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aMicrobial Diversity Laboratory, Centro de Astrobiología (INTA-CSIC), Madrid, Spain; bMatís Ltd, Reykjavík, Iceland; cVegetal
Biology Department, Sciences Faculty, Málaga University, Málaga, Spain; dFaculty of Life and Environmental Sciences. University
of Iceland, Reykjavík, Iceland

ABSTRACT
The physiological plasticity of five cyanobacteria microbial mats from an extreme high temperature intertidal environment
(SW Iceland) was analysed both daily and seasonally. Daily cycles under in situ natural conditions were monitored from
June to October using pulse-amplitude modulated (PAM) fluorometry and pigment composition in order to study the
photosynthetic performance of these microbial mats in relation to environmental fluctuations linked to irradiance and
temperature. In vitro temperature and salinity experiments of photosynthetic responses were also conducted. A total of 10
taxa were identified, the most abundant species being Cyanobacterium sp. and Geitlerinema sp. The microbial mats showed
a remarkable photosynthetic adaptation to daily and seasonal changes in temperature and solar radiation. For all microbial
mats, rETRmax values decreased from June to October, while Fv/Fm remained constant in terms of absolute values. Although
high irradiances during June and July affected photosynthesis through photoinhibition, recovery was observed under high
temperatures (between 40–50°C), which supports the hypothesis that temperature is a determining factor in the photo-
synthetic performance of these cyanobacterial mats. Our results showed a significant increase in the Chla-b and phycobi-
liproteins content from June to October, as well as a significant decrease in total carotenoids content.
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Introduction

Intertidal ecosystems are characterized by large and
rapid fluctuations of environmental parameters such
as salinity, desiccation, irradiance and nutrient avail-
ability, due to tidal cycles and seasonal environmental
changes. This may result in high physiological plasti-
city of organisms inhabiting these ecosystems
(Helmuth & Hofmann, 2001). If high temperature is
added to these varying environmental conditions,
these hot coastal habitats can be regarded as extreme
environments, forcing the biota to become evolution-
ary forms of extreme microbial mats.

Intertidal hot environments are relatively rare in
the world. They are found in Iceland due to the
country’s high geothermal activity near the seashore.
One of the largest such areas is Yngingarlindir, on the
Reykjanes peninsula (SW Iceland), one of the most
geothermally active places in Iceland. This area is
structured into a series of shallow rock-pools located
near the seashore, 10–50 m from the sea with tidal
variations of up to 4 m. Since 2006, rock-pools are fed
by a powerful water effluent (4400 l–2) from the
Reykjanesvirkjun geothermal power plant (informa-
tion from HS Orka Power Corp.), which leaks hot

(75°C), nutrient-depleted brackish water out of
a canal to the open sea across the intertidal zone
and into the rock-pools, creating an unusual extreme
environment. Organisms inhabiting these rock-pool
environments are exposed on daily and seasonal
cycles to temperature ranges from 15–50°C, with
many being covered by the sea at high tides.
Therefore, the organisms are subject to temperature
fluctuations of almost 30°C twice per day in addition
to other physicochemical fluctuations.

The biota of these extreme environments consists
of thick microbial mats where photosynthesis relies
on the presence of cyanobacteria. These organisms
have to undergo significant adaptation and acclima-
tion which follow daily and seasonal patterns in order
to withstand the extreme environmental conditions
of the habitat. Deciphering the mechanisms that sup-
port their physiological plasticity is essential to
understand the presence and permanence of these
biological structures in these extreme environments.
In this context, these environments provide an excel-
lent natural laboratory to understand the photophy-
siological processes that extreme environmental
conditions impose on their associated biota.
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In this study, the physiological plasticity of five
cyanobacteria microbial mats in these environments
was analysed on a daily and seasonal basis, both
in situ and under laboratory-controlled conditions.
Additionally, in vitro experiments were conducted
in order to study the photosynthetic plasticity of the
mats in the presence of different temperatures and
salinities.

We have compared the seasonal microbial diversity
as well as the in situ photosynthetic activity of five
submerged microbial mats at different temperature
conditions (constant and variable temperature), located
in the coastal hot intertidal rock-pools on the Reykjanes
peninsula (SW Iceland). Our goals were (1) to obtain
insights into the bacterial diversity in these poorly
investigated mats; (2) to assess the photosynthetic
response of the different communities to the drastic
seasonal reduction in light; (3) to study the effect of
the daily temperature fluctuation on the photosynthetic
response; and (4) to assess the in vitro physiological
response of the different communities to salinity

Materials and methods

Study site and environmental parameters
measurements

The study site was the hot intertidal Yngingarlindir
area, located off the coast of the Reykjanes peninsula
(SW Iceland, 63°52'52.9068"N, –22°27'11.214"W) (Fig.
1). For in situ PAM measurements, water sampling
and biofilm analysis, five sites covered by green micro-
bial mats were selected (Supplementary fig. 1S). The
sampling sites were distributed from the seashore (Site

1, mats YL1.1 and YL1.2) to the start of the hot water
supply channel (Site 2, mats YL2.1, YL3.1 and YL4.1),
following a temperature gradient. The five sites were
situated at the same tidal level, ~3.50 m above the
shore baseline (Supplementary fig. 2S). Although
some areas of the biofilms were exposed to air during
low tides, the study was carried out in sections that
remained permanently under water.

