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Abstract. The photosynthetic productivity of tropical micro-
phytobenthos (MPB) is largely driven by changes in light
intensities and temperature at the surface of sediment flats
during emersion. Here, the response of the MPB community
to temperature and light was examined. Changes in tempera-
ture and irradiance during tidal cycles in the Tanjung Rhu es-
tuary, Langkawi, Malaysia, in 2007 significantly affected the
photosynthetic capacities of the MPB. Higher photosynthetic
parameters, such as the maximum relative electron trans-
port rate (rETRmax), photosynthetic efficiency (o), maxi-
mum quantum yield (F,/Fpy), and effective quantum yield
(AF/F])), were recorded at high tide when the temperatures
were lower. However, when the community was experimen-
tally exposed to irradiances of 1800 umol photonsm=2s~!,
it was only able to photosynthesize at temperatures < 50 °C.
Above this temperature, no photosynthetic activity was ob-
served. Not only did high temperatures at high irradiance af-
fect the algal communities, but limited photosynthetic activ-
ity was also observed in samples when exposed to limited
irradiance. Recovery rates were highest at the lowest tem-
peratures and decreased as the temperature increased. The
recovery rates for samples exposed to temperatures of 40 °C
were 4.01 x 1073£0.002 s~! and decreased to 1.01 x 107> £
0.001s~! at 60°C, indicating irreversible damage to Photo-
system II (PSII). These characteristics suggest that the MPB
communities in this estuary were able to adapt to temperature
variation. However, enhanced photoinhibition would result if
exposed to elevated temperatures, especially during low tide

where in situ temperature was already 43 °C. Hence, if in
situ temperature were to further increase during tidal emer-
sion, 50 °C could be a temperature threshold for photosyn-
thetic performance of tropical estuarine benthic microalgal
communities.

1 Introduction

Microphytobenthos (MPB) makes a significant contribution
to the primary production of shallow coastal and estuarine
environments, regularly contributing more than 50 % of the
total annual production (Underwood, 2002; Rajesh et al.,
2001). A few key environmental factors influence biomass
production. For instance, high turbidity, which is a character-
istic of many tropical estuaries, reduces the irradiance reach-
ing the microalgae mats which then limits photosynthesis
(Underwood, 2002). Intertidal ecosystems in the tropics are
affected by large changes in solar irradiance and tempera-
tures, caused by tidal cycles. During prolonged low tides,
variation in irradiances, temperatures, and salinity can ad-
versely affect the photosynthetic activity of MPB communi-
ties (Underwood, 2002; Laviale et al., 2016). To overcome
these problems, many taxa have developed adjustment and
avoidance strategies. Some can protect themselves physio-
logically against the damaging effects of exposure (Blan-
chard et al., 2004; Perkins et al., 2010) by dissipating the
excess energy absorbed by light-harvesting centers, a process

Published by Copernicus Publications on behalf of the European Geosciences Union.



5314 S. Salleh and A. McMinn: Impact of irradiance and temperature on microphytobenthos

known as non-photochemical quenching (NPQ), while others
can move vertically in the sediment, adjusting their position
to minimize irradiance (Consalvey et al., 2004a; Perkins et
al., 2010; Cartaxana et al., 2013). For instance, in a study
by Mouget et al. (2008) it was shown that benthic diatoms
with a high migratory capacity could experience high pho-
tosynthetic activity without any evidence of photodamage,
while non-migratory taxa showed a significant depression in
photosynthetic activity, which was caused by high irradiance
and/or UV-B.

It is widely known that temperature plays an important role
in the growth rate of all algal cells (Eppley, 1972; Davison,
1991, Eggert and Wiencke, 2000; Longhi et al., 2003). Pro-
longed exposure to temperatures significantly above ambient
temperature (ideal growth temperature) also leads to a de-
crease in the concentration of chlorophyll a per cell (Defew
et al., 2004). Excess light energy can also subsequently cause
a decline in photosynthetic activity, which is reflected in the
response of rapid-light-curve (RLC) parameters (Du et al.,
2018). With combined stresses, such as high temperature and
irradiance and/or UV-B), damage to Photosystem II (PSII)
can be induced, impacting the recovery process; this is appar-
ently more significant in planktonic diatoms by comparison
with benthic species (Wu et al., 2017). Photoinhibited cells
can mostly regain their capacity for photosynthesis when re-
moved from a high-light environment (Wu et al., 2017). The
ability of algae to tolerate dynamic intertidal environments
such as light and temperature changes during tidal cycles
and periods of photoinhibition largely determines estuarine
community species composition (Derks and Bruce, 2018).
If photoprotective mechanisms are inadequate for mitigating
excess light, overexcitation of PSII can occur, leading to the
production of reactive oxygen species (ROS), thus damaging
the photosynthetic apparatus (Miiller et al., 2001). The ex-
tent of photooxidative damage and the speed of recovery are
related to the degradation rate of the D1 protein and the sub-
sequent re-synthesis and replacement by new proteins (Derks
and Bruce, 2018; Domingues et al., 2012). Similarly, benthic
diatoms inhabiting sediment surfaces in estuaries are usually
able to recover from extreme temperatures and light pho-
toinhibition caused by tidal changes, since photoinhibition
is only rarely recorded in these communities (Defew et al.,
2004; Lee and McMinn, 2013; Perkins et al., 2006). Further-
more, many have the ability to migrate vertically, hence po-
sitioning themselves within the sediment at a depth that pro-
vides shading from excess irradiance and provides an optimal
light environment for their photosynthetic activities (Cartax-
ana et al., 2011; Mouget et al., 2008; Perkins et al., 2010).

