
Citation: Barbosa, A.B.; Mosley, B.A.;

Galvão, H.M.; Domingues, R.B.

Short-Term Effects of Climate Change

on Planktonic Heterotrophic

Prokaryotes in a Temperate Coastal

Lagoon: Temperature Is Good,

Ultraviolet Radiation Is Bad, and CO2

Is Neutral. Microorganisms 2023, 11,

2559. https://doi.org/10.3390/

microorganisms11102559

Academic Editors: Joana Barcelos

e Ramos and Susana Isabel

Chaves Ribeiro

Received: 30 August 2023

Revised: 5 October 2023

Accepted: 12 October 2023

Published: 14 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

microorganisms

Article

Short-Term Effects of Climate Change on Planktonic
Heterotrophic Prokaryotes in a Temperate Coastal Lagoon:
Temperature Is Good, Ultraviolet Radiation Is Bad, and CO2
Is Neutral
Ana B. Barbosa , Benjamin A. Mosley, Helena M. Galvão and Rita B. Domingues *

CIMA—Centre for Marine and Environmental Research & ARNET—Infrastructure Network in Aquatic Research,
Campus de Gambelas, University of Algarve, 8005-139 Faro, Portugal
* Correspondence: rbdomingues@ualg.pt

Abstract: Planktonic heterotrophic prokaryotes (HProks) are a pivotal functional group in marine
ecosystems and are highly sensitive to environmental variability and climate change. This study
aimed to investigate the short-term effects of increasing carbon dioxide (CO2), ultraviolet radiation
(UVR), and temperature on natural assemblages of HProks in the Ria Formosa coastal lagoon during
winter. Two multi-stressor microcosm experiments were used to evaluate the isolated and combined
effects of these environmental changes on HProk abundance, production, growth, and mortality
rates. The isolated and combined effects of increased CO2 on HProks were not significant. However,
HProk production, cellular activity, instantaneous growth rate, and mortality rate were negatively
influenced by elevated UVR and positively influenced by warming. Stronger effects were detected
on HProk mortality in relation to specific growth rate, leading to higher HProk net growth rates and
abundance under elevated UVR and lower values under warming conditions.

Keywords: acidification; ultraviolet radiation; warming; heterotrophic prokaryotes; growth; mortality

1. Introduction

Following an anthropogenically derived increase in the rate of climate change in the
20th century, concerns are mounting regarding the impact that this will have on marine
ecosystems, at both local and global levels. Anthropogenically enhanced climate change
has contributed to sea surface warming, intensified upper ocean stratification, increased
CO2 levels, and consequential ocean acidification [1,2]. Other climate change impacts
include alterations in irradiance from changing cloud cover or reducing ice sheets and
higher ultraviolet irradiance from ozone depletion brought on by the increase in greenhouse
gases [3,4].

Heterotrophic prokaryotes (HProks) are key components of marine pelagic food webs,
being responsible for the transformation of non-living dissolved and particulate organic
matter into living biomass and representing a large fraction of secondary production and
a trophic link to metazoans [5]. They rapidly respond to environmental changes, and the
impact of climate change on marine ecosystems will heavily depend on the responses
of HProks and other marine microbes [6]. However, the prediction of climate change
impacts on HProks is a challenging task, since climate-related environmental changes act
directly and indirectly on HProks, affecting both bottom-up controls (i.e., growth regulation)
and top-down controls (i.e., mortality regulation), sometimes with apparently contrasting
outcomes [7]. Furthermore, multiple lines of evidence show that concurrent environmental
changes may have interactive, synergistic, or antagonistic effects on marine microbes, thus
generating variable responses [8,9].

Temperature is a key determinant of metabolic rates, and experimental warming has
been associated with the direct stimulation of HProk growth rates and production [2].
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In fact, shifts towards smaller [10], more heterotrophic, bacteria-based food webs [11,12]
have been reported under warming scenarios. However, the influence of temperature
on HProks is context-dependent, being modulated by other environmental conditions,
including substrate availability [13,14], and indirectly affected by the warming impacts
on nutrient availability, phytoplankton activity [7] and HProk mortality. In fact, the direct
stimulation of predator activity or the influence of trophic cascades has been used to
support detrimental effects of experimental warming on HProks [7,15,16] and supports the
need to use natural communities to evaluate the impacts of climate change [12,17].

In contrast with warming, the effects of increased CO2 on HProks are usually con-
sidered mostly indirect and related to the stimulation of phytoplankton activity and sub-
sequent exudation of dissolved organic matter [18]. This apparent resiliency can also be
explained by more efficient pH regulatory mechanisms [2]. However, data on the responses
of HProks to experimental acidification are not consistent; sometimes, contrasting responses
have also been reported in micro- and mesocosm experiments. These variable outcomes, a
result of the integrated responses of HProks, phytoplankton, phagotrophic protists, and
viruses, constrain the discrimination of direct and indirect effects of acidification on HProks,
limiting their prediction [11,18–20].

Heterotrophic prokaryotes are amongst the most sensitive organisms to UVR stress
due to their high surface to volume ratio, low internal self-shading due to small cell sizes,
and lack of photoprotective pigments, which are widespread among phytoplankton [21,22].
However, as for warming and acidification, experimental results have reported contrasting
effects of elevated UVR on HProks, including direct inhibition due to HProk cell damage
or indirect reductions in phytoplankton production, minor effects, and stimulation due
to indirect photochemical processes improving DOM lability [23,24] or UVR-mediated
reductions in HProk mortality [25,26].

HProk responses to climate change are therefore complex, context-dependent, shaped
by natural environmental conditions and communities, and very difficult to generalize to
specific ecosystems such as the Ria Formosa, a shallow, multi-inlet, coastal lagoon system
situated on the south coast of Portugal. This productive ecosystem is responsible for about
90% of the Portuguese bivalve production, showing high ecological and socio-economic rel-
evance [27]. However, the Ria Formosa is subjected to various anthropogenic stressors [28]
and is located in an area particularly susceptible to climate change [29]. Previous studies
addressing climate change impacts on planktonic microbes in the Ria Formosa lagoon have
evaluated the short-term effects of isolated and combined changes in sea surface tempera-
ture, CO2, and UVR on phytoplankton and microzooplankton grazers [30–32]. However,
no information is currently available on the influence of climate change on heterotrophic
prokaryotes, a critical functional group in this lagoon system [27,33]. In this context, the
current study aimed to evaluate the short-term effects of increasing temperature, CO2,
and UVR on natural assemblages of heterotrophic prokaryotes in the Ria Formosa coastal
lagoon during the colder, winter period. Two multi-stressor microcosm experiments were
used for evaluating the isolated and combined effects of the aforementioned environmental
changes on HProk abundance, production, cell-specific activity, specific and net growth
rates, and mortality. The working hypothesis, therefore, is that HProk assemblages will
benefit from an increase in seawater temperature and UVR, with some potential counter-
acting effects of CO2 increase. Overall, it is expected that changing these environmental
stressors will benefit the HProk assemblages.

2. Materials and Methods
2.1. Study Site

The Ria Formosa lagoon is a shallow (mean depth = 2 m), euryhaline, multi-inlet
coastal lagoon system located on the southern coast of Portugal, separated from the At-
lantic Ocean by sandy barrier islands and peninsulas (Figure 1). Tides are mesotidal and
semidiurnal, and the water column is well mixed, with no significant haline or thermal
stratification. The adjacent coastal region is affected by regular upwelling events whose
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effects may extend up to 6 km upstream through lagoon inlets [34]. This system is subjected
to a Mediterranean climate, with hot, dry summers, and mild winters, and located in a
region extremely vulnerable to climate change [29].

Microorganisms 2023, 11, x FOR PEER REVIEW 3 of 18 
 

 

2. Materials and Methods 

2.1. Study Site 

The Ria Formosa lagoon is a shallow (mean depth = 2 m), euryhaline, multi-inlet 

coastal lagoon system located on the southern coast of Portugal, separated from the At-

lantic Ocean by sandy barrier islands and peninsulas (Figure 1). Tides are mesotidal and 

semidiurnal, and the water column is well mixed, with no significant haline or thermal 

stratification. The adjacent coastal region is affected by regular upwelling events whose 

effects may extend up to 6 km upstream through lagoon inlets [34]. This system is sub-

jected to a Mediterranean climate, with hot, dry summers, and mild winters, and located 

in a region extremely vulnerable to climate change [29]. 

 

Figure 1. Location of Ria Formosa coastal lagoon system and sampling site (red circle) (made using 

QGIS 3.18). 

2.2. Sampling and Experimental Setup 

Two experiments were carried out using water samples collected in the winter (January–

February 2012) at an inner location of the Ria Formosa lagoon. For both experiments, sub-

surface water samples were collected using 10 L polycarbonate bottles, at low tide, to minimize 

the influence of the adjacent coastal waters. Water temperature was measured in situ using a 

YSI 30 probe (Yellow Spring Instruments, Yellow Springs, OH, USA). Water samples used in 

the experiments were not pre-screened to remove grazers, given that this procedure also re-

moves phytoplankton and phagotrophic protists, increasing the problems associated with the 

extrapolation of results to the natural ecosystem [35]. 

Experiment 1 was conducted on 23–25 January 2012 and tested the effects of increases 

in CO2 and UVR on natural assemblages of HProks. Water samples were transferred to 

translucent 4.5 L UVR-transparent LDPE cubitainers (Nalgene I-Chem Certified Series; 

Thermo Fisher Scientific, Waltham, MA, USA), with a diffusive CO2 loss of 2.9 Pa d–1 [36]. 

A multifactorial experimental regime was prepared, with two spectral treatments (Photo-

synthetic Available Radiation [PAR] and PAR+UVR) and two CO2 treatments (ambient 

CO2 and high CO2). For the spectral treatment PAR+UVR, cubitainers were covered with 

a fishing net that allowed the transmission of 86% of incident solar radiation. For the spec-

tral treatment PAR, cubitainers were covered with a UV-absorbing film (Llumar SHE ER 

Figure 1. Location of Ria Formosa coastal lagoon system and sampling site (red circle) (made using
QGIS 3.18).

2.2. Sampling and Experimental Setup

Two experiments were carried out using water samples collected in the winter (January–
February 2012) at an inner location of the Ria Formosa lagoon. For both experiments,
sub-surface water samples were collected using 10 L polycarbonate bottles, at low tide, to
minimize the influence of the adjacent coastal waters. Water temperature was measured in
situ using a YSI 30 probe (Yellow Spring Instruments, Yellow Springs, OH, USA). Water
samples used in the experiments were not pre-screened to remove grazers, given that this
procedure also removes phytoplankton and phagotrophic protists, increasing the problems
associated with the extrapolation of results to the natural ecosystem [35].