Salinity was measured using an ATC-S/Milli-E
refractometer (Atago, Japan). Underwater PAR irra-
diance and temperature measurements were recorded
every 5–10 min throughout the course of the study
with HOBO Pendant Data Loggers UA-002-08
(Onset, USA) submerged at the mat site and a LI-
COR Underwater Quantum Sensor (Nebraska, USA)
located at the surface of the microbial mats.

Species identification and cell counts

In June 2014, ~1 cm2 samples from each microbial
mat were collected by scraping them from the rocky
bottom with a sterile plastic spatula and transported
to the laboratory in sterile 5 ml plastic tubes at 4°C.
One of the biofilm subsamples was used for light
microscopy species identification and cell counts.
The sample was preserved in situ in formalin (4%)
and kept at 4°C until the analyses were carried out.
Species identification was to the lowest possible taxo-
nomic level using different phenotypic features based
on previous studies of these communities (Hobel
et al., 2005; Bolhuis et al., 2013) and carried out
using a Zeiss Axioscope II microscope.

In order to determine possible variations in micro-
bial mat composition between June and October, sam-
ples from eachmat were collected as described earlier in
June, July, September and October (Supplementary fig.
3S), on the same days on which the PAM fluorometry
measurements were made. Cell counts were performed,
using a microscopic counting grid (156.25 mm2) and
a Zeiss Axioscope II equipped with phase-contrast.
Counts were made for each sample from 50 randomly
chosen microscopic fields at 400-fold magnification.
For filamentous organisms, cell numbers were counted
as for unicellular organisms, since their total length
usually exceeded the total length of the slide.

In situ PAM fluorometry measurements during
daily cycles

Four complete daily cycles (from sunrise to sunset)
were carried out once a month from June to
October 2014 (Supplementary fig. 3S). PAM fluoro-
metry measurements were conducted every 2–3 h in
quintuplicate on the five biofilms assayed during the
daylight hours, as described above. At the same time,
samples for pigment determination were collected
and physicochemical water parameters wereFig. 1. Schematic representation of the sampling location.
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measured. Sampling days were selected taking into
account sun irradiation, tide schedule and level as
well as day length. In June, results are missing from
the YL4.1 mat due to poor weather conditions which
prevented data collection.

Photosynthetic performance was estimated by
means of in vivo chlorophyll fluorescence of PSII with
a Diving PAM (Walz GmbH, Effeltrich, Germany)
equipped with a distance clip (provided with the equip-
ment) at the end of the optic fibre. The background
signal correction was achieved using the AUTO-ZERO
mode with the fibreoptics end directed into the air.
Optimal quantum yield was defined as the ratio of
variable (Fv) to maximal fluorescence (Fm), of dark-
adapted mats (for 20–30 min) as described previously
(Schreiber, 1986). In this ratio Fv is calculated as Fv = Fm
−F0, in which F0 is the initial fluorescence, i.e. when all
PSII reaction centres are active or ‘open’, and Fm is the
maximal fluorescence, that is, when all reaction centres
of PSII are ‘closed’. Light curves were performed in
order to monitor changes in the photosynthetic capa-
city. Microbial mats were exposed to increasing irra-
diances of actinic light (0–1132 µmol photons m–2 s–1),
and every 30 s a saturating pulse (0.8 s white-light pulse
of 10000 µmol photons m–2 s–1) was applied to estimate
the effective quantum yield of photosynthesis (ΦPSII)
before actinic irradiation was increased again. Effective
quantum yield of PSII is defined as ((Fm’−Ft)/Fm),
where Fm is the maximum fluorescence of light-
acclimated thylakoids, and Ft is the fluorescence level
caused by ambient light. Relative electron transport rate
(ETRr) was calculated as ETRr = (ΦPSII) × PAR.
Relative ETR values were plotted against PAR irradi-
ance, and rETRmax was determined by curve fitting to
the model of Jassby & Platt described previously
(Medlin et al., 1998).

