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The aim of this study was to evaluate the effects of UVR on growth and taxonomic composition of tropical
plankton communities in a scenario of increased temperature and ultraviolet radiation. Water samples
were collected from a reef lagoon in the Mexican Caribbean (20.5° N, 86.5° W) during July 2010 and
grown for 16 days in microcosms under two natural radiation treatments: a) PAB (PAR + UV-A + UV-B,
280–700 nm) and, b) P, (PAR, 400–700 nm) and two temperature conditions: a) ambient (28 °C), and,
b) increased (ambient + 3 °C). A differential factorial response of the studied variables among the main
taxonomic groups and more frequent species was found. The biomass of dinoflagellates and colorless
plankton was negatively affected by UVR while the increased temperature had negative effects on diatom
biomass and cell abundance. During the experimental period there were changes in the contribution of each
taxonomic group. At ambient temperature therewas a shift from a flagellate- to a diatom-dominated community;
whereas at increased temperature diatoms co-dominated with flagellates. UVR exposure decreased the
contribution of naked dinoflagellates (>20 μm) and cryptophytes. On the other hand, the most frequent
diatom, Cylindrotheca closterium was negatively affected at increased temperature, while small chlorophytes
(b10 μm), which were one of the dominant groups of flagellates, contributed significantly to the biomass at
increased temperature at the end of the experiment. Synergistic effects of UVR and temperature were only
detected at the species level in large diatoms (>20 μm; e.g. Leptocylindrus sp. and Amphora sp.) and in cryptophytes
(>10 μm).Our results suggest that planktonic assemblages from theMexicanCaribbean are generallywell-adapted
to the high UVR fluxes and temperature with some species being positively influenced by increased temperature.
However there are exceptions with some species being negatively affected by UVR, increased temperature or the
combination of both factors. Therefore, our results indicate that under the high radiation conditions of tropical
oceans, changes in community structure in terms of taxonomic composition and size distribution would occur in
a scenario of global climate change.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Global climate change is a complex phenomenon that involves
alterations in multiple physical variables such as temperature, pH
and ultraviolet-B radiation (UV-B, 280–315 nm) (Houghton et al.,
2001). These variables are influenced by anthropogenic factors in-
cluding fossil fuel combustion, which generates green-house gases
that result in increased sea-surface temperatures (IPCC, 2007; Stott
and Kettleborough, 2002), and the acidification of aquatic systems
(Doney et al., 2008). In addition, the release of ozone-depleting sub-
stances such as chlorofluorocarbons (CFCs) and hydrofluorocarbons

(HCFCs) has resulted in increased levels of UV-B (Staehelin et al.,
2001).

Sea surface temperature, has already been observed to increase
worldwide (Levitus et al., 2000; Roemmich and Gilson, 2009), includ-
ing tropical areas (Diaz and Graham, 1996; Johnson and Xie, 2010).
Actually, the predictions made by the Intergovernmental Panel on
Climate Change (IPCC, 2007) indicate that the surface temperature
could increase ~3 °C by the end of the century due to global warming.
In a short-term context, a temperature increase was detected as a
pulse of short duration (about 10 days), reaching up to 3 °C above
the monthly average of summer seawater temperatures in a tropical
setting (Banaszak et al., 2003).

Some studies have found that increased seawater temperature is
beneficial for phytoplankton resulting in higher photosynthetic per-
formance as compared to samples exposed to control temperatures
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(Halac et al., 2010; Lassen et al., 2010; Sobrino and Neale, 2007).
However, a decrease in phytoplankton biomass, especially due to a
decline in large diatoms, associated with global warming has also
been reported (Lewandowska and Sommer, 2010). As has been dem-
onstrated by several studies, warmer conditions benefit the growth of
smaller species (Daufresne et al., 2009; Winder et al., 2009) even
though the total phytoplankton biomass is reduced due to the de-
crease in large species.

