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The effects of ultraviolet radiation (UVR) under future expected conditions of acidification and increase in nutrient inputs were studied on a
post-bloom phytoplankton and bacterioplankton community of Patagonian coastal waters. We performed an experiment using microcosms
where two environmental conditions were mimicked using a cluster approach: present (ambient nutrients and pH) and future (increased nu-
trients and acidification), and acclimating the samples for five days to two radiation treatments (full solar radiation [+UVR] and exclusion of
UVR [-UVR]). We evaluated the short-term (hours) sensitivity of the community to solar UVR through chlorophyll a fluorescence parameters
(e.g. the effective photochemical quantum vyield of PSIl [Dpg,]) at the beginning, at the mid-point and at the end of the acclimation period.
Primary production and heterotrophic bacterial production (HBP) were determined, and biological weighting functions were calculated, at
the beginning and at the end of the acclimation period. Mid-term effects (days) were evaluated as changes in taxonomic composition, growth
rates and size structure of the community. Although the UVR-induced inhibition on @y, decreased in both clusters, samples remained sensi-
tive to UVR after the 5 days of acclimation. Also, under the future conditions, there was, in general, an increase in the phytoplankton carbon
incorporation rates along the experiment as compared to the present conditions. Bacterioplankton sensitivity to UVR changed along the ex-
periment from inhibition to enhancement of HBP, and future environmental conditions stimulated bacterial growth, probably due to indirect
effects caused by phytoplankton. Those changes in the microbial loop functioning and structure under future global change conditions might
have important consequences for the carbon pump and thus for the carbon sequestration and trophodynamics of Patagonian coastal waters.
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Introduction
Many of the effects of global change are the result of the increase
in greenhouse gases, mainly CO,, derived from anthropogenic ac-

organisms to solar radiation, including ultraviolet radiation
(UVR, 280400 nm). Also, increasing CO, dissolution leads to an
alteration of the water chemical balance (Doney et al., 2009) low-

tivities (Sabine et al., 2004). Increases in atmospheric CO, cause a
rise of the surface temperature (IPCC, 2013) with the concomi-
tant stratification in aquatic systems towards shallower upper
mixed layers (UMLSs) (De Senerpont Domis et al., 2013). This de-
crease of the UML will increase the exposure of planktonic

ering the average pH of the ocean (pH expected value by 2100:
7.6; Gattuso et al., 2010).

Changes in abiotic factors related to global change (i.e. UVR,
temperature, pH, nutrients input, etc.) have important effects on
planktonic organisms which constitute the base of the aquatic
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trophic webs. In general, both ambient and increased levels of
UVR cause deleterious effects on the phytoplankton and bacterio-
plankton physiology (e.g. Ruiz-Gonzalez et al., 2013; Hader et al,
2015) although no effects and stimulatory effects have also been
observed (Medina-Sanchez et al., 2002; Gao et al., 2007). UVR
frequently interacts with other global change variables in a syner-
gistic or antagonistic manner (Crain et al., 2008). For example,
higher nutrient availability may reduce the negative effects of
UVR on phytoplankton (by improving the photochemical quan-
tum yield of PSII, Marcoval et al., 2007), and on bacterioplankton
(by increasing heterotrophic bacterial production [HBP],
Medina-Sanchez et al., 2006). However, in some cases, higher nu-
trients availability results in an increase of the negative UVR ef-
fects, or in the unmasking of them which were not evident under
nutrient limitation (Carrillo et al., 2008; Ogbebo and Ochs,
2008). Different responses of phytoplankton have been docu-
mented under acidification conditions, as observed in the diatom
Thalassiosira pseudonana that became more sensitive to UVR
when grown under low pH (Sobrino et al., 2008); on the other
hand, acidification may also result in higher growth and produc-
tion rates of diatoms exposed to UVR (Domingues et al., 2014).
Also acidification might alleviate the UVR-induced photoinhibi-
tion in the diatom Chaetoceros curvisetus (Chen et al., 2014). In
bacterioplankton, growth may be enhanced directly under higher
acidification (through stimulation of hydrolytic enzymes) and in-
directly (through increase in algal carbon excretion) (Allgaier
et al., 2008; Endres et al., 2014). In addition, under high irradi-
ances, HBP is stimulated under current ocean pH as compared
with future acidification conditions (Mercado et al., 2014).

In coastal systems (e.g. estuaries) there are more complex in-
teractions with the various inputs [i.e. inorganic nutrients, dis-
solved organic matter (DOM), etc.] and abiotic factors which can
affect the balance between primary production and respiration
and hence the pH (Duarte et al, 2013). Among these inputs, in-
organic nutrient entry has become important in coastal ecosys-
tems due to their increase via runoff from urban activities (Scavia
et al., 2002) and atmospheric deposition (Mahowald et al., 2011).
Also, by the end of the 21 century, the effects of acidification as
a consequence of anthropogenic activities will exceed the natural
causes in many estuaries (Cai ef al, 2011). Moreover, the alter-
ations in global change variables are expected to have a profound
impact in aquatic communities of estuaries and coastal areas as
these sites provide an important share of the global production
(Cloern et al., 2014). This would be the case of areas such as the
Atlantic Patagonian coast, which is highly productive in terms of
fisheries (Skewgar et al., 2007). In this area, several studies evalu-
ated the impact of some global change variables on phytoplank-
ton growth and photosynthesis (e.g. Marcoval et al, 2008;
Helbling et al., 2015). Only one study (Villafane et al., 2015) con-
sidered the joint effects of UVR, nutrients enrichment and acidifi-
cation on a post-bloom phytoplankton community, determining
important taxonomic changes towards more UVR resistant spe-
cies under simulated future conditions. In the case of bacterio-
plankton a previous study (Manrique et al, 2012) determined
that UVR had a key role in shaping the taxonomic composition
of the community, but to our best knowledge there are no studies
that evaluated the combined effects of several global change vari-
ables on these communities.

