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Abstract:

Euryhaline red algae such as Bostrychia and Caloglossa are widely distributed in marine,
brackish, and freshwater habitats from tropical to temperate regions, and some species shows
particular vertical and horizontal distribution patterns in estuaries, where salinity, photon flux
densities (PFD) and desiccation time vary depending on depth and distance from the sea. It is
known that two Caloglossa species indicate clear distribution pattern in temperate estuaries; C.
ogasawaraensis is more abundant in downstream than C. continua and the vertical zone of C.
ogasawaraensis is below than that of C. continua. However, mixed or reverse zonation patterns
of these species have occasionally been observed or either species has been absent in some
habitats. Therefore, this study aimed to investigate primary environmental factors that regulate
the distribution pattern of the two Caloglossa species. Three sampling sites were selected at the
estuary of Tama River; both salinity and PFD were higher in the order of site 1, site 2 and site 3.
The thallus coverage, which was measured using 10 x 10 cm quadrat, was 57 % (site 1), 54%
(site 2) and 85 % (site 3) in C. ogasawaraensis, and 0 % (site 1), 5 % (site 2) and 39 % (site 3) in
C. continua. After 2 hour desiccation treatment, C. continua showed higher relative water
content of thallus (58 %) than C. ogasawaraensis (10 %) however, there was no significant
difference. When thalli were cultured for four days after 8 hour desiccation treatment, the
proportion of alive thallus area was higher in C. continua (95.7 %) than C. ogasawaraensis (48.9
%). In culture experiment under various salinity (8, 32 and changing condition between 8 and
32) and PFD (5 and 60 umol/m?/s), the relative growth rate was not significantly different among
the six conditions in both species. These results suggest that desiccation tolerance is more
responsible for distribution pattern of the two species than salinity and PFD. Higher algal

biomass of both species at site 3, which is more shaded than other sites, is probably due to low



desiccation stress. The vertical distribution of C. continua above C. ogasawaraensis can be
partly explained by the difference in desiccation tolerance. The outcome of this study might help

to understand the ecology, physiology and distribution patterns of euryhaline species worldwide.



1. Introduction

Estuarine habitats support a high level of biodiversity, serving as nurseries and breeding grounds
for a diverse range of flora and fauna, including fish, crustaceans, mollusks, bird species and
different groups of macroalgae (Schwartz 2009). Macroalgae commonly grow on the surface of
pneumatophores, trunks, and prop roots of mangrove trees, which are an important source of
primary production through photosynthesis, providing food and habitat for various marine
organisms in brackish or estuarine environments (Burkholder and Almodo”var 1973, Lugo and
Snedaker 1974, Rodriguez and Stoner 1990). Estuarine stressors such as salinity, light,
temperature, nutrients, water movements (Kirst 1989), sedimentation, substratum (Kautsky &
Kautsky 1989), and ice scouring (Wethey 1985) are the main factors influencing the growth and
distribution of these intertidal algae. The primary regulating factor in estuaries is salinity, which
is mainly determined by freshwater runoff and the prevailing ebb and flow of the tides. Seasonal
variations in freshwater discharge, tide variations resulting from the solar and lunar cycles,
storms and winds, and local fluctuations in currents are all factors that contribute to salinity
variations (Mangelsdorf 1967). Compared to freshwater environments, estuary habitats have a
relatively low biodiversity (Hartog, 1967) because most freshwater and marine algae cannot
withstand a large salinity fluctuation. However, some macroalgal species are tolerant against
such salinity fluctuations and show high biomass in brackish regions such as estuaries and salt
marshes (Biebl, 1962). Significantly, euryhaline algae Bostrychia and Caloglossa can grow more
than double salinity than seawater, demonstrating the maximum tolerance to salinity (Almodovar

and Biebl 1962).

As the tides periodically rise and fall, intertidal algae go through phases of immersion and

emersion, followed by desiccation (Bell 1993). They are exposed to varying frequencies and



durations of emergence during these periodic episodes. Water loss at emersion times may have
significantly impact on their physiological processes, including photosynthesis and dark
respiration. Once drought progresses above a certain point, intertidal seaweed photosynthetic
rates decrease (Bidwell and Craigie 1963, Brown and Johnson 1964, Imada et al. 1970,
Brinkhuis et al. 1976, Hodgson 1981, Dring and Brown 1982, Bell 1993, Lipkin et al. 1993,
Delgado et al. 1995). This suggests that the photosynthetic activity of seaweed is negatively
impacted by drought. However, some species exhibit an initial increase in photosynthetic rate
while they are just starting to dry out (Brinkhuis et al. 1976, Dring and Brown 1982, Gao and
Aruga 1987, Bell 1993). For example, compared to while fully submerged, the net
photosynthesis of the tropical intertidal seaweed Ahnfeltiopsis concinna was increased with 20%
water loss (Beach and Smith 1997). Similarly, Johnson et al. (1974) reported the photosynthetic
rates of temperate middle and upper intertidal algae, even after an appreciable amount of drying

in air, to be 1.6 to 6.6 times higher than when submerged.

The euryhaline red algal genus Caloglossa (Harvey) G. Martens belong to the family
Delesseriaceae, are broadly distributed in the eulittoral and uppermost sublittoral zones of
estuaries and salt marshes from tropical to temperate regions, adhering to substrata such as
pneumatophores or trunks of mangrove trees, stems of reeds and other solid objects (King and
Puttock 1994). They commonly occur with other red algal genera Bostrychia and Catenella to
form mangrove associations, the so-called “Bostrychietum” group (Post 1936). Some Caloglossa
species are also recorded in freshwater streams or true marine habitats (Kumano 2002, West et
al. 2015), showing a remarkable euryhaline nature. Caloglossa species are taxonomically
distinguished based on vegetative traits, such as rhizoidal arrangements, angle of divergence at

the thallus nodes, presence or absence of adventitious branches, number of cell rows cut off from



the axial cells around the node, and position of cystocarp on the blades (Krayesky et al. 2011). At
present, 22 species of Caloglossa are taxonomically accepted (Guiry and Guiry 2024). These
algae experience higher in salinity, temperature, nutrient levels and desiccation fluctuations due
to repeated emersion-immersion cycles (West et al. 1993). The degree of tolerance to desiccation
and the extent of recovery during re-submergence following desiccation seem to determine the
upper limits of the vertical distribution of intertidal macroalgae (Schoenbeck and Norton 1979,
Hodgson 1981, Dring and Brown 1982, Druehl and Green 1982, Smith and Berry 1986, Madsen

and Maberly 1990, Lipkin et al. 1993).