Experiment 1 was conducted on 23–25 January 2012 and tested the effects of increases
in CO2 and UVR on natural assemblages of HProks. Water samples were transferred to
translucent 4.5 L UVR-transparent LDPE cubitainers (Nalgene I-Chem Certified Series;
Thermo Fisher Scientific, Waltham, MA, USA), with a diffusive CO2 loss of 2.9 Pa d–1 [36].
A multifactorial experimental regime was prepared, with two spectral treatments (Photo-
synthetic Available Radiation [PAR] and PAR+UVR) and two CO2 treatments (ambient
CO2 and high CO2). For the spectral treatment PAR+UVR, cubitainers were covered with
a fishing net that allowed the transmission of 86% of incident solar radiation. For the
spectral treatment PAR, cubitainers were covered with a UV-absorbing film (Llumar SHE
ER PS7) that allowed the transmission of 87% of incident PAR and eliminated >99% of
UVR. PAR intensity was measured with a LI-COR LI-193 spherical underwater quantum
sensor. The high CO2 treatment was prepared by adding CO3

2– (as Na2CO3), HCO3
– (as

NaHCO3), and HCl 0.01 N to increase CO2 partial pressure (pCO2) to the levels expected
for the year 2100, according to [37]. pCO2 was estimated using the Seacarb package for
R (https://www.r-project.org/, accessed 5 June 2023) [38]. Alkalinity, determined by
titration [39], and pH, measured with a pH meter (VWR pHenomenal pH1000L, Avan-
tor, Radnor, PA, USA), were used as input variables. At the beginning of incubation,
pCO2 and pH values were 435.1 µatm and 8.1 in the ambient CO2 treatments; and they

https://www.r-project.org/
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were 712.1 µatm and 7.9 in the high CO2 treatments. At the end of incubation, values
for the ambient CO2 treatments were 384.0 ± 21.0 µatm and 8.1 ± 0.0; and they were
648.1 ± 21.0 µatm and 7.9 ± 0.0 for the high CO2 treatments.

Four different experimental treatments, prepared in triplicate and incubated outdoors
for 48 h inside a tank filled with water, were thus obtained: control (ambient CO2, PAR
only), CO2 (high CO2, PAR only), UVR (ambient CO2, PAR+UVR), and CO2+UVR (high
CO2, PAR+UVR). At the beginning and end of incubation, water samples were collected
for all treatments and replicates for the determination of pH, alkalinity, and abundance of
HProks. The net production of HProks was also determined at the end of the experiment.

Experiment 2 was carried out on 6–8 February 2012 and tested the effects of acidi-
fication and warming on natural assemblages of HProks. A multifactorial regime was
prepared, with two CO2 treatments (ambient CO2 and high CO2) and two temperature (T)
treatments (in situ T and high T). The high CO2 treatments were prepared as described
above. At the beginning of incubation, pCO2 and pH values were 389.7 ± 77.0 µatm and
8.1 ± 0.1 in the ambient CO2 treatments; and they were 712.3 ± 82.8 µatm and 7.9 ± 0.0 in
the high CO2 treatments. At the end of incubation, values for the ambient CO2 treatments
were 379.4 ± 15.5 µatm and 8.1 ± 0.0; and they were 719.0 ± 59.2 µatm and 7.9 ± 0.0 for
the high CO2 treatments. Each CO2 treatment was incubated under two different tempera-
tures, using a plant growth chamber (Fitoclima S600, Aralab, Rio de Mouro, Portugal) with
controlled temperature: ambient T at 10 ◦C and high T at 13 ◦C, based on predictions for
the southern coast of Portugal to be reached by 2080–2100 [40].

Four different experimental treatments, prepared in triplicate in 2 L polycarbonate
bottles (Nalgene), were thus obtained: control (ambient CO2, in situ T), CO2 (high CO2, in
situ T), T (ambient CO2, high T), and CO2+T (high CO2, high T). Aliquots were collected
at the beginning and end (after 48 h) of incubation for the determination of pH, alkalinity,
and abundance of HProks. The net production of HProks was also determined at the end
of the experiment.

No nutrients were added to any of the experiments, as we did not expect nutrient
limitation in the Ria Formosa coastal lagoon during winter [41]. In both experiments,
experimental units (cubitainers or polycarbonate bottles) were manually homogenized
twice per day to prevent settlement of cells. All material used in the sampling and exper-
imental procedures was previously washed with HCl 10% and thoroughly rinsed with
deionized water.

2.3. Analytical Methods

The abundance of HProks was determined using epifluorescence microscopy, follow-
ing [42]. Samples were preserved with particle-free glutaraldehyde 25% (final concentration
0.2%) immediately after collection and refrigerated until processed. Within 48 h of sam-
pling, samples were filtered (<100 mm Hg) onto 0.2 µm of black polycarbonate membrane
filters, mounted on 0.45 µm cellulose acetate backing filters, and stained with acridine
orange. Slides were prepared using glass slides and non-fluorescent immersion oil (Cargille
Type A); then, they were frozen (−20 ◦C) until analysis. Observation was made with a
Leica DM LB epifluorescence microscope (Wetzlar, Germany), equipped with blue and
green light, at 1250× magnification. A minimum of 50 random visual fields, and at least
400 cells, were enumerated for each slide. The biovolume of HProk cells was estimated
according to [43], and cell volume (CV, µm3 cell−1) was used to estimate cell carbon content
(CC, fgC cell−1) as,

CC = 0.12 × CV0.72

using the allometric relationship of [44]. The abundance and mean cell carbon content were
used to estimate the biomass of HProks (HProkB).

HProk (carbon) production (HProkP) was determined using the incorporation of
14C-leucine [45]. Three sample aliquots, plus three formaldehyde-killed blanks (2% final
concentration), were inoculated with 14C-leucine (specific activity 304 mCi mmol–1, Amer-
sham, 60 nM final concentration), and incubated in the dark, for 2 h, at in situ temperature.
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The incubation was stopped with the addition of formaldehyde (2% final concentration),
and samples and blanks were filtered onto 0.2 µm cellulose nitrate membrane filters and
rinsed five times with 5% ice-cold trichloracetic acid (TCA). Dry filters were transferred to
scintillation vials with scintillation cocktail (UniverSolTM, MP Biomedicals, Santa Ana, CA,
USA), and radioactivity was measured on a liquid scintillation counter (Beckman). The
disintegrations per minute (DPM) of blanks was subtracted from the mean DPM of the
respective samples, and the resultant was used to estimate leucine incorporation rates into
the TCA-insoluble fraction. Leucine incorporation rates normalized to HProk abundance
were used as an index of cell-specific activity [46]. Since no empirical leucine-to-carbon
conversion factors are available for the study area, a theoretical value of 1.5 kg C mol
leucine−1 was used for converting leucine uptake rates into HProk carbon production [47].

2.4. Data Analysis

Specific instantaneous growth rates of HProk assemblages (SGR, d–1) were estimated
using HProk biomass (µg C L–1) and net production (µg C L−1 d−1) data, assuming
exponential growth, according to [46]:

SGR = ln
(

1 +
(

HProkP
HprokB

))
Net growth rates (NGR, d−1) of Hproks were calculated assuming exponential growth, as

NGR =
ln Nt − ln N0

t

where Nt and N0 represent the abundance at the end and at the beginning of the experiment,
and t is the incubation time (2 days for both experiments). Assemblage growth rates should
be considered conservative due to the presence of dead or metabolically inactive cells
(e.g., [48]). Mortality rates (MR, d−1) of Hprok assemblage were indirectly estimated, for
each experimental treatment and replicate, as the difference between the SGR and the
NGR [49].

Statistical analysis was carried out by first assessing data normality and homogeneity
of variances, tested with Shapiro–Wilk and Levene’s tests, respectively. As the assumptions
were met, two-way analysis of variance (two-way ANOVA) was used to assess the main
effects of the independent variables (CO2 and UVR for experiment 1, and CO2 and T for
experiment 2) and interaction effects (CO2 × UVR and CO2 × T) upon Hprok abundance,
biomass, production, cellular activity, NGR, SGR, and MR. Effect sizes were assessed
using omega-squared statistics (ωG

2), which indicates the percentage of variation in the
dependent variable attributable to the independent variable [50,51]. Generalized partial
ωG

2 values > 0.70 were considered indicative of large effects sizes. All statistical analyses
were performed with IBM SPSS® Statistics v. 28 software (Armonk, NY, USA), considering
a 0.05 significance level.

3. Results

The effects of manipulation of levels of CO2 and UVR (experiment 1) and CO2 and
temperature (experiment 2) on natural assemblages of Hproks, collected in the Ria Formosa
coastal lagoon, were tested in two experiments conducted during winter (January–February
2012), undertaken approximately 10 days apart. At the beginning of experiment 1, the water
temperature at the sampling site was 13 ◦C, the chlorophyll a concentration was 0.9 µg L−1,
and the Hprok abundance and biomass were 1.11 × 109 cell L−1 and 44.3 µg C L−1, re-
spectively. Under ambient conditions, average Hprok abundance, biomass, and carbon
production were 8.53 × 108 cell L−1, 21.90 µg C L−1, and 64.28 µg C L−1 d−1, respectively.
The Hprok specific instantaneous growth (SGR) rate and mortality rate (MR) were 1.32 d−1

and 1.44 d−1, with a MR:SGR ratio of 1.09 (Table 1). The individual effects of CO2 enrich-
ment were not significant for most of the Hprok variables analyzed (Figure 2, Table 2),
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except for mortality rate, but had a small effect size (p = 0.033,ωG
2 = 0.05) in relation to the

control. In contrast, exposure to increased UVR was associated with significant changes in
all Hprok variables. Comparing with the control (ambient CO2 and UVR levels), individual
exposure to increased UVR was associated with significantly lower Hprok production,
cellular activity (leucine incorporation per cell), specific instantaneous growth rate, and
mortality rates, but higher Hprok abundance and net growth rates (Figure 2, Tables 1 and 2).
Significant interactive effects of increased CO2 and UVR were detected only for Hprok
abundance and net growth rate, with higher values for both variables under combined
CO2 and UVR, but with low effect sizes (p < 0.05,ωG

2 < 0.11).

Table 1. Mean values (± standard deviations or errors) for net bacterial production (µg C L−1 d−1),
cellular activity (×10−9 nmol leucine cell−1 d−1), specific growth rate (SGR, d−1), net growth rate
(NGR, d−1), mortality rate (MR, d−1), and chlorophyll a concentration (µg L−1) in the different
experimental treatments for experiment 1.

Net Production Cellular Activity SGR NGR MR Chla

control 64.282 ± 4.638 47.330 ± 6.171 1.321 ± 0.094 −0.120 ± 0.052 1.441 ± 0.147 2.031 ± 0.381
CO2 58.280 ± 7.106 49.543 ± 5.635 1.237 ± 0.094 −0.160 ± 0.004 1.396 ± 0.035 2.863 ± 0.530
UVR 36.458 ± 1.153 21.820 ± 1.342 0.757 ± 0.059 0.018 ± 0.045 0.740 ± 0.098 3.232 ± 0.522
CO2+UVR 32.649 ± 4.694 13.862 ± 2.681 0.458 ± 0.092 0.198 ± 0.033 0.293 ± 0.043 3.047 ± 0.744
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Figure 2. Effects of experimental manipulation of levels of CO2 partial pressure (CO2) and ultraviolet
radiation (UVR), isolated and combined, on winter assemblages of planktonic heterotrophic prokaryotes
(HProk) in the Ria Formosa coastal lagoon system. (A) cellular activity (×10–9 nmol leucine cell–1 d–1),
and production rates (µg C L–1 d–1); and (B) net growth rates (NGR, d–1), specific instantaneous growth
rates (SGR, d–1), and mortality rates (MR, d–1). Vertical lines represent ±1 standard error.
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Table 2. Two-way ANOVA results, with p-values (p) and generalized partial omega squared effect size
values (ωG

2) for the main effects of increased CO2 partial pressure (CO2), ultraviolet radiation (UVR),
and interactions between these variables (CO2 × UVR) on the abundance, biomass, mean cell volume,
carbon production rates, cellular activity (leucine uptake rates per cell), specific instantaneous growth
rates (SGR), net growth rates (NGR), and mortality rates of planktonic heterotrophic prokaryotes in
the Ria Formosa lagoon system during winter. Significant differences (p < 0.05) and large effect sizes
(ωG

2 > 0.70) are highlighted in bold. ΩG
2 values not shown for non-significant p-values (>0.05).