Pigment analysis

At the end of each daily survey, microbial mat samples
were collected in quintuplicates and immediately frozen
after harvesting. After grinding the biomass, quantifica-
tion of chlorophyll a (Chla), chlorophyll b (Chlb) and
total carotenoids (TC) was based on an extraction with
cold methanol for 12 h at 4°C in dark conditions.
Samples were centrifuged (5 min, 4000 rpm) and the
absorbance was measured in a Ultrospec 3000pro spec-
trophotometer (Amersham Pharmacia, USA).
Concentrations were determined following published
equations (Chla =16.29 A 665.2−8.54 A 652.0; Chlb =
30.66 A 652.0−13.58 A 665.2; TC = (1000 A470−2.86 Chla
−129.2 Chlb)/245) (Lichtenthaler & Wellburn, 1983;
Porra et al., 1989). Phycobiliproteins were extracted in
0.01 M phosphate buffer (pH 7.0) containing
0.15 M NaCl. Biomass was sonicated on ice for 1 min
five times using 8Wpulses, samples were centrifuged (10

min, 12 000 rpm) and concentrations were determined
spectrophotometrically following Bennett & Bogorad
(1973) (Phycocyanin PC = (A615−0.474 A652)/5.34;
Allophycocyanin (APC) = (A652−0.208 A615)/5.09;
Phycoerythrin PE = (A562−2.41 (PC)−0.849 (APC)/9.62).

In vitro determination of photosynthesis response
to temperature and salinity

To evaluate the effects of temperature and salinity on
the photosynthetic activity of the different microbial
mats analysed, biomass samples were taken in June
from the sampling sites using a sterile plastic spatula
(10 cm2) and then placed in 1 litre plastic open
containers with water from each sampling point,
kept in the dark and transported to the laboratory.

Five independent replicates of each microbial mat
were incubated in 20 ml of natural water from their
respective sampling points at five different temperatures
(20, 30, 40, 50 and 60°C) and three salinity levels (5, 20
and 30‰) for 30 min in the dark and PAM fluorometry
measurements were carried out as described above.
Biofilms were incubated for 1 h at 30 µmol
photons m–2 s–1 irradiance, provided by day-light fluor-
escent tubes, under the different experimental condi-
tions before the measurements took place.

Statistical analysis

Because of heterogeneous variances in microbial
parameters, Kruskal–Wallis non-parametric tests
were used to analyse biodiversity differences between
stations and sampling dates (Sokal & Rohlf, 1995).
A 5% significance level (p < 0.05) was used for rejec-
tion of null hypothesis in all cases. Chlorophyll fluor-
escence and pigment data were compared by a two-
way model I ANOVA. Pairwise multiple comparisons
between treatments were performed only after signif-
icant ANOVA using the LSD calculated at a 95%
confidence level by using the Holm–Sidak post hoc
method. For the indoor experiment, a three-way
ANOVA (microbial mat, temperature and salinity)
was performed for rETRmax and Fv/Fm in order to
test single and interactive effects between factors. In
order to test the single and interactive effects of
temperature and salinity on each microbial mat, two-
way ANOVA was performed for the same physiolo-
gical variables. Homoscedasticity of variances was
checked by the Fmax test. A Holm–Sidak post hoc
procedure of multiple comparisons was used when
significant differences were found (significance value
set at α = 0.001). All the statistical tests were per-
formed using SigmaPlot (Systat Software Inc., v.11.0)
(Sokal & Rohlf, 1995).
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Results

Light radiation, water temperature and salinity

Fieldwork experiments were carried out on very sunny
days. Slight differences were found in light intensities
between June and July (Supplementary fig. 4S), reach-
ing between 800 and 1100 µmol photons m–2 s–1 during
the middle of the day (12:30–14:30). Light radiation
decreased by 40% in September (up to 400 µmol
photons m–2 s–1) at all sampling sites except in YL1.1,
where light was reduced by 90% down to 100 µmol m–2

s–1 during the central hours. Additionally, light inten-
sity was reduced by 60% from September to October,
reaching values below 200 µmol photons m–2 s–1 at all
sampling sites except YL1.1 where no differences were
found between the two months. Daylight duration also
decreased from more than 21 h in June to 9 h in
October (Supplementary fig. 3S).

The highest average temperatures were recorded in
sampling sites YL2.1 and YL3.1 which had a constant
temperature of 45–50°C during the full daily cycles
(Supplementary fig. 4S). In sampling sites YL1.1,
YL1.2 and YL4.1, variations of up to 20°C were
observed during the day depending on the tides.
These differences in the temperature regime of the
sampling stations could be due to their different dis-
tances from the hot water supply canal. Thus, sam-
pling stations closest to the hot water canal (YL2.1
and YL3.1) showed a constant temperature even dur-
ing high tide, when they were covered with cold
water from the sea. However, stations located farther
from the canal (YL1.1, YL1.2 and YL4.1) showed
a decrease in the water temperature during high tide
due to the lower amount of hot water in these areas.
In June and July, temperature differences were lower
in sites YL1.1 and YL1.2 (5–10°C), this difference
increased in September (up to 20°C). Site YL4.1
showed the lowest average temperature during
the day (30°C in July and 20°C in September), and
also the highest temperature fluctuation within a day
(more than 25°C between tides).