To address this gap of knowledge and to gain a better under-
standing on the impact of global change variables on planktonic
communities of the Patagonian area, we designed a “cluster type”
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experiment (Boyd et al., 2010; Villafane et al., 2015) to assess the
combined effects of increased nutrients and acidification under
solar UVR on production and size structure of summer phyto-
and bacterioplankton. Particularly, we asked whether the simulta-
neous action of increased inorganic nutrient availability and
lower pH, as expected in the future, would interact to influence
the effects of UVR on these communities and if so, to what ex-
tent. In this study, we went a step further in the knowledge by
providing a fine detail of the effects of different wavebands i.e. by
determining biological weighting functions (BWFs; Neale and
Kieber, 2000) for phytoplankton and bacterioplankton produc-
tion under the present and an expected future scenario of global
change (in terms of nutrients input and acidification).

Methods

Study site

Water sample for incubation was collected from the seawater end
point of the Chubut River estuary (Patagonia, Argentina, 43°
20.5'S, 65° 02.0'W) at Egi station (ca. 1000 m away from the
shore). Previous studies have described the phytoplankton sea-
sonal succession in this site, which consists of a winter bloom of
diatoms (>20 pm) and the dominance of pico-nanoplankton
species (<20 um) during spring and summer (Villafane et al,
2004). This area is characterized by relatively high phytoplankton
biomass associated with nutrient inputs from anthropogenic ori-
gin carried by the river (Helbling et al, 1992, 2010).
Macronutrient concentrations in the Chubut River estuary range
from 0.20 to 21 uM for nitrate (NO; ™), 0.19-6.40 uM for phos-
phate (PO; "), and 1.70-236 7 pM for silicate (SiO3 ) (Helbling
et al., 2010), with very little or almost null concentrations of am-
monia (NH4") (Hider et al, 2015). Significant variations in the
penetration of solar radiation have also been reported, with the
attenuation coefficient for photosynthetic active radiation
(kpar—PAR, 400-700 nm) ranging from <1 to >4 m ' during
high and low tides, respectively. Mean water temperature ranges
from 19°C in summer to 4°C in winter (Helbling et al., 2010)
whereas pH values range between 8.03 and 8.32 throughout the
year (P. Bermejo, pers. comm.).

Experimental setup
The experiment was conducted from 2 to 6 February 2015, and
the experimental setup consisted of two phases:

Phase 1 (acclimation), in which the samples were exposed in
microcosms for 5 days (starting on 2 February 2015) to two envi-
ronmental conditions (referred to as Present and Future clusters)
and two radiation treatments (i.e. +UVR and —UVR) (see
below).

Phase 2, short-term (<1 day) determinations, that consisted
of: (i) daily cycles (i.e. from sunrise to sunset) of measurements
of fluorescence parameters, done at the initial, middle and final
days of the acclimation phase, and (ii) phytoplankton and bacte-
rial production using BWFs (see below) done at the initial and fi-
nal days of the acclimation phase. Previous studies of our group
in the area showed that an acclimation of 5 days was enough to
detect changes in species composition as well as in other acclima-
tion mechanisms such as UV-absorbing compounds (e.g.
Marcoval et al., 2008). Another study about the interactive effects
of acidification and radiation used similar incubation times
(Domingues et al., 2014) taking into account that the acclimation
to environmental changes occurs in a few days (Satoh et al,
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2001). Two contrasting environmental conditions (the above
mentioned clusters) were tested: (i) Present: Samples with in situ
nutrients concentration (i.e. 2.02, 1.42, and 28.70 uM of nitrate
+ nitrite, phosphate, and silicate, respectively) and pH = 8.20,
(ii) Future: Samples with increased nutrients concentration and
lower pH values (pH = 7.65, Gattuso et al., 2010) to meet levels
expected by the end of the century (IPCC, 2013). Increased nutri-
ents concentration was achieved by adding macronutrients to
reach values of NO; : 60.32 uM, PO} : 28.18 uM and SiO3 :
218.65 uM mimicking a higher input of nutrients from the
Chubut river due to human activity (Depetris et al, 2005) and
also an increase in wind deposition (England et al., 2014) and
rain (IPCC, 2013). To lower the pH, CO%™ (as Na,CO;), HCO;~
(as NaHCO3) and HCI (0.01N) were added to the seawater to in-
crease the pCO, and the content of dissolved inorganic carbon
(DIC) as recommended by Gattuso et al. (2010) and Yates et al.
(2013). We chose to manipulate the water pH by this method
rather than by CO, bubbling, in order to avoid the indirect effects
of the bubbling turbulence such as the promotion of coagulation
of organic matter, thus affecting microbial interactions (Burrell
et al., 2016), or the effects on growth of several phytoplankton
species (Shi et al., 2009). Surface seawater was collected with an
acid-cleaned bucket (1IN HCI) late in the evening of the previous
day of the start of the experimentation, and immediately taken to
the laboratory at Estacion de Fotobiologia Playa Unién (EFPU,
10 min away from the harbour). While setting up the experiment,
the water was maintained at 19°C in darkness. The water sample
was pre-screened (200 um mesh) to remove large zooplankton,
and put into two acid-cleaned (1N HCI) containers (10 1) so that
one of them was kept at the present environmental condition
whereas the other was manipulated as mentioned above to repre-
sent the future condition. Each 10-1 container was subsequently
divided into 6 microcosms that consisted of 500 ml UVR-
transparent screw cap-Teflon bottles [the spectra transmission
was published in Villafane et al. (2015)]. The microcosms were
exposed outdoors under the two radiation treatments mentioned
above (++UVR and —UVR): For each environmental condition, 3
microcosms received PAR + UVR (4+UVR; full solar radiation;
>280nm; uncovered bottles), while the other 3 received only
PAR (—UVR, >400nm; bottles covered by UVR-opaque film
Ultraphan 395). The 12 microcosms (i.e. 6 present and 6 future)
were placed inside a water bath (10 cm depth) receiving an homo-
geneous radiation field, without shadows from the walls, with
controlled temperature (19 * 1°C) during daytime. The whole
initial set up lasted around 2 h and ended after sunset, so that the
samples did not receive any solar radiation until the following
morning when the measurements started. The microcosms were
gently shaken every hour during daylight to avoid the settlement
of cells and to warrant homogeneous irradiance inside the bottles.