The algae grow in the upper region exposed to high irradiance fluctuations. Due to tidally driven
emersion—immersion cycles, these algae are exposed to desiccation daily during the semi-diurnal
tidal events. During exposure, intertidal macroalgae experience various potentially stressful
environmental conditions, including nutrient limitation, high light, desiccation, and osmotic
stress (Davison and Pearson 1996). The physiological adaptations to emersion-related stress in
macroalgae have been previously examined (Johnson et al. 1974, Dromgoole 1980, Dring and
Brown 1982, Oates and Murray 1983, Oates 1985, 1988, Matta and Chapman 1991, Henley et al.
1992, Bell 1993, Beach and Smith 1997). Notably, the physiological tolerance to desiccation of
mangrove red algae were documented by Biebl (1962) and Mann and Steinke (1988). Although
several other studies on the zonation pattern and species composition of epiphytic algae have
been reported from Puerto Rico (Almodo“var and Biebl 1962, Kolehmainen and Hildner 1975),
Brazil (De Oliveira 1984), Japan (Tanaka and Chihara 1987), Kenya (Coppejans and Gallin
1989), and South Africa (Phillips et al. 1996), which environmental stressors regulate the
zonation pattern of these epiphytic algae are not fully understood. In addition, structure, biomass

and re-colonization of the Australian Bostrychietum group were documented by Davey and



Woelkerling (1985). Most of the patterns coincide in that it is possible to recognize distinct
vertical algal zones along the roots and pneumatophores. Tidal inundation, wetting frequency,
desiccation tolerance, and salinity and photon flux density (PFD) have been cited as possible
significant factors influencing the vertical distribution of mangrove algal epiphytes (Phillips et

al. 1996).

Environmental circumstances are changing due to continuous global climate change, which is
detrimental to the distribution and abundance of some seaweeds and promotes the prevalence of
others (Muth et al. 2019, Umanzor et al. 2023). These effects might be seen in shallow and
intertidal coastal habitats, where seaweeds already have to adapt quickly and dramatically to
abiotic changes at tiny temporal and geographical scales (cm to m) (Valdivia et al. 2011,
Umanzor et al. 2019). Seaweeds living in these conditions are resilient to sporadic stressors and
continue to grow. However, seaweed physiological tolerance thresholds may eventually be
exceeded when stress grows in intensity, frequency, or duration and involves the interaction of
many stressors. Seaweeds are subject to constant stress; those living in harsh environments or on
the boundaries of their typical ranges are particularly susceptible to escalating stress levels
(Umanzor et al. 2023). Seaweeds may be exposed to extremely cold or extremely hot
temperatures, and periods of darkness that can last for more than 10 hours in a 24-hour period, in
the intertidal habitats of temperate estuaries (Umanzor et al. 2023). Additionally, seaweeds in
this area are periodically and seasonally exposed to extreme desiccation (Lindstrom 2009).
Depending on the season, rainfall, and air temperature, sediment inputs from nearby freshwater
discharges affect the purity of the water (Hood and Berner 2009). A significant and increasing
number of studies demonstrate that variations in freshwater discharge and watersheds impact

downstream water qualities, affecting estuarine dynamics across various trophic levels (Arimitsu



et al. 2016). Because of their phenotypic plasticity to a wide range of conditions and their ability
to adapt to new environmental conditions or mitigate through ecosystem engineering processes,
these changes may create favorable or unfavorable conditions for intertidal seaweeds like
Caloglossa and Bostrychia (Bertness et al. 1999, Weslawski et al. 2010, McCabe and Konar

2021).

In Japan, two Caloglossa species, C. continua and C. ogasawaraensis, are widely distributed in
estuaries and brackish lakes from Tohoku to Okinawa (Guiry and Guiry 2024). Morphologically,
the blades of C. continua are wider and weakly constricted at the nodes, endogenous branches
are produced by an axial cell above the nodes, and absence of adventitious branches, whereas C.
ogasawaraensis is characterized by narrower and more linear blades with strongly constricted at
the nodes, no endogenous branches, and adventitious branches formed from the lateral
pericentral initials (King and Puttock 1994). Yoshizaki et al. (1985) reported a clear horizontal
and vertical zonation pattern of these species in the estuarine habitats of Kido River, Chiba
Prefecture; C. ogasawaraensis was usually more abundant in downstream than C. continua and
the zone of C. ogasawaraensis is below that of C. continua. However, C. continua was absent in
some of the parts of the Kido River. In my preliminary examination, the distribution pattern
mentioned above was confirmed in Sakuta River, adjacent to Kido River, but mixed or reverse
zonation patterns were occasionally observed in the upstream region (personal-observation).
However, C. ogasawaraensis were abundant in the downstream region, while a very few amount

of C. continua were present in that areas.

The aim of this study is to investigate the primary environmental factors that regulate the
zonation pattern of these two species. In particular, C. continua and C. ogasawaraensis were

compared by (a) examining coverage in three different environmental points,



(b) measuring water content of thalli during desiccation to examine the water retention abilities,
and (c) monitoring the growth rate under various culture conditions to evaluate the stress

tolerance against desiccation, salinity change and high photon flux densities (PFD).