None of the sites showed daily or seasonal statisti-
cally significant differences in water salinity (1–33‰),
with the exception of YL3.1 (Supplementary fig. 5S). In
this area, salinity decreased from 33 to 25‰ during the
entire day in June and during the low tides in July.

Biofilm species composition

All the microbial mats analysed were mainly formed by
filamentous and unicellular cyanobacterial species.
A total of nine taxa were identified in the samples
(Fig. 2). Cyanobacterium sp. (Chroococcales) and
Geitlerinema sp. (Oscillatoriales) were detected in all
samples and were determined to be the most abundant.
These species were followed by Microcoleus sp.
(Oscillatoriales), Nostoc sp. (Nostocales) and Stanieria

sp. (Pleurocapsales). Calothrix sp. (Nostocales) was
identified in microbial mats YL1.1 and YL1.2,
Leptolyngbya sp. (Oscillatoriales) in YL1.2 and
Oscillatoriales sp. were also present in mats YL1.2 and
YL4.1.

Cyanobacterium sp., Geitlerinema sp. and
Microcoleus sp. were the most abundant species, con-
stituting more than 80% of the biomass in all the
biofilm analysed. Statistically significant differences
were found in the distribution of these species
among the biofilms (p = 0.004). Thus, Microcoleus
sp. was the dominant species in the YL1.1 biofilm,
representing ~40% of the total biomass. No statisti-
cally significant differences were found in the main
species composition between biofilms YL1.2 and
YL3.1 (p = 0.169) and biofilms YL2.1 and YL4.1 (p
= 0.178), Cyanobacterium sp. being the most abun-
dant species (50% of the total biomass in both cases).
No significant differences were found in the domi-
nant species composition in each biofilm during the
months analysed (p = 0.342). In general, species
diversity remained fairly constant during this part of
the year at sampling points.

Daily cycles and in situ PAM fluorometry analysis

The area studied was wide, flat and rocky, ~50 m across
the intertidal zone and protected from wave action. The
tides had a regular semi-diurnal cycle with a tidal range
from 2.5 to 4m (Supplementary fig. 3S). Day length was
reduced from almost 24 h during June to less than 9 h in
October. All field measurements were conducted on
sunny days, with almost no cloud cover during the
entire day. Due to the difference in water temperature
observed during the daily cycles, we divided the micro-
bial mats into two categories, (1) mats at variable tem-
perature (YL1.1, YL1.2 and YL4.1) and (2) mats at
constant temperature (YL2.1 and YL3.1).

The photosynthetic parameters (rETRmax and Fv/Fm)
of mats at variable water temperature (YL1.1, YL1.2 and
YL4.1) are shown in Fig. 3. In general, for these three
microbial mats, rETRmax values were often highest in
July, and lower in September and October compared
with June and July (from 300 ± 75 in July to less than
90 ± 12 inOctober), while Fv/Fm showed values between
0.1 ± 0.03 and 0.4 ± 0.05 from June to October.

Generally, in June and July (Fig. 3a–e), the mats
showed significantly higher rETRmax values in the early
morning (8:00) and evening (20:00–21:00), and the low-
est values around noon and the central hours of the day
(p = 0.0003). Additionally, after sunset, rETRmax values
were usually significantly higher than those measured at
sunrise (p = 0.0007). Fv/Fm values showed a similar pat-
tern, with significantly lower values at noon (p = 0.0006)
and higher values during early morning and afternoon.
On the contrary, in September (Fig. 3f–h), electron flow
in rETRmax increased significantly (p = 0.0004) from
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sunrise to noon, which agrees with the PAR curve
throughout the day for mats YL1.1 and YL1.2 which
showed the highest values during the middle hours of
the day (~130 ± 5.5). Additionally, Fv/Fm values were

significantly lower (p = 0.008) at sunset for both mats,
with no significant differences during the day (p = 0.540).
Conversely, microbial mat YL4.1 showed the lowest
rETRmax measurements during sunset and midday,

Fig. 2. Percentages of cyanobacterial communities in the different microbial mats.

Fig. 3. Changes in relative maximum electron transport rate (rETRmax) and optimal quantum yield (Fv/Fm) for microbial
mats under variable water temperature (Mat YL1.1: a, c, f, i; Mat YL1.2: b, d, g, j; Mat YL4.1: e, h, k) throughout the day
from June to October. Data are expressed as means ± SD (n = 5).
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with some differences among them (p = 0.005), that
increased significantly in the afternoon (p = 0.0008).
Additionally, no significant differences were found in
Fv/Fm values in this mat throughout the day (p = 0.715).