The increased levels of UV-B in the Polar Regions and some temper-
ate latitudes have stimulated research on the impact of UVR on natural
phytoplankton communities. These effects include decreased cell abun-
dance and growth rates in temperate marine communities (Marcoval
et al., 2008; Nilawati et al., 1997). Other studies inmarine environments,
however, did not find such effects (Roy et al., 2006; Wängberg et al.,
1999;Whitehead et al., 2000). The tropical areas normally receive higher
fluxes of ultraviolet radiation (UVR, 280–400 nm) thanmid and high lat-
itudes due to their naturally thinner ozone layer and the more direct
path of solar radiation through the atmosphere (Madronich, 1993).
Therefore, phytoplankton are likely adapted to the high natural radiation
levels, which may partially explain the lower sensitivity of tropical spe-
cies in comparison to polar species to natural UVR (Helbling et al.,
1992). Due to the increment of sea-surface temperatures and the po-
tential negative effects of natural UVR exposure, some studies have
highlighted the importance of evaluating the combined impact of UVR
and temperature on organisms, because elevated temperatures can
alter responses to UVR and thus can affect the prediction of the re-
sponses of aquatic ecosystems to future climate change scenarios
(MacFadyen et al., 2004;Williamson et al., 2002). Even though the com-
bination of UVR and increased temperature has been known to affect
phytoplankton physiology (Davison, 1991; Halac et al., 2010; Sobrino
and Neale, 2007), and taxonomic composition (Rae and Vincent, 1998;
Xenopoulos et al., 2009), there are only few studies that assess both fac-
tors using natural communities, as comparedwith the evaluation of each
variable separately. Some studies have reported a positive effect of com-
bined UVR and temperature on the growth of phytoplankton communi-
ties demonstrating greater growth rates at higher temperatures under
solar exposure (Doyle et al., 2005; Rae and Vincent, 1998). However,
these responses are quite variable depending on the size of the species
and on the taxonomic groups involved. Hence, community structure
and taxonomic composition is greatly affected by the UVR–temperature
interaction (Lionard et al., 2012; Thyssen et al., 2011).

Since UVR and temperature tolerance is species-specific, the com-
munity structure could change due to the differential sensitivity
towards these variables. Moreover, some tropical species such as
corals are already living at the upper limit of their temperature toler-
ance (Banaszak and Lesser, 2009), therefore, any increment in the sea
surface temperature could affect these and other tropical species neg-
atively. Thus we designed our study to evaluate the responses of trop-
ical phytoplankton communities to the combined effects of increased
temperature and UVR on growth, biomass and taxonomic composi-
tion. Our working hypothesis was that in tropical aquatic ecosystems
increased temperature (as expected in a scenario of global climate
change) will enhance the UVR-inhibition of growth, changing the
community structure towards small acclimated cells. The experimen-
tal approach was to expose natural plankton communities to solar
radiation (with and without UVR) for 16 days under ambient and
increased temperature treatments and to evaluate growth, biomass
and taxonomic composition throughout the experimental period.

2. Materials and methods

2.1. Sample collection and handling

The research described here was carried out at Puerto Morelos
(20° 51′ N; 86° 55′ W) located in the Mexican Caribbean. Natural
surface water samples were collected from the reef lagoon at the

end of the pier belonging to the Universidad Nacional Autónoma de
México (UNAM) in the Puerto Morelos National Reef Park using an
acid-washed (1 N HCl) bucket. The samples were put into two 80 l
acid-washed carboys and transported under low light conditions
to the laboratory within 30 min. To screen out large zooplankton,
the whole sample was filtered through 100 μm pore size mesh
(Nitex®). Pilot studies indicated that when natural seawater was in-
cubated in microcosms, there was no detectable plankton growth
(data not shown), presumably due to the low nutrient concentrations
(Rodríguez-Martínez et al., 2010). Therefore, for the experiment de-
scribed here, nutrients were added to all samples prior to the start of
the experiment to induce plankton growth. Macronutrients (NO3

−,
PO4

3− and SiO3
2−) at concentrations similar to f/2 medium (Guillard

and Ryther, 1962) were added to the entire sample at 0.1% (v:v),
mixed well and dispensed into 8 UVR-transparent (81% transmission
at 280 nm) bags (20 l capacity) functioning as microcosms. As the
experiment progressed, and after 6 days, a pulse of trace metals
(same as that found in f/2 medium and at a total concentration of
0.1%, v:v) was added to all bags. The addition of nutrients in these
experiments attempted to simulate not only the increased eutrophica-
tion observed in nearby areas due to intense tourism (van Tussenbroek,
2011) but also an increased input of terrestrial material related to in-
creasing precipitation (Rodríguez-Martínez et al., 2010).