CO2 UVR CO2 × UVR

p ωG
2 p ωG

2 p ωG
2

Abundance 0.092 - 0.002 0.56 0.036 0.13
Biomass 0.071 - 0.011 0.40 0.106 -
Net production 0.124 - 0.003 0.48 0.364 -
Cellular activity 0.463 - <0.001 0.86 0.215 -
Specific growth rate 0.054 - <0.001 0.80 0.228 -
Net growth rate 0.136 - <0.001 0.63 0.036 0.11
Mortality rate 0.033 0.05 <0.001 0.81 0.064 -

At the beginning of experiment 2, water temperature at the sampling site was 10 ◦C,
chlorophyll a concentration was 2.9 µg L−1, and Hprok abundance and biomass were
2.43 × 109 cell L−1 and 106.1 µg C L−1, respectively. Under ambient conditions, average
Hprok abundance, biomass, and carbon production were 3.49 × 109 cell L−1, 116.72 µg
C L−1, and 68.65 µg C L−1 d−1, respectively. The Hprok specific instantaneous growth
(SGR) rate and mortality rate (MR) were 0.48 d−1 and 0.31 d−1, with a MR:SGR ratio of
0.27 (Table 3). The individual effects of CO2 enrichment were not significant for any of
the Hprok variables analyzed against the control (Figure 3, Table 4). In contrast, warming
was associated with significant changes in all Hprok variables. In relation to the control
(ambient CO2 and temperature levels), individual exposure to warming (+3 ◦C) induced
an increase in Hprok production, cellular activity, specific instantaneous growth rate, and
mortality rate, but a decrease in Hprok abundance and net growth rate (Figure 3A,B,
Tables 3 and 4). No significant interactive effects of increased CO2 and warming were
detected for any of the Hprok variables tested (Table 4).

Table 3. Mean values (± standard deviations or errors) for net bacterial production (µg C L−1 d−1),
cellular activity (×10−9 nmol leucine cell−1 d−1), specific growth rate (SGR, d−1), net growth rate
(NGR, d−1), mortality rate (MR, d−1), and chlorophyll a concentration (µg L−1) in the different
experimental treatments for experiment 2.

Net Production Cellular Activity SGR NGR MR Chla

control 68.650 ± 5.601 13.368 ± 1.588 0.484 ± 0.068 0.177 ± 0.055 0.307 ± 0.122 2.401 ± 0.261
CO2 59.624 ± 6.665 9.949 ± 0.004 0.409 ± 0.032 0.187 ± 0.069 0.162 ± 0.088 1.939 ± 0.423
T 91.987 ± 8.331 29.765 ± 5.587 1.006 ± 0.122 −0.115 ± 0.067 1.121 ± 0.185 1.829 ± 0.966
CO2+T 81.029 ± 6.387 23.749 ± 3.977 0.891 ± 0.044 −0.068 ± 0.043 0.959 ± 0.080 2.863 ± 0.591
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Figure 3. Effects of experimental manipulation of CO2 partial pressure (CO2) and water temperature
(T), isolated and combined, on winter assemblages of planktonic heterotrophic prokaryotes (Hprok)
in the Ria Formosa coastal lagoon system. (A) cellular activity (×10−9 nmol leucine cell–1 d–1), and
carbon production rates (µg C L–1 d–1); and (B) net growth rates (NGR, d–1), specific instantaneous
growth rates (SGR, d–1), and mortality rates (MR, d–1). Vertical lines represent ± 1 standard error.

Table 4. Two-way ANOVA results, with p-values (p) and generalized partial omega squared effect
size values (ωG

2) for the main effects of increased CO2 partial pressure (CO2), warming (T), and
interactions between these variables (CO2 × T) on the abundance, biomass, mean cell volume, net
production rates, cellular activity (leucine uptake rate per cell), specific instantaneous growth rates
(SGR), net growth rates (NGR), and mortality rates of planktonic heterotrophic prokaryotes in the
Ria Formosa lagoon system during winter. Significant differences (p < 0.05) and large effect sizes
(ωG

2 > 0.70) are highlighted in bold. ωG
2 values are not shown for non-significant p-values (>0.05).

CO2 T CO2 × T

p ωG
2 p ωG

2 p ωG
2

Abundance 0.705 - 0.006 0.55 0.894 -
Biomass 0.694 - 0.014 0.45 0.622 -
Net Production 0.202 - 0.016 0.46 0.895 -
Cell activity 0.276 - 0.007 0.56 0.754 -
Specific growth rate 0.294 - <0.001 0.77 0.819 -
Net growth rate 0.648 - 0.002 0.66 0.760 -
Mortality rate 0.299 - <0.001 0.77 0.954 -

4. Discussion

Our study used two short-term (2-day) microcosm experiments to evaluate the re-
sponses of natural winter HProk assemblages to abrupt perturbations in CO2, UVR, and
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temperature in the Ria Formosa coastal lagoon. Isolated increases in CO2 showed no effect
on HProk assemblages, but when combined with increased UVR, the two variables showed
a modest synergistic interactive effect on the net growth rates. Exposure to increased
UVR led to significant declines in most HProk variables, whereas warming enhanced most
HProk variables.

4.1. Ambient Conditions

Under ambient conditions, average HProk abundance, biomass, and carbon produc-
tion values were similar to those typically reported for coastal systems, including the Ria
Formosa [27,33,52] and other coastal lagoons [12,15,53]. The HProk specific instantaneous
growth rates and mortality rates were also within the range of values reported for whole
HProks in coastal lagoon systems [12,54]. A relatively high MR:SGR ratio, a proxy for
global top-down control, pointed to a close coupling between HProk growth and mortal-
ity processes, usually dominated by phagotrophic protists predation and viral lysis, as
previously referred for the Ria Formosa [33] and other coastal lagoon systems [12,53].

4.2. Effects of Increased CO2 on Heterotrophic Prokaryotes

The exposure of winter HProk assemblages to isolated increases in CO2 levels or com-
bined with higher UVR (experiment 1) or higher temperature (experiment 2), showed no
significant effects on HProk abundance, production, cellular activity, and SGR in relation to
ambient CO2. This apparent resistance of the HProk assemblage to rapid acidification may
be due to their natural acclimation to highly variable CO2 levels in the Ria Formosa lagoon,
at both diel and seasonal scales, as usually referred for other coastal ecosystems [55,56]. The
apparent lack of acidification effects on HProk abundance, production, or species composi-
tion in micro- and mesocosm manipulative experiments were reported for various coastal
systems [57–64]. Yet, the lack of CO2 effects on HProk assemblages does not preclude the
existence of species-specific responses [65,66]. Indeed, shifts in HProk species composition
under elevated CO2 [66,67], enhanced expression of genes encoding proton pumps [68],
and reductions in growth efficiency [69], in some cases without parallel changes in HProk
abundance or production, have been documented.

Significant, and sometimes contrasting, effects of increased CO2 on marine HProk have
also been reported in previous micro- and mesocosm experiments. These variable outcomes
represent the integration of CO2 responses of HProk, phytoplankton, phagotrophic protists,
and viruses, and direct and indirect effects on HProk are difficult to discriminate [11,18–20].
Increases in HProk production, cell-specific production, or enzyme activity under increased
CO2 have been considered an indirect response, due to enhanced phytoplankton produc-
tion and/or availability of organic matter [47,70–72]. During our two experiments, high
CO2 benefited only diatoms, but showed no significant effects on phytoplankton produc-
tion [30,32]; thus, this indirect stimulatory effect was probably not relevant. Direct positive
acidification effects on enzyme structure and catalysis were also referred [73–76]. In con-
trast, negative responses of increased CO2 on HProk abundance, production, cell-specific
production, or enzyme activity have been also reported [77–79].

The responses of HProk assemblages to ocean acidification are also shaped by its ef-
fects on natural mortality processes, including predation by phagotrophic protists and viral
lyses [18]. In our experiments, high CO2 induced a moderate decline in HProk mortality
only during experiment 1, and previous studies have reported variable effects. Viral abun-
dances, replication strategies, and lyses can either be unaffected [80–82] or increased [19,83]
due to elevated CO2. Bacterivory can either be unaffected [11,79,81] or reduced [79] by
elevated CO2 levels. Indeed, reduced bacterivory can explain apparently contradictory
experimental results under elevated CO2 (concurrent increases in HProk abundance and
bulk production, but declines in cell-specific production), thus demonstrating the relevance
of community-level studies [77].

HProk species composition, metabolic state [65,68,75], and other environmental de-
terminants (e.g., nutrients: [84,85]; temperature: [11,86]; trophic regime: [81]) control the
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relative susceptibility/resistance of HProk assemblages and, therefore, modulate their
responses to elevated CO2 levels. For example, mesocosm experiments undertaken in
Blanes Bay revealed positive effects on HProk abundance, production, and enzyme activity
during summer, under oligotrophic conditions, and no effects during winter [68,86].

4.3. Effects of Increased Ultraviolet Radiation on Heterotrophic Prokaryotes

In relation to the control treatment (ambient CO2, and PAR only), exposure to natural
UVR levels (experiment 1) reduced HProk metabolism, leading to highly significant de-
clines (ca. 50%) in production, cellular activity, and SGR. Global meta-analysis [21] and
specific review studies have considered HProk amongst the most sensitive organisms to
UVR stress [22]. Indeed, reductions in HProk abundance, carbon production, cell-specific
activity, instantaneous growth rate, or enzyme activity after experimentally increased UVR
exposure have been reported for a wide range of aquatic ecosystems, including coastal
lagoons [87,88]. Despite the occurrence of rapid DNA repair processes acting during the
night [89,90], the detrimental effects on HProk production, cellular activity, and SGR in
the Ria Formosa may be explained by direct damages of UVR on cell deoxyribonucleic
acids, proteins, and cell membranes [22]. Indirect effects linked with the photochemical
alteration of labile dissolved organic matter (DOM) into recalcitrant, less bioavailable DOM,
or reduced production of DOM by UVR-stressed phytoplankton [24] cannot be excluded.
Indeed, during this experiment, high UVR, alone or combined with high CO2, showed
no effects on phytoplankton production and net growth rates, but induced significant
changes in assemblage composition, benefiting diatoms in relation to cyanobacteria [30].
Considering the HProk intraspecific variability in UVR susceptibility and recovery, the
influence of environmental conditions [91–93], the commonly reported dose-dependent
inhibition [91,94], and stronger direct detrimental effects of UVR on HProks in the Ria
Formosa are expected during the spring–summer period.