Completely different results were found in October,
where rETRmax were significantly lower than in the
other months analysed (p = 0.0007) (Fig. 3i–k). In the
case of microbial mats YL1.1 and YL1.2, rETRmax did
not follow the PAR curve as usual. No significant dif-
ferences were found for rETRmax and Fv/Fm within
the day (p = 0.450 and p = 0.390, respectively).
However, mat YL4.1 showed a significant decrease in
rETRmax data (p = 0.003) during the day, while Fv/Fm
remained constant (p = 0.203).

Fig. 4 summarizes the results of the microbial mats
at a constant water temperature (YL2.1 and YL3.1).
As for the other mats, rETRmax decreased signifi-
cantly from June to October (from ~600 ± 25 to
less than 200 ± 15) (p = 0.0007) while Fv/Fm values
remained under the same threshold (between 0.23 ±
0.03 and 0.33 ± 0.04). However, in these microbial
mats, rETRmax followed the PAR curve in all months
analysed, with the highest values being observed dur-
ing the central hours of the day. In contrast, Fv/Fm
values did not show significant differences through-
out the day and remained constant (p = 0.176).

Pigment analysis

The pigment content of the microbial mats during the
different months analysed is summarized in Fig. 5.
Chla-b increased significantly from June to October
in all the mats (p = 0.0005), ranging from ~320 to
almost 820 µg g–1. In general, statistically significant

differences were also found among mats (p = 0.003)
(Supplementary table 7S). Phycobiliproteins followed
the same pattern: statistically significant lower
amounts were found in June and July (p = 0.0008),
which increased in September and October, ranging
from 4 to 12 µg g–1. Statistically significant differences
were also found among microbial mats, with mat YL
4.1 showing the lowest phycobiliprotein concentration
(p = 0.004) (Supplementary table 7S). A statistically
significant decrease in the amount of total carotenoids
was also detected from June to October in all the
microbial mats analysed (p = 0.002), varying from
~60 to less than 20 µg g–1 (Supplementary table 7S).
In this case, mats YL2.1 and YL3.1 showed the lowest
amount of total carotenoids.

In vitro photosynthetic responses to temperature
and salinity

In vitro rETRmax values ranged from 1 to 68 r.u.
(Table 1). Statistically significant higher rETRmax

rates were obtained at 40°C and 50°C in all micro-
bial mats when compared with the other tempera-
tures analysed (p = 0.005). rETRmax values were
significantly higher at 50°C in mat YL1.1 (p =
0.008) and no differences were found between the
two temperatures (40°C and 50°C) in the remaining
mats (p = 0.214), with the exception of YL4.1 where
rETRmax values were higher at 40°C (p = 0.003). The
lowest rETRmax values were reached at 20°C and 60°
C in all the mats analysed (p = 0.004). Intermediate
rETRmax were found at 30°C in all cases, although
no statistically significant differences were found
between the values at 20°C and 30°C in mats

Fig. 4. Changes in relative maximum electron transport rate (rETRmax) and optimal quantum yield (Fv/Fm) for microbial
mats under constant water temperature (Mat YL2.1: a, c, f, i; Mat YL3.1: b, d, g, j) throughout the day from June to
October. Data are expressed as means ± SD (n = 5).
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YL1.2 and YL3.1 (p = 0.163 and p = 0.211,
respectively).

Regarding salinity, the lowest rETRmax values
were, in general, at 5‰ (p = 0.003) with the exception
of mat YL4.1, where no statistically significant differ-
ences were found among salinity values (p = 0.121).
Additionally, no significant differences were observed
in the rETRmax between 20‰ and 30‰ for all the
mats analysed (p = 0.032).

Discussion

To our knowledge, this is the first study showing the
photosynthetic performance of cyanobacterial micro-
bial mats from hot intertidal extreme environments
along periods of strongly changing solar radiation
conditions and water physicochemical changes such
as temperature and salinity. Our results revealed the
photosynthetic acclimation of the cyanobacterial

microbial mats to these variable parameters under
in situ and in vitro conditions.

Composition of microbial mats

All microbial mats analysed were mainly formed by
cyanobacteria belonging to the genera Cyanobacterium,
Microcoleus and Geitlerinema. This agrees with previous
studies carried out on intertidal mats, in which cyano-
bacteria are usually the most conspicuous microorgan-
ism (Dijkman et al., 2010; Bolhuis et al., 2013).
Cyanobacteria are important structuring agents of
microbial mats in coastal zones, especially in the upper
littoral zone, where they are subjected to strong tempera-
ture and salinity fluctuations, periodic desiccation due to
tides and low nutrient conditions. Such conditions would
greatly decrease the biodiversity ofmicrobial mats, which
are mainly suitable for cyanobacteria which need low
nutrients for growth (Rothrock & Garcia-Pichel, 2005).