2. Materials and Methods:

2.1. Sample collection and coverage examination: Due to the abundance of C. continua and/or
C. ogasawaraensis, three sites (35°32'40.3"N 139°44'41.2"E; 35°32'41.9"N 139°44'30.7"E;
35°32'42.2"N 139°44'27.7"E) around Daishibashi Bridge in Tama River, Kawasaki Kanagawa
Prefecture, were selected in this study (Fig. 1). At site 1, C. ogasawaraensis was only found
attaching to large plastic bags (> 2 m in diameter) filled with gravels. At site 2, both species were
attached to rectangular wooden sheet (Approximately 100.0 x 70.0 cm: length x wide). At Site 3,
both species were attached to artificial wooden sticks (approximately 30.0 cm diameter and 1.0
m long) under the bridge (Fig. 2). All the objects were previously present in the sampling areas
by the municipality for protecting the River dikes from erosion. In August 2023, salinity were
measured using a salinity meter ( Es-51, Horiba, Ltd. Kyoto, Japan) in each site during high tide
when water submerged these targeted species. PFD was also measured using Quantum PAR
meter (APMO092, Ast Optoelectronics Co., Ltd, Jiangsu, China) during morning (10:30 AM),

noon (1:30 PM) and evening (5:00 PM) among sites.

To examine the density of each species, the coverage of each species was examined using a 10
cm x 10 cm quadrat at haphazardly selected 27 points for C. ogasawaraensis and 12 points for C.

continua.

In June 2021, during the primary survey of Sakuta River, Chiba Prefecture, thalli of both

Caloglossa species were collected to establish unialgal cultures. Collected samples were



immediately brought back to the laboratory and cleaned by using tap water to remove sands and
epiphytes. The apical parts of healthy thalli (around 3mm) cut off using forceps were put into
clean 60 ml plastic cup containing 10 mL of Provasoli’s enriched seawater modification (PES2)
medium (Propasori L.1966) with a salinity 8. Both species were cultivated at temperature 20°C,
5 umol/m?/st PFD and a photoperiod of 12:12 h L:D in a Cool Incubator (MIR-554-PJ, PHChi,

Tokyo, Japan). The culture media were changed every two weeks (Karsten et al. 1993).

2.2. Measurement of relative water content: Due to the presence of varying habitats (open and
shaded) and also varying desiccation periods, the water retention abilities of both species were
compared among sites because it may be related to the desiccation tolerance. On 17 June, 2023
collected samples of both taxa were immediately brought back to the laboratory and cleaned by
using tap water to remove sands and epiphytes. Then, surface water of the samples were blotted
using tissue paper. The water loss of thalli were monitored under a desiccated condition. 10-15
thalli were weighed, then maintained for two hours at 26°C (A3001, Ikuta sangyou Co., Ltd,
Japan), 70-80 umol /m?/st of PFD and 77- 80% of relative humidity. PFD and humidity were
measured using by Light meter (L1-250, LI-COR, USA) and Thermo Recorder (TR-72nw, T&D
Corporation, Nagano, Japan), respectively. Thallus weight was measured at 30 min intervals, and
after the experiment, the samples were oven dried for 48 hrs at 50°C in a Dry oven (DRA430DA,
Toyo Seisakusho Kaisha, Ltd., Japan). The relative water content (RWC) was calculated using

the following formula (Ji et al. 2002);
RWC (%) = (desiccated Weight — dry Weight) / (fresh weight — dry weight)*100

2.3. Desiccation experiment: The desiccation tolerance of the two species was evaluated by
monitoring the growth rate after periodic desiccation. Healthy unialgal strains cultured for more

than 18 months were used for this experiment. Firstly, the 2-3 mm long apical part of the thalli
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was cut off using a razor blade (Feather —S, Razor Co., Ltd, Japan) and maintained under 20°C
temperature, 100 pmol /m?/st of PFD, 16:8 L: D, 80 — 85% of relative humidity. A 2 mL of PES
media was added to each well of a 24 well culture plate. Four thalli were exposed to each of the
three desiccation conditions, 0 hr (no desiccation), 4 hr (10:00-14:00) or 8 hr (10:00-18:00), for
two days, and then these thalli were cultured in PES medium for two days. Digital pictures of the
apical fragments before and after the experiments were taken using a camera attached to an
inverted microscope (XD30-PHM, Kenis, Osaka, Japan), and then the initial and final areas were
calculated using ImageJ (https: //imagej.nih.gov/ij/index.html). Finally, the recovery rate of each

species was calculated using the following formula: final area / initial area.

2.4. PFD and salinity experiment: To establish a relationship between stress tolerance and
distribution pattern, relative growth rate under different PFD and salinity was compared between
the two species. Approximately, 2 — 3 mm long apical thalli of C. continua and C.
ogasawaraensis strains were incubated at 20°C, 16:8 L: D and the relative growth rate (RGR)
was compared at the two PFD (5 or 60 pumol /m?/s), and three salinity conditions (8, 32 and 8 for
12 hrs and 32 for 12 hours). After four days of incubation, the initial and final areas of each
thallus were calculated using ImageJ software (https: //imagej.nih.gov/ij/index.html), and finally,
the RGR was calculated using the following formula: [RGR = (In Li— In L) t*] where, Li =

initial and L= final area after t days (Karsten et al. 1993).

2.5. Statistical analysis: Data were analyzed using Microsoft Office Excel
(https://office.microsoft.com/excel). Biomass data were analyzed using one way ANOVA to
determine the influence of environmental parameters on the density of each species among sites.
Also, pair wise t-test was used to evaluate the variation of biomass of C. continua and C.

ogasawaraensis at site 3. The water retention ability of C. ogasawaraensis among sites was



analyzed using one way ANOVA to determine the physiological variation. Two way ANOVA
was conducted to analyze the effect of salinity and PFD on the growth of both species. A

significant level is P < 0.05.

3. Results

3.1. Field observation: PFD at sites 1 and 2, highly fluctuated during morning, noon and evening
however, at site 3, it was constantly low throughout the day. During low tide, salinity differences
among sites indicated that both site 1 and 2 had higher salinity than at site 3 (Figs. 3, 4). The
coverage of C. ogasawaraensis was higher at site 3 (85 %) than at sites 1 (57 %) and 2 (54 %),
respectively, but there was no significant difference (P = 0.1219). The coverage of C. continua at
site 3 (39 %) was significantly higher than that of C. continua (5 %) at site 2 (P= 0.0029) (Fig.

).

