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Malthusian overfishing occurs when poor fishermen. faced with
declining catches and lacking any other altemative, initiale
wholesale resource destruction in their effort to maintain their
incomes. This may invelve in order of serjousness, and
geoerally in temporal sequence: (1) use of gears and mesh sizes
not sanctioned by the government; (2) use of gears not
sanctioned within the fisherfolk communities and/or catching
gears tha destroy the resource base; and (3) use of “gears™ such
as dynarnite or sodium cyanide that do all of the above and
even endanger the fisherfolks themselves.

(from Pauly et al. 1989
as qouted in McManus ¢t al. 1992)

Alang sa akong inahdng puld
(nga nagsubd tungdd sa Malthusian overfishing):

Sa daghang mgd katuigan nga aké wald sa imong baybayon,
ubdn kanunay kanimo ang akong pangisip ug kasingkasing.
Kun, dinhd sa imong hunasan, mabarhaw lamang unta,

ang napukan nga nagkadaiyang matang nga kinabuhi,

nga matd'g usd, sakop sa dili masukib nga laing kalibutan,
wald na'’y dapit, mabisan-asa pa man,

nga molabdw sa imong kaanyag ug kaadunahan!
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Chapter 1

General introduction

Seagrasses are the only submerged flowering plants in the marine environment. They all
belong to one order (Helobiae) under the monocotyledon group (i.e., no marine dicotyledon
exists) and the total number of species so far recorded is less than 60 (57, Kuo & McComb
1989; 49, Den Hartog 1970), a negligible number (Den Hartog 1970) compared to the number
of flowering species found in the terrestrial environment. However, when present, seagrasses
and the extensive meadows they can form play an important role in the marine environment.
This can be summarized in six basic axioms (Larkum et al. 1989): (1) stability of structure,
(2) provision of food and shelter for many organisms, (3) high productivity, (4) recycling of
nutrients, (5) stabilizing effects on shorelines and (6) provision of a nursery ground for
various fauna including those which are of commercial importance.

As primary requirements to photosynthetic organisms, light and mineral nutrition affect
seagrasses. Thus, environmental changes, e.g. erosion-derived siltation (EMB Report 1990;
Yap 1992; Vermaat et al. in press), which leads to light climate deterioration could spell
serious threat to seagrass meadows. In fact, human activities leading to the reduction of water
clarity (which includes nutrient loading, entrophication, water quality, pollution, and turbidity)
ranked top on the worldwide list of causes of seagrass declines and disappearances (Short &
Wyllie-Echeverria 1996). Because seagrasses need nutrition, an increase in nutrients in the
environment, per se, may enhance seagrass productivity. However, excessive nutrient increases
also lead to periphyton and phytoplankton dominance which in effect deprives seagrasses of
light. As a net effect, loss of seagrasses is likely to happen (e.g. Cambridge et al. 1986).
Aside from environmental changes due to anthropogenic circumstances, seagrasses also have
to respond to natural phenomena, e.g. ‘wasting’ disease, (Rasmussen 1977; Den Hartog 1987;
Roblee et al. 1991), cyclones, (Cambridge 1975; Poiner et al. 1989} and physical clearances
by, for instance, dugongs (De Iongh 1993; Preen 1995). Particularly for the highly diverse SE
* Asian seagrass meadows, our understanding of seagrass responses to environmental changes,
whether natural- or man-induced, is poor.

In the tropical Indo-West Pacific Region, Enhalus acoroides (L.f.) Royle is the largest species
(Den Hartog 1970; Meiiez et al. 1983; Kuo & McComb 1989; Fortes 1988) among the total
of ca. 20 species occurring, and it structurally dominates many seagrass meadows in the
region (Erftemeijer 1993; Tomasko et al. 1993; Fortes 1994, Japar 1994; Kiswara 1994; Loo
et al. 1994; Poovachiranon et al. 1994; Vermaat et al. 1995), often together with Thalassia
hemprichii (Ehrenb.) Aschers. (Erftemeijer et al. 1993; Vermaat et al. 1995; pes. obs.; see also
the appendix summarizing the taxonomy and distribution of these two most common species).
Thus, it might be argued that understanding the biology of, especially, Enhalus acoroides,
could contribute substantially to understanding the effects of environmental changes on
seagrass meadows.

It is for the above argument that this dissertation focuses on Enhalus acoroides. The main
objective of this dissertation is to gain insight into the general question of “how this species
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would respond to environmental changes such as increased turbidity, nutrient loading and
siltation”. To approach this broad research question, there is a need to gather information on
(1) the growth characteristics of Enhalus in the established phase in relation to the prevailing
environmental conditions, (2) the influence of these characteristics on its capacity to
vegetatively and sexually reproduce, and (3) the fitness of the propagules (produced by
reproduction) in response to such environmental changes. These three basic research subtopics
form the framework of this dissertation.

In the period June 1993-April 1996, a research program based on these lines was carried out
in Bolinao, NW Philippines. The coral reef system in the area is largely comprised of a reef
flat where seagrasses abound (McManus et al. 1992), often in mixed-species meadows
(Vermaat et al. 1995) but also in monospecific stands of Enhalus acoroides (pers. obs.). In
Bolinao, the Marine Science Institute of the University of the Philippines has a marine
laboratory where basic facilities are available to conduct semi-controlled outdoor experiments
as well as to access these seagrass meadows and perform in sitie studies. Various sites with
and without Enhalus were selected. Of the sites with Enhalus, further site selection was made
on the basis of, initially, visual differences in (1) shoot size and abundance, (2) presence of
other seagrass species, and (3) environmental conditions, e.g. sediment type and turbidity. In
most aspects in the biology of Enhalus acoroides addressed here, differences in light
availability appeared to be the most important. Hence, a number of experiments manipulating
light were done. The effects of sediment type and nutrients were also tested experimentally.

The next six chapters report on the results of various studies during the research period.
Although this dissertation concentrates its efforts on Enhalus acoroides, some aspects of the
species biology are best understood when compared with other co-existing species. Hence,
the similarty abundant Thalassia hemprichii was included for the growth studies. In the aspect
of vegetative reproduction, the inclusion of other co-existing species, Syringodium isoetifolium
(Aschers.) Dandy, Halophila ovalis (R. Br.) Hook f., Halodule uninervis (Forssk.) Aschers.,
Cymodocea rotundata Ehrenb, & Hempr. ex Aschers., and Cymodocea serrulata (R. Br.)
Aschers. & Magnus was likewise done.

Immediately succeeding this chapter is the characterization of the relevant environmental
conditions at the selected sites (Chapter 2). Chapter 3 deals with shoot size and growth of
Enhalus acoroides and the co-abundant Thalassia hemprichii, focusing on major factors
controlling the spatio-temporal variation. Chapter 4 characterizes the recolonization capacities,
not only of Enhalus, but also, of all other co-existing species in response to artificial
disturbance. The chapter on the sexual reproduction of Enhalus acoroides (Chapter 5)
completes the descriptive aspects of this dissertation. Results of in situ and laboratory
experiments testing the effects of some relevant factors (based on the results obtained from
chapters 2, 3, 4 and 5) are presented in chapters 6 and 7. Chapter 6 reports on the effects of
sediment type, shading and nutrient addition on the performance of Enhalus seedlings cultured
in the laboratory vis-a-vis the establishment, survival and shoot sizes of seedlings grown in
situ. For mature stands of Enhalus acoroides, chapter 7 describes the results of in siru shading
and transplantation experiments. A general discussion concludes this present research and also
speculates on the implications of changes in primary environmental factors for different
aspects of the Enhalus acoroides biology.
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Appendix: Taxonomy and distribution of Enhalus acoroides (L.f.) Royle and Thalassia
hemprichii (Ehrenb.) Aschers.