2.2. Exposure experiment

The experiment was carried out from July 14th to 29th 2010
(Julian days 195 to 210), with a pilot study undertaken previously,
using 5 l bags that yielded similar results to those presented
here (data not shown). Duplicate uncovered microcosms received
PAR + UV-A + UV-B (PAB treatment; 280–700 nm) whereas an-
other set of microcosms were wrapped with an Ultraphan filter
(UV Opak, Digefra, Germany) and thus received PAR only (P treatment;
400–700 nm). A set of 4 microcosms (2 PAB and 2 P) were placed into
each of two water tanks that measured 1.60 m in diameter × 45 cm
high. One tank was maintained at 28 °C, which was the temperature
measured in the water column at the time of sampling (ambient
temperature or control), and the other tank was maintained at 31 °C
(increased temperature). The temperature was maintained by a flow-
through, water-bath system from two different sources. To maintain
the microcosm at control temperatures, subterranean water at 25 °C
was pumped from 90 m depth and because it was stored in tanks
prior to its distribution into the aquarium system it heated by solar ra-
diation to 28 °C. To maintain the other microcosm at 31 °C, seawater
at 28 °C was pumped from the reef lagoon at a 4 m depth and because
it was stored in tanks prior to its distribution into the aquarium system
it heated by solar radiation to 31 °C. The temperature in both micro-
cosms was monitored continuously by data loggers and several times
daily by hand-held digital thermometers. To minimize the light gradi-
ent, the microcosms were placed in a horizontal plane, such that the
surface area of the samples exposed was ~50 × 25 cm with a depth of
15 cm. Furthermore, samples were manually shaken once an hour dur-
ing the day to avoid cell sedimentation. Gas exchangewas promoted by
injection of air using a syringe attached to plastic tubing inserted into
the center of each microcosm. This system was also used for sampling.

2.3. Identification and quantification of cells and estimation of biomass

At the beginning of the experiment and then every other day, 50 ml
of sample was taken from eachmicrocosm and fixed in buffered forma-
lin (0.4% final concentration, v:v). Twenty ml of each plankton sample
was allowed to settle for 24 h using a graduated cylinder (LeGresley
and McDermott, 2010). After settling, the supernatant was carefully
removed until approximately 5% of the total volume was left. The
remaining volume was well mixed and then dispensed into a
Fuchs–Rosenthal chamber (Marienfeld, Germany) for quantification
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and identification. A drop of Rose Bengal was added to each sample
to better distinguish between organic material and detritus (Villafañe
and Reid, 1995). Duplicate samples from each treatmentwere observed
with a compound microscope (Zeiss model D-7082, Germany) using
200× magnification for microplankton cells (>20 μm) and 400×
magnification for pico-nanoplankton (b20 μm). Species identifica-
tion was made using Tomas (1997). To be considered a representa-
tive sample at least 100 cells of each of the most common species
had to be present. The biovolume of each plankton species was esti-
mated by shape assimilation to known geometric forms according to
Hillebrand et al. (1999) and by measuring the main cell dimensions
of 10 (in the case of the less frequent species) to 50 cells per species
(in the case of the more frequent species). If size differences were ob-
served within a species, the individuals of that species were divided
into cell size classes to evaluate their volumemore accurately. The calcu-
lated biovolumes had variation coefficients that were b10% within each
measured species. From those biovolumes, biomass (as autotrophic
carbon concentration) was estimated using the equations of Menden-
Deuer and Lessard (2000).

2.4. Solar radiation and temperature measurements

PAR irradiance was measured for a 1 min period every 5 min
throughout the experimental period using a cosine-corrected light
sensor (LI-192, Li-Cor, USA) installed on a roof at a height of 4 m
and attached to a data logger (LI-1400, Li-Cor). UVR was estimated
with the STAR program (Ruggaber et al., 1994) using the PAR data.
This model is extensively used and its output gives very good esti-
mates of solar UVR as determined in previous studies (Buma et al.,
2009). The water temperature in the center of each tank was regis-
tered using underwater data loggers (HOBO, USA) with a measure-
ment frequency of one datum every 15 min.

2.5. Statistical and data analysis

The growth of the main groups was determined from both mea-
surements of cellular abundance and estimations of carbon to take
into account the changes in the size distribution that affect biomass
but not cell abundance.

Growth rates were calculated as follows:

μ¼ ln N2−N1ð Þ= t2−t1ð Þ ð1Þ

where (N2–N1) is the cell abundance or carbon content during the
exponential growth phase and (t2–t1) is the duration of the phase.

Data are expressed as themean and half medium range of duplicate
samples for both radiation and temperature treatments. To determine
differences among treatments a significance level (α) of 0.05 was
used for all comparisons (Zar, 1984). A one-way ANOVA test was used
to establish if there existed differences in daily cell abundance or bio-
mass and growth rates between radiation and temperature treatments,
while a one-way repeated measures ANOVA was applied for testing
the increase in cell abundance and/or biomass as the experiment
progressed. A two-way ANOVA test was used to determine interactions
between the two factors, radiation and temperature.