Due to the major contribution of MPB to ecosystem pro-
cesses, they have been widely studied in tropical coral reefs
and intertidal flats and coastal intertidal zones (Mitbavkar
and Anil, 2002, 2004; McMinn et al., 2005; Underwood,
2002). However, there are relatively few studies of them in
tropical estuaries (Patil and Anil, 2008). Although the pho-
tosynthesis of tropical benthic MPB communities is likely
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to be highly sensitive to elevated temperature, comparatively
little attention has been given to the combined effects of
both elevated light and temperature. Water temperatures in
tropical marine ecosystems are already high, and relatively
small increases can have severe negative impacts. Unfortu-
nately, information on the combined effects of temperature
and light on the photosynthetic responses from this region
is lacking. To date, the temperature tolerance of tropical mi-
croalgae has been studied mostly in plankton, which cannot
usually survive temperatures above ~ 30 °C, which is consis-
tent with the maximal temperature they normally experience
(Indrayani et al., 2020; Thomas et al., 2012). MPB, howeyver,
may be exposed to much higher temperatures during low tide
that can be several times higher than in the water column.
Thus, the aim of this study is to determine the stress response
of MPB physiology to the combined effects of elevated irra-
diance and temperature and understand its subsequent recov-
ery. We hypothesize that high light could reduce the photo-
protection capacity, thus causing severe damage and impair-
ing the recovery process. To this end we exposed diatom-
dominated communities to a range of temperatures and used
pulse amplitude modulation (PAM) fluorometry to measure
photosynthetic characteristics during exposure to different
light levels.

2 Materials and methods
2.1 Study area and field sampling

Tanjung Rhu is located on the north coast of Langkawi,
Malaysia (Fig. 1). The area has a humid, tropical climate with
daily maximum temperatures between 27.0 and 40.0 °C. This
estuary contains a range of habitats (beaches, mangroves,
and seagrass beds) all within close proximity. The estuary
is mesotidal with semi-diurnal tides and a tidal range of be-
tween 2 and 3m. Much of the ecosystem is exposed dur-
ing low tide and submerged during high tide. The estuary is
surrounded by a mangrove forest, mainly dominated by Rhi-
zophora and Avicennia species. The benthic habitat is mostly
composed of coarse sand with patches of mud. The water
normally carries a high suspended load, originating partly
from the mangrove forest and from the river sediment itself.

Samples were collected in April 2007 from three sites (Site
A, B, and C) all in proximity (20 m) to the intertidal zone of
the Tanjung Rhu estuary, at ebb and flood tide. Descriptions
of sites A, B, and C are provided in Table 1. Water height at
ebb tide was approximately O to 0.2 m, and flood tide it was
approximately 0.5 to 1 m. On each occasion, seven 15 mm
diameter hand-pushed sediment cores were taken: three for
photosynthetic parameter analysis, three for chlorophyll a
analysis, and one for species composition. For the tempera-
ture incubation experiments, the top 10 mm (approximately)
of the sediment was manually scraped off and placed in a
dark plastic bag (20 x 20 cm). Samples were stored in the
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Figure 1. Location of the sampling station in the Tanjung Rhu estuary, Langkawi, Malaysia. (a) Map of Peninsular Malaysia. The square
indicates Pulau Langkawi. (b) Map of Pulau Langkawi and (¢) map of Tanjung Rhu. The red star indicates the sampling area.

dark and promptly returned (approximately 15 min) to the
laboratory for the experiments.

At each sampling site, environmental measurements (tem-
perature, salinity, and photosynthetically active irradiance
(PAR)) were measured using a Hydrolab DataSonde 4a
(Hach, Loveland, CO, USA). Water samples for all param-
eters and nutrient analyses were collected during high tide
(water level 1.0m) and low tide (water level 0.2 m). Ni-
trate, phosphate, and ammonium were analyzed on a Hach
kit DR 2000 spectrophotometer (Hach, Loveland, CO, USA).
Ammonia, expressed as ammonia nitrogen (NH3-N), was de-
termined using the Nessler method (Hach Company, 1995).
Phosphate, expressed as phosphorus phosphate (POZ_-P)
was determined by the PhosVer (ascorbic acid) method
(Hach Company, 1995). Nitrate, expressed as nitrate nitrogen
(NO3 -N), was determined by the cadmium reduction method
(Hach Company, 1995).

2.2 Chlorophyll a biomass

Chlorophyll a was measured as a proxy for algal biomass.
The chlorophyll biomass was determined following Jordan et
al. (2010). For chlorophyll a biomass and fluorescence anal-
ysis, 45 mm diameter clear polycarbonate cores were manu-
ally pushed into the sediment and stoppered using a rubber
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bung and immediately returned to a temporarily established
working place. Three cores were taken for three biomass
analyses and three fluorescence analyses (see “PAM chloro-
phyll fluorescence measurements’). The sediment for chloro-
phyll a analysis, for both low-tide and high-tide samples, was
placed in an ice-filled, light-proof container and immediately
transferred to the laboratory. The top 10 mm of sediment was
re-suspended in 10 mL of methanol, thoroughly mixed, and
then stored in the dark for 12 h at 4 °C. After the sediment had
settled, the solvent was decanted off to measure the chloro-
phyll a content using acidification methods (Holm-Hansen
and Lorenzen, 1965). A Turner Designs 10AU fluorome-
ter (Sunnyvale, CA, USA) was used to measure the chloro-
phyll a. The fluorometer was calibrated against a chloro-
phyll a standard (Sigma-Aldrich, St Louis, MO, USA).

2.3 PAM chlorophyll fluorescence measurements

Variable fluorescence was measured using a pulse amplitude
modulation (PAM) (Schreiber, 2004) fluorometer compris-
ing a computer-operated PAM control unit (Walz, Effeltrich,
Germany) and a WATER-EDF universal emitter—detector
unit (Gademann Instruments GmbH, Wiirzburg, Germany).
The top 10 mm of each core was sectioned on site, with
5 mm for PAM fluorometry analysis. Each sample was mixed
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Table 1. Site description of in situ environmental and fluorescence parameter data collection.