A number of publications are available describing rather comprehensively the taxonomy, distribution and the
general ecology of Enhalus acoroides and Thalassia hemprichii. These publications include the works of Den
Hartog (1970), Meficz et al. (1983), Fortes (1986) and Phillips & Mefiez (1988). The following brief summary
was extracted from these previous works. In some cases, quantitative descriptions wete modified to agree with
personal observations and the resutts obtained from this thesis,

Thalassia hemprichii

Fig. 1.1. Habiws of Enhalus acoroides (L.f.) Royle and Thalassia he.mpr_ichii (El'lrenb.) A‘schcrs. after Den
Hartog (1970): Enhalus acoroides - w. habitus, b. female flower, ¢. longitudinal section of fruit, d. male spathe,
e. longitudinal section of a male spathe, f. male flower bud, g. opcne.d male flower, h. fcmalg flower
(unfertilized), . fruit on a curled peduncle; Thalassia hempn'chii_- a. flowering fem.alc plant, b. flowering “‘ffle
plant, ¢. ovary after fertilization, d. fruiting plant, e. opened fruit, f. sced, g. seedling, h. mature pollen grain,
i. germinating pollen grain.

Both Enhalus acoroides and Thalassia kemprichii (Fig. 1.1) belong to the same family Hydrocharitaceae which,
in contrast to the other family (Potamogetonaceae) found in the marine environment, is best distinguished by the
absence of a ligula. Both species are dioecious, bearing pedunculate inflorescences, and, relative to other
tropical Indo-West Pacific species, produce probably the largest fruits (ovoid, 5-7 cm long, Enhalus acoroides,
globose, 2-2.5 cm long, 1.75-3.25 cm wide, Thalassia hemprichii} . In both species, the seeds (obconical, 1-1.5
cm, Enhalus acoroides; conical, 8 mm, Thalassia hemprichii) are rcleased when the ripe fruit bursts.

In comparison, Enhalus acoroides is much larger than Thalassia hemprichii. Its leaves are wider (12.5-20 mm
vs. 4-11 mm) and tafler (30-150 cm vs. 10-40 cm). The rhizome of Enkalus acoroides is also massive (1.5 cm
in diameter vs. 0.3-0.5 cm in Thalassia hemprickii), branching monopodially when a new shoot is formed. In
contrast, new shoots of Thalassia hemprichii stem vertically from the creeping rhizome as short lateral branches.
Enhalus acoroides has no lateral branches, Roots of Enhalus acoroides are coarse, cordlike and unramified, ca.
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10-30 cm long and 3-5 mm thick arising from the axillary buds of the ventral leaves. Roots of Thalassia
hemprichii are also unbranched but densely set with fine hairs, each root arising from nodes of the creeping
shizome (internodes 4-7 mm lang). The male Enhalus acoreides bears a single pedunculate inflorescence
containing numerous flowers (ca. 531 + 39, n = 3; pers. obs.), each is highly reduced in form to a small free
floating device. The male Thalassia hemprichii bears 1-2 pedunculate and uniflorous inflorescences. Female
plants of both species bear single wniflorous inflorescences, but the peduncle of a female Enfalus flower is much

longer (30-150 cm vs. 1-1.5 cm in T, hemprickii). Pollination in Enhalus acorpides occurs at the water surface,
whereas that in Thalassia hemprichii does so underwater.
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In contrast to these differences in morphology and floral biology, the geographical distribution range of Enhalus
acoroides and Thalassia hemprichii is closely similar (Fig. 1.2) with the latter extending its longitudinal range
only a bit wider (East, as far as 180" meridian; West, Red Sea to Mozambique; Mwaiseje (1979) reported an
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Fig. L.3. A: Scaled diagram of
an Enhalus acoroides clone
(shoot cluster no. 3, site 6, see
Chapters 2 & 5). Lines
represent  lengths  of  the
monopedially branching
rhizomes (straight line = shoot;
branch = new shoot). Numbers
at the terminal ends represent
shoot ages (in years) at the
time of collection; x = dead
shoot. B: Diagram of an
Enhalus acoroides rhizome
segment showing leaf and
flower scars and internodes (ca.
30-day growth equivalents,
Rollon et al., Unpubl. data), C:
Schematic diagram of
Thalassia hemprichii  growth
form similarly showing leaf
and flower scars and vertical
rhizome internodes {ca. 10-day
growth equivalents: Vermaat et
al. 1995; Rollon et al., Unpbl.
data).

Enhalus acoroides occurrence on the coast of Tanzania). Both are widely distributed in the tropical parts of the
Indian Ocean and the Western Pacific and are very common in the Indo-Malay Archipelago and in the

Philippines.

In both species, shed leaves and flowers leave scars on their respective rhizomes (vertical thizomes for Thalassia
hemprichii; monomorphic rhizome for Enhalus acoroides; Fig. 1.3; cf. Tomlinson 1974). The horizontal
{creeping) rhizomes in Thalassia hemprichii bear reduced scaly leaves. This architecture allows the quantification
of rhizome growth and flowering events once the comesponding plastochrone intervals have been determined.
The details of this age reconstruction technique which proved powerful in describing seagrass growth dynamics
and flowering events over long-term scale have been formalized by Duarte et al. (1994).
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Chapter 2

Characterization of the environmental conditions at the selected study
sites: seagrass habitats of Bolinao, NW Philippines

Abstract. In connection with the study of spatio-temporal vanation in growth and reproduction of Erhalus
acorvides, a characterization of the eavironmental conditions at selected sites was done. A number of
environmental parameters differed significantly between sites although generally narrow in magnitude. Sites close
to the mainland (inner sites} had higher values than “outer” sites in terms of vertical light attenuation coefficient,
sediment organic maiter, sediment N & K and periphyton biomass. Of the variables measured, the incident light
(PAR}, rainfall and temperature showed distinct temporal patterns. Salinity values were fairly constant (28-34
/o) over a year excepl at a southern site where extreme drops (down to 20 */,) could occur over short periods
during rainy seasons. Periphyton colonization and light attenuance (amounting up to 75%) differed across time
and sites. An estimation of the absolute PAR reaching seagrass depth at the sites suggested that a1 the deepest
site {5 m}, there is probably a serious light limitation for Enhailus.

INTRODUCTION

In a preliminary visual survey, a number of sites in Bolinao (NW Philippines) differed in
several aspects. Shoot size and density distribution of seagrasses, particularly Enhalus
acoroides (L.f.) Royle, visually differed across mean water depth and, sites deeper than 3
meters had no Enhalus. Some of these Enhalus populations occurred in sites near the coast
where turbidity was visually higher. This chapter quantifies these visual observations and aims
to characterize different sites with and without Enhalus acorcides. Temporal and spatial
differences in prevailing environmental conditions may then be causally linked to the spatio-
temporal variation in different aspects of the biology of Enhalus acoroides and other less-
dominant seagrasses in the study area (succeeding Chapters 3-7).

Results are categorized into two: physico-chemical and biological factors. The physico-
chemical factors measured in this study include vertical light attenuation coefficient,
temperature, salinity, sedimentation flux, water flow velocity, sediment grain-size distribution
and organic matter content, nutrients N, P, K, rainfall, tides and global radiation. For
biological factors, this chapter reports on an overview of seagrass community structures at
different sites and quantifies biomass and light attenuance due to periphyton colonizing on
artificial seagrass leaves.