3.2. Water content: Water content of thallus dropped with an increase in desiccation time (Figs.
6 and 7). After 0.5 hours of desiccation, C. ogsawaraensis thalli at site 2 retained a higher
amount of water (52%) than those at site 1 (25%) and site 3 (20%), and this difference became
small at more extended desiccation conditions (Fig. 6). Although the water retention ability of
these species largely varied among sites, a non-significant (P > 0.05) relationship was found

between the water retaining ability and habitat during each desiccation period.

Following 0.5 hours of desiccation, C. continua thalli at site 1 and 2 retained water content of
85 % and 87 %, respectively, and this difference became small at longer desiccation conditions
(Fig. 7). There was no significant difference in water retention ability between the sites in both

species.



3.3. Effects of Desiccation on growth: The recovery rate of C. continua was higher than C.
ogasawaraensis after 4 and 8 hrs of desiccation. After four hours of desiccation, C. continua
grew usually and the alive part of the thallus became darkish around the mid-rib. In addition, the
basal cutting part of the thallus including the surrounding edges became dried, while the apical
region remained alive after 8 hrs of desiccation periods (Fig. 8). However, during 4 hrs of
desiccation, the C. ogasawaraensis thallus color became faded and part of the thallus died.
Subsequently, after 8 hrs of desiccation treatment, the thallus completely died and looked
whitish-pale (Fig. 8). After 4 hrs of desiccation treatment, the recovery percentages (%) of C.
continua and C. ogasawaraensis were 1.05 and .61, respectively (Table 1). The recovery
percentages (%) of C. continua and C. ogasawaraensis were .95 and .48, respectively following

an 8-hour desiccation.

3.4. Effect of salinity and PFD on the growth of these two species: In C. ogasawaraensis
cultured under 5 umol/m2/s PFD, the RGR at 32 psu was lower than that at 8 psu and the
changing condition (Fig. 9). This tendency was the same at 60 umol/m?/s PFD. No significant
variation were found among salinity conditions (P = 0.161). The RGR was higher at 60
pmol/ma/s PFD than at 5 pmol/m2/s PFD regardless of salinity condition. No significant

difference was found for PFD (P = 0.185) and interaction between salinity and PFD (P = 0.923).

Likewise, C. continua cultured under 5 pmol/m?/s PFD, the RGR at 32 salinity was lower than
that at 8 salinity and the changing condition (Fig. 10). This tendency was the same at 60
pmol/m?/s PFD. No significant variation were found among salinity conditions (P = 0.1414).
The RGR was higher at 60 pmol/m?/s PFD than at 5 pumol/m?/s PFD regardless of salinity
condition. No significant difference was found for PFD (P = 0.1314) and interaction between

salinity and PFD (P = 0.6224).
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4. Discussion

In our study, the highest biomass was estimated in site 3 followed by site 2 for both species (Fig.
5). The lowest photon flux density was recorded at site 3 because of shade under Daishibashi
Bridge. These conditions may reduce emersion stress and increase algal biomass (Yokoya et al.
1999, Zhang et al. 2014). The biomass fluctuations among the sites might happen due to various
environmental factors, such as waves, sediment in suspension and nutrient availability which are
known to cause variations on a small scale (Seangkaew et al. 2016). Furthermore, macroalgal
biomass in the estuarine habitats might vary due to the pollution status of a water body (Billah et
al. 2016). Similarly, the more significant biomass variability among the Bostrychia, Caloglossa
and Catenella species were reported in a subtropical estuary in southern Brazil (Mendonca and
Lana 2021). The biomass hierarchy of dominant macroalgal taxa followed as, B. kelanensis > C.
stipitata > C. leprieurii > C. ogasawaraensis > C. adhaerens in Miri estuary, Sarawak, Malaysia
(Billah et al. 2016), but the biomass of C. leprieurii, C. stipitata and C. ogasawaraensis
significantly fluctuated by temporal variations in the Miri estuary (Billah et al. 2016). Likewise,
Middelboe et al. (1998) studied macroalgal environmental variables in 202 sites of 26 estuaries
in Denmark and mentioned that algal species richness is highly regulated by salinity, availability
of hard substratum, higher mean depth like vertical and horizontal extension and nutrient
availability. In addition, the specific growth rates of mangrove macroalgae such as B. moritziana
and C. leprieurii were reported to be decreased due to limiting nitrate and phosphate
concentrations under laboratory experiments (Ryder et al. 1999). Besides, massive siltation load
associated with meteorological disturbances (e.g., floods and cyclones) have influenced the
mangrove macroalgal biomass in the Saint Lucia estuary, South Africa (Steinke & Naidoo,

1990). Moreover, the grazing intensity has been examined to influence algae biomass, especially

11



during the high tide when the substratum is submerged (Wada and Wowor 1989, Underwood and
Barret 1990, Laegdsgaard and Johnson 1995, Crowe 1996). Besides, estuarine algae covered by
muds have been examined to reduce the photosynthetic activity resulting in lower algal biomass
production. However, after one year of removing the mud from algae, the biomass production
significantly increased (Steinke and Naidoo 1990). Martins et al. (2001), reported that freshwater
intake is one of the primary sources of N, P, and silt in estuaries. In this study, site 3 had higher
biomass which was located at the upstream. Site 3 was located under Daishibashi Bride with
shaded conditions, whereas site 2 and site 3 were exposed to the sunlight. Shaded habitat
probably went through lower desiccation stress than the open habitats, which resulted higher

biomass in site 3.

Overall, after 2 hrs of desiccation, the RWC of C. continua (58%) was higher than that of
C. ogasawaraensis (10%) (Figs. 6, 7). Since C. continua is distributed in more upper zone than
C. ogasawaraensis, higher RWC may contribute to survival during long desiccation in low tide.
Schonbeck and Norton (1979) investigated the possibility that upper intertidal seaweeds may
possess morphological mechanisms for avoiding desiccation, but there was no evidence that
upper littoral species had a higher water retaining ability. In addition, Beer and Eshel (1983)
investigated different populations of Ulva species growing at different intertidal levels and found
no apparent difference in water retaining ability. The evidence obtained in our study showed that
upper intertidal species are more resistant to water loss than their lower intertidal counterparts. It
seems that water retention ability is not a necessary primary strategy for upper intertidal species
to adapt to their harsh habitat. Lipkin et al. (1993) suggested that, when evaluating the

mechanisms enabling high intertidal algae to survive the harsh conditions of their habitat, the

12



lowest hydration level that they can survive and the length of exposures that they can withstand

at these low RWC should be considered.