Overall, responses of HProk natural assemblages to UVR are very complex, due to
the co-occurrence of multiple direct and indirect effects on phytoplankton, HProks, and
their top-down controls. Higher HProk production or activity under increased UVR has
been attributed to photochemical processes improving DOM bioavailability (lability); it
has even been related to an increase in the release of DOM associated with phytoplankton
cell mortality induced by UVR stress [23,24,90,95]. UVR-mediated reductions in HProk
mortality processes can also mitigate or even overcompensate for the influence of direct
inhibitory effects of UVR on HProks. During our experiment, high UVR induced a slightly
stronger decline in HProk mortality rate in relation to the instantaneous growth rate, thus
leading to higher HProk net growth rates. This decline in HProk mortality can be explained
by a UVR-mediated reduction in HProk bacterivory by phagotrophic protists, as previously
reported in micro- and mesocosm experiments [25,96,97] or viral lyses [26]. In fact, UVR
is considered a major cause of viral decay, inducing damages in virus DNA and capsid
and tail proteins [98]. However, no changes in HProk viral mortality were detected under
increased UVR [53], and even higher viral abundances were reported due to the induction
of the lytic viral cycle in lysogenic bacteria [99]. Higher mortality also explains the minor
or lack of effects of UVR on HProks [15,97,100] in tandem with a moderate natural daily
UVR dose, reduced by natural mixing and resistant HProk assemblages [15].

4.4. Effects of Warming on Heterotrophic Prokaryotes

Contrasting with the effects of increased UVR, exposure of winter HProk assemblages
to warming (ambient +3 ◦C), either isolated or combined with higher CO2 levels (exper-
iment 2), significantly increased HProk metabolism, at both the whole assemblage (pro-
duction) and individual levels (SGR, cellular activity). Similarly, higher HProk abundance,
production, cell-specific activity, and growth rates under warming conditions, usually
associated with direct (metabolic) effects, have been reported in micro- and mesocosm
experiments addressing coastal lagoons [12,53,101]. Furthermore, the significant positive
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relationships between HProk abundance, production, and in situ growth rate in the Ria
Formosa lagoon were previously interpreted as evidence of temperature regulation [33].

Overall, the sensitivity of HProk to temperature is variable, depending on species
composition and physiological status [14,60] and bottom-up [13,102] and top-down envi-
ronmental determinants. The stimulatory influence of temperature on HProk is usually
higher within spatial–temporal windows of both moderate bottom-up (resource limitation)
and top-down controls [103,104]. Generally, higher stimulatory effects of experimental
warming on HProk have been observed during winter–early spring periods, under less
oligotrophic conditions [14,104,105]. Furthermore, spatial and seasonal switches in the
relative importance of temperature and substrate supply, with higher relevance of the
former over coastal areas and colder periods, have also been inferred from comparative em-
pirical approaches [106–108]. Considering the multiple autochthonous and allochthonous
sources of organic carbon in the Ria Formosa coastal lagoon [27,33] and its mixed shallow
water column, warming may probably have a more sustained stimulatory effect over the
annual cycle.

During our experiment, warming induced a stronger increase in HProk mortality (ca.
four-fold) in relation to instantaneous growth rate (ca. two-fold), thus leading to a decline in
HProk net growth rates. HProk mortality is mostly associated with two processes: predation
by phagotrophic protists and viral lyses [11,109]. In the Ria Formosa lagoon, no information
is available on viral-induced mortality, and heterotrophic nanoflagellates represent the
dominant bacterivores [33]. The growth rate of bacterivorous protists is usually referred as
highly sensitive to warming [110], and experimental warming has been associated with
increased HProk grazing in different marine ecosystems including coastal lagoons [12].
Several experimental approaches have also interpreted the absence of warming effects
on HProk abundance [7,111], or even a decline of abundance or production [112], as
the result of increased predation, due to the direct stimulation of bacterivores or trophic
cascades [15,16]. Indirect effects of warming on virus-mediated mortality during our
experiment cannot be excluded. Increases in HProk specific growth may induce a decline
in the length of the lytic cycle, thus increasing viral production [113]. Conversely, higher
HProk production can also promote lysogenic infection cycles with respect with lytic cycles,
therefore reducing viral-induced mortality [11,114].

During our experiment, warming has also benefited the growth rate of smaller-sized
phytoplankton (cyanobacteria and eukaryotic picophytoplankton), showing no effects on
diatoms, but negatively affecting cryptophytes, other plastidic flagellates, and the whole
phytoplankton assemblage [32]. Overall, warming apparently enhanced heterotrophic
microbes and processes with respect with phytoplankton, supporting previous experi-
ments that report shifts towards smaller [10], more heterotrophic, bacteria-based food
webs under warming scenarios [11–13,114,115]. These differential responses of HProks
and phytoplankton may be a consequence of a higher sensitivity of HProk metabolism
to warming [104,116,117] and/or their improved competitive skills for nutrient uptake
in relation to larger phytoplankton cells that have lower surface area to volume ratios.
Integrative studies on warming effects should also consider the effects of warming on water
column stratification, nutrient supply, and herbivory rates that can indirectly affect primary
producers and organic carbon supply for HProk and eventually counteract the positive
effects of warming [7,118].

4.5. Critical Analyses of the Experimental Approach

Although our experiments clearly revealed a quick and differential response of natural
winter HProk assemblages of the Ria Formosa lagoon to acute climate-related perturba-
tions, the extrapolation of results from abrupt short-term experiments to longer timescales
might lead to uncertainties. Despite the advantages of manipulative microcosm-based
studies, for instance, a high degree of experimental control and replication [8,9], several
methodological concerns are associated with our approach. These concerns include, for
example: bottle effects (possibly aggravated for low-volume microcosms); use of sudden
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(unnatural) changes in environmental variables and short incubations (2-day), thus mini-
mizing and/or eliminating the influence of cell acclimation or adaptive evolution; and the
exclusion of larger planktonic organisms and reduction in the number of trophic interac-
tions within each microcosm, thus limiting the detection of potential non-direct effects (e.g.,
biological interactions, trophic cascades) of increases in CO2, UVR, and temperature on
HProks [15,30,119].

The use of multi-stressor, prolonged, mesocosm-based manipulative experiments
could mitigate some of these problems. Yet, since “there is no single ideal method”, future
strategies aiming to mechanistically elucidate and predict climate change effects on HProks
(and marine food webs) should combine multiple, complementary approaches, using realis-
tic well-supported levels that mimic anticipated climate variability [9,85]. A comprehensive
analysis of climate change impacts on HProks in the Ria Formosa coastal lagoon would
also require the integration of benthic primary producers (e.g., macroalgae, saltmarshes,
seagrasses, microphytobenthos), which are relevant sources of organic substrates in this
ecosystem [27,33,120]. The susceptibility of HProks to climate variability is species-specific
and context-dependent, considering both elevated CO2 [65,68,75,79,84], UVR [91–93,121],
and warming [13,14,60,122]. Thus, future studies should also evaluate different periods
over the annual cycle in the Ria Formosa lagoon. Considering the opposing effects of UVR
and temperature increases detected in our study, a fully multifactorial experimental ap-
proach, specifically including the combined exposure of HProk assemblages to augmented
UVR and warming, should be used.

5. Conclusions

Our two microcosm experiments provided quantitative information on short-term
responses of winter HProk assemblages to abrupt perturbations in CO2, UVR, and tem-
perature levels in the Ria Formosa coastal lagoon. These environmental changes induced
differential responses. As previously hypothesized, warming significantly enhanced HProk
instantaneous growth rate, carbon production, and cellular activity. In contrast, elevated
UVR showed detrimental effects on these variables, and CO2 showed no significant effects.
The effects of warming and high UVR were stronger on mortality than on instantaneous
growth rates, leading to high HProk abundance and net growth rates. These responses
may also represent indirect effects; for instance, the increase in HProk growth rates under
UVR exposure may be caused by an increase in DOM lability or increase in DOM release
due to phytoplankton mortality. These results reinforce the relevance of using natural
communities to investigate climate change effects. Under future scenarios, the beneficial
effects of increased warming on HProk may be partially offset by elevated UVR. A more
comprehensive understanding of climate change effects on HProk assemblages should
address other periods of the year and lagoon locations, apply a fully factorial approach
(specifically: warming x high UVR), and use experimental strategies that allow for the
analysis of other ecosystem components under prolonged periods.

Author Contributions: Conceptualization, R.B.D., A.B.B. and H.M.G.; methodology, R.B.D.; formal
analysis, A.B.B. and B.A.M.; investigation, R.B.D.; writing—original draft preparation, A.B.B. and
B.A.M.; writing—review and editing, A.B.B. and R.B.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by the Portuguese Foundation for Science and Tech-
nology (FCT) through projects UID/00350/2020 CIMA and LA/P/0069/2020 (Associate Laboratory
ARNET). FCT also provided funding for R.B.D. through a postdoctoral fellowship and a researcher
contract (SFRH/BPD/68688/2010, DL57/2016/CP1361/CT0017), and to B.A.M. through a Ph.D.
fellowship (2022.13126.BD).

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author upon reasonable request.



Microorganisms 2023, 11, 2559 13 of 18

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Harrould-Kolieb, E.R.; Herr, D. Ocean Acidification and Climate Change: Synergies and Challenges of Addressing Both under

the UNFCCC. Clim. Policy 2012, 12, 378–389. [CrossRef]
2. Hutchins, D.A.; Fu, F. Microorganisms and Ocean Global Change. Nat. Microbiol. 2017, 2, 17058. [CrossRef]
3. Eleftheratos, K.; Kapsomenakis, J.; Zerefos, C.S.; Bais, A.F.; Fountoulakis, I.; Dameris, M.; Jöckel, P.; Haslerud, A.S.; Godin-

Beekmann, S.; Steinbrecht, W.; et al. Possible Effects of Greenhouse Gases to Ozone Profiles and Dna Active Uv-b Irradiance at
Ground Level. Atmosphere 2020, 11, 228. [CrossRef]

4. Gao, K.; Zhang, Y.; Häder, D.-P. Individual and Interactive Effects of Ocean Acidification, Global Warming, and UV Radiation on
Phytoplankton. J. Appl. Phycol. 2018, 30, 743–759. [CrossRef]

5. Mostajir, B.; Amblard, C.; Buffan-Dubau, E.; De Wit, R.; Lensi, R.; Sime-Ngando, T. Microbial Food Webs in Aquatic and
Terrestrial Ecosystems. In Environmental Microbiology: Fundamentals and Applications; Springer: Amsterdam, The Netherlands,
2015; pp. 485–509, ISBN 9789401791182.