STUDY AREA

Bolinao, Pangasinan (Fig. 2.1) is located in the northwestern Philippines, a coastal
municipality of about 50,000 people. In a broader view, Bolinao is an integral part of
Lingayen Gulf (see also McManus & Chua 1990, McManus et al. 1992, Rivera 1997) where
siltation is threatening the entire system (see also Rivera 1997, this dissertation, Chapter 8).
The geology of the mainland part of Bolinao is basically limestone with its topsoil producing
only limited crops. Agricultural products have only little significance to the town’s economy,
and being so, the livelihood has been heavily dependent on the harvest from the marine
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Fig. 2.1. Map showing the study area (Bolinao, Pangasinan, northwestern Philippines). Sites are indicated by
numbers 1-6. Sites 1a, 1b and Ic are adjacent sites along a depth gradient (0.5, 1.0 and 3.0 m below zero datum;
see inset). Site 2 has no seagrasses (inset, shaded x-axis range). Visually turbid sites § and 6 are comparable 1o
1a in terms of mean water depth. Site 6 is located in front of the Balinao town center, Site § is in a narrow water
passageway south of Santiago Island. Sites 1, 2, 3 and 4 are outer reef sites. Sites § and 6 are inner sites. The
Bolinao Marine Laboratory (BML: 16.38°N; 119.91°N) of the Marine Science Institute is also shown.
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environment (see McManus et al, 1992). The bigger proportion of the marine (off-shore and
near-shore) catch comes from the near-shore reef system. Seagrass meadows form the bigger
part of the near-shore reef system (which includes the reef slope and reef flat), covering
approximately 37 km? of the total 50 km? of reef flat area (Fortes 1989). From these
meadows, fish and marine products (e.g. invertebrates and seaweeds) are harvested comprising
ca. 77% of the total near-shore catch (McManus et al. 1992). For example, the top-ranking
fish species by weight in shore landings in Bolinao (i.e., rabbitfish Siganus fuscescens, ca. 7
tons.month™) spends most of its lifetime in seagrass beds, i.e., it migrates only twice a year
to the reef slopes for breeding (Aragones 1987). No doubt, seagrasses together with their
associated flora and fauna form a substantial resource base for the economy of Bolinao,

To contribute to the understanding of the seagrass ecosystem in the area, data on various
physico-chemical and biological factors affecting seagrass biology (in particular Enhalus
acoroides) were collected during the period 1993-1996 at different sites (Fig. 2.1). From the
initial visual survey, the criteria used for site selection were: (1) presence and absence of
Enhalus; (2) visual differences in shoot size and density across a depth gradient; and (3)
visual differences in water turbidity. In a collaborative research project on the hydrodynamics
and sediment transport in the area, Rivera (1997) conducted a finer time-scale (weekly)
collection of data on e.g. vertical light attenuation coefficient, temperature, salinity,
sedimentation flux and water flow velocity, in 33 sampling sites around Santiagoe Island. The
data on the above variables collected from the same eight study sites of that study were
shared and are presented here in combination with the less frequent (once per 1-2 mos.) data
collection in this study.

MATERIALS AND METHODS
Physico-chemical variables

For the data collection of vertical attenuation of photosynthetically active radiation (PAR,
400-700 nm), temperature, salinity, and water flow velocity, the same sampling strategy (site
and frequency) was adopted, i.e., weekly from February 1994 - June 1995 at the sites. For
sites 1a, 1b, 1¢ and 2, which were very close to each other, measurements were done only
in one representative station (near 1c).

The PAR vertical attenuation coefficient of the water column was measured by taking
simultaneous light readings at two depths (distance between light sensors > 0.5 m). The
attenuation coefficient, K,, was then calculated according to the function I, = I, e ****, where
I, is the PAR recorded by the lower sensor, I, is the PAR recorded by the upper sensor and
z is the distance between sensors.

Water temperatures at the sites were measured using a thermometer connected to a digital
display with 0. readability. Surface and bottom temperature differences did not exceed 0.5
°C. Dala presented were obtained at bottom-depth.
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Salinities were measured using a hand refractometer with 1%, graduation. Readings were
mostly done in the field stations or otherwise, water samples were brought to the Bolinao
Marine Laboratory (BML, Fig. 2.1) in which case salinity was measured within the same day.

To measure sedimentation flux, sediment traps were installed at the sites. A sediment trap was
made of a PVC pipe closed at one end (5 cm wide, 30 cm long; Rivera 1997). In the field
stations, traps were fixed in a vertical position at the bottom and allowed to trap sediments
for two weeks. During retrieval, contents of the traps were carefully transferred to properly
labelled sampling bottles. Emptied traps were reinstalled for the next samples. At the
laboratory, sediment samples were filtered using pre-dried and pre-weighed GF/C filters. The
filtrates were then ovendried at 105 °C for 4 hours, cooled in a dessicator, and weighed.
Values reported are in terms of gDWmZhr'.

Water flow velocities were measured using the drogue method. A drogue was clocked while
allowed 1o drift to a certain distance. Flow speed was then calculated as the distance travelled
over the time elapsed and expressed in cm.s™. Flow directions were also recorded (cf. Rivera
1997) but are not presented in this report.

To characterize the sediment grain size distribution, three core samples (ca. top 10 cm) were
collected from each site. Sediment samples were air-dried for four weeks to allow excess
water to evaporate. Samples were then ovendried at 105°C to constant weights. Subsequently,
sediments were sieved dry for 15 minutes using various pore sizes of screens stacked in a
shaker. Before sieving, samples were gently crushed by hand to disintegrate well-sticked
particles. Particles from site 5 samples were difficult to disintegrate but, nevertheless, sieved
as above. After sieving, different size fractions were weighed and subsequently expressed as
percentages of the total weight. Broader diameter size classes (in um, e.g. coarse sand, 1000
> diameter > 230; fine sand, 250 > diameter > 125; very fine sand, 125 > diameter > 63; and
silt, diameter < 63) were also computed by lumping appropriate specific fractions.

For sediment organic matter content, three sediment cores were collected from each site using
a 20-ml syringe. Samples were ovendried at 105 °C to constant weights. Sediment samples
were then combusted at 550 °C for four hours. After cooling (in a dessicator), ashes were
weighed and the final values were expressed as % ash-free dry weights (AFDW).

Nutrients N and P in porewater and in the water-column were measured following
spectrophotometric methods. However, for practical reasons, not all samples were analyzed
at the same laboratory, depending on the cost of analyses and expertise available. Samples
in May 1994 (water-columnn) were analized at the Chemical Oceanography Laboratory of the
Marine Science Institute, University of the Philippines. Porewater samples in August and
December 1994 were analized at the Chemical Engineering Laboratory of the College of
Engineering, University of the Philippines. Samples in December 1995 were analyzed at the
Chemical Laboratory of the International Institute for Hydraulic, Infrastructural and
Environmental Engineering (IHE), Delft, The Netherlands (Knight 1996). Nutrients N, P, and
K for sediments were determined after digestion at the Bureau of Soils and Water
Management, Quezon City, Philippines. Soil samples in December 1995 were also analyzed
at the Chemical Laboratory of IHE (Knight 1996).
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Rainfall was measured at the Bolinao Marine Laboratory for the period January 1994 -
December 1996. Using a rain gauge (a graduated cylinder, the height-volume factor of which
had been calculated), rainfall was recorded as the total amount of rain accurnulated over a day
(24 hours; 0800H-0800H; expressed in mm.d'). Rivera (1997) collected the data for the
period April 1994 - April 1995, afterwhich this study continued the collection till January
1996.

Tide levels were based on the predicted values published by the National Mapping and
Resource Information Authority (NAMRIA, Philippines). Validations (Villanoy 1988, Rivera
1997) of these predictions revealed that only slight differences could be found between the
predicted and measured values.

Daily total radiation data (Joules.cm™d"') were obtained from the National Radiation Center
(Quezon City, Philippines) for the period 1992-1995. PAR values (Einsteins.m?.d") were
derived from these original values. Theoretical PAR values in a cloudless situation were also
calculated. For details of the function formulation, see Philippart (1995).

Biological factors

The occurrence and approximate abundance of seagrasses and associated biota were noted
throughout the study period. Density dynamics and recolonization data specific for Enhalus
acorides (L.f.) Royle and Thalassia hemprichii (Ehrenb.) Aschers. were also collected and are
presented in Chapter 4.

Mass accumulation and light attenuance (sensu Vermaat & Hootsmans 1994: proportional
light reduction relative to a blank) by periphyton were studied in detail at sites 1a, 1b, 1c, 3,
5 and 6. Artificial substrates (transparent plastic strips, 80 x 20 mm) were incubated in the
field for 28 days. Each substrate was properly tied to a small float and a sinker. In this way,
substrates stood suspended and moved simulating Enhalus leaves. At day zero, eight
substrates were thrown randomly within each of the sites. During retrieval, substrates were
carefully transferred to labelled bags. Filtered seawater was added to each bag to prevent
drying. After retrieval of all substrates from all sites, samples were transported to the
laboratory. At the laboratory, light attenuance was determined. A light sensor was fixed
inside a light-tight box with a small hole (diameter ~ 15 mm) on its topside. A light bulb was
suspended directly above the box. Light readings with and without the periphyton substrates
were taken. A blank strip had ca. 13% attenuance. Calculations were made to derive a one-
side attenuance per strip (mean of 3 random points).