The plankton communities were maintained in
continuous growth, with half of the volume (250 ml) of the mi-
crocosms replaced daily (early in the morning before the samples
received any solar radiation) with filtered (GF/F) and sterile sea-
water collected at the same time of sampling. The sterile seawater
was kept at 19 °C in darkness and had the same physical-chemical
characteristics as the present conditions; in the case of the future
conditions, nutrients and acidification were increased just before
being added to the microcosms to reach the same levels men-
tioned above for this condition. The removed 250 ml were used
to determine chlorophyll a (Chl-a) concentration (daily measure-
ments) and fluorescence parameters of the photosystem II [days 1

semi-

(t1), 3 (t3), and 5 (ts)], abundance of phytoplankton and bacter-
ioplankton (daily determinations), phytoplankton carbon incor-
poration, and HBP (days 1 and 5) as explained below.

Chemical characterization and pH measurements

The initial nutrients concentrations (nitrate + nitrite, phosphate
and silicate) in the present and future environmental clusters
were determined at the start of the incubations using a scanning
spectrophotometer (Hewlett Packard, model 8453E, USA) as de-
scribed in Strickland and Parsons (1972). The pH was measured
daily using a pH meter (Hanna Instruments, model HI 2211,
USA) and adjusted every day (following the procedure explained
earlier) according to the requirement of each microcosm to keep
an average pH value of 7.65 in the future condition.

Solar radiation

Solar radiation over the study area was measured continuously
using a broad-band European Light Dosimeter Network
radiometer (Real Time Computers, Germany) permanently in-
stalled on the roof of the EFPU. This instrument measures irradi-
ance in the UV-B (280-315nm), UV-A (315-400 nm), and PAR
ranges and stores the minute-averaged values. This radiometer is
calibrated yearly using a solar calibration procedure.

Chl-a fluorescence parameters
Chl-a fluorescence parameters were measured throughout daily
cycles i.e. from sunrise to sunset (8 a.m. to 7 p.m.) at the begin-
ning (2 February, t;), at the middle (4 February, t;) and at the
end of the acclimation phase (6 February, ts). Sub-samples (50
ml) from each microcosm were put in quartz tubes and main-
tained under the same irradiance conditions as in the microcosms
(i.e. +UVR and —UVR). For these daily cycles, one aliquot (2 ml)
from each tube was collected every hour to determine the effec-
tive photochemical quantum yield (®pgy;) as well as other fluores-
cence parameters using a portable pulse-amplitude modulated
fluorometer (Walz, model Water-ED PAM, Germany). For each
of these sub-samples, ®pg;; values were obtained six consecutive
times by measuring the instant maximum fluorescence (F;,) in-
duced by a saturating pulse (~5300 pmol photons m > s~ in
0.8s) and the steady state fluorescence (F,) induced by an actinic
light (ca. 500 pmol photons m ™2 s ') in light-adapted cells. The
light source consists of light emitting diodes peaking at 650—
660 nm. Calculations of ®pgyy followed the equations of Genty
et al. (1989) as:
Gpgy = AF/FIm: (F/m_ Ft)/F/m (1)

To quantify the decrease and the increase in ®pgy; (inhibition
and recovery, respectively) during the daily cycles, we fit an expo-
nential function to the ®pgy; values during the day as a function
of time (Equation 2):

Dpsp = A ™ (2)

where A is a constant, t is the time (minutes) and b represents the
rate of change. When this rate was negative we considered it as in-
hibition (k, in min~") whereas if it was positive we considered it
as recovery (1, in min~'). Thus higher absolute values mean either
higher inhibition (negative sign) or recovery (positive sign) rates.
We considered the measurements from 8 a.m. until the moment
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in which ®pgy; stopped decreasing (ca. local noon) to determine
k, and the measurements in which ®pg;; constantly increased until
7 p.m. for r.

Biological weighting functions

The phytoplankton and bacterioplankton carbon incorporation
under five UVR different wavelength intervals were expressed as a
function of the average irradiance (over the incubation time) in
the wavelength exposure intervals (i.e. BWFs; Rundel, 1983).
Mean BWFs for carbon incorporation in phytoplankton
(BWFhyto) were calculated at the beginning of the experiment
for both environmental conditions (present and future), and at
the end of the acclimation phase for the present and future condi-
tions as well as for the radiation treatments (+UVR and —UVR).
The samples were dispensed in 30 ml UVR-transparent Teflon
bottles, inoculated with radiocarbon (0.185 MBq of labelled so-
dium bicarbonate) and incubated under solar radiation in a water
bath at the same temperature as the microcosms for 2h around
noon. Six different radiation treatments were obtained, using
Schott cut-off filters [WG280, WG295, WG305, WG320, WG360,
and GG400, the spectral transmission of these filters was pub-
lished in Villafane et al. (2003)], in order to obtain five wave-
length intervals: 280-295; 295-305; 305-320; 320-360; and 360—
400nm. BWE,,, were calculated using an exposure-response
curve based on the irradiance (Neale, 2000). The biological re-
sponse for each wavelength interval was expressed as a function
of the average irradiance during the exposure interval and nor-
malized to 1 at 300 nm. The irradiance in each wavelength inter-
val was obtained with a USB diode array spectroradiometer
(Ocean Optics, model HR 2000CG-UV-NIR, USA) attached to a
10 m fibre optics cable and a cosine-corrected sensor. A third de-
gree polynomial function was fitted to the data from each experi-
mental series; the best fit was then obtained by iteration (R2 >
0.95) (Buma et al, 2009). Due to space restrictions under the
Schott filters to fit all the Teflon bottles, at the end of the acclima-
tion period the samples were incubated in two consecutive sets,
separating those samples acclimated to +UVR and —UVR; how-
ever these two sets of incubations were done under similar solar
irradiances (as both incubations were performed around local
noon).