In intertidal habitats, the upper portion was subjected to longer desiccation time than the
lower portions, so C. continua, which appears above C. ogasawaraensis, may be more tolerant to
desiccation conditions. Davison and Pearson (1996) reported that the ability to withstand
emersion is considered the primary determinant of the presence of the species and controls the
upper distributional limits in some intertidal species. In our laboratory experiment, the number of
living cells and recovery percentage (%) after desiccation treatment of C. continua was higher
than that of C. ogasawaraensis (Table 1). Similarly, B. calliptera showed higher tolerance
against high light intensities, lower desiccation rates, and higher photosynthetic recovery rate
after desiccation treatment than C. leprieurii, and this property could explain that B. calliptera
grows in an upper intertidal position in the prop roots (Pena et al. 1999). Mann and Steinke
(1988) reported, after high levels of desiccation, both photosynthetic and respiratory rates of B.
radicans recovered fully, while C. leprieurii only recovered some of its initial activity. This
indicates that B. radicans is more tolerant against desiccation and grows in an upper vertical
position than C. leprieurii. In addition, Ogata & Matsui (1968) suggested that the ability to
recover metabolically after re-immersion indicates the tolerance of seagrass against desiccation.
While C. continua has a higher survival and recovery rate than C. ogasawaraensis, it typically

grows in a higher position in the field.

In the PFD experiments, the growth of both species showed better RGR at 60 pmol/m?/s, and the
same result for C. ogasawaraensis was shown in Karsten and West (1993). However, Pena et al.
(1999) reported that the efficiency of low-light utilization could be an important adaptation that

helps Bostrychia and Caloglossa colonize intertidal and subtidal habitats. Also, Cribb (1978)

13



noted an increase in algal development further inward in mangrove forests in the Moreton Bay
region and found C. leprieurii growing in very shaded conditions. Because PFD differs
depending on the season and time, it is necessary to evaluate the influence of photoperiod and

fluctuation of PFD on their growth.

For both species, RGR was lower at 32 than 8 and changing conditions. When Caloglossa
species are placed into culture, the positive growth results in low salinities, which might indicate
that this is the natural optimum salinity range for growth. However, C. ogasawaraensis showed
the highest growth rate in 32 salinity (Karsten and West 1993), while other factors than salinity

might affect the difference in their biomass among the sites.

5. Conclusion and perspective

The comparison of environmental stressors between various habitats covering more expansive
areas from both upstream and downstream might provide useful information to specify
regulating factors for the vertical zonation patterns of euryhaline algae. Three sampling sites
were selected at the estuary of Tama River because the biomass and distribution pattern of C.
continua and C. ogasawaraensis were distinct among the three sites. The highest and lowest
salinity and PFD were observed at sites 1 and 3. The coverage of both species was higher at site
3 than at the other sites. C. continua showed higher relative water content than C.
ogasawaraensis, but there was no significant difference. Percentage of survival rate were higher
in C. continua than in C. ogasawaraensis after desiccation treatment. Stress tolerance
experiments under various salinity and PFD indicated that the relative growth rate was not

significantly varied in both species. These results suggest that desiccation tolerance is more

14



responsible for the distribution pattern of the two species than salinity and PFD. The higher algal
biomass of both species at site 3, which is more shaded than other sites, is probably due to low
desiccation stress. Consequently, we can say that desiccation is one of the factors that regulate
the vertical zonation patterns of these two species. Considering other abiotic factors like wave
actions and turbidity might be helpful for better understanding the zonation pattern of these taxa.
Furthermore, examining of the growth and seasonal succession among different habitats and
substrata might also provide helpful information on the zonation patterns. The outcome of this
study might help to understand the ecology, physiology and distribution patterns of euryhaline
red algae including Caloglossa, Catenella and Bostrychia species, which are essential

components in mangrove ecosystems.

6. Acknowledgments

This master’s course was supported by the Japanese Government within a Monbukagakusho
Scholarship. The master’s course occurred in the Tokyo University of Marine Science and

Technology in the department of Ocean sciences.

This thesis would not have been possible without the guidance and assistance of many people.
First of all, 1 would like to express my sincere appreciation to my supervisor Prof. Mitsunobu
Kamiya who gave me a chance and provided the materials to investigate different research fields
in his laboratory. | warmly thank Prof. Hidekazu Suzuki for his helpful advice throughout the

seminar and also the preparation of this thesis.

| am grateful to the international student office in Kaiyodai who supported me and help the

student to discover some parts of Japan.

15



In my laboratory, | am grateful to Sasamori san, Uda san, Yoshinaga san, Tsurukame san,
Nakazawa san. Many thanks to Nakamori san for your kindness since the beginning of my Japan
life. Many thanks to Arai san and Sugawara san for your helpful guidance throughout the
research. Thanks to all other lab-mates who always try to help me if | face any problems. I am so
happy to be the member of the Phycology lab. Thanks to my Japanese friend Saki, Bangladeshi

friends Alam, Anee, Juwel, and Musa for enriching my life over the past few years.

| am grateful to my beloved husband Md. Ariful Islam who gave me continuous support
throughout my journey. Finally, 1 would like to thank my family for being so encouraging

through this process.

7. References

Almodo’var, L. R. and Biebl, R. 1962. Osmotic resistance of mangrove algae around La
Parguera, Puerto Rico. Rev. Algol. 6:203-208.

Arimitsu, M.L., Piatt, J.F. and Mueter, F. 2016. Influence of glacier runoff on ecosystem
structure in Gulf of Alaska fjords. Mar. Ecol. Prog. Ser. 560: 19-40.

Beach, K.S. and Smith, C.M. 1997. Ecophysiology of a tropical rhodophyte I11: recovery from
emersion stresses in Ahnfeltiopsis concinna (J. Ag.) Silva et DeCew. J. Exp. Mar. Biol.