3. Results

3.1. Environmental conditions

In general, PAR (Fig. 1A) and UVR (Fig. 1B) irradiances were rather
similar throughout the experiment with maxima ranging from 416 to
496 W m−2 (1913 to 2281 μmol photons m−2 s−1) in the PAR and
from 54 to 64 W m−2 in the UVR wavebands, with the exception of
July 26th (Julian day 207) when, due to cloud cover and rain, PAR
and UVR maximal irradiances decreased to 275 and 35 W m−2,

respectively. Temperatures inside the water tanks during the experi-
ment were homogenous (data not shown). Maximum temperature
fluctuations during each exposure day were approximately ± 1.3 °C
with the exception of July 16th (Julian day 197) when the variation
inside the ambient temperature tank was ±1.8 °C. Throughout the
experiment the temperature fluctuations with respect to the maxi-
mum values were b17% and b13% in the ambient and increased tem-
perature tanks, respectively.

3.2. Plankton community growth

The initial plankton community was characterized by four main
groups: diatoms (mainly pennates), dinoflagellates,flagellates (including
chlorophytes, cryptophytes and unidentified autotrophic flagellates) and
colorless plankton (mainly heterotrophic dinoflagellates and flagellates).
A few colonial cyanobacteria species were found in low abundance,
therefore they were not considered in the calculation of total biomass
and cell concentration. The growth of the four groups, estimated using
biomass throughout the experiment, is presented in Fig. 2 and Table 1.
There were no interactive effects (p > 0.05) between radiation and tem-
perature treatments on the growth rates of any of the four groups. There
were, however, significantly higher (p b 0.05) growth rates in the P
treatment at 28 °C, as compared to PAB, of dinoflagellates and colorless
plankton (Fig. 2C, G, Table 1), while no differences were observed in dia-
toms and flagellates at the same temperature. In the case of the increased
temperature treatment, there were no significant effects of radiation in
any of the groups. In relation to the temperature effect, therewere signif-
icant decreases in both the growth rates and biomass attained bydiatoms
(both PAB and P treatments) at increased temperature (Fig. 2A, B,
Table 1). Colorless plankton also showed a significant decrease in growth
rate at increased temperature (as compared to the control; p b 0.05) in
samples exposed only to PAR (Fig. 2G, H, Table 1). Growth rate
data, based on cell abundance (Table 2), also indicated the significant
(p b 0.05) negative impact of increased temperature for diatoms
(both PAB and P treatments), flagellates (PAB treatment) and colorless
plankton (P treatment).

3.3. Plankton community composition

3.3.1. Contribution of the main groups
The contribution of the main groups in the ambient and increased

temperature treatments, based on biomass and abundance, is shown
in Figs. 3 and 4, respectively. The relative contribution of the main
groups to the total biomass throughout the experiment was variable

Fig. 1. PAR (A) and UVR irradiances (B) (in W m−2) during the experimental period
from Julian days 195 to 210 (July 14th to 29th 2010).
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depending on the radiation and temperature treatments. However, a
general trend of increased diatom dominance over time, with a con-
comitant decrease in flagellates was observed. This trend of diatom
dominance was such that at the control temperature their contri-
bution to biomass increased significantly from the initial value of
ca. 7%, to 40% in the P treatment and 80% in the PAB treatment
(Fig. 3A). Similar (PAB treatment) or smaller (P treatment) increases
were observed in the increased temperature microcosms, with values
reaching ca. 50% of the biomass (Fig. 3B). Flagellates were dominant
at the beginning of the experiment accounting for ca. 70% of the
total biomass (Fig. 3), but their share of the biomass decreased to
ca. 15% in the P treatment and 5% in the PAB treatment at 28 °C

(Fig. 3A). At the increased temperature, their share of the biomass
at the end of the experiment accounted for ca. 20% in both the P
and PAB treatments (Fig. 3B). Dinoflagellates were less abundant
than the other two groups and their contribution to community bio-
mass was rather constant and did not exceed 30%, with the exception
of the P treatment at 28 °C; when by the end of the experiment they
reached 48% of the total biomass (Fig. 3A). Colorless plankton had a
very low contribution to biomass (ca. 5%).

In general, similar patterns as those described based on biomass
were observed when the contribution of the main groups to cell
abundance was examined (Fig. 4). The diatom allocation to total cell
abundance was ca. 10% at the beginning of the experiment, increasing
to 55% and 80% in the P and PAB treatments at 28 °C, respectively,
by the end of the experiment (Fig. 4A). At increased temperature
(Fig. 4B) the abundance share at the end of the experiment was 38%
and 42% in the P and PAB treatments, respectively. Flagellates contrib-
uted 80% of the total abundance at the beginning of the experiment,
whereas they accounted for ~20 and 50% of the abundances at 28 °C
and 31 °C, respectively, after exposure (Fig. 4A, B). The contribution
of dinoflagellates to the total abundance was low throughout the
experiment (ca. 10%), as was that of colorless plankton (ca. 5%).