6. Cavicchioli, R.; Ripple, W.J.; Timmis, K.N.; Azam, F.; Bakken, L.R.; Baylis, M.; Behrenfeld, M.J.; Boetius, A.; Boyd, P.W.; Classen,
A.T.; et al. Scientists’ Warning to Humanity: Microorganisms and Climate Change. Nat. Rev. Microbiol. 2019, 17, 569–586.
[CrossRef]

7. Lewandowska, A.M.; Boyce, D.G.; Hofmann, M.; Matthiessen, B.; Sommer, U.; Worm, B. Effects of Sea Surface Warming on
Marine Plankton. Ecol. Lett. 2014, 17, 614–623. [CrossRef]

8. Coelho, F.J.R.C.; Santos, A.L.; Coimbra, J.; Almeida, A.; Cunha, Â.; Cleary, D.F.R.; Calado, R.; Gomes, N.C.M. Interactive Effects of
Global Climate Change and Pollution on Marine Microbes: The Way Ahead. Ecol. Evol. 2013, 3, 1808–1818. [CrossRef] [PubMed]

9. Boyd, P.W.; Collins, S.; Dupont, S.; Fabricius, K.; Gattuso, J.P.; Havenhand, J.; Hutchins, D.A.; Riebesell, U.; Rintoul, M.S.; Vichi,
M.; et al. Experimental Strategies to Assess the Biological Ramifications of Multiple Drivers of Global Ocean Change—A Review.
Glob. Chang. Biol. 2018, 24, 2239–2261. [CrossRef] [PubMed]

10. Huete-Stauffer, T.M.; Arandia-Gorostidi, N.; Alonso-Sáez, L.; Morán, X.A.G. Experimental Warming Decreases the Average Size
and Nucleic Acid Content of Marine Bacterial Communities. Front. Microbiol. 2016, 7, 730. [CrossRef] [PubMed]

11. Vaqué, D.; Lara, E.; Arrieta, J.M.; Holding, J.; Sà, E.L.; Hendriks, I.E.; Coello-Camba, A.; Alvarez, M.; Agustí, S.; Wassmann, P.F.; et al.
Warming and CO2 Enhance Arctic Heterotrophic Microbial Activity. Front. Microbiol. 2019, 10, 494. [CrossRef] [PubMed]

12. Courboulès, J.; Mostajir, B.; Trombetta, T.; Mas, S.; Vidussi, F. Warming Disadvantages Phytoplankton and Benefits Bacteria
During a Spring Bloom in the Mediterranean Thau Lagoon. Front. Mar. Sci. 2022, 9, 878938. [CrossRef]

13. Degerman, R.; Dinasquet, J.; Riemann, L.; De Luna, S.S.; Andersson, A. Effect of Resource Availability on Bacterial Community
Responses to Increased Temperature. Aquat. Microb. Ecol. 2012, 68, 131–142. [CrossRef]

14. Arandia-Gorostidi, N.; Huete-Stauffer, T.M.; Alonso-Sáez, L.; Xosé, X.A. Testing the Metabolic Theory of Ecology with Marine
Bacteria: Different Temperature Sensitivity of Major Phylogenetic Groups during the Spring Phytoplankton Bloom. Environ.
Microbiol. 2017, 19, 4493–4505. [CrossRef] [PubMed]

15. Vidussi, F.; Mostajir, B.; Fouilland, E.; Le Floc’H, E.; Nouguier, J.; Roques, C.; Got, P.; Thibault-Botha, D.; Bouvier, T.; Troussellier,
M. Effects of Experimental Warming and Increased Ultraviolet B Radiation on the Mediterranean Plankton Food Web. Limnol.
Ocean. 2011, 56, 206–218. [CrossRef]

16. Cabrerizo, M.J.; Medina-Sánchez, J.M.; González-Olalla, J.M.; Sánchez-Gómez, D.; Carrillo, P. Microbial Plankton Responses to
Multiple Environmental Drivers in Marine Ecosystems with Different Phosphorus Limitation Degrees. Sci. Total Environ. 2022,
816, 151491. [CrossRef]

17. Courboulès, J.; Vidussi, F.; Soulié, T.; Mas, S.; Pecqueur, D.; Mostajir, B. Effects of Experimental Warming on Small Phytoplankton,
Bacteria and Viruses in Autumn in the Mediterranean Coastal Thau Lagoon. Aquat. Ecol. 2021, 55, 647–666. [CrossRef]

18. Liu, J.; Weinbauer, M.G.; Maier, C.; Dai, M.; Gattuso, J.P. Effect of Ocean Acidification on Microbial Diversity and on Microbe-
Driven Biogeochemistry and Ecosystem Functioning. Aquat. Microb. Ecol. 2010, 61, 291–305. [CrossRef]

19. Piontek, J.; Borchard, C.; Sperling, M.; Schulz, K.G.; Riebesell, U.; Engel, A. Response of Bacterioplankton Activity in an Arctic
Fjord System to Elevated PCO2: Results from a Mesocosm Perturbation Study. Biogeosciences 2013, 10, 297–314. [CrossRef]

20. Weinbauer, M.G.; Mari, X.; Gattuso, J.-P. Effects of Ocean Acidification on the Diversity and Activity of Heterotrophic Marine
Microorganisms. In Ocean Acidification; Oxford University Press: Oxford, UK, 2011; pp. 83–98.

21. Llabrés, M.; Agustí, S.; Fernández, M.; Canepa, A.; Maurin, F.; Vidal, F.; Duarte, C.M. Impact of Elevated UVB Radiation on
Marine Biota: A Meta-Analysis. Glob. Ecol. Biogeogr. 2013, 22, 131–144. [CrossRef]

22. Ruiz-González, C.; Simó, R.; Sommaruga, R.; Gasol, J.M. Away from Darkness: A Review on the Effects of Solar Radiation on
Heterotrophic Bacterioplankton Activity. Front. Microbiol. 2013, 4, 131. [CrossRef]

23. Piccini, C.; Conde, D.; Pernthaler, J.; Sommaruga, R. Alteration of Chromophoric Dissolved Organic Matter by Solar UV Radiation
Causes Rapid Changes in Bacterial Community Composition. Photochem. Photobiol. Sci. 2009, 8, 1321–1328. [CrossRef] [PubMed]

24. Obernosterer, I.; Reitner, B.; Herndl, G.J. Contrasting Effects of Solar Radiation on Dissolved Organic Matter and Its Bioavailability
to Marine Bacterioplankton. Limnol. Oceanogr. 1999, 44, 1645–1654. [CrossRef]

https://doi.org/10.1080/14693062.2012.620788
https://doi.org/10.1038/nmicrobiol.2017.58
https://doi.org/10.3390/atmos11030228
https://doi.org/10.1007/s10811-017-1329-6
https://doi.org/10.1038/s41579-019-0222-5
https://doi.org/10.1111/ele.12265
https://doi.org/10.1002/ece3.565
https://www.ncbi.nlm.nih.gov/pubmed/23789087
https://doi.org/10.1111/gcb.14102
https://www.ncbi.nlm.nih.gov/pubmed/29476630
https://doi.org/10.3389/fmicb.2016.00730
https://www.ncbi.nlm.nih.gov/pubmed/27242747
https://doi.org/10.3389/fmicb.2019.00494
https://www.ncbi.nlm.nih.gov/pubmed/30949141
https://doi.org/10.3389/fmars.2022.878938
https://doi.org/10.3354/ame01609
https://doi.org/10.1111/1462-2920.13898
https://www.ncbi.nlm.nih.gov/pubmed/28836731
https://doi.org/10.4319/lo.2011.56.1.0206
https://doi.org/10.1016/j.scitotenv.2021.151491
https://doi.org/10.1007/s10452-021-09852-7
https://doi.org/10.3354/ame01446
https://doi.org/10.5194/bg-10-297-2013
https://doi.org/10.1111/j.1466-8238.2012.00784.x
https://doi.org/10.3389/fmicb.2013.00131
https://doi.org/10.1039/b905040j
https://www.ncbi.nlm.nih.gov/pubmed/19707620
https://doi.org/10.4319/lo.1999.44.7.1645


Microorganisms 2023, 11, 2559 14 of 18

25. Mostajir, B.; Demers, S.; De Mora, S.; Belzile, C.; Chanut, J.-P.; Gosselin, M.; Roy, S.; Villegas, P.Z.; Fauchot, J.; Bouchard, J.; et al.
Experimental Test of the Effect of Ultraviolet-B Radiation in a Planktonic Community. Limnol. Oceanogr. 1999, 44, 586–596.
[CrossRef]

26. Yuan, X.; Yin, K.; Harrison, P.; Zhang, J. Phytoplankton Are More Tolerant to UV than bacteria and Viruses in the Northern South
China Sea. Aquat. Microb. Ecol. 2011, 65, 117–128. [CrossRef]

27. Barbosa, A.B. Seasonal and Interanual Variability of Planktonic Microbes in a Mesotidal Coastal Lagoon (Ria Formosa, SE
Portugal). Impact of Climatic Changes and Local Human Influences. In Coastal Lagoons: Critical Habitats of Environmental Change;
Kennish, M.J., Paerl, H.W., Eds.; CRC Press: Boca Raton, FL, USA, 2010; pp. 334–366.

28. Cravo, A.; Barbosa, A.B.; Correia, C.; Matos, A.; Caetano, S.; Lima, M.J.; Jacob, J. Unravelling the Effects of Treated Wastewater
Discharges on the Water Quality in a Coastal Lagoon System (Ria Formosa, South Portugal): Relevance of Hydrodynamic
Conditions. Mar. Pollut. Bull. 2022, 174, 113296. [CrossRef]

29. Arias, P.A.; Bellouin, N.; Coppola, E.; Jones, R.G.; Krinner, G.; Marotzke, J.; Naik, V.; Palmer, M.D.; Plattner, G.-K.; Rogelj, J.; et al.
Technical Summary. In Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change; Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S.L., Péan, C., Berger, S.,
Caud, N., Chen, Y., Goldfarb, L., Gomis, M.I., et al., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA,
2021; pp. 33–144.

30. Domingues, R.B.; Guerra, C.C.; Barbosa, A.B.; Brotas, V.; Galvão, H.M. Effects of Ultraviolet Radiation and CO2 Increase on
Winter Phytoplankton Assemblages in a Temperate Coastal Lagoon. J. Plankton Res. 2014, 36, 672–684. [CrossRef]

31. Domingues, R.B.; Guerra, C.C.; Galvão, H.M.; Brotas, V.; Barbosa, A.B. Short-Term Interactive Effects of Ultraviolet Radiation,
Carbon Dioxide and Nutrient Enrichment on Phytoplankton in a Shallow Coastal Lagoon. Aquat. Ecol. 2017, 51, 91–105.
[CrossRef]

32. Domingues, R.B.; Barreto, M.; Brotas, V.; Galvão, H.M.; Barbosa, A.B. Short-Term Effects of Winter Warming and Acidification
on Phytoplankton Growth and Mortality: More Losers than Winners in a Temperate Coastal Lagoon. Hydrobiologia 2021, 848,
4763–4785. [CrossRef]

33. Barbosa, A.B. Estrutura e Dinâmica Da Teia Alimentar Microbiana Na Ria Formosa. Ph.D. Thesis, University of Algarve, Faro,
Portugal, 2006.

34. Cravo, A.; Cardeira, S.; Pereira, C.; Rosa, M.; Alcântara, P.; Madureira, M.; Rita, F.; Luis, J.; Jacob, J. Exchanges of Nutrients and
Chlorophyll a through Two Inlets of Ria Formosa, South of Portugal, during Coastal Upwelling Events. J. Sea Res. 2014, 93, 63–74.
[CrossRef]

35. Nogueira, P.; Domingues, R.B.; Barbosa, A.B. Are microcosm volume and sample pre-filtration relevant to evaluate phytoplankton
growth? J. Exp. Mar. Biol. Ecol. 2014, 461, 323–330. [CrossRef]

36. Sobrino, C.; Neale, P.J.; Phillips-Kress, J.D.; Moeller, R.E.; Porter, J.A. Elevated CO2 Increases Sensitivity to Ultraviolet Radiation
in Lacustrine Phytoplankton Assemblages. Limnol. Ocean. 2009, 54, 2448–2459. [CrossRef]

37. Gattuso, J.-P.; Gao, K.; Lee, K.; Rost, B.; Schulz, K.G. Approaches and Tools to Manipulate the Carbonate Chemistry. In Guide
to Best Practices for Ocean Acidification Research and Data Reporting; Riebesell, U., Fabry, V.J., Hansson, L., Gattuso, J.-P., Eds.;
Publications Office of the European Union: Luxembourg, 2010; pp. 41–52.