After the incubation period, the samples were filtered onto
glass fibre filters (Whatman GF/F, 25mm) under low vacuum
(<100mm Hg); the filters were placed into 5 ml scintillation
vials, and exposed to HCl fumes overnight to remove the inor-
ganic carbon (i.e. not incorporated by phytoplankton). After
acidification, scintillation cocktail (Optiphase Hisafe 3, Perkin
Elmer) was added to the vials and the carbon incorporated was
determined from the counts (Holm-Hansen and Helbling, 1995).

Mean BWFs for HBP (BWF,,.) were also obtained at the be-
ginning and at the end of the acclimation phase. The water used
to determine BWFy,. was that not retained by the GF/F filter
during the filtrations performed for BWFhy, (see above); thus
this water contained cells < 0.7 um that were already exposed to
the different radiation treatments under the Schott filters for 2 h
as explained earlier for BWEF,p,y1o. HBP in these samples already
exposed under the Schott filters was determined in the dark by
using *H-Leucine (specific activity = 52.9 Ci mmol ', Amersham
Pharmacia) incorporation as a direct measurement of carbon
production (Simon and Azam, 1989). *H-Leucine was added to
sterile microcentrifuge tubes with 1.5 ml of sample (three
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replicates and one trichloroacetic acid [TCA]-killed control per
treatment) to reach a final saturating concentration of 40 nM.
The tubes with the radiotracer were incubated (1h) in darkness.
After the incubation, the incorporation of *H-Leucine was
stopped with 5% (final concentration) of TCA. Blanks were killed
with TCA before the addition of the radiotracer. Extraction was
performed with cold TCA, following Smith and Azam (1992).
Finally, scintillation liquid (Optiphase Hisafe 3, Perkin Elmer)
was added for subsequent measurements in a scintillation coun-
ter. The conversion factor 1.55kg C mol ' (Simon and Azam,
1989) was used to estimate the carbon produced per mol of in-
corporated *H-Leucine. Data of BWF,, were expressed either as
enhancement (when HBP was increased) or inhibition (when
HBP was inhibited). Our data were also compared with those ob-
tained by Wilhelm and Smith (2000) that were also based on leu-
cine incorporation.

Phytoplankton and bacterioplankton abundance
Cell abundances were determined every day in each microcosm.
Samples for identification and enumeration of phytoplankton
(>2 pm) were put in 40-ml brown glass bottles and fixed with
buffered formalin (final concentration 0.4% of formaldehyde).
Sub-samples were stained with Rose Bengal and settled for 24 h in
10 ml-Uthermol chambers (Hydro-Bios GmbH, Germany).
Phytoplankton was counted and identified using an inverted mi-
croscope (Leica, model DM IL, Germany). Cell sizes were ob-
tained from image analysis (100 images per replicate) by using
Image] software 1.49p (National Institutes of Health, USA).

Autotrophic picoplankton (<0.7 pm) and bacterioplankton
abundances were determined using flow-cytometry (FACScanto
11, Becton Dickinson Biosciences, Oxford, UK) from samples fil-
tered through Whatman GF/F filters (25 mm diameter) (three
replicates and one control for each condition/treatment).
Samples were fixed with 1% paraformaldehyde and stained with
SYBR Green I DNA stain (Sigma-Aldrich) to a 1:5000 final dilu-
tion of the initial stock (Zubkov ef al., 2007). Yellow-green 1-um
beads (Fluoresbrite Microparticles, Polysciences, Warrington, PA,
USA) were used as an internal standard of particle concentration
and fluorescence (Zubkov and Burkill, 2006). Bacterioplankton
cells were discriminated on bivariate plots of particle side scatter
versus green fluorescence.

The specific growth rates (i, in d”') of phytoplankton and
bacterioplankton were calculated as follows:

w= 1In (N¢/Ny)/t (3)

Ny = Noé (4)

where N; and N, are phytoplankton or bacterioplankton abun-
dances at the end and at the beginning of the experiment, respec-
tively, ¢ is the time (in days) between collection of samples, N is
the cell abundance at a particular time, and k represents the rate
of change.

Chl-a concentration

Every day, samples (50 ml) from each microcosms were filtered
onto Whatman GF/F filters (25-mm diameter) and frozen
(—20°C) until analysis. For Chl-a analyses, samples were thawed
and placed in centrifuge tubes (15 ml) with 5 ml of absolute
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methanol (Holm-Hansen and Riemann, 1978) and measured by
fluorometric techniques (Holm-Hansen et al., 1965) with a fluo-
rometer (Turner Designs, model Trilogy, USA).

Statistical analysis

Two-way repeated measures ANOVAs (RM-ANOVA) were used
to determine significant interactions among solar radiation treat-
ments and environmental clusters conditions for inhibition (k)
and for recovery (r) rates along the experiment. Two-way
ANOVAs were used to determine interactions among solar UVR
exposure and environmental clusters conditions on phytoplank-
ton and on bacterioplankton production at the beginning of the
experiment. Three-way ANOVAs were used to determine the in-
teractive effects of short-term solar UVR exposure, solar radiation
acclimation (i.e. +UVR and -UVR) and environmental clusters
on phytoplankton and bacterioplankton production at the end of
the acclimation phase. In order to determine the effects of the ac-
climation conditions on the specific growth rates of the different
phytoplankton groups (diatoms, dinoflagellates, and flagellates),
a three-way ANOVA was used, with radiation acclimation, envi-
ronmental cluster and taxonomic group as factors. A two-way
ANOVA was used to determine the interactive effects of radiation
acclimation and environmental cluster on bacterioplankton
growth rates. A t-test was used to determine significant differ-
ences between present and future conditions at day 1 in the UVR
inhibition of phytoplankton and bacterioplankton production.