Site Description

Site A — submerged

This site is located in the middle of the Tanjung Rhu estuary. The sediment collected from

this area is constantly being submerged during low tide with an average water level of

~0.2m.

Site B — shaded

This site is located at the estuary bank (inner section) and is shaded by mangroves trees.

During low tide the sediment is exposed and partially dried without any seawater.

Site C — exposed

This site is located at the estuary bank (outer section) without any trees or any shaded

structure. At low tide the sediment is exposed and partially dried without any seawater.

with filtered seawater and transferred into a vial wrapped in
aluminum foil to protect it from light and to dark-adapt it
for 15 min. The samples were shaken vigorously and then
allowed to settle for approximately 10s before analysis.
The PAM methodology followed McMinn et al. (2005) and
Salleh and McMinn (2011).

To calculate the maximum PSII quantum yield (Fy/Fp),
the samples were dark-adapted in the field for 15 min by
wrapping the jars in foil and placing them in a dark con-
tainer immediately after sampling. Rapid light curves (RLCs)
were taken under software control (WinControl, Walz) to ob-
tain values for Fy/Fy, NPQ, and Ey (Ralph and Gademann,
2005). Red light-emitting diodes (LEDs) provided the ac-
tinic light used in the RLCs at levels of 0, 85, 125, 194,
289, 413, 517, 1046, and 1554 pmol photonsm~2s~!. The
saturation pulse irradiance was 3000 umol photons m=2s~!
for a period of 0.8s. Samples were exposed to each light
level for 10s. Photomultiplier gain settings were between 3
and 8 (WinControl, Walz). Ey, the light saturation parame-
ter, was calculated from the intercept between the maximum
relative electron transport rate (fETR) and «, the photosyn-
thetic efficiency (Falkowski and Raven, 2007). The rETR
was calculated by multiplying the irradiance by the quan-
tum yield measured at the end of that interval. PAR-versus-
rETR curves were described using the model of Jassby
and Platt (1976) using multiple non-linear-regression curve-
fitting protocols on SPSS software (SPSS Inc., Chicago, IL,
USA).

NPQ is a measurement of the activity of the protec-
tive mechanism, which is designed to protect against over-
reduction of the photosynthetic electron transport chain by
dissipation of excess absorbed light energy in the PSII an-
tenna system as heat (Ruban et al., 2004). NPQ is a complex
response comprising at least four different, time-dependent
responses (Fanesi et al., 2016). It is recognized that it is not
possible to distinguish which process is occurring using this
approach. NPQ was determined by the following equation
(Schreiber, 2004).

NPQ = (Fm — F,)/ Fp, ey

Non-photosynthetic quenching (NPQ) values presented here
were taken from the RLC data generated by WinControl soft-
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ware (Walz GmbH, Effeltrich, Germany). The short light ex-
posure time in this experiment (10s RLC duration) would
have been insufficient for maximum NPQ development and
so provides only a relative measure of the ability of the treat-
ments to develop NPQ (Ralph and Gademann, 2005).

2.4 Temperature and irradiance experiments

For the temperature and irradiance incubation experiments,
samples were collected during low tide and exposed to
a combination treatment of irradiances (1800, 890, and
0 umol photons m~2 s~ 1) and high temperatures (30, 35, 40,
45, 50, 55, and 60°C). Samples were always taken from
Site C, where the highest temperatures were recorded dur-
ing in situ data collection (Table 1). The top 0.5 to 10 mm
of the sediment was collected by hand using a clear poly-
carbonate core during low tide and wrapped in a dark plas-
tic bag prior to analysis. Samples were kept upright in the
tubes and were immediately returned to the lab for the exper-
iments. The sediment samples were suspended in a beaker,
and excess seawater was decanted. Filtered seawater col-
lected from the same site was added to each vial, and the
vials were placed in three chambers of different irradiances
in a temperature-controlled water bath (Lauda 20 L, Lauda-
Brinkmann, Konigshoven, Germany). Triplicate sample vials
were placed in each irradiance chamber. Fresh algal sam-
ples were used for each temperature change. Since irradiance
was provided by a halogen lamp (Thorn 300 W, Boreham-
wood, UK), it is understood that the spectrum will have dif-
fered from that of natural sunlight. The irradiance in each
chamber was measured with a Quantum light meter LI-189
(LI-COR, NE, USA). The irradiance of each chamber was
adjusted by the addition of several layers of dark plastic
filters. These filters also assisted in reducing the heat pro-
duced by the halogen lamps. Care was taken to ensure that
the temperature remained constant throughout the incuba-
tion. Fresh samples were used for each temperature incu-
bation. The algal samples were exposed to three different
irradiance treatments — A, 1800 umol photons m—2s~!; B,
890 umol photons m~2s~!; and C, 0pumol photons m~2s~!
— with three replicates for each treatment. Samples were
placed in the water bath for a period of 1h for each tem-
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perature treatment. The temperatures selected were 30, 35,
40, 45, 50, 55, and 60 °C. Lower temperatures (30 to 35°C)
were used as controls since the community had been grow-
ing within that temperature range in the natural habitat. As
experiments were conducted in a makeshift laboratory, tem-
peratures < 30 °C could not be obtained due to equipment
limitations. At the end of each incubation, each replicate
was immediately transferred into a cuvette for photosyn-
thetic analysis. A WATER-PAM fluorometer was used to de-
termine the quantum yield at the end of each temperature
treatment. RLCs (see above) were run to obtain values for
F\/Fn, tETRmax, Ey, and «. In each treatment, three repli-
cates (n = 3) were measured. Before measurement, samples
were gently shaken to ensure even mixing and to limit settle-
ment and were then placed inside the measuring cuvette of
the Water PAM fluorometer. Measurements were conducted
as soon as possible to ensure thermal change was minimized
during the measurements of the RLCs.