3.3.2. Species succession
The succession of the most abundant species of diatoms, dinofla-

gellates and flagellates is shown in Fig. 5. The abundances described
in this figure correspond to the control conditions (i.e., full solar
radiation or PAB treatment and ambient temperature at 28 °C)
whereas the changes due to UVR exclusion or increased temperature
are addressed in the section that follows. The most abundant species
at the beginning of the experiment, in the taxonomic groups consid-
ered here, were the diatoms Cylindrotheca closterium (Ehrenberg)
Reimann & J.C. Lewin, and naviculoid cells (Fig. 5A), unidentified
naked dinoflagellates (b20 μm) and colorless dinoflagellates (Fig. 5C),
unidentified chlorophytes (Fig. 5E), colorlessflagellates and cryptophytes
(Fig. 5F). Some of these most abundant species (e.g., chlorophytes,
C. closterium, naviculoid cells) were frequently observed in natural
water samples collected before the experiment. As the experiment
progressed, other species appeared and someof themevenbecamedom-
inant e.g. Pseudonitzchia sp. H. Peragallo appeared after Julian day 197,
Leptocylindrus sp. Clevewas observed after Julian day 204while Amphora
sp. Ehrenberg ex Kützingwas notably present towards the end of the ex-
periment (Fig. 5B). Other diatom species that were present throughout
the experiment in a minor proportion were Fragilaria sp. Lyngbye and
Thalassiosira sp. Cleve (data not shown). Dinoflagellates demonstrated a
trend of increasing abundance of the large-sized (>20 μm) species
such as Prorocentrum mexicanum Osorio-Tafall (Fig. 5D). On the other
hand, flagellates were dominated by small chlorophytes (b10 μm)
throughout the experiment, while larger chlorophytes (>10 μm) were
also abundant and maintained steady growth throughout the experi-
ment (Fig. 5E). Colorless flagellates increased their abundance from the
initial time (Fig. 5F), while cryptophytes were present during most of
the experiment but then declined towards the end of it (Fig. 5F).

3.3.3. Specific UVR and temperature effects
C. closterium, the most abundant diatom species, did not present

any UVR effect but had a significantly lower contribution towards

Fig. 2. Biomass (in μg C l−1) of diatoms (A, B), autotrophic dinoflagellates (C,D), autotrophic
flagellates (E, F) and colorless plankton (heterotrophic dinoflagellates and flagellates; G, H)
in natural seawater samples exposed to solar radiation. Samples were exposed to two
temperatures: 28 °C (A, C, E, G) and 31 °C (B, D, F, H) and two radiation treatments:
PAB and P. The vertical lines on the symbols indicate the half mean range.

Table 1
Daily growth rates (μ) based on biomass, for diatoms, autotrophic dinoflagellates, autotrophic flagellates and colorless plankton (heterotrophic dinoflagellates and flagellates)
incubated at 28 °C and 31 °C. Radiation treatments are: PAB = PAR + UVR; P = PAR only. The values given are the means of duplicates with their half mean range.

Growth rate (μ; d−1)

Diatoms Dinoflagellates Flagellates Colorless plankton

PAB P PAB P PAB P PAB P

28 °C 0.47 ± 0.04 0.49 ± 0.04 0.24 ± 0.01 0.41 ± 0.07 0.16 ± 0.01 0.22 ± 0.04 0.22 ± 0.04 0.33 ± 0.03
31 °C 0.40 ± 0.01 0.43 ± 0.02 0.21 ± 0.06 0.31 ± 0.04 0.18 ± 0.05 0.20 ± 0.02 0.24 ± 0.03 0.19 ± 0.01
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the end of the experiment to the total community abundance, at 31 °C
than at 28 °C (p b 0.05; Fig. 6A, B). No significant differences in domi-
nance were observed between ambient and increased temperatures in
the other diatom species with the exception of Pseudonitzchia sp. that
dominated only at Julian day 208 at 28 °C (Fig. 6A). UVR effects were
observed in some of the diatom species such as Leptocylindrus sp. and
Amphora sp. that were present in the P treatment but absent in the
PAB treatment at 31 °C from Julian days 204 to 206 (Fig. 6B). Neither
Leptocylindrus sp. nor Amphora sp. at 28 °C or other diatom species
showed significant differences in their abundance among radiation
treatments (Fig. 6A, B).