38. Gattuso, J.; Epitalon, J.; Lavigne, H.; Orr, J. _Seacarb: Seawater Carbonate Chemistry_. R Package Version 3.3. 2021. Available
online: https://cran.r-project.org/web/packages/seacarb/seacarb.pdf (accessed on 5 June 2023).

39. Parsons, T.R.; Maita, Y.; Lalli, C.M. A Manual of Chemical and Biological Methods for Seawater Analysis; Pergamon Press: Oxford, UK,
1984; ISBN 0080302882.

40. Santos, F.D.; Forbes, D.K.; Moita, R. Climate Change in Portugal. Scenarios, Impacts and Adaptation Measures—SIAM Project; Gradiva:
Lisboa, Portugal, 2002.

41. Domingues, R.B.; Nogueira, P.; Barbosa, A.B. Co-limitation of phytoplankton by N and P in a shallow coastal lagoon: Implications
for eutrophication evaluation. Est. Coasts 2023, 46, 1557–1572. [CrossRef]

42. Daley, R.J.; Hobbie, J.E. Direct Counts of Aquatic Bacteria by a Modified Epifluorescence Technique. Limnol. Ocean. 1975, 20,
875–882. [CrossRef]

43. Fuhrman, J. Influence of Method on the Apparent Size Distribution of Bacterioplankton Cells: Epifluorescence Microscopy
Compared to Scanning Electron Microscopy. Mar. Ecol. Prog. Ser. 1981, 5, 103–106. [CrossRef]

44. Norland, S. The Relationship between Biomass and Volume of Bacteria. In Handbook of Methods in Aquatic Microbial Ecology; Kemp,
P.F., Sherr, B.F., Sherr, J.J., Cole, J.J., Eds.; Lewis Publishers: Boca Raton, FL, USA, 1993; pp. 303–307.

45. Kirchman, D.; K’nees, E.; Hodson, R. Leucine Incorporation and Its Potential as a Measure of Protein Synthesis by Bacteria in
Natural Aquatic Systemst. Appl. Environ. Microbiol. 1985, 49, 599–607. [CrossRef] [PubMed]

46. Barbosa, A.B.; Galvão, H.M.; Mendes, P.A.; Álvarez-Salgado, X.A.; Figueiras, F.G.; Joint, I. Short-Term Variability of Heterotrophic
Bacterioplankton during Upwelling off the NW Iberian Margin. Prog. Ocean. 2001, 51, 339–359. [CrossRef]

47. Simon, M.; Azam, F. Protein Content and Protein Synthesis Rates of Planktonic Marine Bacteria. Mar. Ecol. Prog. Ser. 1989, 51,
201–213. [CrossRef]

48. Zweifel, U.L. Factors Controlling Accumulation of Labile Dissolved Organic Carbon in the Gulf of Riga. Estuar. Coast. Shelf Sci.
1999, 48, 357–370. [CrossRef]

https://doi.org/10.4319/lo.1999.44.3.0586
https://doi.org/10.3354/ame01540
https://doi.org/10.1016/j.marpolbul.2021.113296
https://doi.org/10.1093/plankt/fbt135
https://doi.org/10.1007/s10452-016-9601-4
https://doi.org/10.1007/s10750-021-04672-0
https://doi.org/10.1016/j.seares.2014.04.004
https://doi.org/10.1016/j.jembe.2014.09.006
https://doi.org/10.4319/lo.2009.54.6_part_2.2448
https://cran.r-project.org/web/packages/seacarb/seacarb.pdf
https://doi.org/10.1007/s12237-023-01230-w
https://doi.org/10.4319/lo.1975.20.5.0875
https://doi.org/10.3354/meps005103
https://doi.org/10.1128/aem.49.3.599-607.1985
https://www.ncbi.nlm.nih.gov/pubmed/3994368
https://doi.org/10.1016/S0079-6611(01)00074-X
https://doi.org/10.3354/meps051201
https://doi.org/10.1006/ecss.1998.0428


Microorganisms 2023, 11, 2559 15 of 18

49. Grossart, H.; Allgaier, M.; Passow, U.; Riebesell, U. Testing the Effect of CO2 Concentration on the Dynamics of Marine
Heterotrophic Bacterioplankton. Limnol. Ocean. 2006, 51, 1–11. [CrossRef]

50. Olejnik, S.; Algina, J. Generalized Eta and Omega Squared Statistics: Measures of Effect Size for Some Common Research Designs.
Psychol. Methods 2003, 8, 434–447. [CrossRef]

51. Albers, C.; Lakens, D. When Power Analyses Based on Pilot Data Are Biased: Inaccurate Effect Size Estimators and Follow-up
Bias. J. Exp. Soc. Psychol. 2018, 74, 187–195. [CrossRef]

52. Galvão, H.M.; Mendes, P.J.; Caetano, S.M.; Icely, J.D.; Newton, A. Role of Microbes in the Ria Formosa Lagoon. In Ria Formosa—
Challenges of a Coastal Lagoon in a Changing Environment; Universidade do Algarve: Faro, Portugal, 2019; pp. 67–81.

53. Bouvy, M.; Bettarel, Y.; Bouvier, C.; Domaizon, I.; Jacquet, S.; Le Floc’h, E.; Montanié, H.; Mostajir, B.; Sime-Ngando, T.; Torréton,
J.P.; et al. Trophic Interactions between Viruses, Bacteria and Nanoflagellates under Various Nutrient Conditions and Simulated
Climate Change. Environ. Microbiol. 2011, 13, 1842–1857. [CrossRef]

54. Silva, L.; Calleja, M.L.; Huete-Stauffer, T.M.; Ivetic, S.; Ansari, M.I.; Viegas, M.; Morán, X.A.G. Heterotrophic Bacterioplankton
Growth and Physiological Properties in Red Sea Tropical Shallow Ecosystems with Different Dissolved Organic Matter Sources.
Front. Microbiol. 2022, 12, 784325. [CrossRef]

55. Joint, I.; Doney, S.C.; Karl, D.M. Will Ocean Acidification Affect Marine Microbes. ISME J. 2011, 5, 1–7. [CrossRef] [PubMed]
56. Duarte, C.M.; Hendriks, I.E.; Moore, T.S.; Olsen, Y.S.; Steckbauer, A.; Ramajo, L.; Carstensen, J.; Trotter, J.; McCulloch, M. Is

Ocean Acidification an Open-Ocean Syndrome? Understanding Anthropogenic Impacts on Seawater PH. Estuaries Coasts 2013,
36, 221–236. [CrossRef]

57. Allgaier, M.; Riebesell, U.; Vogt, M.; Thyrhaug, R.; Grossart, H.-P. Coupling of Heterotrophic Bacteria to Phytoplankton Bloom
Development at Different PCO2 Levels: A Mesocosm Study. Biogeosciences 2008, 5, 1007–1022. [CrossRef]

58. Yoshimura, T.; Nishioka, J.; Suzuki, K.; Hattori, H.; Kiyosawa, H.; Watanabe, Y.W. Impacts of Elevated CO2 on Organic Carbon
Dynamics in Nutrient Depleted Okhotsk Sea Surface Waters. J. Exp. Mar. Biol. Ecol. 2010, 395, 191–198. [CrossRef]

59. Newbold, L.K.; Oliver, A.E.; Booth, T.; Tiwari, B.; Desantis, T.; Maguire, M.; Andersen, G.; van der Gast, C.J.; Whiteley, A.S. The
Response of Marine Picoplankton to Ocean Acidification. Environ. Microbiol. 2012, 14, 2293–2307. [CrossRef] [PubMed]

60. Lindh, M.V.; Riemann, L.; Baltar, F.; Romero-Oliva, C.; Salomon, P.S.; Granéli, E.; Pinhassi, J. Consequences of Increased
Temperature and Acidification on Bacterioplankton Community Composition during a Mesocosm Spring Bloom in the Baltic Sea.
Environ. Microbiol. Rep. 2013, 5, 252–262. [CrossRef]

61. Roy, A.S.; Gibbons, S.M.; Schunck, H.; Owens, S.; Caporaso, J.G.; Sperling, M.; Nissimov, J.I.; Romac, S.; Bittner, L.; Mühling,
M.; et al. Ocean Acidification Shows Negligible Impacts on High-Latitude Bacterial Community Structure in Coastal Pelagic
Mesocosms. Biogeosciences 2013, 10, 555–566. [CrossRef]

62. Oliver, A.E.; Newbold, L.K.; Whiteley, A.S.; van der Gast, C.J. Marine Bacterial Communities Are Resistant to Elevated Carbon
Dioxide Levels. Environ. Microbiol. Rep. 2014, 6, 574–582. [CrossRef]

63. Huang, Y.; Liu, X.; Laws, E.A.; Bingzhang, C.; Li, Y.; Xie, Y.; Wu, Y.; Gao, K.; Huang, B. Effects of Increasing Atmospheric CO2 on
the Marine Phytoplankton and Bacterial Metabolism during a Bloom: A Coastal Mesocosm Study. Sci. Total Environ. 2018, 633,
618–629. [CrossRef] [PubMed]

64. Zark, M.; Broda, N.K.; Hornick, T.; Grossart, H.P.; Riebesell, U.; Dittmar, T. Ocean Acidification Experiments in Large-Scale Mesocosms
Reveal Similar Dynamics of Dissolved Organic Matter Production and Biotransformation. Front. Mar. Sci. 2017, 4, 271. [CrossRef]

65. Krause, E.; Wichels, A.; Giménez, L.; Lunau, M.; Schilhabel, M.B.; Gerdts, G. Small Changes in PH Have Direct Effects on Marine
Bacterial Community Composition: A Microcosm Approach. PLoS ONE 2012, 7, e0047035. [CrossRef]

66. Tsiola, A.; Krasakopoulou, E.; Daffonchio, D.; Frangoulis, C.; Tsagaraki, T.M.; Fodelianakis, S.; Pitta, P. Responses of Free-Living
Planktonic Bacterial Communities to Experimental Acidification and Warming. Microorganisms 2023, 11, 273. [CrossRef] [PubMed]

67. James, A.K.; Kelly, L.W.; Nelson, C.E.; Wilbanks, E.G.; Carlson, C.A. Elevated PCO2 Alters Marine Heterotrophic Bacterial
Community Composition and Metabolic Potential in Response to a Pulse of Phytoplankton Organic Matter. Environ. Microbiol.
2019, 21, 541–556. [CrossRef]

68. Bunse, C.; Lundin, D.; Karlsson, C.M.G.; Akram, N.; Vila-Costa, M.; Palovaara, J.; Svensson, L.; Holmfeldt, K.; González, J.M.;
Calvo, E.; et al. Response of Marine Bacterioplankton PH Homeostasis Gene Expression to Elevated CO2. Nat. Clim. Chang. 2016,
6, 483–487. [CrossRef]

69. James, A.K.; Passow, U.; Brzezinski, M.A.; Parsons, R.J.; Trapani, J.N.; Carlson, C.A. Elevated PCO2 Enhances Bacterioplankton
Removal of Organic Carbon. PLoS ONE 2017, 12, e0173145. [CrossRef] [PubMed]

70. Biswas, H.; Cros, A.; Yadav, K.; Ramana, V.V.; Prasad, V.R.; Acharyya, T.; Babu, P.V.R. The Response of a Natural Phytoplankton
Community from the Godavari River Estuary to Increasing CO2 Concentration during the Pre-Monsoon Period. J. Exp. Mar. Biol.
Ecol. 2011, 407, 284–293. [CrossRef]

71. Biswas, H.; Jie, J.; Li, Y.; Zhang, G.; Zhu, Z.Y.; Wu, Y.; Zhang, G.L.; Li, Y.W.; Liu, S.M.; Zhang, J. Response of a Natural
Phytoplankton Community from the Qingdao Coast (Yellow Sea, China) to Variable CO2 Levels over a Short-Term Incubation
Experiment. Curr. Sci. 2015, 108, 1901–1909.