2.5 Rate of recovery

The method of determining and analyzing the rate of recov-
ery was adapted from McMinn and Hattori (2006) and Salleh
and McMinn (2011). The recovery measurements were made
after the 1h light incubation. The recovery rates suggest
the ability of cells to reactivate photosynthetic activity af-
ter 1 h of exposure to high light incubation. The measure-
ment of recovery from photoinhibition was made using the
pre-installed routine RLC + Recovery of the WATER-PAM.
After the last actinic light period of the RLC, the sample was
left in the dark, while Fy/Fy, was determined after 30, 60,
180, 300, and 600s. The rate of recovery from photoinhibi-
tion was calculated following Oliver et al. (2003):

O =+ (Oy — ) (1 —e), @)

where ®; is the given value of Fy/Fy, at time ¢ (s), ® ; is the
initial value of F,/Fy, before recovery measurements have
commenced, @, is the fully recovered value, and r is an ex-
ponential rate constant for the recovery of Fy/Fy, from pho-
toinhibition (s~!). This formula assumes that the recovery
rate of Fy/Fy, is dependent on the degree of damage.

2.6 Statistical analysis

The mean and standard deviations were calculated from three
independent replicates of each parameter. To evaluate the ef-
fects of temperature and irradiances (fixed factor) on the pho-
tosynthetic parameters (Fy/Fy, TETRmax, Ey, o, NPQ, and
recovery rate), a two-way analysis of variance (ANOVA) and
regression were used with subsequent Tukey post hoc com-
parisons. Before analyses, the data were checked for nor-
mality and homogeneity of variances with the Shapiro—Wilk
and Levene tests, respectively. Data were transformed when-
ever necessary to comply with ANOVA assumptions. Differ-
ences were accepted as significant at P < 0.05 unless oth-
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erwise stated. All statistical analyses were performed using
SPSS 18.0.

3 Results

The diatom genera Cocconeis, Navicula, and Rhopalodia
(observed by the authors) dominated the MPB communities,
which were predominantly located on coarse sand with mud
and/or silt patches. The sediment characteristics were sim-
ilar among the sampling sites. There were significant dif-
ferences in environmental parameters between high and low
tide (Tables 2 and 4a); however, environmental characteris-
tics between sites were similar except for bottom irradiance.
Tidal exposure caused significant differences in the irradi-
ance reaching the bottom and elevated the temperature at low
tide for all sites. During high tide, bottom irradiances were
at their lowest (173.42 4 13.73 pmol photons m~2s~!) at the
shaded Site B and were highest in the area that was most ex-
posed, Site C (1964.33-£99.68 umol photons m~2 s~!), when
the algal mats were almost fully exposed. There was a more-
than-6-fold increase in the irradiance from low tide to high
tide (Tables 2 and 4a). Water temperature rose from 28 °C
during high tide to 43 °C during low tide. The highest nu-
trient levels were recorded during high tide, when seawater
re-entered the estuary (Tables 2 and 4a). There was at least
a 50 % increase in nitrate and phosphate levels during high
tide, although the changes were not significant (Table 2).

3.1 Insitu chlorophyll a and photosynthetic
parameters of microphytobenthos

Due to the high turbidity in the Tanjung Rhu estuary, MPB
on the sediment surface was generally exposed to signifi-
cantly lower irradiances at high tide than during low tide.
Differences in sediment surface PAR caused a significant
decline in chlorophyll a biomass and PSII activity, as mea-
sured in the RLC photophysiological parameters. The high-
est biomass was observed at Site B (shaded area) where PAR
was at the lowest during the sampling time. At low tide the
chlorophyll a values were between an average of 17.6 to
21.22 mgchl @ m™2, but values increased by almost 50 % at
high tide (20.19 to 37.38 mg chl @ m~2). The photosynthetic
parameters for both low and high tide are presented in Ta-
ble 3. Quantum yield, rETRmax, and Ex were relatively low
during both high and low tide. However, the effects of the
tidal cycle could be clearly seen, as most values increased
as the tide rose, except for Ex. The Ex values declined by
23 % during high tide. The NPQ values were higher at low
tide than at high tide. In summary, differences in all parame-
ters were significant between tides by comparison with sites
(Table 4b).

Biogeosciences, 18, 5313-5326, 2021
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Table 2. Average values (n = 3) of the pore-water physical variables measured during high and low tide at Site A, B, and C. Data are

means = SD; n = 3.

Parameters Site A — submerged ‘ Site B — shaded ‘ Site C — exposed

Low tide High tide | Low tide High tide | Low tide High tide
Sampling time (UTC + 8) 1500-1700 1000-1200 1500-1700 1000-1200 1500-1700 1000-1200
Light level (umol photonsm—2s~1) 93238 +£57.11 244.60+6.37 | 662.77+101.84 173.424+13.73 | 1978.27+£99.68 273.60 +24.37
Temperature (°C) 40.1+0.11 29.24+0.12 35.0£0.06 28.54+0.06 42.5+0.05 29.34+0.05
Salinity 33.0+£0.0 33.0+0.0 33.0+£0.0 33.0+£0.0 34.0+0.0 33.0+0.0
Nitrate (mgL~!) 0.325+0.020 0.431+£0.047 0.319+0.045 0.326 +£0.034 0.299 +0.046 0.346 +0.059
Phosphate (mg L~ 1) 0.206+0.011  0.462+0.057 0.216 +£0.022 0.405 +0.049 0.1394+0.044  0.377 +£0.064
Ammonium (mgL~1) 0.001 £0.001  0.005+0.004 0.001 £ 0.000 0.002 £ 0.001 0.002 £0.001 0.001 £ 0.000

Table 3. In situ photosynthetic parameters of microphytobenthos at Tanjung Rhu estuary (Site A, B, and C) in the surface 10 mm (depth
~0.2m at low tide and 1.0 m at high tide). Data are means & SD; n = 3.