To measure biomass, the periphyton on each substrate was carefully scraped using the blunt
edge of a scalpel. The periphyton was then filtered (pre-dried and pre-weighed GF/C filters)
and ovendried at 60°C for 8 hours. After cooling, final periphyton weights were determined
and expressed in mgDWem™,

Mass accumulation and light attenuance were also studied in finer time scales at sites 1b and
5. In both sites at day zero, 72 units of artificial substrates were randomly thrown. Eight

replicates were retrieved every five days. Further sample treatment procedures were done as
above,
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Data analyses

Significant differences between sites and between sampling months were tested using
ANOVA following Sokal & Rob!f (1981). Whenever multiple comparisons were made, Tukey
test was used (controlling the comparisonwise error rate, CER, to maintain an
experimentwise error rate, EER, of 5%). When variance heterogeneity was detected, data were
log-transformed which in all cases cured the problem.

RESULTS
Physico-chemical parameters

Light extinction and turbidity

The outer sites (1a, 1b, lc, 2, 3 and 4)
had consistently clear water with low
light vertical attenuation coefficients
(K,) ranging from 0.1 to 0.7 m” (Fig.
2.2). The inner sites (5 and 6) had
significantly (p < 0.05) higher mean
K, values and also wider variations
{0.1-2.0 m™) than the ocuter sites. For
any site, no significant differences
could be found between menths. For
site §, the relatively turbid water may
be atiributed to river runoff coming
from the southern part of the area.
Site 6 is located in front of an urban
center, and may receive a consider-
able amount of wastewater especially
from an adjacent fish market. Both
inner sites (5 and 6) had an easily-
resuspendable thin top layer of fine
sediments.

Temperature

Water temperature showed consider-
able variation over time, showing a
bimodal trend (Fig. 23). No
significant differences could be found
between sites. Major peaks (32-35°C)
were measured in April-May and
September-October while major drops
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Fig. 2.2. Veriical light atlenuation coefficient (K, in mY)
measured at the different sites. Different underlined letters
attached to site codes indicate significant differences (p < 0.05)
between overall site means.

(26-28°C) were recorded in July-August and January-February. Temperature peaks and drops
coincided between sites. The annual temperature range at any site throughout the study period

was not more than 7 °C.
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Salini

No clf:yar seasonality in salinity could be detected (Fig. 2.4). Values obtained for sites 1, 2,
3 and fluctuated between 30-35%,,. Site 5 had comparable values with an exceptional drop
(20%,,) in early August 1994 (shortly after few days of continous rainfall}. The lower mean
salinity and wider variation in site 6, most probably, was due to the high amounts of
wastewater from the dense human seitlement fronting this site.

Sedimentation flux

There was no substantial sedimentation occurring in most of the sites (1,2 3, 4 and 6) with
values less than 1.5 gDW mZhr! (Fig 2.5). Still, however, small peaks could be observed
(October-November 1994; February-March 1995), probably an aftermath of a stormy period
(June-September 1994) or sustained winds (mid-January to early March 1995; see also Rivera
1997). The effect of stormy conditions on the sedimentation flux was especially apparent in
site 3, a deep site (5 m below zero datum) with only occasionally, sparse shoots of Halophila
ovalis (pers. obs.). Sedimentation in site 5 was significantly higher than in all other sites (Fig.
2.5; averaging 3.73 % 0.31 gDW m>.hr?). Sedimentation in site 5 was also more dynamic,
that is, consequences of related factors e.g., rains, storms and sustained winds, could be
immediately recognizable. For instance, high values (the highest approached 10 gDW m™2.hr”,
mid-July 1994) were recorded coinciding with stormy days and continuous rainfall (see also
Figs. 2.4 and 2.8). The almost instantaneous effects of other factors on the sedimentation
dynamics in site 5 could be attributed to the facts that: (1) sediment substrate in this site is
loosely-packed and is highly resuspendable with only little disturbance; (2) average water
depth is below 1 m and; (3) there is strong influence of riverine waters coming from a bigger
bay south of the study area.

Water flow velocity

Comparing sitewise, sites 1, 2 and 3 had relatively stronger flow velocities, averaging > 9
cm.s”' (Fig. 2.6) while sites 5 and 6 had less flow with mean values of 6.7 + 0.76 cm.s” and
7.2 + 0.54 cm.s™, respectively. Overall, differences were only slight (see also Rivera 1997)
i.e., only a few centimeters per second. For all sites, the data did not show strong seasonality.

Sediment grain-size distribution

The sediment grain-size profiles of the sites (Table 2.1) indicated that all were mainly
composed of medium to very coarse sand (~60-75% of oven-dry weight, DW), fine sand
(~20-30% DW), very fine sand (~5-20% DW) and silt (ranging from a neglible amount to
~5% DW). Remarkable differences could be observed between sites 2 and 3 and all the other
sites because of their higher composition of the medium-very coarse sand (> 70%) fraction
as well as the lower amount of the very fine sand (only ~5%). Site 5 and 6 did not show
much difference from other sites but it should be noted that in these sites the topsoil is
composed of a very thin layer of highly resuspendable silt. Also, the color characteristics of
the sediments in sites 5 and 6 (from greyish to black} were strikingly in contrast with those
from all other sites (yellowish to white).

Sediment organic matiter content

The organic matter contents of the sediments from the outer reef sites were all similar (~5%
DW, Fig. 2.7). The inner sites 5 and 6 had significantly higher organic matter content (8-9%
DW).
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Nutrients

water-column

Nitrogen concentrations in the water-
column showed wide variation and to
infer meaningful comparison is difficult
{Table 2.2) . For instance in May 1994,
ammonium  concentration (which
comprise > 80% of the total dissolved
inorganic nitrogen) at Sla was found
significantly higher (p < 0.05) than
cither at S1b and Slc. S1b was only 15
m (horizontal distance) away from Sla
while S1c was 50 m away. With site 3
also having low concentration (see 1994
and all the values in December 1995;
Table 2.2), these results suggest an
effect of water depth. However,
corresponding concentrations at site 2
and site 4 in 1994 do not fit into this
correlation. Similar observations could
be made for phosphorus (Table 2.2).

porewater
Relative to the concentrations in the

water-column, porewater concentrations
of nitrogen were higher (Table 2.2; 16 -
86 pM with ammonium comprising
70% of total N). Sites 2 and 3 tended to
have lower concentrations. No clear
difference was shown between inner
(sites 5 and 6) and outer (sites 1, 2 ,3
and 4) sites. Phosphorus concentrations
in the porewater were also higher than
the corresponding water-column values.
No differences between sites could be
found.

sediment
Sediments from inner sites had higher
nitrogen and potassium contents than

10

g =

organic matter content (%}

1a 1b 1c 2 3 4 5 6
sites

Fig. 2.7. Organic matter content (%) of sediment
samples from the study sites. Different underlined leters
above bars indicate significant (p < 0.05) differences
between the means.
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Fig. 2.8. Rainfall (mm.d') measured at the Marine
Science Institute-Bolinag Marine Laboratory (BML, see
Fig. 2.1) for the period February 1994-December 1995.

those from outer reef sites (Table 2.3). For phosphorus content and pH, no distinct differences

could be found.

Rainfall

Distinct dry and rainy seasons were observed for Bolinao during the period January 1994 to
January 1996. The rainy period started about early May and ended mid-October (Fig. 2.8).
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Rainfall peaks were around July-Aungust resulting in short-term drops in salinity at especially
site S and, less strongly, site 6 (see also Fig. 2.4). This seasonal trend in rainfall agrees very
well with the rainfall normals for Pangasinan province for the period 1951-1985 (Fig. 2.9).

