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Mangrove forests are known to provide a number of important ecosystem services that contribute to human well-being.
However, despite of its functions and values, they are one of the valuable habitats that have suffered widespread habitat
loss due to increasing population density and continuing economic development in the coastal areas. The alarming rate
of mangrove decline has encouraged the government and multi-lateral sectors to undertake rehabilitation initiatives as a
tool to restore damaged habitats. The rehabilitation programs gained more momentum after the 2004 Asian tsunami and
the 2013 Typhoon Haiyan in the Philippines as a Bioshield along coastlines. The Rhizophora species were commonly
selected for rehabilitations due to the year-round seedling availability and it can be planted directly without requiring a
nursery culture. However, the results of mangrove restoration programs include stories of mixed successes and failures.
Several programs were unsuccessful as they fail to match environmental conditions to species-specific preference and
resulted high mortality of the plantation. In cases where high survivals were achieved, only single mangrove species

was planted, creating a monospecific plantation.

Being at the interface between the land and sea, the establishment and survival of mangrove seedlings are under
the continuous influence of different abiotic drivers, particularly the salinity fluctuation, elevation gradient and tidal
inundation cycles. The salinity tolerances of mangroves have been the focus of research for several decades. However,
differences in findings remain unresolved. Some reported that low salinity provided the best condition for growth while
others proved that some species achieved optimum growth at higher salinity. Tidal inundation is another factor that
influences the mangrove community and considered to have a key role in mangrove ecology and seedling establishment
and species distribution. In extreme conditions, these environmental stressors disrupt the physiological homeostasis
of mangroves and consequently cause the induction of reactive oxygen species (ROS) resulting in oxidative stress

and eventual mangrove mortality when conditions remain unfavorable. ROS are highly oxygen derivatives that are



formed as a by-product of metabolism. However, during times of stressful conditions, ROS are excessively generated
resulting damage in cell structures. As a response to counter the adverse effects of the increases in ROS, mangroves
have developed natural defense systems including the activation of antioxidant enzymes (AOX) to scavenge the ROS
and a range of species-specific morphological, physiological and ecological mechanisms. . Understanding the ecology
and adaptability of mangroves to the interplay of abiotic stressors requires an interdisciplinary knowledge of botany,
physiology, geography and molecular and genetic sciences. However, the species-specific ecophysiology is not yet well
established in the paradigm of mangrove ecology. This study assessed and compared the natural and planted mangrove
forest structure and determined the levels of biochemical stress and ecophysiology of R. stylosa to salinity, elevation and
inundation in greenhouse microcosm and field conditions. Understanding the species ecophysiology could serve as a
tool in determining the species niche-width preference, vital information for selecting optimum conditions and suitable

areas for science-based mangrove rehabilitation programs.

The field stud was conducted in Olango and Banacon Islands, in the central part of Philippines where R. stylosa
plantations were established over 60 years ago. An aerial survey was conducted with a drone during the first sampling
to identify the distribution of the planted and natural mangrove areas and served as a basis in subsequent sampling.
Transect line method was employed traversing perpendicular to the shoreline and the mangrove forest structure and
ecological indices (density, diversity, girth size, height) were assessed. In the subsequent field works, the leaves of R.
stylosa were collected from natural and planted forests in the part of the upper canopy directly exposed to sunlight.
For every sampled tree, the light intensity and the pore water salinity was measured in situ and the elevation gradient
was estimated based on the mean water level at neap tide. The collected samples were immediately frozen with dry
ice inside a thermal box and transported to the laboratory. On the other hand, for microcosm experiments, mature
propagules of R. stylosa were collected in Olango Island and two experimental set up were conducted. In the first setup,
the propagules were individually planted in seed bags and cultured in aquarium tanks filled with different salinity
treatments: low (LS) — 0 ppt, moderate (MS) — 20 ppt and high salinity (HS) — 35 ppt. The seedlings were arranged on
the top of a platform and irrigated with low water (LW, 3-5 cm), mid-water (MW, 10-13 cm) and high water (HW, 30-
33 cm). The developments of the first leaves were monitored, and the average height, biomass and leaf tissues were
measured and sampled at 5 and 10 months. In another setup, the seedlings were cultured at the low-water level in three
different salinity treatments. After 15 months, the seedlings were subjected to inundation hydroperiod simulating the
tidal cycle as semi-diurnal inundation (SDI), diurnal inundation (DI) and permanent submersion (PS) for one week.
These microcosms simulated emerged and inundated conditions, mimicking intertidal inundation that seedlings would
experience. Leaf samples from field and experiments were analyzed for hydrogen peroxide (H,0,), catalase (CAT),
ascorbate peroxidase (APX), guaiacol peroxidase (POD), pigments, carotenoids, Fv/Fm and proline. Statistical analyses

were done using XLSTAT Premium.

