cryptophytes, positive syner-
gistic effects of inorganic nutrients and CO, on net
growth rates were also detected, and responses to high
CO,; depended on nutrient concentrations and nitrogen
source. In relation to ambient nutrient conditions,
which were clearly limiting for diatoms, high CO, and
combined additions of nitrate and ammonium stimu-
lated net growth rates of diatoms and cryptophytes.
These results suggest that diatoms and cryptophytes
growth may be limited by the availability of dissolved
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inorganic carbon only when the primary limitation by
nitrogen is relieved (see Fu et al. 2010).

Nutrient concentrations were also a relevant mod-
ulator of high UVR impacts on net growth rates of all
phytoplankton groups considered in this study. The
suppression of negative effects of UVR on diatoms
was associated with additions of ammonium combined
with high CO,. Ammonium additions also stimulated
cryptophytes growth under UVR exposure. To our
knowledge, there is only one study that observed an
alleviation of UVR-induced growth suppression by
ammonium enrichment in the red macroalgae
Gracilaria (Xu and Gao 2012). Overall, nutrient
limitation is reported to exacerbate the detrimental
effects of UVR on growth rates and photosynthetic
performance of phytoplankton assemblages (Xeno-
poulos and Frost 2003; Medina-Sanchez et al. 2006) or
specific groups including diatoms (van de Poll et al.
2005; Li and Gao 2014), dinoflagellates (Litchman
et al. 2002) and other autotrophic flagellates (Shelly
et al. 2002; Heraud et al. 2005). Alleviation of UVR
detrimental effects under nutrient-replete conditions
can be explained by a higher capacity of phytoplank-
ton to constrain defences against UVR and actively
repair UVR-induced damages. Indeed, phytoplankton
repair mechanisms involve the production of UVR
screening compounds, such as mycosporine-like
amino acids (MAAs), the xanthophyll cycle and the
activity of specific enzymes, involved in scavenging
reactive oxygen species or DNA repair (Litchman
et al. 2002, Beardall et al. 2009a, Sobrino et al. 2014
and references therein). These processes depend on
ATP supply, nitrogen and phosphorus and are usually
promoted after nutrient additions.

Final remarks

Inconsistencies in phytoplankton responses to CO,,
UVR and nutrient enrichments can be found across the
literature and may be related to factors such as a high
degree of inter- and even intra-specific variability,
different initial algal assemblages, different environ-
mental/experimental conditions, different levels of
pre-acclimation to experimental conditions and even
adaptation to the experimental conditions. The occur-
rence of transient responses to the new environmental
conditions, the possibility of cell acclimation (Sobrino
et al. 2008; Garcia-Gomez et al. 2014) and adaptation
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after several generations (Lohbeck et al. 2012; Collins
et al. 2014; Schliiter et al. 2014) should be considered
in short-term perturbation experiments (Domingues
et al. 2014). Indeed, short- and long-term effects of
environmental drivers on phytoplankton may be quite
different. For instance, phosphorus enrichment and
UVR may have antagonistic effects over short-term
(hours) exposures, but over long-term incubations
(>2 months), they act synergistically (sensu Crain
et al. 2008), leading to more severe UVR-induced
damage to phytoplankton cells (Carrillo et al. 2008).
Although long-term incubations are critical to evalu-
ate potential phytoplankton adaptation to future envi-
ronmental change scenarios, many environmental
stressors typically associated with climate change also
act on short timescales. Therefore, the study of short-
term effects of environmental stressors is critical to
understand basic physiological and ecological mech-
anisms that may further be conditioning phytoplank-
ton acclimation and adaptation to environmental
change.
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