A post hoc Fisher LSD-test was used to identify which treat-
ments (or dates) were significantly different. Data were checked
for normality using the Kolmorov Smirnov test, while homosce-
dasticity was verified with Levene tests (Zar, 1999). When neces-
sary, data were transformed to fit the assumptions of parametric
tests; also, when necessary, error propagation was used.

Results

Solar irradiance conditions

The mean daily irradiances received by the microcosms during
the experimental period were 0.64 * 0.21, 22.30 = 6.92, and 165
+ 54,89 W m 2 for UV-B, UV-A, and PAR, respectively. The
mean daily doses for this period were 34, 1185 and 8794 kJ m 3
for UV-B, UV-A, and PAR, respectively. In general, clear skies
prevailed but some overcast was observed on 4 February.

Daily variations of the photochemical quantum yield

The daily variations of ®pgy (expressed as % of the initial ®pgyy)
showed similar trends under all treatments and dates (Figure 1),
with an initial decrease as soon as the exposure started and then
recovering during the afternoon. In all cases the recovery at the
end of the day was only partial as the ®pgy; percentages were
lower than 100%. Based on the daily cycles of ®pgy;, we calculated
the inhibition (k) and recovery (r) rates for each environmental
condition and treatment (Figure 2). There were no significant in-
teractive effects of radiation treatment X environmental condi-
tions X date on k and r, although there were significant effects of
date x radiation treatment, and date X environmental conditions
on k and r respectively (Table 1). The inhibition (k) decreased sig-
nificantly from the beginning of the experiment towards the end
of the acclimation phase (Figure 2). It is interesting to note that
at the start of the acclimation phase (t;), when samples were not
yet exposed to solar radiation in our experimental conditions,
samples receiving UVR (Figure 2a) were significantly more

Future

(a) Present (b)
100

80

+UVR

Photochemical quantum yield (%)
-UUVR

8§ 10 12 14 16 18 20 8 10 12 14 16 18 20

Local time (h)

Figure 1. Daily cycles of the effective photochemical quantum yield
(percentage of initial values of the day) of samples acclimated and
exposed to full solar radiation (+-UVR) or only PAR (—UVR) under
present or future conditions on 2 (t;), 4 (t3), and 6 (ts) February
2015. The symbols represent the mean values and the lines are the
sd. (n=3).

inhibited than those receiving only PAR (—UVR—Figure 2b).
However, as the acclimation phase progressed, there were no sig-
nificant differences between radiation treatment/environmental
conditions in the inhibition of ®pg;y. For recovery (r) we did not
find a clear trend along the experiment.

Phytoplankton carbon incorporation

The detailed wavelength dependence of the short-term effects of
solar UVR on phytoplankton carbon incorporation, assessed us-
ing BWFs (BWF,p,,) is shown in Figure 3. Solar UV-B had a
greater impact (i.e. higher biological weights) than UV-A and
PAR, for all treatments and experimental days. The radiation ef-
fects of the different wavelengths were similar for both environ-
mental conditions at the beginning of the experiment (Figure 3a).
At the end of the acclimation phase, however, the sensitivity of
phytoplankton decreased (Figure 3b), with samples under the
present condition having the lowest (+UVR,,.) and the highest
(—=UVR,,.) sensitivity within the UV-A region of the spectrum.
In the samples under the future condition the differences in sensi-
tivity were smaller among radiation treatments (i.e. +UVRg, and
—UVRy,,) at the end of the acclimation phase (Figure 3b).
Samples in the present condition, and acclimated to +UVR, were
the most sensitive under the lowest wavebands of UV-B, having
the highest biological weights.

In order to assess the overall short-term impact of solar UVR
on phytoplankton carbon incorporation, we compared the car-
bon incorporation rates of samples receiving the full solar radia-
tion spectrum—UVR + PAR (i.e. under WG280 filter)—with
those exposed only to PAR (i.e. under GG400 filter) (Figure 4).
There were no significant interactive effects between radiation
treatment and environmental conditions at the beginning (Figure
4a; Table 2), or among solar short-term UVR exposure, environ-
mental conditions and acclimation to solar radiation treatments
at the end of the experimental period (Table 2). There were, how-
ever, significant single effects of solar UVR inhibiting carbon in-
corporation rates at the beginning of the experiment (Figure 4a)
in both the present and future conditions. This inhibition of the
initial sample was significantly higher (#-test, p < 0.05) in the
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Figure 2. Inhibition (k, negative values) and recovery (r, positive
values) rates (in min~") of phytoplankton during the daily cycles of
samples acclimated and exposed to full solar radiation (+UVR) or
only PAR (—UVR) under present or future conditions on 2 (t,), 4
(t3), and 6 (ts) February 2015. The values are the mean and the s.d.
(n = 3). For inhibition, significant differences among treatments are
denoted by capital letters, whereas for recovery, significant
differences among treatments are denoted by lower case letters.

Table 1. Results from the two-way RM-ANOVA of the interactive
effects among solar radiation treatment (Rad), environmental cluster
(Env) and date on inhibition (k), and recovery rates (r) of the
effective photochemical quantum yield.

k r
dft  df2  Fypap P Faprapr P
Env 1 8 0.36 0.561 9.07 0.016
Rad 1 8 19.15 0.002 3.47 0.099
Env x Rad 1 8 0.29 0.605 0.13 0.730
Date 2 16 121.59 <0.001 15.66 <0.001
Date X Env 2 16 0.51 0.609 19.53 <0.001
Date x Rad 2 16 16.06 <0.001 2.09 0.156
Date x Env 2 16 0.09 0918 1.02 0.382
X Rad

Numbers in bold indicate significant effect on the variable considered.