Ecol. 211: 151-167.

16



Bertness, M.D., Leonard, G.H., Levine, M.J., Schmidt, P.R. and Ingraham, A.O. 1999. Testing

the relative contribution of positive and negative interactions in rocky intertidal

communities. Ecol. 80: 2711-2726.

Bidwell, R.J.S. and Craigie, J.S. 1963. A note on the greatly reduced ability of Fucus

vesiculosus to absorb or evolve CO2 when not submerged. Can. J. Bot. 41: 171-182.

Beer, S. and Eshel, A. 1983. Photosynthesis of Ulva sp. I. Effects of drought when exposed to

air. J. Exp. Mar. Biol. Ecol. 70: 91-97.

Bell, E.C. 1993. Photosynthetic response to temperature and drought in the intertidal seaweed

Mastocarpus papillatus. Mar. Biol. 117: 337-346.

Biebl, R. 1962. Protoplasmatisch-okologische Untersuchungen and Mangrovealgen von Puerto

Rico. Rev. Algol. 6:573-606.

Billah, M.M., Kamal, A.H.M., Idris, M.H.B. and Ismail, J.B. 2016. Seasonal variation in the

occurrence and abundance of mangrove macroalgae in a Malaysian estuary. Cryptog.

Algol. 37: 109-120.

Brinkhuis, B.H., Tempel, N.R. and Jones, R.F. 1976. Photosynthesis and respiration of exposed

salt-marsh fucoids. Mar. Biol. 34; 349-359.

Brown, J.M.A. and Johnson, A. 1964. Preliminary studies on the ecology and physiology of

Scytothamnus australis (J. Agardh) Hk. et Harv 1845. Bot. Mar. 6: 233-246.

17



Coppejans, E. and Gallin, E. 1989. Macroalgae associated with the mangrove vegetation of Gazi
Bay (Kenya). Bull. Soc. Roy. Bot. Belg. 122: 47-60.

Cribb, A.B. 1978. Algae associated with mangroves in Moreton Bay, Queensland. In Bailey, A.
& Stevens, N. C. [Eds.] Northern Moreton Bay Symposium. Royal Society of Queensland,
Brisbane, pp. 63-69.

Crowe, T. 1996. Different effects of microhabitat fragmentation on patterns of dispersal of an

intertidal gastropod in two habitats. J. Exp. Mar. Biol. Ecol. 206: 83-107.

Davison, I. R. & Pearson, A. G. 1996. Stress tolerance in intertidal seaweeds. J. Phycol. 32: 197—
211.

Davey, A. and W. J. Woelkerling. 1985. Studies on Australian mangrove algae Il1. Victorian
communities: structure and recolonisation in Western Port Bay. J. Exp. Mar. Biol. Ecol. 85:
177-190.

Delgado, O., Rodriguez-Prieto, C., Frigola-Girones, L. and Ballesteros, E. 1995. Drought
tolerance and light requirements of high and low sublittoral species of Mediterranean
macroalgae of the genus Cystoseira C. Agardh (Fucales, Phaeophyceae). Bot. Mar. 38:

127-132.

18



De Oliveira, F.E.C. 1984. Brazilian mangal vegetation with special emphasis on the seaweeds.
In Por, F. D. & Dor, I. [Eds.] Hydrobiology of the Mangal—The Ecosystem of the
Mangrove Forest. VVol. 1: Developments in Hydrobiology. Dr. W. Junk Publishers, The
Hague, pp. 55-56.

Dring, M.J. and Brown, F.A. 1982. Photosynthesis of intertidal brown seaweeds during and
after periods of emersion: a renewed search for physiological causes of zonation. Mar.
Ecol. Prog. Ser. 8: 301-308.

Dromgoole, F.I. 1980. Desiccation resistance of intertidal and subtidal algae. Bot. Mar. 23:149—
159.

Druehl, L.D., and Green, J.M. 1982. Vertical distribution of intertidal seaweeds as
related to patterns of submersion and emersion. Mar. Ecol. Prog. Ser. 9:163-170.

Gao, K. and Aruga, Y. 1987. Preliminary studies on the photosynthesis and respiration of
Porphyra yezoensis under emersed conditions. J. Tokyo Univ. Fish. 47: 51-65.

Guiry in Guiry, M.D., Guiry, M.D.G.M. 15 December 2022. AlgaeBase. World-wide electronic
publication, National University of Ireland, Galway. https://www.algaebase.org; (searched

on 28 January 2024).

19



Henley, W.J., Lindley, S.T., Levavasseur, G., Osmond, C.B. and Ramus, J. 1992. Photosynthetic

response of Ulva rotundata to light and temperature during emersion on an intertidal sand

flat. Oecologia 89:516-523.

Hodgson, L. 1981. Photosynthesis of the red alga Gastroclonium coulteri (Rhodophyta) in

response to changes in temperature, light intensity and desiccation. J. Phycol. 17: 37-42.

Hood, E., and L. Berner. 2009. Effects of changing glacial coverage on the physical and

biogeochemical properties of coastal streams in southeastern Alaska. Journal of

Geophysical Research 114: G03001.

Imada, O., Saito, Y. and Maeki, S. 1970. Relationship between the growth of Porphyra tenera

and its culturing condition in the sea. Il. Influence of atmospheric exposure on

photosynthesis, growth and others on Porphyra fronds. Bull. Jap. Soc. Sci. Fish. 36: 369—

376.

Ji, Y. and Tanaka, J. 2002. Effect of desiccation on the photosynthesis of seaweeds from the

intertidal zone in Honshu, Japan, Phycol. Res. 50: 145-153.

Johnson, W.S., Gigon, A., Gulmon, S.L. and Mooney, H.A. 1974. Comparative

photosynthetic capacities of intertidal algae under exposed and submerged conditions.

Ecology 55: 450-453.

20



Kaly, U. 1988. Distribution, abundance and size of mangrove and saltmarsh gastropods. PhD

Thesis, University of Sydney, Australia.

Karsten, V. and West, J.A. 1993. Ecophysiological studies on six species of the mangrove red

algal genus Caloglossa. J. plant physiol., 20: 729-739.