The species found in this study seem to be more
related to mesophilic and temperate intertidal mats
than to species usually found at higher temperature
intertidal hot springs (>70°C), which are usually
related to Chloroflexus, Phormidium or Lyngbya spe-
cies (Hobel et al., 2005; Kale et al., 2013). This does
not come as a surprise, as the temperature in the
intertidal ponds does not exceed 50°C. However,
Cyanobacterium, one of the main constituents of

Table 1. Relative maximum electron transport rate
(rETRmax) of five different microbial mats at different
temperatures (20, 30, 40, 50 and 60ºC) and salinities (5,
20, 30‰) under controlled laboratory conditions.

Salinity (‰)

Microbial
mat

Temperature
(°C) 5 20 30

1.1 20 8.1 ± 0.3 4.7 ± 0.2 5.5 ± 0.1
30 21.4 ± 4.3 16.6 ± 5.3 20.8 ± 3.9
40 28.6 ± 3.5 35.1 ± 4.5 38.1 ± 2.1
50 26.5 ± 6.3 46.4 ± 3.3 45.7 ± 5.9
60 1.5 ± 0.2 1.3 ± 0.1 1.6 ± 0.5

1.2 20 5.6 ± 0.8 7.1 ± 0.5 9.7 ± 0.2
30 4.2 ± 0.5 10.2 ± 2.1 11.5 ± 3.1
40 5.3 ± 1.1 32.7 ± 6.7 35.8 ± 8.2
50 16.5 ± 3.3 30.3 ± 4.9 29.6 ± 7.9
60 3.1 ± 1.1 2.1 ± 0.6 4.6 ± 0.3

4.1 20 6.1 ± 1.5 4.6 ± 0.5 4.7 ± 0.9
30 16.3 ± 4.5 19.2 ± 4.6 21.5 ± 3.3
40 48.6 ± 5.1 50.7 ± 4.7 48.1 ± 8.2
50 27.1 ± 4.3 30.3 ± 2.9 34.5 ± 5.9
60 6.1 ± 1.1 3.1 ± 0.6 1.6 ± 0.3

2.1 20 6.2 ± 0.4 8.2 ± 0.6 5.6 ± 0.3
30 12.3 ± 0.3 20.1 ± 3.5 23.7 ± 4.1
40 20.8 ± 3.1 41.7 ± 2.9 40.8 ± 3.9
50 16.5 ± 4.9 43.3 ± 1.9 45.3 ± 9.9
60 1.1 ± 0.1 4.1 ± 0.7 3.4 ± 1.1

3.1 20 10.1 ± 7.5 32.6 ± 9.5 36.7 ± 6.9
30 21.2 ± 9.5 38.2 ± 6.1 41.5 ± 4.1
40 33.3 ± 8.1 66.7 ± 2.7 65.8 ± 5.2
50 45.3 ± 6.3 68.1 ± 9.9 66.6 ± 2.9
60 10.1 ± 3.1 15.1 ± 5.6 20.6 ± 4.3

Data are expressed as means ± SD (n = 5).

Fig. 5. Monthly variation of pigment content: Chlorophyll
a-b (top), Phycobiliproteins (centre), Total carotenoids
(bottom). Data are expressed as averaged daily pigment
content ± SD (n = 5).
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our microbial mats, has also been found in continen-
tal high temperature hot springs (Moro et al., 2007).

Temporal changes in photosynthetic performance

Our results revealed a remarkable pattern in terms of
daily and seasonal adaptation of photosynthesis to
solar radiation and temperature. In the case of micro-
bial mats found at variable water temperature loca-
tions (YL1.1, YL1.2 and YL4.1; Fig. 3a–e), the
significant decrease in the rETRmax and Fv/Fm values
in June and July, when solar radiation was higher, is
an indicator of the photoinhibition effect, which has
been widely described for numerous phototrophs
such as seaweeds (Zhang et al., 2017), microalgae
(Stamenković & Hanelt, 2013; La Rocca et al., 2015)
and other cyanobacteria (Soitamo et al., 2017).
Photosystem II (PSII), the macromolecular complex
that converts light energy to chemical energy, is sus-
ceptible to inactivation by strong light, and this phe-
nomenon is referred to as the photoinhibition of PSII
(Tyystjärvi, 2013).