Tides

Tidal fluctuation in Bolinao for the years 1992, 1993, 1994 and 1995 (Fig. 2.10) was semi-
diurnal with varying amplitude (max. of 1.3 m during spring tides; minimum of 0.2 m during
neap tides). The time intervals between spring and neap tides were similar over the years.
However, the mean water level differed between months, although the tidal ranges between
months were similar. For these years, the mean water level was high in the June-September
period and low during December to February with a difference of about 0.4 m.
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Fig. 2.11. Total daily radiation (PAR, in Einsteins.m™.d""). Observed values (15-day
moving average. curve below) were derived from the data (in Joules.cm?d')
collected at a nearest weather station (National Radiation Center, Quezon City:
14.39°N; 121.02°E) recording global insolation. Theoretical PAR (thick line; smooth
curve) represents a clear-sky situation (for derivations, see Philippart 1995).

Global radiation

The total daily radiation recorded at the earth’s surface (14.39°N, 121.02°E) and the
corresponding theoretical radiation in a clear-sky condition are shown in Fig. 2.11. Without
clouds (smooth curve), the amount of radiation distinctly varies within a year, that is, peaks
in June-July (ca. 70 Einsteins.m.d"") and lows in December-January (ca. 50 Einsteins.m™.d").
Data recorded at the weather station (unstable curve) indicated substantial PAR reductions by
clouds averaging ca. 50%. Highest reductions were recorded during rainy seasons (July-
August 1993-1995; see also Fig. 2.8). This global radiation pattern is supposed to be also
prevailing in Bolinao (16.38°N, 119.91°E) as supported by the temperature and rainfall
normals for the two areas (1951-1985 data; Fig. 2.9; Kintanar 1986).
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Biological factors

community structure overview

site 1: Many species of seagrasses coexisted in this site. The number of species decreased as
water depth increased. The shallow portion (1a) was a mixed bed of Enhalus acoroides,
Thalassia hemprichii, Halodule uninervis (wide and narrow varieties), Cymodocea rotundata,
Cymodocea serrulata, Syringodium isoetifolium and Halophila ovalis. At 1b, Thalassia and
Enhalus stood taller and densities of other species became less. At 1c, the tallest stands of
Enhalus and Thalassia were found with occasional occumrence of Halodule and Halophila.
At lc, the density of Cymodocea serrulata was highest. At this depth (3.0 m below zero
datum), no shoots of Syringodium isoetifolium and Cymodocea rotundata could be found.
Further, seasonal abundance of the scaweed Halimeda macroloba was noted.

site2: In this area which was only a few meters away from site lc, no scagrass meadow
existed except the infrequent growth of Halophila and Halodule. In this area, the particularly
high density of Thalassinid shrimp mounds (i.e., Callianasa sp., ca. 4-5 m2) was remarkable
compared to site la.

site 3: Like site 2, there was no seagrass meadow in this area except the intermittent incidence
of Halophila. No occurrence of Halodule was observed. This site was 5 m below zero datum.

site 4: Here existed also a mixed secagrass bed closely comparable to 1b in water depth and
vegetation,

site 5: Here existed a relatively patchy meadow dominated by Enhalus acoroides, Thalassia
hemprichii and tall shoots of Halodule uninervis. During December - February period every
year (1993-1996), high incidence of green urchins (Salmacis sphaeroides) was observed.

site 6: This area was characterized by a thick forest of Enhalus and Thalassia with no other
seagrass existing under the canopy. Frequent algal scum could be observed on the water
surface. Often, Enhalus leaves were epiphytized with filamentous green macroalgae
(Chaetomorpha sp.). Jellyfish (Cassiopea sp.) was persistent here with peak abundance during
March-May.

Mass accumulation and light attenuance by periphyton

Mean periphyton biomass accumulation on artificial leaves per 28-day incubation ranged from
~1 mgDW.cm? to ~2.5 mgDW.cm™. This range corresponded into light attenuance ranging
from a low 35% to a high 75% (Fig. 2.12). Comparing between sites, higher values in both
periphyton biomass accummulation and light attenuance were found at sites 3 and §. Sites la
and 1b had lower values in both parameters. In general, biomass curves showed a unimodal
trend (peak in September of 1994; low in January), a pattern more or less followed by the
corresponding attenuance curves (Figs. 2.13 and 2.14). Periphyton characteristics differed
between sites as could be inferred from their attenuance-biomass curves (Fig. 2.15). For
instance, at site 6, a biomass of 11 mgDW.cm only corresponded to ~80% attenuance while
much lower biomass for sites 3 and 5 (e.g.. 3 mgDW.cm?) corresponded to ~90% light
reduction. Periphyton biomass at site 6 could be high but was mainly composed of green
algae (qualitative data, in prep) while at sites 3 and S, silt contents were higher. Sites la, 1b
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and 1c had fairly similar 80 ti c
pen;')hy.ton quality. '.I‘hf,se 70 i
qualitative and quantitative

differences could further be £ 60
shown by comparing, on a finer 3 b
time scale, periphyton coloni- gs° ab I
zation and light attenuance 5 40 , a i
between sites 1b and 5 (Fig. = I I
2.16). Biomass accumulation 30
was approximately linear for ool ‘ . . i
both sites with the slope for site 1a 1b ic 3 5 6
5 being significantly steeper. site
Comparing the attenuance- 3.07
biomass ratios, the difference ] b
was also clear, e.g., a similar e 2.5 i b
biomass of 1.5 mgDW.cm? = 2.0 1
translated to different attenuance g ] a ab ab
values of ca. 50% and 80% for EVsy & 7 I I
sites ib and S, respectively. ] ] 1
& 1.0
E ]
2 0.5
DISCUSSION ]
0.0l — " - : —
) 1a ib 1¢c 3 S €
Across sites, some of the site

physico-chemical characteristics

differed, although the range was

generally narrow in magnitude. Fig. 2.12. Mean periphyton light attenuance (top) and biomass

Clearly the inner sites had more accumulation (bottom) studied in 6 sites, Error bars are standard
R . (n = 8). Different letters in italics show significant

turbid waters (Fig. 2.2), more o

. ? differences {p < 0.05) between site means.
organic matter (Fig. 2.7), and

more nitrogen (Table 2.3) and

potassium (Table 2.3) contents

in the sediments than the outer sites. Site 5 (an inner site) also had a significantly higher
sedimentation flux (Fig. 2.5). Of the outer sites, sediment particles in sites 2 and 3 had both
high percentages of the medium to very coarse sand and less of the very fine sand (Table
2.2). No other abiotic parameter was found to be distinctly different across outer sites.

The magnitude of the differences in light extinction coefficients across sites was not
enormous. A mean difference of about 0.3 m” (site lavs 5: 0.3 £ 0.02 vs. 0.6 £ 0.4 m"') was
not much compared to that of the carbonate (0.34 + 0.13 m™) vs. terrigenous sites (1.59 +
0.75 m™) in Indonesia (Erftemeijer 1993). More turbid waters over seagrass beds can be found
in other studies (Philippart 1995, Terschelling, The Netherlands, K, ranging from 2 to 4 m';
Zimmerman et al. 1995, Paradise Cove, California, K, range: 1 - 2.5 m™'; Van Lent et al.
1991, Mauritania, mean K;=161x0.10 m’'; Vermaat & Verhagen 1996, Zandkreek estuary,
SW Netherlands, K, = 2.1 £ 0.1 m").
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Salinity may have effects on seagrasses (e.g. Koch & Dawes 1991). However, the salinity of
waters with connection to open oceans would not vary too widely (e.g. Banc d' Arguin,
Mauritania, Dedah 1993; Sulawesi, Indonesia, Erftemeijer 1993). Results from this study
showed an intermittent influence of freshwater at the inner sites, although in gencral, the
magnitude of the variation was weak (Fig. 2.4).

The concentrations of nutrients in the water column were clearly lower than in the porewater.
The same conclusion was made by Erftemeifer (1993) in comparable environments. However
across sites, N and P concentrations lacked convincing differences. This result may not be
surprising. Due to its highly dynamic nature, definite conclusions on the differences of
nutrient concentrations are difficult when these differences are not, at least, 10-fold in
magnitude (Gil Jacinto, personal communication, 1993). Small events, e.g. rain and tidal
flushing, could easily disrupt the trends. Similar observations can be made on the results
comparing the carbonate and terrigenous environments in Indonesia (Erftemeijer 1993),
different habitats in Gazi, Bay, Kenya (Hemminga et al. 1995), sites in the Florida Keys and
western Caribbean (Tomasko & Lapointe 1991). and between eutrophic inner and
mesotrophic outer Bailey’s bay in Bermuda (McGlathery 1995). Potassium (K) in sediments
showed considerable differences and might better classify sites, i.e. the sediments at the inner
sites had clearly higher K contents. Increased levels of potassium may, in general, directly
affect carbon fixation (rate of photosynthesis) in higher plants (Marschner 1986; Ericsson
1995). However, the effect of this nutrient (K) on seagrasses has not been explicitly studied.