72. Fuentes-Lema, A.; Sanleón-Bartolomé, H.; Lubián, L.M.; Sobrino, C. Effects of Elevated CO2 and Phytoplankton-Derived Organic
Matter on the Metabolism of Bacterial Communities from Coastal Waters. Biogeosciences 2018, 15, 6927–6940. [CrossRef]

73. Piontek, J.; Lunau, M.; Händel, N.; Borchard, C.; Wurst, M.; Engel, A. Acidification Increases Microbial Polysaccharide Degradation
in the Ocean. Biogeosciences 2010, 7, 1615–1624. [CrossRef]

https://doi.org/10.4319/lo.2006.51.1.0001
https://doi.org/10.1037/1082-989X.8.4.434
https://doi.org/10.1016/j.jesp.2017.09.004
https://doi.org/10.1111/j.1462-2920.2011.02498.x
https://doi.org/10.3389/fmicb.2021.784325
https://doi.org/10.1038/ismej.2010.79
https://www.ncbi.nlm.nih.gov/pubmed/20535222
https://doi.org/10.1007/s12237-013-9594-3
https://doi.org/10.5194/bg-5-1007-2008
https://doi.org/10.1016/j.jembe.2010.09.001
https://doi.org/10.1111/j.1462-2920.2012.02762.x
https://www.ncbi.nlm.nih.gov/pubmed/22591022
https://doi.org/10.1111/1758-2229.12009
https://doi.org/10.5194/bg-10-555-2013
https://doi.org/10.1111/1758-2229.12159
https://doi.org/10.1016/j.scitotenv.2018.03.222
https://www.ncbi.nlm.nih.gov/pubmed/29597159
https://doi.org/10.3389/fmars.2017.00271
https://doi.org/10.1371/journal.pone.0047035
https://doi.org/10.3390/microorganisms11020273
https://www.ncbi.nlm.nih.gov/pubmed/36838238
https://doi.org/10.1111/1462-2920.14484
https://doi.org/10.1038/nclimate2914
https://doi.org/10.1371/journal.pone.0173145
https://www.ncbi.nlm.nih.gov/pubmed/28257422
https://doi.org/10.1016/j.jembe.2011.06.027
https://doi.org/10.5194/bg-15-6927-2018
https://doi.org/10.5194/bg-7-1615-2010


Microorganisms 2023, 11, 2559 16 of 18

74. Yamada, N.; Suzumura, M. Effects of Seawater Acidification on Hydrolytic Enzyme Activities. J. Oceanogr. 2010, 66, 233–241.
[CrossRef]

75. Xia, X.; Wang, Y.; Yang, Y.; Luo, T.; Van Nostrand, J.D.; Zhou, J.; Jiao, N.; Zhang, R. Ocean Acidification Regulates the Activity,
Community Structure, and Functional Potential of Heterotrophic Bacterioplankton in an Oligotrophic Gyre. J. Geophys. Res.
Biogeosci. 2019, 124, 1001–1017. [CrossRef]

76. Endres, S.; Galgani, L.; Riebesell, U.; Schulz, K.-G.; Engel, A. Stimulated Bacterial Growth under Elevated PCO2: Results from an
Off-Shore Mesocosm Study. PLoS ONE 2014, 9, e99228. [CrossRef] [PubMed]

77. Westwood, K.J.; Thomson, P.G.; van den Enden, R.L.; Maher, L.E.; Wright, S.W.; Davidson, A.T. Ocean Acidification Impacts
Primary and Bacterial Production in Antarctic Coastal Waters during Austral Summer. J. Exp. Mar. Biol. Ecol. 2018, 498, 46–60.
[CrossRef]

78. Wulff, A.; Karlberg, M.; Olofsson, M.; Torstensson, A.; Riemann, L.; Steinhoff, F.S.; Mohlin, M.; Ekstrand, N.; Chierici, M. Ocean
Acidification and Desalination: Climate-Driven Change in a Baltic Sea Summer Microplanktonic Community. Mar. Biol. 2018, 165, 63.
[CrossRef]

79. Hu, C.; Li, X.; He, M.; Jiang, P.; Long, A.; Xu, J. Effect of Ocean Acidification on Bacterial Metabolic Activity and Community
Composition in Oligotrophic Oceans, Inferred From Short-Term Bioassays. Front. Microbiol. 2021, 12, 583982. [CrossRef]

80. Rochelle-Newall, E.; Delille, B.; Frankignoulle, M.; Gattuso, J.; Jacquet, S.; Riebesell, U.; Terbruggen, A.; Zondervan, I. Chro-
mophoric Dissolved Organic Matter in Experimental Mesocosms Maintained under Different PCO2 Levels. Mar. Ecol. Prog. Ser.
2004, 272, 25–31. [CrossRef]

81. Celussi, M.; Malfatti, F.; Annalisa, F.; Gazeau, F.; Giannakourou, A.; Pitta, P.; Tsiola, A.; Del Negro, P. Ocean Acidification Effect on
Prokaryotic Metabolism Tested in Two Diverse Trophic Regimes in the Mediterranean Sea. Estuar. Coast. Shelf Sci. 2017, 186,
125–138. [CrossRef]

82. Tsiola, A.; Pitta, P.; Giannakourou, A.; Bourdin, G.; Marro, S.; Maugendre, L.; Pedrotti, M.L.; Gazeau, F. Ocean Acidification
and Viral Replication Cycles: Frequency of Lytically Infected and Lysogenic Cells during a Mesocosm Experiment in the NW
Mediterranean Sea. Estuar. Coast. Shelf Sci. 2017, 186, 139–151. [CrossRef]

83. Huang, R.; Sun, J.; Yang, Y.; Jiang, X.; Wang, Z.; Song, X.; Wang, T.; Zhang, D.; Li, H.; Yi, X.; et al. Elevated PCO2 Impedes
Succession of Phytoplankton Community from Diatoms to Dinoflagellates along with Increased Abundance of Viruses and
Bacteria. Front. Mar. Sci. 2021, 8, 642208. [CrossRef]

84. Baltar, F.; Palovaara, J.; Vila-Costa, M.; Salazar, G.; Calvo, E.; Pelejero, C.; Marrasé, C.; Gasol, J.M.; Pinhassil, J. Response of Rare,
Common and Abundant Bacterioplankton to Anthropogenic Perturbations in a Mediterranean Coastal Site. FEMS Microbiol. Ecol.
2015, 91, fiv058. [CrossRef]

85. Sala, M.M.; Aparicio, F.L.; Balagué, V.; Boras, J.A.; Borrull, E.; Cardelús, C.; Cros, L.; Gomes, A.; López-Sanz, A.; Malits, A.; et al.
Contrasting Effects of Ocean Acidification on the Microbial Food Web under Different Trophic Conditions. ICES J. Mar. Sci. 2016,
73, 670–679. [CrossRef]

86. Coffin, R.B.; Montgomery, M.T.; Boyd, T.J.; Masutani, S.M. Influence of Ocean CO2 Sequestration on Bacterial Production. Energy
2004, 29, 1511–1520. [CrossRef]

87. Conan, P.; Joux, F.; Torréton, J.; Pujo-Pay, M.; Douki, T.; Rochelle-Newall, E.; Mari, X. Effect of Solar Ultraviolet Radiation on
Bacterio- and Phytoplankton Activity in a Large Coral Reef Lagoon (Southwest New Caledonia). Aquat. Microb. Ecol. 2008, 52,
83–98. [CrossRef]

88. Santos, A.L.; Henriques, I.; Gomes, N.C.M.; Almeida, A.; Correia, A.; Cunha, A. Effects of Ultraviolet Radiation on the Abundance,
Diversity and Activity of Bacterioneuston and Bacterioplankton: Insights from Microcosm Studies. Aquat. Sci. 2011, 73, 63–77.
[CrossRef]

89. Müller-Niklas, G.; Heissenberger, A.; Puskaríc, S.; Herndl, G. Ultraviolet-B Radiation and Bacterial Metabolism in Coastal Waters.
Aquat. Microb. Ecol. 1995, 9, 111–116. [CrossRef]

90. Agustí, S.; Aurore-de-Gioux, R.; Arrieta, J.M.; Duarte, C.M. Consequences of UV-Enhanced Community Respiration for Plankton
Metabolic Balance. Limnol. Ocean. 2014, 59, 223–232. [CrossRef]

91. Joux, F.; Jeffrey, W.H.; Lebaron, P.; Mitchell, D.L. Marine Bacterial Isolates Display Diverse Responses to UV-B Radiation. Appl.
Environ. Microbiol. 1999, 65, 3820–3827. [CrossRef]

92. Arrieta, J.M.; Weinbauer, M.G.; Herndl, G.J. Interspecific Variability in Sensitivity to UV Radiation and Subsequent Recovery in
Selected Isolates of Marine Bacteria. Appl. Environ. Microbiol. 2000, 66, 1468–1473. [CrossRef]

93. Alonso-Sáez, L.; Gasol, J.M.; Lefort, T.; Hofer, J.; Sommaruga, R. Effect of Natural Sunlight on Bacterial Activity and Differential
Sensitivity of Natural Bacterioplankton Groups in Northwestern Mediterranean Coastal Waters. Appl. Environ. Microbiol. 2006,
72, 5806–5813. [CrossRef]

94. Garcia-Corral, L.S.; Holding, J.M.; Carrillo-de-Albornoz, P.; Steckbauer, A.; Pérez-Lorenzo, M.; Navarro, N.; Serret, P.; Duarte,
C.M.; Agusti, S. Effects of UVB Radiation on Net Community Production in the Upper Global Ocean. Glob. Ecol. Biogeogr. 2017,
26, 54–64. [CrossRef]

95. Kaiser, E.; Herndl, G.J. Rapid Recovery of Marine Bacterioplankton Activity after Inhibition by UV Radiation in Coastal Waters.
Appl. Environ. Microbiol. 1997, 63, 4026–4031. [CrossRef] [PubMed]

96. Sommaruga, R. An in Situ Enclosure Experiment to Test the Solar UVB Impact on Plankton in a High-Altitude Mountain Lake. II.
Effects on the Microbial Food Web. J. Plankton Res. 1999, 21, 859–876. [CrossRef]

https://doi.org/10.1007/s10872-010-0021-0
https://doi.org/10.1029/2018JG004707
https://doi.org/10.1371/journal.pone.0099228
https://www.ncbi.nlm.nih.gov/pubmed/24941307
https://doi.org/10.1016/j.jembe.2017.11.003
https://doi.org/10.1007/s00227-018-3321-3
https://doi.org/10.3389/fmicb.2021.583982
https://doi.org/10.3354/meps272025
https://doi.org/10.1016/j.ecss.2015.08.015
https://doi.org/10.1016/j.ecss.2016.05.003
https://doi.org/10.3389/fmars.2021.642208
https://doi.org/10.1093/femsec/fiv058
https://doi.org/10.1093/icesjms/fsv130
https://doi.org/10.1016/j.energy.2003.06.001
https://doi.org/10.3354/ame01204
https://doi.org/10.1007/s00027-010-0160-9
https://doi.org/10.3354/ame009111
https://doi.org/10.4319/lo.2014.59.1.0223
https://doi.org/10.1128/AEM.65.9.3820-3827.1999
https://doi.org/10.1128/AEM.66.4.1468-1473.2000
https://doi.org/10.1128/AEM.00597-06
https://doi.org/10.1111/geb.12513
https://doi.org/10.1128/aem.63.10.4026-4031.1997
https://www.ncbi.nlm.nih.gov/pubmed/16535714
https://doi.org/10.1093/plankt/21.5.859


Microorganisms 2023, 11, 2559 17 of 18

97. Ferreyra, G.A.; Mostajir, B.; Schloss, I.R.; Chatila, K.; Ferrario, M.E.; Sargian, P.; Roy, S.; Prod’homme, J.; Demers, S. Ultraviolet-B
Radiation Effects on the Structure and Function of Lower Trophic Levels of the Marine Planktonic Food Web. Photochem. Photobiol.
2006, 82, 887. [CrossRef]

98. Jeffrey, W.H.; Kase, J.P.; Wilhelm, S.W. UV Radiation Effects on Heterotrophic Bacterioplankton and Viruses in Marine Ecosystems.
In The Effects of UV Radiation in the Marine Environment; Cambridge University Press: Cambridge, UK, 2009; pp. 206–236.