Photoinhibition can be either a dynamic or
chronic phenomenon: dynamic photoinhibition
describes reversible fluctuations in the rate of photo-
synthesis with light intensity (Platt et al., 1980) and
involves the reversible down-regulation of the photo-
synthetic apparatus PSII associated with the dissipa-
tion of excess energy (Tyystjärvi, 2013). The
regulatory nature of the phenomenon is obvious, as
the photosynthetic rate may increase immediately
when the light intensity is lowered back to the satur-
ating value. Conversely, chronic photoinhibition
describes an irreversible inhibition that does not
recover without protein synthesis. Our results showed
that, although significant reductions in rETRmax and
Fv/Fm occurred in response to increasing solar radia-
tion (Fig. 3a–e), both photosynthetic parameters
recovered relatively quickly and completely during
the afternoon, when solar radiation decreased. This
indicates that no persistent damage was induced in
the photosynthetic apparatus, therefore supporting
the presence of dynamic photoinhibition in these
microbial mats, despite the extreme conditions of
other environmental factors such as temperature.
The potential for recovery from solar radiation stress
is generally one important prerequisite for algae liv-
ing in intertidal areas located in northern latitudes,
allowing these species to cope with the drastic
changes in irradiance in these locations (Halnet
et al., 1997). This fast response might also be part of
a physiological protection strategy in a highly variable
environment, such as the intertidal zone.

Microbial mats found in constant water temperature
locations (YL2.1 and YL3.1; Fig. 4a–d) displayed
a completely different photosynthetic behaviour, where
no photoinhibition was observed. Values for rETRmax

followed the light curve throughout the day, and Fv/Fm
remained constant. These results support the concept
that constant and higher temperatures during the central
hours of the day (~45°C) may compensate for photoin-
hibition, even those close to the tolerance limits (~50°C).
Similar results have been obtained for other cyanobac-
teria (Allakhverdiev et al., 2002) and Antarctic green
macroalgae (Allakhverdiev et al. 2002; Nishiyama et al.,
2005). The extent of photoinhibition is a result of
a balance between PSII photodamage (light-induced
inactivation) and repair (Singh et al., 2005;
Rautenberger & Bischof, 2006; Becker et al., 2009).
Photoinhibition is observed when the rate of photodam-
age to PSII exceeds the rate of repair of PSII. Moreover,
whereas the rate of photodamage is proportional to light
intensity, PSII repair rate is very sensitive to various
external factors, including low temperatures and salt
(Aro et al., 1993; Adir et al., 2003; Murata et al., 2007).
In addition, Fv/Fm values from microbial mats found at
the constant temperature locations did not decrease in
response to high PAR (Fig. 4a–d). This finding could be
linked to the ability of cyanobacteria to produce sunsc-
reen pigments, such as scytonemin and mycosporine-
like amino acids (Wada et al., 2013). These pigments
inhibit Reactive Oxygen Species (ROS) production by
preventing excess light energy from reaching the insides
of cells by absorbing UV light. The pigments can sup-
press cell damage by directly scavenging ROS produced
under environmental stress conditions such as desicca-
tion and strong light irradiation (Matsui et al., 2012). The
multifunctional properties of these pigments are one of
the important defence mechanisms in cyanobacteria to
perform oxygenic photosynthesis in various environ-
ments (Wada et al., 2013).

Thus, in our microbial mats, low water tempera-
tures (~20°C during low tides in mats YL1.1, YL1.2
and YL4.1) in combination with high light intensities,
stressed the cyanobacteria and reduced photosyn-
thetic performance. This is thought to be due to
high light and low temperature conditions slowing
enzymatic reactions, reducing the de novo synthesis
of previously degraded D1 protein (one of the con-
stituents of PSII and the one mainly responsible for
the PSII repair mechanism), and consequently
decreasing the PSII repair mechanism rates and trig-
gering photoinhibition (Singh et al., 2005). However,
higher temperatures in microbial mats YL2.1 and
YL3.1 throughout the day could enhance the PSII
repair mechanisms avoiding photoinhibition in
these microbial mats.

In general, no photoinhibition was observed in
September and October (Fig. 3f, g, i, j and Fig. 4e–h).
This could be owing to the decrease in irradiance of
more than 90% from June, as well as to the reduction
in day length (from 21 to 9 h). These environmental
parameters reduced the stress conditions, therefore
allowing non-damaged photosynthetic activity
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throughout the day, although the rETRmax values were
lower than in June and July. Biofilm YL4.1 showed
a different photosynthetic behaviour with lower
rETRmax and Fv/Fm at midday. This was probably
owing to low temperatures during the low tide rather
than light intensity. Water at the location of mat YL4.1
reached 20°C during the low tide, while the remaining
mat temperatures (YL1.1 and YL1.2) were 33°C and
41°C during the same period of time, respectively. This
suggests that temperature is a determining factor in
the photosynthetic performance of these cyanobacter-
ial mats.

Temporal changes in pigment composition

Cyanobacteria can acclimate to the potentially dama-
ging consequences of the absorption of excess light
energy in a number of ways. These include a marked
decline in light-harvesting pigments, changes in the
level and composition of photosynthetic reaction cen-
tres, the development of sinks to efficiently remove
electrons from the electron transport chain, the estab-
lishment of mechanisms to eliminate reactive oxygen
substances (ROS) that might potentially accumulate
and the ability to repair damaged cellular components
(Bailey & Grossman, 2008). Some of these acclimation
responses were observed in the pigment composition
measurements conducted in this study.