No interactive UVR-temperature effects were observed for any
dinoflagellate species. During the first part of the experiment, small
naked dinoflagellates species (b20 μm) dominated, together with
other dinoflagellates (Fig. 7), but their contribution decreased as the
experiment progressed. Following this decline, the armored dinofla-
gellate P. mexicanum increased its abundance, becoming one of the
most frequent species towards the end of the experiment. Large
naked dinoflagellates species (>20 μm) also increased their contribu-
tion, especially in the P treatment. There were no significant effects of
UVR on P. mexicanum, at both temperatures; however, the large naked
dinoflagellates had a major share in the UVR-excluded conditions
(p b 0.05) at both temperatures. These large naked dinoflagellates
also had a significantly higher contribution at increased temperature
as compared to the control.

No interactive UVR-temperature effects were observed in flagellates
with the exception of the large cryptophytes (>20 μm) that showed a
synergistic effect in the interaction between UVR and temperature by
disappearing in the PAB treatment at 31 °C (Fig. 8). Small cryptophytes
(b10 μm)were present at 28 °C in a similar proportion in the PAB and P
treatments during the first part of the experiment, but they decreased
their contribution in the samples exposed to UVR (Fig. 8A). In the in-
creased temperature microcosms (Fig. 8A), cryptophytes accounted
for a significantly lower proportion than at 28 °C (Fig. 8B), while small
chlorophytes decreased their contribution throughout the experiment
at 28 °C, but maintained it towards the end under increased tempera-
ture conditions (Fig. 8A, B).

4. Discussion

Our research focused on assessing the combined effects of UVR
and temperature on changes in community structure and growth
of tropical plankton assemblages using microcosm experiments. Our
approach was to maintain the cells within a limited water depth
thus increasing the radiation (both PAR and UVR) relative to what
they would normally receive in the water column if they were mov-
ing within the upper mixed layer (UML). The high levels of solar
radiation received during our experiments are normally considered
stressful for phytoplankton (Häder et al., 2011), although tropical
species are acclimated to a history of high radiation levels (Banaszak
and Lesser, 2009). Other studies simulated increased UVR with supple-
mentary UVR sources (e.g., Rousseaux et al., 2004) but in our case we
considered that using solar radiation and creating a “shallower UML”
(i.e., cells within 15 cm of the water surface) clearly simulated an ex-
treme condition of increased stratification due to climate change for
this community. In this way, and when compared to the PAR control

samples, we were able to estimate the influence of this enhanced UVR
condition. In addition, we maintained an increased difference of 3 °C
between temperature treatments, although some natural fluctuations
occurred in both systems that are similar to those that occur within a
shallow upper mixed layer (UML) (Behrenfeld et al., 2006). Thus the
set of conditions imposed in our experiments can be considered a
worst-case scenario for both the increase in solar UVR and temperature
on these tropical communities.

Our study determined no significant interactions between UVR and
temperature in the growth of any particular group, but changes in the
size and structure within groups occurred along the experiment. This
is in line with previous studies (Belzile et al., 2006) that showed that
UVRwill more likely affect the foodweb structure rather than bulk bio-
mass due to the differential sensitivities between planktonic organisms.
For instance, it has been argued that species living close to their temper-
ature tolerance limit may be adversely influenced if temperature rises
(Beardall and Raven, 2004). In our study two of the dominant spe-
cies in the natural phytoplankton assemblage, the pennate diatoms
C. closterium and Pseudonitzchia sp., were negatively affected by in-
creased temperature, whereas UVR and temperature had synergistic
negative effects on larger species such as Leptocylindrus sp. andAmphora
sp. This impact on large cells at increased temperature resulted in a
decrease in biomass of diatoms as observed in our study. Similarly,
previous studies carried out with phytoplankton assemblages in
mesocosms found a markedly lower phytoplankton biomass, espe-
cially of large-celled diatoms as a result of warming (Lewandowska

Table 2
Cell abundance-based growth rates (μ) for diatoms, autotrophic dinoflagellates, autotrophic flagellates and colorless plankton (heterotrophic dinoflagellates and flagellates)
exposed to 28 °C and 31 °C. Radiation treatments are: PAB = PAR + UVR; P = PAR only. The values given are the means of duplicates with their half mean range.