Parameters Site A — submerged Site B — shaded ‘ Site C — exposed

Low tide High tide ‘ Low tide High tide ‘ Low tide High tide
Chlorophyll a (mg chl a m~2) 17.64 £1.34 35.08£2.95 21.22+£6.78 37.38£8.16 1023 £1.73 20.19£3.06
Fy/Fmn (maximum quantum yield) 0.195 £0.062 0.346 £0.099 0.216 £0.061 0.334 £0.089 0.192£0.018 0.318£0.148
AF/F}, (effective quantum yield) 0.170£0.040  0.317+£0.133 0.148 £0.038 0.223 £0.021 0.182£0.051 0.273 £0.077
rETRmax 16.017+£8.222  21.038 £3.215 | 15.723£5.403 20921 £1.799 | 20.857£3.029 23.815+4.391
Ey (umol photons m—2 s~ 1) 187.44£33.17 173.17+38.81 | 240.70£85.92 185.95+52.02 | 265.76£45.86 192.77+39.19
o 0.082 £0.028 0.128 £ 0.042 0.066 £0.011 0.119+£0.037 0.079 £ 0.005 0.129 £ 0.043
NPQ 0.561 £0.237 2.336 £0.755 1.608 £0.545 1.375£0.625 0.315£0.050 1.861 £0.987

3.2 Effects of temperatures and irradiances

As the MPB community composition and photophysiologi-
cal parameters were not significant between sites A, B, and
C, the diatoms collected from Site C (exposed) were used
for the incubation experiments. These communities were ex-
posed to the highest irradiances and temperatures occurring
naturally during the day. In general, the communities main-
tained at 30, 35, 40, 45, and 50°C were still able to pho-
tosynthesize at all light levels. Statistical analysis indicated
that the communities were mostly impacted by elevated tem-
perature rather than by irradiance. Control samples (30 and
35°C) incubated at all irradiance levels had higher F/Fy
by comparison with other temperatures. There were no sig-
nificant differences between either of these control tempera-
tures (P < 0.05, Table 5). The very low F,/Fy, values indi-
cate that severe photoinhibitive stress was present when the
samples were exposed to high temperatures (55 and 60 °C)
(Fig. 2a). The rETRmax, «, and Ex values also decreased
rapidly as temperatures increased to 50 °C (Fig. 2a—d), and
no photosynthetic activity was observed at 55 or 60°C at
any irradiance level (P < 0.05, Table 5). Significant differ-
ences (ANOVA, P < 0.05) between temperature treatments
were observed in all photosynthetic parameters. Although
only limited photosynthetic activity was observed at higher
temperatures, higher NPQ values were observed at these tem-
peratures (Fig. 3); however, NPQ values were relatively low
in all the treatments, especially at higher irradiances.

Biogeosciences, 18, 5313-5326, 2021

3.3 Recovery from temperature treatments

Elevated temperatures affected the recovery rates in the high-
temperature and high-irradiance treatments, (P < 0.05, Ta-
ble 5). The highest recovery rate occurred at 40 °C. This cor-
responds with the maximum in situ temperature at Site C,
where the samples were collected from, of 42.5 °C. The ef-
fects of the high temperatures were clearly visible at temper-
atures of 50, 55, and 60 °C, where severe depression of the
recovery rate was observed (Fig. 4).

4 Discussion

In the present study, we found that the MPB communi-
ties inhabiting the Tanjung Rhu estuary were not inhibited
by the high- and variable-light environment (range 170-
1900 umol photons m—2s Hor temperatures (28.5 to 43 °C)
during tidal exposure. The surface water temperature in-
creased from 28.5 to 43°C during high to low tide. The
emersion at low tide caused the diatoms to migrate into the
sediment to avoid excess light as a photoprotective mech-
anism. During the tidal cycle, the MPB communities were
able to acclimate to these changes by optimizing photosyn-
thesis while minimizing photodamage caused by temperature
and light fluctuations through physiological changes (e.g., di-
version of excess energy away from photosystem reaction
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Figure 2. Derived photosynthetic parameters of RLCs. Parameters were plotted against experimental temperatures (30, 35, 40, 45,
50, 55, and 60°C) at irradiances of 1800 umol photons m~2s~! (closed squares), 890 pmol photons m~2s~! (closed circles), and
0 umol photons m 25! (open triangles). (a) Maximum quantum yield, (b) photosynthetic efficiency («), (¢) rETRmax, and (d) photoaccli-

mation index (Ey). Values are means = SD (n = 3).

centers) (Consalvey et al., 2005; Coelho et al., 2011; Serd-
dio et al., 2005).

Maximum quantum yield (Fy / Fy,) values are often used as
a sensitive indicator of photosynthetic stress (Du et al., 2018;
McMinn et al., 2005). In a review by Campbell and Tyys-
tjarvi (2012) it was suggested that for photoinhibition mea-
surements dark-adapted F,/Fy, values can be used if mea-
suring the rate of oxygen evolution is not possible. Thus, in
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this study, dark-adapted F,/Fy values were used as a proxy
for diatom health/stress (Consalvey et al., 2005; Du et al.,
2018) upon exposure to light and temperature stress. An in-
crease in temperature and irradiance during low tide caused
a decline in F,/Fy, at all sites in the Tanjung Rhu estuary;
these were low compared with optimum values of ~ 0.650
for healthy microalgae (McMinn and Hegseth, 2004). Simi-
larly, low values were found by McMinn et al. (2005) on the
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Table 4. Two-way ANOVA for (a) physical parameters (bottom irradiance (PAR), temperature, nitrate, phosphate, ammonium, and chl a and
(b) photosynthetic parameters (effective quantum yield, A F/F},; maximum quantum yield, Fy/Fn; relative maximum photosynthetic rate,
rETRmax; light saturation parameter, Ey; photosynthetic efficiency, «; and non-photochemical quenching, NPQ) with respect to tide (low

and high) and site (A, B, and C).