Results on the depth-integrated grain size composition (Table 2.1) did not show the "siity’
characteristic of the inner site sediments (Table 2.1). Obtaincd percentages of particle size <
63 pm were less thant 5% in all sites. Silt contents were far higher in Indonesia (40%,
Erfterneijer 1993) , Mauritania (40-60%, van Lent et al. 1991) and Australia (40%, McKenzie
1994). This suggests that at the inner sites especially site 5, silt was concentrated only on the
top layer (pers. obs.; P. Rivera, personal communication 1996) and its proportional weight
was not substantial in a sediment-core depth of 10 cm.

Over time, the total daily irradiance (PAR) above sea level (Fig. 2.11) and water temperature
(Fig. 2.3) varied significantly. Variation in PAR and temperature may be causally linked to
the differences in seagrass growth (Chapter 3; for reviews, see also Dennison 1987, Bulthuis
1987, Vermaat et al. in press). Specially for light, the variation shown here is substantial. The
15-day PAR average curve (Fig. 2.11) fluctuated from ca. 15-50 E.-m2.d"' reflecting a strong
influence of cloud cover ranging from 0% to 90% attenuance (daily values, not shown). This
attenuance range could be translated into a minimum-maximum figure of 5-70 Em?2d". In
higher latitudes (e.g., 37°16’N, Chesapeake Bay area, Moore et al. 1993; 51°35’N, Zandkreek
estuary, Vermaat & Verhagen 1996), the mean PAR could fluctuate from 5-50 E.m2.d"*. For
temperature, the annual range of variations in this study was narrow (26-35°C) compared with
the ranges that might cause significant effects on the photosynthesis of seagrasses {Bulthuis
1987; Barbers & Behrens 1985). In Chesapeake Bay, water temperature annually fluctuated
much more (5-25°C, Moore et al. 1993; Neckles et al. 1993).

Despite the overall lack of large differences in physico-chemical parameters, the biological
environment considerably varied between sites. The communities differed in composition and
structure, ranging from a completely mixed but *dwarfed’ meadow at site 1a (a total of seven
seagrass species together with several species of benthic macroalgae, e.g. Halimeda sp.) to
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Table 2.5. Summary of conclusions in comparing the means of different environmental parameters across sites.
Site-independent variables, e.g. rainfall, insolation, are not included; different letters indicate significant
differences at p < 0.05 (ANQVA, Tukey test), ic., a< b <c etc,; ns, not significant; **¥, test not possible; **,
if significant difference exists; max. difference, maximum difference (highest minus lowest} between site means;
mixed, all 7 scagrass species were present; ET, Enhalus-Thalassia; ETC, ET-Cymodocea serrulata; ETH, ET-
Halodule; bare, no seagrasses

SITE

parameter ta 1b le 2 3 4 5 6 max, difference
physico-chemical
1. venical light atenuation

coefficient, k, a 'l a ' . 2 b b 03m’
2. temperature ns ns ns ns ns ns ns ns
3. salinity b b b b ab ab ab a i
4. sedimentation flux a [} a a [ a b a 2.75gDW.mih’
5. water flow velocity ] ¢ c c be abe ab  a 4cms’
6. sediment grain size

medium-coarse sand a a a b b a a a 15%

very fine sand b b b [ 1 [ b b b 10%

other fractions ns ns ns ns ns ns ns ne

7. sediment organic matter content a a a [ a a b b 4%

8. depth with respect t¢ datum chan a b [ d c b a a 45m

9. PAR at depth (periphyton included) 148 121 73 7.1 1.7 64 34 95 13 Emtd’
10, PAR at depth (periphyton excluded) 219 188 123 118 66 8.8 122 117 153 Em? 4’
11, nutrients

N water-column ab a a ab a ab b ab 20 uM
porewatey ns ns ns ns ns ns n ns
sediment a a a a [ [} b b 0.1%

P water-column b [ a abc & abe [ [ T uM
porewatsr*e* - - - - - - - - 2 M
sediment ab ab a a be ab be [ 10 ppm

K zediment a [} a [} a [} c b 600 ppm

biological
12. community structare mixed mixed ETC  bare bare mixed ETH ET
13. periphyton

light amtenuance a a ab c c b 42%

biomass a 2 ab b b ab 1.2 mgDW.cm?

fine-scale rates low high

a thick and tall forest of only Enhalus acoroides and/or Thalassia hemprichii at sites 5 and
6. Also, colonization and light attenuance by periphyton across sites were different (Figs. 2.12
to 2.16). Periphyton could negatively affect seagrass photosynthesis (Sand-Jensen 1977,
Bulthuis & Woelkerling 1983; Silberstein et al. 1986; Neckles et al. 1994 ) but in certain
cases, grazers could reduce the effect of periphyton (Hootsmans et al. 1993; Neckles et al.
1994; Philippart 1995). Light attenuance by periphyton has been estimated elsewhere (max.
~25% of incident light, Hootsmans et al. 1993; 10-90%, Philippart 1995; 9%, Vermaat &
Verhagen 1996). This study obtained comparable values and further showed that periphyton
attenuance in specific sites could translate into substantial light reduction (Table 2.4).
Assuming that the values obtained from artificial subtrates approximate the colonization on
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the natural leaves, then the residual PAR at site 3 (Table 2.4) would be below the survival
threshold for Enhalus acoroides (see also Vermaat et al. 1995 for required LCP for
photosynthesis; Chapter 8).

CONCLUSIONS

1.) Table 2.5 summarizes the major conclusions from spatial comparisons of the various
variables measured. In short, inner sites differed in particular from outer sites in terms of
vertical light attenuation coefficient, sedimentation rates, sediment organic matter, total
sediment N & K contents and periphyton characteristics.

2.) Several variables, namely incident light, rainfall and temperature distinctly showed
seasonal variation. Salinity might be fairly constant over a year but, in some areas as in site
5, could drop substantially over short periods after freshwater influx.

In view of the above, the succeeding chapters (3-8) will focus on the influence of light and
hutrients on growth and reproduction of Enhalus acoroides.
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Chapter 3

Spatio-temporal variation in shoot size and leaf growth of the two
dominant Philippine seagrasses Enhalus acoroides (L.f.) Royle and
Thalassia hemprichii (Ehrenb.) Aschers.

Abstract. Variation in shoot size and leaf growth of the two dominant Philippine seagrasses Enhalus acoroides
and Thalassia hemprichii was investigated over a 2-year period at different sites, To evaluate the influence of
light on this variation, calculations of the daily photosynthetic rates were done using a photosynthesis-irradiance
curve (Michaelis-Menten model), and site-specific light climate estimates. Light as PAR was appropriately
corrected for cloud cover atienuation, water surface reflectance, tides, water depth and water turbidity.
Subsequently, the daily net photosynthetic rates (= net production) were compared with the corresponding relative
growth rates in the field to quantify how much of (1) the net production is aflocated to leaf growth and (2) the
seasonal vartation in leaf growth is due to seasonality in net photosynthesis, i.c.. as a function of PAR.

Results showed that for both species, shoot sizes are larger in deeper and darker environments. The leaf relative
growth rates (RGR) across sites remain comparable except for the slightly higher RGR values of E. acoroides
in muddy sites. The influence of light on the seasonality in RGR was shown to be species- and site-specific. The
seasonal effect of light on E. acoroides was generally significant explaining ca. 25-43% of the seasonal variation
in leaf growth. However, in a shallow- and clear-water site, light seasonality showed little influence ( = 6%;
P = 0.42) on the RGR of E. acoroides. For T. hempvrichii, the influence of light on the seasonality in RGR
accounted for less than 2% of the variation in all sites.