Growth rate (μ; d−1)

Diatoms Dinoflagellates Flagellates Colorless plankton

PAB P PAB P PAB P PAB P

28 °C 0.43 ± 0.02 0.41 ± 0.04 0.23 ± 0.01 0.27 ± 0.05 0.24 ± 0.02 0.24 ± 0.01 0.20 ± 0.04 0.36 ± 0.04
31 °C 0.29 ± 0.02 0.36 ± 0.06 0.23 ± 0.03 0.28 ± 0.06 0.15 ± 0.02 0.23 ± 0.03 0.23 ± 0.01 0.21 ± 0.02

Fig. 3. Biomass contribution (in percentage) for diatoms, autotrophic dinoflagellates,
autotrophic flagellates and colorless plankton (heterotrophic dinoflagellates and
flagellates) in microcosms incubated at 28 °C (A) and 31 °C (B). Percentage values
are the means of duplicates for each radiation treatment, which are shown beside
each other: PAB on the left side and P on the right side of each pair.
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and Sommer, 2010; Wohlers et al., 2009). However, this negative
response is not universal, as other studies carried out with natural
marine phytoplankton assemblages showed that larger diatoms
benefited by warming (Lionard et al., 2012; Thyssen et al., 2011). In
our study, the changes in size were not only observed in diatoms
but also in dinoflagellates that changed from small cells (i.e., b20 μm
naked dinoflagellates) to bigger species (>20 μm; e.g., P. mexicanum).
Some studies on the presence of UVR-absorbing compounds in
microalgae have shown an especially high abundance among dino-
flagellates including species of Prorocentrum Ehrenberg (Jeffrey
et al., 1999; Llewellyn and Airs, 2010; Marcoval et al., 2007).
Hence, the observed structural changes could be a consequence of
the higher tolerance of large dinoflagellates species as compared to
small cells. However, dinoflagellates had lower biomass in samples
receiving UVR therefore this photoprotection strategy was probably
not sufficient to cope with UVR. Similarly, Lesser (1996) observed
inhibition of photosynthesis in cultured cells of Prorocentrum micans
Ehrenberg despite the presence and accumulation of UVR-absorbing
compounds. On the other hand, our results also showed that small
chlorophytes were favored at increased temperature as compared to
the control. In agreement with our results, previous studies have
found a significant increase in the proportion of small-sized species
(Daufresne et al., 2009; Winder et al., 2009), which is in accordance
with the temperature-size rule. This rule states that individuals grown
at cooler temperatures reach larger sizes than those reared at warmer
temperatures (Forster et al., 2012). We cannot rule out, however, that
part of the observed changes in size was related to nutrient conditions
as large cells would benefit from the input of nutrients as in our exper-
iment due to their relatively small surface-to-volume ratio as compared
to smaller cells (Falkowski, 1981).

In general, it is assumed that temperature-regulated processes
in cell metabolism (such as cell division, DNA repair, production of
photoprotective pigments, and oxidative stress responses) may act
faster thanUVR-induced damage by accelerating biochemical processes
(Baulch et al., 2005; Doyle et al., 2005). However, these conclusions are
based on studies involving temperate phytoplankton communities, and

therefore only consider lower temperatures. To our knowledge, no
studies have been conducted on the combined effects of UVR and
temperature on growth and composition of tropical phytoplankton
communities, however, there are some studies that focus on the pho-
tosynthetic performance of tropical phytoplankton. For example,
Banaszak et al. (2003) assessed the effects of thermal and light stress
on the physiological status of dinoflagellate endosymbionts of corals
and suggested that the cell thermal tolerance ranges could be exceeded
as sea-surface temperatures increase because these symbionts live close
to theirmaximal thermal tolerance range. Our results suggest that some
diatom species could be thermally sensitive and would diminish their
growthunder increased sea-surface temperatureswhereas smallflagel-
late species would benefit. Therefore, this study highlights that the
observed responses to the combination of UVR and temperature
are species and size-specific and complex. Although diatoms are not
major contributors in tropical communities, they could flourish under
high nutrient conditions. So, it is important to consider the occurrence
of diatom blooms in coastal areas exposed to nutrient enrichment
due to anthropogenic activities. Our experiments simulated a scenario
with an input of nutrients, and although no nutrient measurements
were done along the experiment, the increase of the community bio-
mass did not indicate any limitation. Hence, the responses observed
here could be similar to those that would occur in a nutrient-enriched
coastal area affected by increased UVR-temperature events. Although
the study area is naturally oligotrophic, for example NH4

+ concentra-
tions range between 1.2 and 3.4 μM, DIN concentrations range from
2.8 to 5.1 μM and PO4

3− concentrations range between 1.0 and 2.7 μM
(Carruthers et al., 2005; Duarte et al., 1995), the concentrations of
these nutrients can be augmented in coastal areas due to nutrient-
laden freshwater entering from the ever-increasing impact of anthro-
pogenic activities such as tourism-related development (Rodríguez-
Martínez et al., 2010; van Tussenbroek, 2011). In accordance with our

Fig. 4. Cell abundance contribution (in percentage) for diatoms, autotrophic dinoflagellates,
autotrophicflagellates and colorless plankton (heterotrophic dinoflagellates andflagellates)
in microcosms incubated at 28 °C (A) and 31 °C (B). Percentage values are the means of
duplicates for each radiation treatment, which are shown beside each other: PAB on the
left side and P on the right side of each pair.