Khafji, A.K. and Norton, T.A. 1979. The effects of salinity on the distribution of Fucus

ceranoides, Estuar. Coas. Mar. Sci. 8:433-439.

King, R.J. and Puttock C.F. 1994. Morphology and taxonomy of Caloglossa (Delesseriaceae,

Rhodophyta). Aus. Syst. Bot. 7: 89-124.

Kirst, G.0. 1989. Salinity tolerance in eukaryotic marine algae. Annu. Rev. Plant

Physiol. Plant Mol. Biol. 41: 21-53.

Kolehmainen, S.E. and Hildner, W.K. 1975. Zonation of organisms in Puerto Rican red

mangrove (Rhizophora mangle L.) swamps. In Walsh, G. D., Snedaker, S. C., and Teas, H.

J. [Eds.] Proceedings of the International Symposium on the Biology and Management of

Mangroves, Hawaii, vol. 1. University of Florida, Gainesville, pp. 357-369.

Krayesky, D.M., Norris, J.N., West J.A. and Fredericq, S. 2011. The Caloglossa leprieurii
complex (Delesseriaceae, Rhodophyta) in the Americas: the elucidation of overlooked
species based on molecular and morphological evidence. Cryptog. Algol. 32: 37-62.

Kumano, S. 2002. Freshwater red algae of the world. Bio press, Bristol, UK. 375 pp.

21



Laegdsgaard, P. and Johnson, C.R. 1995. Mangrove habitats as nurseries for assemblages of

juvenile fish in the mangroves in eastern Australia. Mar. Ecol. Progr. Ser. 126: 67-81.

Lugo, A.E. and Snedaker, S.C. 1974. The ecology of mangroves. Annu Rev. Ecol. Sys. 5: 39-64.

Lindstrom, S.C. 2009. The biogeography of seaweeds in Southeast Alaska. J. Biog. 36: 401—

400.

Lipkin, Y., Beer, S. and Eshel, A. 1993. The ability of Porphyra linearis (Rhodophyta) to

tolerate prolonged periods of desiccation. Bot. Mar. 36: 517-523.

Madsen, T.V. and Maberly, S.C. 1990. A comparison of air and water as environment for

photosynthesis by the intertidal alga Fucus spiralis (Phaeophyta). J. Phycol. 26: 24-30.

Mann, F.D. and Steinke, T.D. 1988. Photosynthetic and respiratory responses of the mangrove-

associated red algae, Bostrychia radicans and Caloglossa leprieurii. S. Afr. J. Bot. 54:

203-207.

Mangelsdorf Jr, P.C. 1967. Salinity measurements in estuaries. In: Estuaries (Ed. by G. Lauff)

Am. Assoc. Advan. Sci. Publ.;: 71-78.

Martins, 1., Pardal M.A., Lilleboa, I., Flindt M.R and Marques J.C. 2001 — Hydrodynamics as a

major factor controlling the occurrence of green macroalgal blooms in a eutrophic estuary:

a case study on the influence of precipitation and river management. Estu. Coas. Shelf Sci.

52:165-177.

22



Matta, J. L. & Chapman, D. J. 1991. Photosynthetic responses and daily carbon balance of
Colpomenia peregrina: seasonal variations and differences between intertidal and subtidal
populations. Mar. Biol. 108:303-313.

McCabe, M.K., and Konar, B. 2021. Influence of environmental attributes on intertidal
community structure in glacial estuaries. Deep Sea Research Part I1: Topical Studies in
Oceanography 194: 104986.

Middelboe, A.L., Sand-Jensen K. and Krause-Jensen D., 1998. Patterns of macroalgal species
diversity in Danish Estuaries. J. Phycol. 34: 457-466.

Muth, A.F., Graham, M.H. Lane, C.E. and Harley, C.D.G. 2019. Recruitment tolerance to
increased temperature present across multiple kelp clades. Ecol. 100: 1-7.

Oates, B.R. and Murray, S.N. 1983. Photosynthesis dark respiration and desiccation resistance of
the intertidal seaweeds Hesperophycus harveyanus and Pelvetia fastigiatia f. gracilis. J.
Phycol. 19:371-380.

Oates, B.R. 1985. Photosynthesis and amelioration of desiccation in the intertidal saccate alga
Colpomenia peregrina. Mar. Biol. 89: 109-119.

Ogata, E. and Matsui, T. 1968. Photosynthesis in several marine plants of Japan as affected

by salinity, drying and pH, with attention to their growth habits. Bot. Mar. 8: 199-217.

23



Peckol, P., Demeo-Anderson B., Rivers, J., Valiela |., Maldonado, M. and Yates, J., 1994.

Growth, nutrient uptake capacities and tissue constituents of the macroalgae Cladophora

vagabunda and Gracilaria tikvahiae related to site-specific nitrogen loading rates. Mar.

Biol. 121: 175-185.

Peckol, P. and Rivers J.S. 1995. Physiological responses of the opportunistic macroalgae

Cladophora vagabunda (L.) van der Hoek and Gracilaria tikvahiae to environmental

disturbances associated with eutrophication. J. Exp. Mar. Biol. Ecol. 190: 1-16.

Pena, E.J., Zingmark, R., Nietch, C. 1999.Comparative photosynthesis of two species of

intertidal macroalgae on mangrove roots during submersion and emersion. J. Phycol. 35:

1206-1214.

Phillips, A., Lambert, G., Granger, J.E. and Steinke T.D. 1996. Vertical zonation of epiphytic

algae associated with Avicennia marina (Forssk) Vierh. Pneumatophores at Beachwood

Mangroves Nature Reserve, Durban, South Africa. Bot. Mar. 39: 167-175.

Post, E. 1936. Systematische und pflanzengeographische Notizen zur Bostrychia-Caloglossa-

Assoziation. Revue Algolog. 9: 1-84.

Propasori, L. 1966. Media and prospects for the cultivation of marine algae. In: Watanabe A,

Hattori A (end) Culture and collections of algae. Proceedings of the US-Japan conference

held at Hakone, 12-15 Sept 1966. Jap. Soc. Plant Phys. 63-75.