Further decomposing the partial contributions of the different components in the photosynthesis model showed
that at least 89% of the variation in photosynthesis was due to the cloud cover attenuation component.
Expressing the measured relative growth rate as a percentage of net photosynthesis, plants in deeper and darker
environments allocate more photosynthate to leaf growth (for E. acoroides ca, 100% in the deepest site vs. <
85% in shallower and clear waters; for T. hemprichii, the greatest allocation was exhibited by plants growing
in the deepest site). This suggests that plants in deeper and darker environments probably will have less
Photosynthate available for other functions, e.g., flower, root and rhizome production. For Enhalus, this is

Supported by observed lower flowering frequencies.

INTRODUCTION

In the tropics, seagrasses form extensive meadows that perform several important trophic and
Structural functions. In the Indo-West Pacific region, seagrass beds are multi-species
(Johnstone 1979; Meiiez et al. 1983; Brouns 1985, 1987a, 1987b; Erftemeijer 1993; Tomasko
et al. 1993; Vermaat et al. 1995a) often dominated by Enhalus acoroides (L.f.) Royle and
Thalassia hemprichii (Ehrenb.) Aschers. (Vermaat et al. 1995a). In Bolinao, NW Philippines,
these two species together comprise ca. 90% of multi-species meadow biomnass (Vermaat et
al 1995a). Thus, understanding the biology of these two species is necessary to substantially
gain insights into the behaviour of seagrass meadows in the area.

For leaf growth of E. acoroides and T. hemprichii, some substantivc. .studies have been done
(mainly by Johnstone 1979, Brouns 1985, 1987 and Brouns & Heijs 1986 for Papua New
Guinea; Erftemeijer 1993 for Indonesia; Estacion & Fortes 1988, Tomasko et al. 1993 and
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Vermaat et al. 1995a for the Philippines). Although in these studies, spatial variability in
growth could be attributed to the environmental characteristics of the corresponding site,
seasonal patterns Jack concrete explanations. For Enhalus acoroides, a seasonal, unimodal
pattern was observed in Papua New Guinea (Brouns & Heijs 1986) while a similar study in
the Philippines showed a bimodal trend (Estacion & Fortes 1988). Brouns and Heijs (1986)
explained seasonality by the strong positive correlation of growth with temperature data.
Estacion and Fortes (1988) were more circumstantial in explaining growth variability as a
complex function of daylength and the occurrence of low, low water (LLW) during the day.
In that study, growth correlated positively with daylength and negatively with LLW but also,
growth peaks occurred during warm months. For Thalassia hemprichii, studies on growth
seasonality are even more scarce. Brouns (1985) found no consistent trend on a year-to-year
basis, i.e., a high value was observed in June 1982 but the lowest value was recorded in June
1981. This contrast has been attributed to tidal influence. Tidal exposure and water movement
have also been shown to have primary influence on growth characteristics of Enhalus
acoroides and Thalassia hemprichii in Sulawesi, Indonesia (Erftemeijer 1993).

So far, factors proposed to explain seasonal trends of growth in Enhalus acoroides and
Thalassia hemprichii have been more correlative than causal. A more direct factor such as
available irradiance has not yet been explicitly incorporated. For instance, the correlations of
growth with water level (Brouns 1985; Estacion & Fortes 1988) and daylength (Estacion &
Fortes 1988) might be refined if changes in photosynthetically active radiation (PAR) due to
these factors are determined. Indeed, temperature may have a direct effect on growth (Barber
& Behrens 1985; Bulthuis 1987) but seasonality in temperature is also a reflection of the
mean trend in insolation.

In this chapter, the in situ dynamics of leaf growth in Enhalus acoroides and Thalassia
hemprichii in Bolinao, NW Philippines are investigated in relation to factors which affect
available PAR. The approach was: (1) to measure in situ several growth parameters of plants
at different sites with different light characteristics (cf. Chapter 2) over a 2-year period; (2)
to predict corresponding (time and space) photosynthetic rates as a function of PAR,
appropriately corrected for cloud cover attenuation, water surface reflection, tide level, water
depth and water turbidity; and (3) to relate the outcome of these two.

MATERIALS AND METHODS
In situ measurements

Leaf growth of Enhalus acoroides and Thalassia hemprichii was studied in sites 1a, 1b, Ic,
4, 5 and 6 (see Fig. 2.1, Chapter 2) from June 1993 to February 1996 for E. acoroides and
from February 1994 to September 1995 for T. hemprichii. During each sampling, 20 shoots
of both species were randomly selected. Each shoot was marked with colored, thin wires, and
tiny holes were punched through all the leaves using a hypodermic needle (Zieman 1974;
modified marking technique). The sheaths of the outermost non-growing leaves were used as
reference levels. After about 15 days, all the marked shoots were harvested and the following
variables were measured in the laboratory for each shoot:
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a.) AGR, leaf areal growth rate (cm’.sht*.d")
AGR = I leaf length increments » width
observation period, days

b.) TSA, one-sided total leaf surface area (cm.sht™)
TSA = I leaf lengths + widths

c.) RGR, relative growth rate (cm’.cm® sht”.d"; the fraction of leaf material produced
per unit time; van Lent et al. 1995)

RGR = AGR
FAY |

Photosynthesis calculations

Model inputs
Using a photosynthesis-irradiance curve (Michaelis-Menten model; for review of other models

see Jassby & Platt 1976; Frenectte et al. 1993; Hootsmans & Vermaat 1994; Santamaria-
Galdon & van Vierssen 1995), the photosynthesis of Enhalus acoroides and Thalassia
hemprichii was calculated based on irradiance availability:

P max * IZ R
= - +
net Koo+ |

m z

where:

P, = net production, mg C per g DW photosynthetic material per hour; O, units
were converted to C units applying a molar rate of 1 according to an overall
equation for photosynthetic reaction (Larcher 1975; Jackson & Jackson 1996)

maximum gross production, mg C per g DW photosynthetic material per hour
irradiance available at seagrass depth, pE.m*.s?

irradiance level at half-saturation, pE.m?.s*

respiration, i.e., P, at zero irradiance

W;:rg'-u
it ou

P.... K, and R for Enhalus acoroides and Thalassia hemprichii were based on experimental
determinations covering the same geographic area (data of N. Agawin & J.S. Uri as published
in Vermaat et al. 1995b) and were assumed constant over the entire calculation period

(January 1993 - December 1996).

The correction of I, was done by:

(1) calculating above water irradiance at any time during the day (Lo waer = Tpooiime SIN(L)),
assuming a sinusoidal PAR environment (Kraemer & Alberte 1993); t = 0 to daylength;
deriving I___,  from the cloudless daily PAR and the global radiation data obtained from the
nearest weather station (Chapter 2). Details of daylength calculations are found in Philippart

(1995);
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(2) correcting for surface reflectance (assumed 10% in this study; see also Scheffer et al.
1993, Hillman et al. 1995} to get I ... water suctaces

(3) correcting for water depth (datum chart depth + tide level) and turbidity (mean K,
Chapter 2) using the Lambert-Beer equation. The comresponding tide level at any time of the
day was interpolated using a cosine function based on the predicted high and low levels (tide
tables, National Mapping and Resource Information Authority, NAMRIA, Philippines).

P, was iterated (at 7-minute steps) with appropriately corrected iradiance (I} over 24-hr
periods. P, values were then expressed as percentages (mg carbon synthesized per mg carbon
biomass of photosynthetic material) in order to have comparable values with the measured
relative growth rate (RGR).

Contribution analysis

On a per site basis where surface reflectance, datum depth and turbidity may be assumed
approximately constant over time (see also Chapter 2), the total change in the net
photosynthesis were decomposed as follows:

aP, aP, oP,
AP, = Al a;"+AC o+ AZ—

i oc ‘oz,
(1) (2) (3
where:
AP, = the total change in P,
Al = change in cloudless solar irradiance
AC = change in transmittance through clouds

= change in tide level
(1), (2), (3) = partial contributions of the different terms to AP,

These three partial terms (1), (2) and (3) may then be regressed against the total change
(AP,,) to determine the contribution of each factor to the total variations.