present, with a decrease of ca. 1.44 + 0.32pg C cell ' h™}, as
compared to the future condition, that had a decrease of ca.
0.91 = 0.17pg C cell ™' h™". At the end of the experimental pe-
riod (Figure 4b), acclimation to full solar radiation (+UVR) re-
sulted in a significant decrease of the UVR inhibition, with values
of 32.69 * 8.16 and 40.35 = 10.66% for the present and future
conditions, respectively, as compared with the values of 74%
(%3.92) at the beginning of the experiment. In samples accli-
mated to —UVR, the UVR inhibition values were 70.26 = 6.30
and 58.11 *= 14.08% for the present and future conditions, re-
spectively. The lowest carbon incorporation rate at the end of the
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Figure 3. Mean BWF,., exposed to natural solar radiation under
six spectral treatments and two environmental conditions [present
(pre) vs. future (fut)]. (a) 2 February (Initial, t;), samples without
pre-acclimation. (b) 6 February (End, ts), samples pre-acclimated
with UVR (++UVR) or without UVR (—UVR) under present and
future environmental conditions. Biological weights are expressed in
w m72)71; the BWF data are normalized to 1 at 300 nm. The lines
are the results of the model output, while the vertical lines indicate
the 95% confidence limits of the model.

experiment was observed in the present condition, in samples ac-
climated to —UVR that was then exposed to the full solar radia-
tion spectrum (Figure 4b).

Phytoplankton size structure and growth

The initial water sample had a Chl-a concentration of 3.26 pg 17",
with a phytoplankton abundance of 15 x 10’ cells ml~", domi-
nated (ca. 98%) by unidentified flagellates (<10 pm). At the end
of the experiment, the community was still dominated by flagel-
lates in all treatments, although their dominance (i.e. % of the to-
tal cell abundance) decreased as compared to the initial
community, while that of diatoms increased (Figure 5a). These
differences in the relative dominance between diatoms and flagel-
lates were also observed in the specific growth rates (u—Figure
5b) with diatoms having higher p than that of flagellates and di-
noflagellates under all treatments. Under the present conditions
there were no significant differences in p between acclimations to
solar radiation for any of these groups, whereas under the future
condition, the p of diatoms and flagellates were higher under the
+UVR than under the —UVR acclimation (Figure 5b). There was
no interactive effect of environmental conditions x radiation
treatments X taxonomic group on phytoplankton growth rates,
although there was a significant interactive effect between envi-
ronmental conditions and radiation treatments (Table 3). Also,
and at the end of the experiment, there was a shift towards
smaller cells with area 5-20 pm? in samples acclimated to +UVR
in the future condition, while in the other cases there was little
change in the size structure of the community (Figure 5c¢).
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Solar UVR sensitivity of phyto- and bacterioplankton communities from Patagonian coastal waters
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Figure 4. Phytoplankton carbon incorporation rates (in pg C cell ™
h™") during short-term exposures of samples to UVR (full solar
radiation; under Schott filter WG280) or only to PAR (under Schott
filter GG400). (a) 2 February (Initial, t;), samples without pre-
acclimation. (b) 6 February (End, ts), samples pre-acclimated with
UVR (+UVR) or without UVR (—UVR) under present and future
environmental conditions. The values are the mean and the s.d.

(n = 3). Significant differences among treatments on initial day are
denoted by capital letters whereas at the end of the experiment
they are denoted by lowercase letters.

Table 2. Results from the two-way (2 February; t;) and the three-
way (6 February; ts) ANOVA of the interactive effects among short-
term solar radiation exposure treatment (Rad), environmental
cluster (Env), and acclimation to solar radiation (UVR) on
phytoplankton and bacterioplankton carbon incorporation.

Phytoplankton Bacterioplankton
t dft  df2 Fya P Faf1,an2 p
Env 1 8 28.350 <0.001 8.29 0.020
Rad 1 8 64391 <0.001 375.81 <0.001
Envxnv0 1 8 4.56 0.065 33.99 <0.001
ts dft  df2 Fypa P Fag1,ar2 p
Env 1 16 28.85 <0.001 15.56 0.001
UVR 1 16 20.79 <0.001 6.90 0.018
Rad 1 16 107.78 <0.001 22.64 <0.001
Env X UVR 1 16 1.98 0.178 0.70 0.416
Env x Rad 1 16 0.01 0.931 1.76 0.203
UVR x Rad 1 16 10.57 0.005 0.54 0.472
UVR x Env 1 16 1.31 0.268 0.00 0.954

X Rad

Numbers in bold indicate significant effect on the variable considered.

Heterotrophic bacterial production

At the beginning of the experiment (Figure 6a) UVR had an in-
hibitory effect on HBP, showing a similar pattern than the BWF
obtained by Wilhelm and Smith (2000) (lines 1 and 2). The in-
hibitory effect in the UV-A wavelengths was higher under the fu-
ture than under the present condition (Figure 6a) whereas similar
weights for both environmental conditions were obtained for the
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Figure 5. Changes in the phytoplankton community structure
along the experiment. (a) Percentages abundance of diatoms (white
bars), dinoflagellates (grey bars) and flagellates (black bars) on 2
February (Initial, t;) and on 6 February (End, ts) after acclimation
with UVR (+UVR) or without UVR (—UVR) under present and
future conditions. (b) Specific growth rates (d~') of diatoms (white
bars), dinoflagellates (grey bars) and flagellates (black bars)
acclimated to +UVR and —UVR under present and future
conditions. The values are the mean and the s.d. (n = 3). Significant
differences among treatments are denoted by capital letters.

(c) Relative frequency of particle sizes (in um?) at the initial (t;) and
final day of experimentation (ts). The symbols represent mean
values and error bars represent the s.d. (n = 3).