(a) Environmental parameters

Factor PAR  Temperature Nitrate Phosphate Ammonium  Chla
Tide <0.05 <0.05 <0.05 <0.05 0.179 <0.05
Site <0.05 <0.05 0.073 <0.05 0227 <0.05
Tide x site ~ <0.05 <0.05 0.189 0.426 0.062  0.376
(b) Photosynthetic parameters
Factor Fy/Fn AF/F}, rETRmax Ey a NPQ
Tide <0.05 <0.05 0.077 <0.05 <0.05 <0.05
Site 0.718 0.990 0.302 0.035 0.754  0.483
Tide x site 0.820 0.880 0.905 0.426 0975 <0.05

Significant difference (P < 0.05) indicated in bold.
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Figure 3. The NPQ of samples at each irradiance level (1800 pmol photons m~2s71 (closed squares), 890 pmol photons m~2s~! (closed
circles), and O umol photons m 257! (closed triangles)) and temperature (30, 35, 40, 45, 50, 55, and 60 °C). NPQ was obtained at the end
of the RLCs with actinic irradiance of 1554 umol photons m~2 s~ L. Values are means & SD (n = 3).

tropical shore of Muka Head and Pulau Songsong, Malaysia,
where the average maximum quantum yields, which were
only 0.325, were probably caused by either high irradiances
or nutrient stress. Falkowski and LaRoche (1991) suggested
that nutrient limitation would decrease the optimal quantum
efficiency of phytoplankton. However, mangrove ecosystems
are highly dynamic and support relatively high microalgae
biomass, and nutrient availability should not be a limiting
factor (Hilaluddin et al., 2020; Rahaman et al., 2013). Nutri-
ent concentrations (phosphate and nitrate) measured in this
study were within the average range for other tropical man-
grove estuaries (Rajesh et al., 2001) and are unlikely to be
limiting. Thus, it is likely that the high temperatures, of up
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to 42.5 °C during low tide in this study, were contributing to
the low F/Fy, values.

Loik and Harte (1996) suggested that PSII reaction cen-
ters are susceptible to high temperatures and that the thermal
stability of PSII can be influenced by the interaction between
irradiance and high temperature since they will usually occur
simultaneously in the field. An increase in Fy/ Fy, values may
be attributed to a prolonged low-light period during emersion
at high tide. Prolonged exposure to high irradiances during
low tide also affects Fy/Fy, values and reduces the algae’s
ability to fully recover during high tide. Du et al. (2018) also
noted that NPQ and Fy/Fy, in benthic diatoms were not im-
pacted by low light of < 250 umol photons m—2s~! by com-
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Table 5. Two-way ANOVA of effects of temperature (0 to 60 °C) and irradiance level (1800, 890, and O umol photons m—2 s~1) on the
photosynthetic parameters (Fy/Fpy, maximum quantum yield; o, photosynthetic efficiency; rETRmax, relative electron transport rate; Ey,
photoacclimation index), NPQ (non-photochemical quenching), and recovery rate of the microphytobenthos after exposure to temperature

treatment for 1 h.

Parameter Factor df F Sig.
Fy/Fm Temperature 6 50.350 <0.05
Irradiance 2 0.124 0.884
Temperature x irradiance 12 0.611 0.821
rETRmax Temperature 6 145839 <0.05
Irradiance 2 28.269 <0.05
Temperature x irradiance 12 7.400 <0.05
o Temperature 6 48487 <0.05
Irradiance 2 0.693 0.506
Temperature x irradiance 12 0.691 0.751
Ey Temperature 6 88.619 <0.05
Irradiance 2 19.144  <0.05
Temperature X irradiance 12 5.656 <0.05
NPQ Temperature 6 4813 <0.05
Irradiance 2 0.369 0.694

Temperature x irradiance 12 1.382 0.212

Recovery rate  Temperature 6 37.111  <0.05
Irradiance 2 1.836  0.172
Temperature x irradiance 12 8.107 <0.05

Significant difference (P < 0.05) indicated in bold.

parison with high light of > 500 umol photons m~2 s~ !. Fur-
thermore, photoinhibition has rarely been recorded in inter-
tidal diatoms (Perkins et al., 2006). This is almost certainly
due to their ability to migrate into the sediment and away
from damaging light (Consalvey et al., 2004b; Mouget et
al., 2008). Their ability to subsequently recover during high
tide suggests that down-regulation of photosynthesis and up-
regulation of photoprotection occurs, which prevents serious
damage to the photosystems during the high irradiances at
low tide. Long and Humphries (1994) suggested that pho-
toinhibition occurs during low tide, where F/Fy, declines,
but recovers at high tide. However, this response was not
identified by Serddio et al. (2008), who suggested that this
short-term photoinhibition happened due to the incomplete
recovery of photosynthetic activity at low light and under nu-
trient depletion.

The reduction in in situ F / Fy, values at Tanjung Rhu were
probably due to the NPQ (non-photochemical quenching)
mechanism rather than photoinhibition that characterizes the
estuarine intertidal environment (Serddio et al., 2008). Dur-
ing low tide, the MPB community reacted rapidly to the
sudden increase in irradiance and temperature, protecting
their photosystem reaction centers by dissipating excess en-
ergy in the antenna complex of Photosystem I (PSI) and
PSII (Goss and Lepetit, 2015). NPQ values during low tides
were higher than during high tides, suggesting that under
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high irradiance, the community compensated for the possi-
ble overexcitation of the photosynthetic machinery through
the dissipation of excess absorbed light through xanthophyll-
pigment-dependent energy dissipation. These communities
were also able to modify their photophysiology by maxi-
mizing their light-harvesting efficiency and hence had higher
values of « at high tide than at low tide. Ex values were at
their highest during low tide at Site C (exposed) (265.76 £
45.86 umol photons m~2 s~ 1), which indicates that they were
able to adapt to the changing light climate. Hence, at low tide
the community modified its light-harvesting capacity to uti-
lize the high irradiances to which they were exposed. Simi-
larly, Perkins et al. (2006) found that benthic diatoms grown
in high light had higher rETRmax and Ex values and lower o
values. However, it should be noted that the length of light
exposure during RLCs affects these values, as short-term
light exposure, e.g., 10 s in this study, is insufficient for com-
plete equilibration to each light level by comparison with P-
versus-E curves, based on oxygen measurements (Torres et
al., 2014).