24



Rodriguez, C., and Stoner, A.W. 1990. The epiphyte community of mangrove roots in a

tropical estuary: Distribution and biomass. Aqu. Bot. 36: 117-126.

Ryder, K., West, J.A. and Nicholls, D. 1999. Effects of initial enrichment of nitrogen and

phosphorus on Bostrychia and Caloglossa (Ceramiales, Rhodophyta) growth using digital

imaging. Phycol. Res. 47: 39-51.

Schoenbeck, M. and Norton, T.A. 1979. The effects of brief periodic submergence on intertidal

fucoid algae. Estuar. Coast. Mar. Sci. 8: 205-211.

Schwartz, M.L. 2009. “Ch 8: Estuarine Habitats of Narragansett Bay,” in An Ecological Profile

of the Narragansett Bay National Estuarine Research Reserve. Raposa K.B., Schwartz M.L.

(eds.), Rhode Island Sea Grant, Narragansett, R.I. 176 pp.

Seangkaew, J., Bovonsombut, S. and Peerapornpisal, Y. 2016. Species diversity

and distribution of mangrove-associated red alga Bostrychia (Rhodomelaceae,

Rhodophyta) from southern Thailand. Int’1. J. Appl. Env. Sci. 11: 55-71.

Smith, C.M. and Berry, J.A. 1986. Recovery of photosynthesis after exposure of intertidal algae

to osmotic and temperature stresses: comparative studies of species with differing

distributional limits. Oecol. 70: 6-12.

Steinke, T.D. and Naidoo, Y. 1990. Biomass of algae epiphytic on pneumatophores of the

mangrove, Avicennia marina, in the St Lucia estuary. S. Afr. J. Bot. 56: 226-232.

25



Tanaka, J. and Chihara, M. 1987. Species composition and vertical distribution of

macroalgae in brackish waters of Japanese mangrove forests. Bull. Natn. Sci. Mus.

13: 141-150.

Umanzor, S., Ladah, L., Calderon-Aguilera, L.E., and Zertuche-Gonzélez, J.A. 2019. Testing the

relative importance of intertidal seaweeds as ecosystem engineers across tidal

heights. J. Exp. Mar. Biol. Ecol. 511: 100-107.

Umanzor, S., Sandoval-Gil, J.M. and Conitz, J. 2023. Ecophysiological responses of the

intertidal seaweed Fucus distichus to temperature changes and reduced light driven by tides

and glacial input. Estu. and Coasts 46: 1269-1279.

Valdivia, N., Scrosati, R.A., Molis, M. and Knox, A.S. 2011. Variation in community structure

across vertical intertidal stress gradients: How does it compare with horizontal variation at

different scales? PLoS ONE 6: 1-8.

Wada, K. and Wowor, D. 1989. Foraging on mangrove pneumatophores by ocypodid crabs. J.
Exp. Mar. Biol. Ecol. 134: 89-100.

West, J.A., Zuccarello, G., Karsten, U. and Calumpong, H.P. 1993. Biology of Bostrychia,
Stictosiphonia, and Caloglossa (Rhodophyta, Ceramiales). Proceedings of the Second RP-

USA Phycology Symposium, 6-19 January 1992, Cebu and Dumaguete.

26



West, J.A., Kamiya, M., Ganesan, E.K., Louiseaux-de Goér, S. and Jose, L. 2015.

Caloglossa beccarii (Delesseriaceae, Rhodophyta) from freshwater Rivers in Kerala,

India, a critical new record, Algae 30: 207-216.

Weslawski, J.M., Wiktor, J. and Kotwicki, L. 2010. Increase in biodiversity in the arctic rocky

littoral, Sorkappland, Svalbard, after 20 years of climate warming. Mar. Biod. 40: 123-130.

Wethey, D.S. 1985. Catastrophe, extinction, and species diversity: a rocky intertidal example.

Ecol. 66: 445-456.

Yokoya, N.S., Plastino, E.M., Braga, M.R.A., Fujii, M.T., Cordeiro-Marino, M., Eston, V.R.

and Harari, J. 1999. Temporal and spatial variations in the structure of macroalgal

communities associated with mangrove trees of Ilha do Cardoso, S&o Paulo state, Brazil.

Revista Brasileira de Botanica, 22: 195-204.

Yoshizaki, M., Fujita, T., Hatogai, T. and lura, K. 1986. Phenology on the three species of

estuarine red algae from the Kidogawa river mouth area, Kujukurihama, Central Japan.

Chiba Seibutushi 35: 64-70 (in Japanese).

Zhang, Y., Li, Y., Shi, F., Sun, X. and Lin, G. 2014. Seasonal and spatial variation in species

diversity, abundance, and element accumulation capacities of macroalgae in mangrove

forests of Zhanjiang, China. Acta Oceanologica Sinica, 33: 73-82.

27



¥ LA R L)

Al el X1y A\ ¥ -
agery ©2024 Airbus, CNES / Airbus, Digital Earth Techn¢ rar Technologies, Planet.com, The Tkm b

Fig 1. Study area, Tama River, Kawasaki Prefecture.
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RWC (%)

120

100

oo
o

(@)
o

I
o

N
o

o

Ohr 0.5hr 1hr 1.5hr 2hr
—-Site 2 —-Site 3

Fig 7. Mean relative water content (%) and standard
deviation (n=3) of C. continua collected from two sites.



Scale bar: 200pum

4hr desiccation . 8hr desiccation

C. continua

The alive part of the thallus remained Edges dried and apical region kept
darkish around the mid-rib alive

,

.s?

Death cell

Whitish
Death cell

S—

Alive cell

S 8hr desiccation
4hr desiccation

C. ogasawaraensis
Fig 8. Thallus conditions after desiccation treatment



Table 1. Recovery rate of C. ogasawaraensis and C. continua
after 4days desiccation treatment.

Desiccation Alive and recovery percentage (%) of
period both species
C. ogasawaraensis C. continua
4hr 0.613 1.0504

8hr 0.4893 0.957
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Fig 9. Mean relative growth rate and standard deviation
(n=4) of C. ogasawaraensis strain.
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