Our results showed a significant increase in the
Chla and Chlb contents from June to October. This is
in agreement with previous studies that reported that,
under long-term low light conditions, photosynthetic
organisms showed higher chlorophyll content in
order to maximize light capture (Anderson et al.,
1995; Walters, 2005). This is particularly true in
Iceland, where solar light intensity is reduced more
than 80% from June to October, and day length is
also shortened from almost 24 h to less than 9 h. This
increase in the chlorophyll content usually occurs at
the expense of electron transport, resulting in lower
photosynthetic rates (Anderson et al., 1995; Kumar &
Murthy, 2007), which also occurred in our case. In
addition, the lower amount of chlorophyll during
June and July could also be due to the photoinhibi-
tion process displayed by the microbial mats ana-
lysed. On exposure to excess irradiance, a decrease
in the amount of chlorophyll is one of the protective
mechanisms available to avoid the accumulation of
light excited chlorophyll triplets that could interact
with oxygen to generate ROS (Krieger-Liszkay, 2005).
The significant increase in the phycobiliprotein
values from June to October observed in all the
microbial mats analysed could be a result of decreas-
ing light intensity and duration as the season pro-
gresses, and therefore the cells are acclimating to
increase light absorption. These results also suggest
that, at high light irradiances, there is a reduction in

the absorbance of the light-harvesting antenna, which
is clearly related to the decrease in the rETRmax and
Fv/Fm ratio in these species during June and July.

On the other hand, total carotenoid values were
higher in June and July and significantly reduced in
September and October. These results may be related
to the protection against and/or adaptation to high
light conditions, as carotenes can act as a non-
enzymatic antioxidant that can quench ROS, as well
as reduce the amount of energy funnelled to photo-
chemical reaction centres by screening or thermal
energy dissipation (Wilson et al., 2006). It is also
possible that the decrease in all photosynthetic pig-
ments except carotenoids observed in this study may
be a result of the oxidation of pigments under con-
ditions of excess light (Bhandari & Shatma, 2006).

These physiological responses to ambient light
intensity were also reported in cold-tolerant
Leptolyngbya sp. cultures isolated from high latitudes
in Antarctica (Chrismas et al., 2018), in which
increases of Chla maximized light harvesting under
low light, reduction of Chla minimized light capture
under high light, and increases of total carotenoids
contents maximized photoprotection under high light
conditions.

In vitro photosynthetic responses to temperature
and salinity

In general, the results obtained for the in vitro experi-
ments showed higher rETRmax at 40°C and 50°C with
no significant differences between 20‰ and 30‰
salinity. These results are well within the range of
temperature and salinity values experienced by the
microbial mat communities in their natural habitat,
at which their photosynthetic activity was also higher.
Furthermore, photosynthesis was strongly regulated
by temperature at all experimental salinities, except at
5‰ where rETRmax values were significantly lower,
independently of the temperature assayed (Table 1).
Thus, within the range of in situ salinity values
(usually 25–35‰), the microbial community is well-
adapted to short-term salinity fluctuations. Biofilm
YL4.1 was again the only exception to these patterns,
showing no differences in the rETRmax among sali-
nity values at each experimental temperature.

Although the microbial mats analysed followed the
general pattern described in the previous paragraph,
there were significant differences amongmats in terms of
rETRmax values. For example, mat YL3.1 showed higher
rETRmax values at 40°C and 50°C than the remaining
microbial mats. This is in agreement with previous
reports, demonstrating that a specific cyanobacterial
mat could produce different physiological ecotypes in
relation to the range of environmental parameters pre-
sent in its habitat, such as salinity or temperature, result-
ing in the development of mat-ecotypes (Karsten, 1996).
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The development of mat-ecotypes could lead to different
responses to changes in environmental parameters of
microbial mat communities growing in these habitats
(Wieland & Kühl, 2006).

Little is known about the microbial ecology and
physiology of thermophilic intertidal cyanobacterial
microbial mats. The work presented here reveals
a remarkable trend in terms of daily and seasonal
adaptation of photosynthesis to solar radiation and
temperature. In this regard, although high light
affects photosynthesis causing photoinhibition, this
phenomenon can be revoked by high temperatures
(40–50°C), which supports the notion that tempera-
ture is a determinant factor in the photosynthetic
performance of these cyanobacterial mats. Detailed
analyses of the physiological capacity of individual
members of mat communities, along with studies to
elucidate ways in which the different organisms
respond to changing environmental conditions,
will greatly contribute to our understanding of the
adaptive mechanisms of these organisms.
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