4.1 Effects of irradiance and temperature incubations

Chlorophyll a fluorescence is an ideal tool for measuring the
response of photosynthesis to changes in temperature, since
PSII is the most thermo-labile component of photosynthe-
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Figure 4. Recovery rate (s~ of Fy /Fm after the RLC for low-irradiance experiments. Recovery rates were plotted against exper-

imental temperatures at irradiances of 1800 pmol photons m

-2

1 (closed squares), 890 pmolphotonsmf2 g1 (closed circles), and

0 pmol photons m~2s~! (open triangles) with temperatures of 30, 35, 40, 45, 50, 55, and 60 °C. In this recovery analysis, samples of 30
and 35 °C were analyzed without replicates; thus, no error bar was obtained.

sis, and the majority of chlorophyll a fluorescence originates
from PSII under normal physiological conditions (Falkowski
and Raven, 2007). Photosynthesis is extremely sensitive to
stress caused by intense temperatures and irradiance, and it
is often inhibited before other cellular functions are harmed.
When the diatom-dominated MPB samples were exposed to
higher temperatures and irradiance, symptoms of irreversible
thermal damage were clearly visible at 55 and 60 °C. Lim-
ited photosynthetic activity at these temperatures suggests
that the cells would suffer damaging effects from periodic
increases in seawater temperatures greater than 50 °C, es-
pecially during low tide when the irradiance levels are also
high. This suggests that high temperatures cause structural
closure of the PSII reaction centers and chloroplast dys-
function. Furthermore, at high temperatures and irradiances,
light-dependent RuBisCO activation is inhibited, and this is
closely correlated with a reversible reduction in CO; fixation.
This is consistent with the decrease in the effective quan-
tum yield, which displays a strong, quantitative relationship
with the quantum yield of CO; assimilation (Oxborough and
Baker, 1997).

Light and temperature exposure is expected to influence
the sensitivity of response to changing light climate (Davi-
son, 1991) during tidal cycles and hence affect values of pho-
tosynthetic efficiency («). However, « can also be impacted
by temperature changes, which can have a strong influence
on the photosynthetic capacity (Claquin et al., 2008). The «
values observed here showed a significant decline when ex-
posed to high irradiances (up to 1800 umol photons m=2 s~ 1)
and temperatures (up to 60 °C). The reduction in « as tem-
perature increased is consistent with the results reviewed by
Davison (1991), where « also declined as temperature in-
creased. The effects of temperatures on « values were only

Biogeosciences, 18, 5313-5326, 2021

significant when the cells were exposed to both adverse ir-
radiances and adverse temperatures. Defew et al. (2004)
showed that in temperate microalgae, there were no clear
trends in o values, with either temperature or light, when
samples were exposed to temperatures ranging from 10 to
26°C and irradiance of up to 350 umol photonsm—2s~!.
This variation between studies in the o response to tempera-
ture is probably a result of thermal acclimation being species
dependent (Claquin et al., 2008) and also of major impacts
only occurring at the extremes. Fanesi et al. (2016) also dis-
cussed how temperature affected absorbed light in different
freshwater phytoplankton groups but did not examine the
effects at temperature extremes. Furthermore, some of the
variation could also have been caused by the fluorescence
method itself and the duration of RLC exposure. For exam-
ple, Lefebvre et al. (2011) noted that & was systematically
lower due to the slower relaxation of NPQ in 10s RLCs.
The Ex index provides an indication of the irradiance at
which energy is diverted from photochemistry to heat dis-
sipation. It represents the degree of acclimation to the am-
bient light climate (Schreiber, 2004). Ey is used as an in-
dicator of the photoacclimation status of photosynthetic or-
ganisms. Higher values of Ey suggest acclimation to higher
irradiances (McMinn et al., 2005). MPB exposed to high ir-
radiance herein (1800 umol photons m~2 s~ 1) was not able to
adjust its metabolism to maximize its response to these irra-
diances. Similarly, in the natural habitat of MPB, during low
tide the in situ data showed that the samples were light satu-
rated at an in situ irradiance of 1900 umol photons m—2 s~ !,
However, the Ex values recorded at all experimental irra-
diances and temperatures (40 to 50 °C) were similar to the
in situ Ey values. When higher temperatures (above 50 °C)
were imposed, significant declines in Eyx were observed.
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Falkowski and Raven (2013) suggested that as temperatures
and irradiances increase, Ey also increases. This suggests
that these temperatures (above 50 °C) were approaching a
critical temperature threshold and affecting the cells’ capa-
bility to photosynthesize. These effects were also observed
in the rTETRmax values.