The mangrove forest structure (density, species diversity, average height, girth size) showed a significant difference
between the natural and planted forests. The planted forest had lower structural complexity than the reference natural
forest. Even 60 years after the forest was created in Banacon Island, it still lacked the understory of young cohorts.
While a forest has been created, it does not mimic a natural forest. Therefore, mangrove restoration programs should
consider planting several species and maintain sufficient spacing for growth in order to reproduce in the rehabilitated

areas some of the key ecosystem characteristics of natural mangrove forests and to achieve the best outcome and



functionality of the restored habitat. Results of the biochemical analyses showed that the H,O, and AOX activities for
samples collected at the higher elevation areas that rarely inundated have significantly higher values compared with the
samples collected at the inundated areas. On the other hand, the Chlorophyll a and b of samples at the inundated areas
showed an increasing with the salinity, while those in higher elevation and rarely inundated areas showed a decreasing
trend. The long-term negative effects of high H,O, at the plant and community levels were manifested in the reduction

of growth rate in plants cultured in the greenhouse and the reduction of height in the 30-year-old R. stylosa plantation.

The results of the greenhouse experiment showed that salinity significantly influenced the early growth and biomass
production of R. stylosa. Adaptive morphological plasticity was exhibited in the early establishment and growth of the
greenhouse-cultured R. stylosa seedlings. At 5 months, the highest average height and growth rate was observed in
seedlings cultured at low salinity, whereas at 10 months, the highest average height was observed in moderate salinity.
This implies a temporal shift in favorable conditions between the 5 and 10-month culture periods. Another morpholog-
ical plasticity was exhibited in the biomass partitioning between the 5 and 10-month culture periods. Comparing the
AGB and BGB allocations, at 5 months, those cultured in moderate and high salinity had higher allocations for BGB,
while those in low salinity had higher allocations for AGB, as shown by the root-to-shoot ratio. However, at 10 months,
there was a shift in biomass allocations. The seedlings cultured in moderate and high salinity had higher allocations for
AGB, while those in low salinity had higher allocations for BGB. The observed morphological plasticity of R. stylosa
seedlings cultured in saline conditions helped them cope with the stressful environment by changing their root to shoot
ratio in response to the stressors. Additionally, physiological adaptation was exhibited in the proline accumulation in the
leaves between the 5- and 10-month culture periods. The proline content of the leaves showed a significant increase for
seedlings cultured in the moderate and high salinity at 10 months compared with at 5 months. The increase in proline
accumulation signifies physiological adaptations to saline conditions, which is consistent with the observed changes in
growth and biomass production. Results of the biochemical analyses of leaf tissues showed that levels of ROS and AOX
activities were significantly lower in the emerged condition than those in an inundated condition. Periodic inundation
(SDI and DI) imposed a higher order of stress as indicated by ROS levels compared with the effect of salinity, while
prolonged inundation (PS) caused sublethal damage as manifested by the chlorosis of the leaves in MS and HS treat-
ments. The chlorotic leaves developed relatively faster in HS than in MS, appearing after four and five days respective-
ly; whereas in LS, chlorosis was not observed even at the end of the experimental period. The pigments (Chl a and b),
carotenoids and Fv/Fm showed a significant reduction relative to the inundation hydroperiod in all salinity treatments,
and the PS showed the highest reduction. Inundation and salinity both significantly influenced the reduction, but the
inundation was the most influential factor. Another physiological plasticity was observed in the temporal variation of
pigments and carotenoids between the 5- and 10-month periods. At 5 months, the temporal variation showed a negative
correlation with salinity and a positive correlation at 10 months. The seedlings cultured in low salinity had a significant
reduction at 10 months, whereas those in moderate and high salinity treatments showed a significant increment. The
increment in saline conditions supports the observed higher RGR at 10 months of the culture period. Higher pigments
translate into higher photosynthetic capacity and energy production and therefore a faster growth rate.

Extrapolating ecophysiology of R. stylosa, this species had low tolerance to inundation stress (high ROS and AOX,
reduced pigments and Fv/Fm). Translating this low tolerance to field conditions, in the frequently inundated areas (i.e.
seafront mangroves fringes) that are subjected to longer inundation at spring tides, this species may suffer from oxida-

tive stress, stunted growth and consequently low survival.
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