Fig. 5. Abundance succession (in cells ml−1) of the more frequent species of diatoms
(A, B) dinoflagellates (C, D) and flagellates (E, F) during the experiment (July 14th to
29th 2010) with seawater samples in the PAB treatment at 28 °C.
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results, the subsequent eutrophization of the coastal areas would favor
diatoms. However,when coupledwith higher sea-surface temperatures
in combination with the high UVR levels, there would potentially be a
counteracting effect on some diatom species.

Although there was no interactive effect of temperature and UVR
on biomass accumulation, these two stressors did have a major

impact on carbon biomass partitioning. Similar effects have been
reported in several studies, which determined that changes in phy-
toplankton community structure caused by UVR can affect higher
trophic levels (e.g., microzooplankton and copepod nauplii; Keller
et al., 1997; Mostajir et al., 1999), as well as heterotrophic bacteria
(Arrieta et al., 2000; Herndl et al., 1997). In this study we observed
a decrease in the colorless plankton biomass (i.e., heterotrophic
flagellates and dinoflagellates) due to UVR exposure that could prob-
ably be related to the direct negative effects of UVR, although
indirect effects should not be disregarded. We did not take into
account the potential interactive effects between plankton and het-
erotrophic bacteria, but they could be a source of food for hetero-
trophs. Hence, if heterotrophic bacteria were negatively affected by
UVR (or temperature), indirect effects would occur on heterotrophic
plankton. On the other hand, we consider that the impact of a poten-
tial nutrient release by bacteria would be minimal as compared to
the full nutrient conditions in the microcosms. In relation to other
indirect effects such as grazing, we considered it negligible, as we
pre-screened our samples to remove large zooplankton. In addition,
microscopic observations did not reveal any significant amounts of
small zooplankton species.

Overall, the coupling of eutrophization with the studied factors
could have important consequences on the structure of plankton com-
munities, promoting the change in species composition of the whole
plankton community. In line with this, Marcoval et al. (2008) found
that natural phytoplankton samples exposed to solar radiation over
a week showed different responses to different nutrient treatments
with taxonomic changes being mostly due to nutrient availability, and
to a lesser extent due to solar UVR exposure. In our study, plankton suc-
cession showed a similar pattern in all treatments, with a pronounced
advantage of diatoms (probably due to nutrient addition), especially
at the control temperature, where the dominant diatom species grew
without thermal restrictions. In spite of the decreased contribution of
the flagellate group to the whole community throughout the experi-
ment, some small-sized species were favored by the increased temper-
ature. In contrast, otherswere adversely affected byUVR. Hence, the full
nutrient condition seems to have an important role in controlling the

Fig. 6. Percentage contribution in terms of cell abundance for the more frequently
found diatoms during the experiment (July 14th to 29th 2010) with seawater samples
incubated at 28 °C (A) and 31 °C (B). Percentage values are the means of duplicates for
each radiation treatment and were calculated based on the total abundance of diatoms.
The different radiation treatments are shown beside each other: PAB on the left side
and P on the right side of each pair.

Fig. 7. Percentage contribution in terms of cell abundance for the more frequently
found dinoflagellates during the experiment (July 14th to 29th 2010) with seawater
samples incubated at 28 °C (A) and 31 °C (B). Percentage values are the means of
duplicates for each radiation treatment and were calculated based on the total abun-
dance of dinoflagellates. The different radiation treatments are shown beside each
other: PAB on the left side and P on the right side of each pair.

Fig. 8. Percentage contribution in terms of cell abundance for the more frequently found
flagellates during the experiment (July 14th to 29th 2010) with seawater samples
incubated at 28 °C (A) and 31 °C (B). Percentage values are the means of duplicates for
each radiation treatment and were calculated based on the total abundance of flagellates.
The different radiation treatments are shown beside each other: PAB on the left side and
P on the right side of each pair.
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trends in plankton succession while temperature and UVR shape the
species composition.

In summary, our data highlight that although tropical plankton as-
semblages are generally well-adapted to high temperature and UVR
fluxes, under prolonged and high radiation conditions, changes in
community structure in terms of taxonomic composition and size dis-
tribution would occur. This would be a consequence of the specific
impact of the studied factors: Some diatom species would be nega-
tively affected by increased temperature, while small flagellates
would be favored; UVR would mainly negatively affect naked dinofla-
gellates, cryptophyta and colorless flagellates. Further investigations
are needed to assess the impact of these changes on tropical phyto-
plankton productivity as well as on other components of the trophic
web.
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