The rETRmax parameter has been used in many recent
MPB studies (e.g., Cartaxana et al., 2011; Du et al., 2018) as
it is closely related to the maximum photosynthetic capacity,
which is obtained when the rate of photosynthesis is limited
by the activity of the electron transport chain or Calvin cycle
enzymes (Ralph and Gademann, 2005). The rETRmax val-
ues recovered here were typical of diatom responses to high
irradiances, where, as irradiance increases, photosynthetic
rates become increasingly non-linear and rise to a saturation
level (Blanchard et al., 2004). Perkins et al. (2006) suggested
that rETRmax determined after 10s of actinic light during
RLCs are lower when cells have been previously acclimated
to higher irradiance. However, to minimize the potential for
the RLC irradiance to cause photoacclimation, the RLC du-
ration should be as short as possible (Ralph and Gademann,
2005). Unlike in situ studies, where natural biochemical and
physical gradients are preserved, experiments such as those
described here, where cells are suspended, will give a slightly
different result. Higher Ex and rETRmax values are typical
of high-irradiance-acclimated samples, where the cells have
modified their light-harvesting pigment to utilize the irradi-
ance to which they were exposed. Benthic microalgae ac-
climated to low irradiance are able to modify their phys-
iology and maximize their light-harvesting efficiency, thus
providing higher values of «. These characteristics were ob-
served in both the low and the high irradiance only at ambient
temperatures (up to 45 °C). The photosynthetic rate declined
when samples were exposed to elevated temperatures. Severe
effects were seen in higher-irradiance experiments. Here, as
the temperatures increased above 55 °C, these algae appeared
to be affected by thermal stress and were not able to accli-
mate to the high temperatures.

Although exposed to variations in irradiance and temper-
ature during tidal cycles, MPB has a range of mechanisms
to facilitate and optimize light interception and utilization.
Here, cells exposed to high irradiances and temperatures of
40 °C did not show any sign of photoinhibition as they were
naturally growing at temperatures of up to 43 °C during low-
tide exposure. The cells were able to dissipate the excess light
via NPQ or possibly migration. Although migration was not
investigated in this study, behavioral photoprotection by ver-
tical migration is a common response to avoid high light by
pennate diatoms (Cartaxana et al., 2011; Du et al., 2018; Mit-
bavkar and Anil, 2002). In contrast, samples exposed to the
same irradiance level but higher temperatures (55 and 60 °C)
were not able to protect themselves from photodamage and
photoinhibition. Exposure to high irradiances coupled with
high temperatures caused an excess of absorbed light en-
ergy that was unable to be used in the photosynthetic pro-
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cess, resulting in the increases in NPQ values observed in
this study. Although no photosynthetic activity was present
at the highest temperatures (55 and 60 °C), heat dissipation
was still active. Xanthophyll cycling is especially significant
when short-term changes in the light climate occur (seconds
to minutes), such as those happening in the Tanjung Rhu in-
tertidal sediments. Samples incubated in the dark and at high
temperatures (55 and 60 °C) were seen to have higher NPQ
levels. In addition, these samples showed sudden increments
in NPQ from 50 to 55°C. However, as no photosynthetic
activity was observed at 55 °C, it is possible that the NPQ
signal was generated from dead diatom cells. Nonetheless,
the ability of dark-adapted diatoms to develop NPQ has been
considered an adaptive advantage, providing a method to pre-
vent degradation of light-harvesting pigments (Serddio et al.,
2006b; Lavaud and Lepetit, 2013). Hence further investiga-
tion is required to better understand the impact of extreme
temperatures on the mechanism of NPQ, formation of reac-
tive oxygen species, photodamage, and ultimately inactiva-
tion of PSII.

The ability of protists to recover from stress is a ma-
jor characteristic determining their ability to survive under
hostile conditions (Wu et al., 2017; Ralph and Gademann,
2005). In this study, at higher temperatures, there are indi-
cations that degradation of D1 proteins may have occurred
and that this disrupted the recovery of PSII, thus prevent-
ing cells from adapting to the ambient conditions. At 40 °C,
dark-acclimated samples were able to recover faster than at
higher temperatures, suggesting that high irradiances (1800
and 890 umol photons m~2s~!) increase PSII damage and
contribute to the slower recoveries. In addition, these sam-
ples had been exposed to similar temperatures to those of in
situ samples during low tide, thus suggesting that combined
high light and temperature could have a more significant im-
pact than temperature alone. These experiments showed that
samples that were exposed to lower temperatures had a bet-
ter recovery rate than those exposed to higher temperatures
(> 55°C). The lack of recovery at temperatures higher than
55 °C suggests that the photosynthetic enzymes had been in-
activated or damaged, and acclimation to these temperatures
was not possible. Inhibition of photosynthesis is reversible
when temperatures are only a little higher than optimal (mod-
erate heat stress), whereas damage to the photosynthetic ap-
paratus is permanent under severe heat stress (Berry and
Bjorkman, 1980). At low tide in tropical estuaries, water tem-
peratures already regularly exceed 50 °C, temperatures usu-
ally considered outside the range of survival of marine pho-
totrophs. The 50 °C environmental water temperature seems
to be a tipping point above which photosynthesis is irrepara-
bly impaired. In these circumstances, it is likely that tropical
estuarine MPB community composition will change and ben-
thic primary production will decrease. This will likely have a
cascading effect throughout these ecosystems.
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5 Conclusions

This study provides an insight into the capacity of tropi-
cal diatom-dominated MPB communities to tolerate environ-
mental stresses and the degree to which those stresses could
damage the photosynthetic apparatus. Thus, parameters de-
rived from RLCs were useful for indicating the photosyn-
thetic capacities over a series of temperature and light lev-
els, even though they are derived from measurements over
a range of irradiances. Likewise, since most previous stud-
ies of the combined impacts of high temperature on ben-
thic communities have focussed on subtropical and tem-
perate communities; responses of tropical communities are
unknown and are likely to vary significantly. Short-term
changes (hours) in temperatures of up to 45 °C, such as those
experienced by the community in Tanjung Rhu estuary, will
not severely affect their photosynthetic apparatus, but higher
temperatures (55 and 60 °C) will cause severe damage and
irreparable photoinhibition. The responses of MPB to light
are also dependent on the temperature regime to which they
are exposed. The MPB in Tanjung Rhu experiences these ef-
fects during tidal emersion and during the night period. In
summary, optimal temperatures for MPB photosynthetic per-
formance is up to 45 °C; beyond this temperature the PSII
function will be severely damaged and could lead to chronic
photoinhibition.
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