99. Maranger, R.; del Giorgio, P.; Bird, D. Accumulation of Damaged Bacteria and Viruses in Lake Water Exposed to Solar Radiation.
Aquat. Microb. Ecol. 2002, 28, 213–227. [CrossRef]

100. Winter, C.; Moeseneder, M.M.; Herndl, G.J. Impact of UV Radiation on Bacterioplankton Community Composition. Appl. Environ.
Microbiol. 2001, 67, 665–672. [CrossRef]

101. Pulina, S.; Suikkanen, S.; Padedda, B.M.; Brutemark, A.; Grubisic, L.M.; Satta, C.T.; Caddeo, T.; Farina, P.; Lugliè, A. Responses of
a Mediterranean Coastal Lagoon Plankton Community to Experimental Warming. Mar. Biol. 2020, 167, 22. [CrossRef]

102. Kritzberg, E.S.; Arrieta, J.M.; Duarte, C.M. Temperature and Phosphorus Regulating Carbon Flux through Bacteria in a Coastal
Marine System. Aquat. Microb. Ecol. 2010, 58, 141–151. [CrossRef]

103. Morán, X.A.G.; Gasol, J.M.; Pernice, M.C.; Mangot, J.F.; Massana, R.; Lara, E.; Vaqué, D.; Duarte, C.M. Temperature Regulation of
Marine Heterotrophic Prokaryotes Increases Latitudinally as a Breach between Bottom-up and Top-down Controls. Glob. Chang.
Biol. 2017, 23, 3956–3964. [CrossRef] [PubMed]

104. Morán, X.A.G.; Calvo-Díaz, A.; Arandia-Gorostidi, N.; Huete-Stauffer, T.M. Temperature Sensitivities of Microbial Plankton Net
Growth Rates Are Seasonally Coherent and Linked to Nutrient Availability. Environ. Microbiol. 2018, 20, 3798–3810. [CrossRef]
[PubMed]

105. Huete-Stauffer, T.M.; Arandia-Gorostidi, N.; González-Benítez, N.; Díaz-Pérez, L.; Calvo-Díaz, A.; Morán, X.A.G. Large Plankton
Enhance Heterotrophy Under Experimental Warming in a Temperate Coastal Ecosystem. Ecosystems 2018, 21, 1139–1154.
[CrossRef]

106. Shiah, F.K.; Gong, G.C.; Chen, C.C. Seasonal and Spatial Variation of Bacterial Production in the Continental Shelf of the East
China Sea: Possible Controlling Mechanisms and Potential Roles in Carbon Cycling. Deep Sea Res. Top. Stud. Ocean. 2003, 50,
1295–1309. [CrossRef]

107. Calvo-Díaz, A.; Franco-Vidal, L.; Morán, X.A.G. Annual Cycles of Bacterioplankton Biomass and Production Suggest a General
Switch between Temperature and Resource Control in Temperate Coastal Ecosystems. J. Plankton Res. 2014, 36, 859–865. [CrossRef]

108. Hoch, M.; Kirchman, D. Seasonal and Inter-Annual Variability in Bacterial Production and Biomass in a Temperate Estuary. Mar.
Ecol. Prog. Ser. 1993, 98, 283–295. [CrossRef]

109. Tsai, A.; Gong, G.; Shiau, W. Impact of Short-Term Warming on Seasonal Variations in Bacterial Growth, Grazing, and Viral Lysis
in Coastal Waters of Taiwan. Aquat. Microb. Ecol. 2016, 76, 195–205. [CrossRef]

110. Rose, J.M.; Caron, D.A. Does Low Temperature Constrain the Growth Rates of Heterotrophic Protists? Evidence and Implications
for Algal Blooms in Cold Waters. Limnol. Ocean. 2007, 52, 886–895. [CrossRef]

111. Maugendre, L.; Gattuso, J.P.; Louis, J.; De Kluijver, A.; Marro, S.; Soetaert, K.; Gazeau, F. Effect of Ocean Warming and Acidification
on a Plankton Community in the NW Mediterranean Sea. ICES J. Mar. Sci. 2015, 72, 1744–1755. [CrossRef]

112. Bergen, B.; Endres, S.; Engel, A.; Zark, M.; Dittmar, T.; Sommer, U.; Jürgens, K. Acidification and Warming Affect Prominent
Bacteria in Two Seasonal Phytoplankton Bloom Mesocosms. Environ. Microbiol. 2016, 18, 4579–4595. [CrossRef]

113. Tsai, A.Y.; Gong, G.C.; Mukhanov, V. Experimental Warming Effects on Prokaryotic Growth and Viral Production in Coastal
Waters of the Northwest Pacific during the Cold Season. Diversity 2021, 13, 409. [CrossRef]

114. Lara, E.; Arrieta, J.M.; Garcia-Zarandona, I.; Boras, J.A.; Duarte, C.M.; Agustí, S.; Wassmann, P.F.; Vaqué, D. Experimental
Evaluation of the Warming Effect on Viral, Bacterial and Protistan Communities in Two Contrasting Arctic Systems. Aquat.
Microb. Ecol. 2013, 70, 17–32. [CrossRef]

115. von Scheibner, M.; Dörge, P.; Biermann, A.; Sommer, U.; Hoppe, H.G.; Jürgens, K. Impact of Warming on Phyto-Bacterioplankton
Coupling and Bacterial Community Composition in Experimental Mesocosms. Environ. Microbiol. 2014, 16, 718–733. [CrossRef]
[PubMed]

116. López-Urrutia, A.; Martin, E.S.; Harris, R.P.; Irigoien, X. Scaling the Metabolic Balance of the Oceans. Proc. Natl. Acad. Sci. USA
2006, 103, 8739–8744. [CrossRef]

117. Regaudie-De-Gioux, A.; Duarte, C.M. Temperature Dependence of Planktonic Metabolism in the Ocean. Glob. Biogeochem. Cycles
2012, 26, GB1015. [CrossRef]

118. Sarmento, H.; Montoya, J.M.; Vázquez-Domínguez, E.; Vaqué, D.; Gasol, J.M. Warming Effects on Marine Microbial Food Web
Processes: How Far Can We Go When It Comes to Predictions? Philos. Trans. R. Soc. B Biol. Sci. 2010, 365, 2137–2149. [CrossRef]

119. Tarling, G.A.; Peck, V.; Ward, P.; Ensor, N.S.; Achterberg, E.; Tynan, E.; Poulton, A.J.; Mitchell, E.; Zubkov, M.V. Effects of Acute
Ocean Acidification on Spatially-Diverse Polar Pelagic Foodwebs: Insights from on-Deck Microcosms. Deep Sea Res. Top. Stud.
Ocean. 2016, 127, 75–92. [CrossRef]

120. Santos, R.; Silva, J.; Alexandre, A.; Navarro, N.; Barrón, C.; Duarte, C.M. Ecosystem Metabolism and Carbon Fluxes of a
Tidally—Dominated Coastal Lagoon. Estuaries 2004, 27, 977–985. [CrossRef]

https://doi.org/10.1562/2006-02-23-RA-810
https://doi.org/10.3354/ame028213
https://doi.org/10.1128/AEM.67.2.665-672.2001
https://doi.org/10.1007/s00227-019-3640-z
https://doi.org/10.3354/ame01368
https://doi.org/10.1111/gcb.13730
https://www.ncbi.nlm.nih.gov/pubmed/28423463
https://doi.org/10.1111/1462-2920.14393
https://www.ncbi.nlm.nih.gov/pubmed/30159999
https://doi.org/10.1007/s10021-017-0208-y
https://doi.org/10.1016/S0967-0645(03)00024-9
https://doi.org/10.1093/plankt/fbu022
https://doi.org/10.3354/meps098283
https://doi.org/10.3354/ame01779
https://doi.org/10.4319/lo.2007.52.2.0886
https://doi.org/10.1093/icesjms/fsu161
https://doi.org/10.1111/1462-2920.13549
https://doi.org/10.3390/d13090409
https://doi.org/10.3354/ame01636
https://doi.org/10.1111/1462-2920.12195
https://www.ncbi.nlm.nih.gov/pubmed/23869806
https://doi.org/10.1073/pnas.0601137103
https://doi.org/10.1029/2010GB003907
https://doi.org/10.1098/rstb.2010.0045
https://doi.org/10.1016/j.dsr2.2016.02.008
https://doi.org/10.1007/BF02803424


Microorganisms 2023, 11, 2559 18 of 18

121. Ruiz-González, C.; Lefort, T.; Galí, M.; Montserrat Sala, M.; Sommaruga, R.; Simó, R.; Gasol, J.M. Seasonal Patterns in the Sunlight
Sensitivity of Bacterioplankton from Mediterranean Surface Coastal Waters. FEMS Microbiol. Ecol. 2012, 79, 661–674. [CrossRef]

122. Huete-Stauffer, T.M.; Arandia-Gorostidi, N.; Díaz-Pérez, L.; Morán, X.A.G. Temperature Dependences of Growth Rates and
Carrying Capacities of Marine Bacteria Depart from Metabolic Theoretical Predictions. FEMS Microbiol. Ecol. 2015, 91, fiv111.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/j.1574-6941.2011.01247.x
https://doi.org/10.1093/femsec/fiv111

	Introduction 
	Materials and Methods 
	Study Site 
	Sampling and Experimental Setup 
	Analytical Methods 
	Data Analysis 

	Results 
	Discussion 
	Ambient Conditions 
	Effects of Increased CO2 on Heterotrophic Prokaryotes 
	Effects of Increased Ultraviolet Radiation on Heterotrophic Prokaryotes 
	Effects of Warming on Heterotrophic Prokaryotes 
	Critical Analyses of the Experimental Approach 

	Conclusions 
	References