Table 3. Results from the three-way (phytoplankton) or two-way
ANOVA (bacterioplankton) of the interactive effects among
acclimation to solar radiation (UVR), environmental cluster (Env),
and group (in the case of phytoplankton: diatoms, flagellates or
dinoflagellates), on the specific growth rate of phytoplankton and
bacterioplankton based on cell abundance.

dft df2 Fynap P

Phytoplankton
Env 1 12 1493 0.002
UVR 1 12 7.83 0.016
Group 2 12 4025 <0.001
Env x UVR 1 12 11.65 0.005
Env x Group 2 12 0.36 0.703
UVR X Group 2 12 1.15 0.348
Env X Rad x Group 2 12 1.29 0.310
Bacterioplankton
Env 1 8 10219 <0.001
UVR 1 8 4.05 0.078
Env X UVR 1 8 9.59 0.014

Numbers in bold indicate significant effect on the variable considered.
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Figure 6. Mean BWF,,, exposed to natural solar radiation under
six spectral treatments and two environmental conditions [present
(pre) vs. future (fut)]. (a) 2 February (Initial, t;), samples without
pre-acclimation (expressed as inhibition). (b) 6 February (End, ts),
samples acclimated with UVR (++UVR) or without UVR (—UVR)
under present and future environmental conditions (expressed as
enhancement). Biological weights are expressed in (W m~2)"; the
BWEF data are normalized to 1 at 300 nm. The lines are the results of
the model output, while the vertical lines indicate the 95%
confidence limits of the model. Lines 1 and 2 are the BWFs
calculated from data published in Wilhelm and Smith (2000).

UV-B portion of the spectrum. However, at the end of the experi-
ment (Figure 6b) an opposite response, as compared to that of
the beginning, was observed with UVR having a stimulatory effect
(especially in the UV-B region) on HBP regardless the radiation
treatments. Thus in Figure 6b, BWFs are represented as enhance-
ment instead of inhibition. The samples acclimated to +UVR in
the future condition were in general the most enhanced, display-
ing the largest differences with other treatments in the UV-A
region.

There were significant short-term effects of solar UVR on HBP
(i.e., comparing samples receiving UVR + PAR—under WG280
filter, and only PAR—i.e. under GG400 filter) for both environ-
mental conditions (i.e. present and future) at the beginning of the
experiment (Figure 7a). The observed UVR inhibition was signifi-
cantly lower (#-test, p < 0.05) under the present (53.36 = 5.51%)
than under the future (73.92 * 5.31%) environmental condi-
tions. There was no significant interactive effect among solar
short-term UVR exposure, acclimation to solar radiation and en-
vironmental conditions at the end of the acclimation phase
(Table 2). However, at the end of the experiment, the bacterio-
plankton response reversed completely, having higher HBP in
samples receiving UVR (i.e. under WG280) than when receiving
only PAR (i.e. under GG400) for the present conditions (Figure
7b). The same trend was observed in samples under the future
conditions although this was not significant.

Bacterial growth

Bacterial abundance had an initial mean value of 2.46 x 10° cells
ml™". Results from ANOVAs showed interactive effects of the ra-
diation acclimation X environmental conditions on mean

C. Duran-Romero et al.
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Figure 7. Bacterioplankton productivity (in fg C cell ™' h™") during
short-term exposures of samples to UVR (full solar radiation; under
Schott filter WG280) or only to PAR (under Schott filter GG400). (a)
2 February (Initial, t;), samples without pre-acclimation. (b) 6
February (End, ts), samples acclimated with UVR (4+-UVR) or
without UVR (—UVR) under present and future environmental
conditions. The values are the mean and the s.d. (n = 3). Significant
differences among treatments on initial day are denoted by capital
letters whereas at the end of the experiment they are denoted by
lowercase letters.

bacterial growth rates (Table 2). In the future conditions, there
was a lag-phase of the bacterial growth under +UVR, so the bac-
terial growth rate was calculated on three days, whereas under
—UVR the lag-phase was absent and therefore bacterial growth
rate was calculated on 4 days. The rates were significantly lower
under the present than under the future condition (Figure 8);
moreover, under this later condition bacterial growth rates were
significantly lower in samples acclimated to +UVR than under
—UVR. This led to a lower bacterial abundance under the present
(mean value of present under +UVR and —UVR: 3.08 x 10° *
7.81 x 10* cells mlfl) than under the future conditions. Also, un-
der the future conditions, bacterial abundance was lower under
+UVR (6.97 x 10° % 2.03 x 10° cells ml™") than under —UVR
(1.63 x 10° = 1.83 x 10° cells ml ™).

Discussion

In this study, we assessed the short- (hours) and mid-term (days)
effects of solar UVR, before and after acclimation to two solar ra-
diation conditions (i.e. +UVR, and ~UVR), comparing present
with future conditions (i.e. scenario of increased nutrients and
lower pH) on both, phyto- and bacterioplankton from
Patagonian coastal waters, using as a model ecosystem the
Chubut river estuary. Our experiments were carried out during
summer, which is generally considered the post-bloom condition
for phytoplankton in mid-latitude coastal Patagonian waters
(Villafane et al., 2004). Summer conditions in our study site are
extreme for planktonic organisms, as they are exposed to the
highest temperatures and radiation levels (Helbling et al, 2010).
Moreover, the characteristic strong winds of this period carry
continental dust which in addition to the input of nutrients
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Figure 8. Specific growth rates (d~') of bacterioplankton
acclimated to +UVR and —UVR under present and future
environmental conditions. The values are the mean and the s.d.
(n = 3). Significant differences among treatments are denoted by
capital letters.

carried by the river (due to agricultural use of land, Helbling
et al, 1992) affect the chemical environment and thus the re-
sponses of planktonic communities to different variables
(Marcoval et al., 2008). Therefore, the conditions imposed in our
experiments represent the worst future case scenario for the vari-
ables used in our study.

In the phytoplankton community, the interaction of variables
considered in the future cluster (i.e. increase in nutrients and
acidification) with UVR led to significant changes towards
smaller diatom cells (Figure 5), with a decrease in the photo-
chemical inhibition as the acclimation progressed (Figure 2), re-
sulting in higher photosynthetic carbon fixation rates (Figure 4).
These results agree with previous studies (e.g. Mostajir et al,
1999) that showed a decrease in cell size under UVR exposure.
Also, the decrease of the inhibition of ®pg; as the acclimation
progressed, observed in both cluster conditions (Figure 2) has
been previously documented for tropical phytoplankton commu-
nities (Villafane et al., 2014) and for several species of diatoms
and dinoflagellates (Marcoval et al, 2007). Furthermore, our re-
sults also coincide with a previous cluster experiment (Villafane
et al., 2015) carried out by our group, where it was observed that
increased nutrients and acidification resulted in an increase of
carbon fixation rates as the acclimation progressed. An increase
in CO, availability, associated with a decrease in pH, could result
in down regulation of the cell carbon concentrating mechanisms,
reducing the energy costs of carbon incorporation (Raven, 1991)
and hence, in the absence of nutrient limitation, productivity
would increase. In our short-term exposures it was also observed
that samples acclimated to +UVR had higher carbon incorpora-
tion than those acclimated to —UVR when they were exposed to
UVR (Figures 3 and 4), although some UVR impact was still ob-
served. Thus, the acclimation conditions overall increased the
phytoplankton performance as seen in another study (Villafane
et al, 2015), resulting in acclimated cells and change in species
composition (Figure 5) that can better cope with solar UVR and
the imposed future conditions.

In the case of bacterioplankton, there was a clear inhibition of
HBP due to UVR at the beginning of our experiments (Figures 6
and 7) and the initial BWF,,,, agreed with previous ones obtained
by Wilhelm and Smith (2000). However, at the end of the experi-
ment, the bacterioplankton response reversed completely and
HBP was enhanced under UVR exposure, especially in the present
cluster condition (Figure 7b). This trend of enhancement of HBP
was also observed in the future cluster condition although it was
not significant. It is important to note that the different clusters
had a significant impact on bacteria growth (Figure 8) which was

increased in the future condition. However, since we quantified
net bacterial growth, we cannot rule out changes in bacterivory or
virus lysis due to the experimental treatments (McKie-Krisberg
and Sanders, 2014; Motegi et al., 2015) as a potential influence on
bacterial community development. Even though at the end of the
experiment the HBP per cell was rather similar among the envi-
ronmental conditions (Figure 7b), the total HBP was significantly
higher in the future condition than in the present, because of the
higher amount of cells in the former. Despite the well described
direct negative effects of UVR on several bacterioplankton cell
targets (e.g. DNA—see review of Ruiz-Gonzalez ef al., 2013) it is
also important to consider the indirect effects caused by phyto-
plankton or by photolysis of DOM (Wilhelm and Smith, 2000).
Excretion of organic carbon by phytoplankton (EOC) can be
stimulated by UVR as a mechanism of reduction of algal physio-
logical stress (Carrillo ef al., 2008), and this form of carbon is pre-
ferred than others sources of carbon by bacterioplankton
(Kritzberg et al., 2005). Thus, changes in EOC and/or photolysis
of recalcitrant DOM into smaller molecules might have more im-
portant effects on the bacterioplankton metabolism than the di-
rect UVR effects. Therefore, and although in our experimental
approach we did not focus on the indirect effects of DOM or
EOC on UVR sensitivity and its utilization by bacteria, one of the
possible causes of the beneficial effects of UVR on bacteria at the
end of the acclimation period might be due to the release of EOC
by phytoplankton (especially in the future condition) as shown in
other studies (Carrillo ef al., 2015). Unfortunately, logistic prob-
lems precluded us to obtain data on EOC in our experiments.
One of our main findings about the responses of bacteria over
mid-term periods refers to the stimulation of their growth under
future conditions. Acidification has been found to stimulate bac-
terial growth (Grossart et al., 2006) by increasing the efficiency of
extracellular enzymes such as leucine aminopeptidase (Piontek
et al., 2013; Endres et al., 2014) and the incorporation of free-
aminoacids (Grossart et al., 2006) which might contribute to in-
crease the bacterial abundance. Also, a higher production of
transparent exopolymer particles under elevated CO, conditions
(Endres et al., 2014) and nutrients (Galgani et al., 2014) might
contribute to the stimulation of bacterial growth. Thus, a higher
availability of organic carbon sources, besides higher inorganic
nutrient availability, might be an explanation for the stimulation
on specific growth rates of the bacterioplankton community
found under future conditions in our study. Part of the stimula-
tion of the bacteria growth observed under future conditions
might be also due to taxonomic changes in the bacterial commu-
nity along the experiment due to UVR exposure (Manrique et al,
2012) as well as nutrients and acidification (Baltar et al., 2015).
Summarizing, our results show that future conditions do not
completely mitigate the UVR negative effects on phytoplankton,
but reversed the effects of this waveband on bacterioplankton
along the experiment, although this latter response might be
largely influenced by indirect effects of UVR. Extrapolating the
results from a mid-term experiment to a gradual and long-term
process such as ocean acidification, might led to some uncertain-
ties. However, our short- and mid-term results show the initial
steps of response trends of phyto- and bacterioplankton to future
disturbances, helping us to understand the acclimation mecha-
nisms and changes in trophic relationships of these organisms.
Thus, under future conditions of global change, UVR would have
a key role in shaping the plankton community structure towards
smaller cells i.e. by a reduction in phytoplankton cell sizes and an
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increase in bacterioplankton abundance. On the one hand,
changes in phytoplankton size would influence the carbon flux by
changing grazing rates of zooplankton which in turn would affect
growth rates of secondary consumers. On the other hand, the
EOC released from more productive phytoplankton, although
sensitive to UVR, would be channeled into the microbial loop by
less UVR-sensitive bacterioplankton with higher growth rates.
This might enhance the microbial carbon pump, biochemically
transforming simple organic compounds to more recalcitrant car-
bon forms, and transferring carbon to non-bioavailable carbon
reservoir (Legendre et al, 2015). Although our results provide a
first line of evidence for the study site of potential shifts in the
microbial loop functioning under the tested conditions, further
studies considering indirect effects and trophic relationships
should also be performed.
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