Data analyses

AGR and TSA values were log-transformed overcoming both normality and variance
heterogeneity problems (Bartlett's and Cochran's C-tests). For RGR, these problems were
overcome after inverse arcsine transformation. All statistical tests were done using
transformed values, following the procedures described in Sokal and Rolff (1981) and the
SPSS/PC+ statistical package (Norusis 1986). Main and interactive effects of sites and
sampling months on the variables AGR, TSA and RGR were tested using two-way ANOVA.
Tests on the overall means across sites were done using oneway ANOVA with subsequent
multiple comparisons tests (Tukey). Linear regression was done to test the strength of the
relation between variables, e.g., TSAs vs. grand mean daily PAR values at seagrass depths;
AGR vs. TSA; RGR vs. calculated photosynthetic rate; total variations in photosynthetic rate
(AP,.) against its components.
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Table 3.1. Two-way ANOVA for the effects of site and sampling months on the total leaf surface ar¢a (TSA)
and relative growth rate (RGR) of Enhalus acoreides and Thalassia hemprichii. Asterisks (*) attached to F-values
indicate significance at p < 0.001. Variance component values indicate the variance percentage explained by the
cotresponding source of variation.

Source of variation df MS F Variance
Component

1. Enhalus acoroides

TSA (log-transformed)

Site 5 51.672 594.284* 44.84%
Month 23 2.750 26.341% 7.66%
Site x Month 98 0.624 7.173* 11.20%
within samples 2202 0.087 36.30%
RGR (arcsin-transformed)

Site s 9.014 268.485* 21.24%
Month 23 2.531 75.394* 23.63%
Site x Month 98 0.325 9.668*% 16.52%
within samples 2203 0.034 38.61%

2, Thalassia hemprichii

TSA (log-ransformed)

Site 5 8.217 77.097* 19.25%
Month 10 2916 27.360* 12.22%
Site x Month 48 0.592 5.557* 12.66%
RGR (arcsin-transformed)

Site 5 3,408 38.218* 7.64%
Month 10 8.878 99.548* 37.09%
Site x Month 48 0.492 5519+ 10.20%
within samples 1391 0.089 45.07%
RESULTS

Spatio-temporal variation

Shoot size and leaf growth rates of both Enhalus acoroides and Thalassia hemprichii
significantly varied across sites and across sampling months (Table 3.1). For Enhalus, the
effect of site on the shoot size (variance component: 45%) was stronger than the temporal
effect (variance component: 8%) For Thalassia, the temporal and spat.ial effects on shoot size
were approximately similar (12 and 19%, respectively). For the relative g.rowth rate (RGR),
stronger temporal effect was present in Thalassia: the temporal vartance components
accounted for 37% (vs. 8% for site component) of the overall RGR variance. For Enhalus,
the contribution of spatial and temporal effects on RGR was comparable (21 and 24%, respectively).
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Fig. 3.1. Mean shoot sizes (one-sided total leaf
surface area, TSA) of Enhalus acoroides and
Thalassia hemprichii at sites 1a-6 plotted against the
mean PAR available at depth. Vertical bars are
standard errors.

Fig. 3.2. The absolute leaf growth rates (AGR) of
Enhalus acoroides and Thalassia hemprichii at sites
la-6 plotted against the corresponding shoot sizes
{TSA). Vertical and horizontal lines are standard
errors,

The overall average shoot sizes (TSA) of both species were generally larger in darker
environments, i.e., in deeper and/or more turbid waters (Table 3.2; Fig. 3.1). In absolute
terms, larger plants produced significantly more (AGR, Table 3.2; Fig. 3.2) while their
relative rates (RGR) remained comparable across sites (Table 3.2; Fig. 3.2). Contrary to
Thalassia, Enhalus showed significant differences between sites in RGR, being significantly
higher in shallow, muddy, near-shore sites 5 and 6 (Table 3.2). Overall, the larger Enhalus
had significantly lower RGR than Thalassia (Table 3.2).

The strong influence of sampling months on RGR for both species (Table 3.1) was mainly
due to the high variability in RGR among months (i.e., within but also between years) rather
than a clear general annual seasonality (Figs. 3.3, 3.4). RGR values in the same months in
different years, or, in adjacent months in the same year were often significantly different.
Nevertheless, for Enhalus acoroides, generally lower (Tukey test, p < 0.05) RGR mean values
were shown in the period May-August (the rainy season; Fig. 3.3) when the data points were
pooled arbitrarily in three "seasons" of four months in a year. This minimum in RGR in May-
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Table 3.2, Overall mean (x se) absolute leaf growth rate (AGR), total leaf surface area (TSA) and relative
growth rate (RGR) of Enhalus acoroides and Thalassia hemprichii ax measured at the respective sites 1a - 6.
Different letters (superscript) attached to values indicate sitewise significant differences at p < 0.05 (Tukey test);
N8 = not significant. Significant differences between overall species means are indicated in the same way.

SITE n AGR TSA RGR
(months) (cm.sht.d™ {cm’sht") (Fd™

L. Enhalus acorcides

la 20 4.06 + 024 176.91 + 9.00° 2.31 £ 0.07*
1b 24 8.44 + 0.34" 396.42 & 14.36° 2.15 £ 0.05*
Ic 23 10.19 £ 0.51° 495.62 + 25.83 2.09 + 0.05*
4 19 7.73 £ 0.32° 359.02 + 9.61¢ 2.16 + 0.08
5 22 7.39 + 0.35° 275.53 + 14.43° 2.75 £ 0.09°
6 19 7.29 + 033" 29431 + 11.21" 257 £ 0.11%

species

overall 6 (sites) 7.52 + 0.82 332.97 + 44.84° 2342 010°

2. Thalassia hemprickii

la 11 1.87 £ 0.16" 47.11 + 3.53° 3.90  0.19™
Ib 13 225 + 0.16® 56,15 + 3.69 392 +0.14™
Ie 13 245 £ 0,12% 66.21 + 4.68 3.82 £ 0.15™
4 13 255 + 0.13° 71.44 + 3.61° 3.62 x 0.13%
5 13 2.11 + 0.15® 54.16 £ 2.95° 383+ 018"
6 14 279 x 022 79.97 x 5.41° 344 + 0.14*

species

overall 6 (sites) 234 +013 62.51 x 4,99 376 £ 0.08°

August period is particularly the case for shallow, turbid and m_ud.dy sites 5 and 6 _whcre RGR
mean values were generally high but between-month RGR variation was large (Fig. 3.3). For
T. hemprichii, such differences between pooled "seasonal” means could not b-e de.tected (Fig.
3.4), although here also, extremely low RGR values were observed one period in the rainy

season (late May 1995).

Comparison between P, and RGR

As calculated here, the photosynthetic rate (P,.) represents the total carbon producﬁon rate
while RGR represents the carbon allocation to leaf growth. In other \yords, the realized leaf
RGR is the remainder of the gross production and subsequent allo-cauon to other Plam parts
as well as their respiration. Therefore, the ratio (RGMm) appr0x1m§tcs the r.elaﬁve energy
allocation to leaf production. For both Enhalus acoroides and Thalassia hemprichii, this ratio
was greater than 70% indicating a substantial amount of energy allocated to leaf production.
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Fig. 3.5. Comparison between the calculated photosynthetic rates (P,,, smoothed curves) and the
relative growth rates (RGR) of Enhalus acoroides at sites la-6; linear statistics  and p-values

comparing the two curves are shown in Table 33
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Table 3.3. Regression statistics comparing P, and RGR shown in Figs. 3.5 and 3.6. The mean RGR/P, ratios
at the sites are also shown.

Enhalus acoroides Thalassia hemprichii
SITE R? p-value RGR/P,, ratio R? p-value RGR/P,, ratio
(%) (%) (%) (%)
ta 6.0 0.42 7413 a1t 092 T2+4
1b 356 001 79+2 017 050 8214
1c 344 002 1055 0.04 0.95 107+ 7
4 426 003 864 009 076 B2+4
5 250 007 106 + 4 1.61 068 855
6 31.0 007 1086 002 09 B5+S

At the darker stations (deep and/or turbid; Table 3.3; Figs. 3.5 and 3.6) RGR/P,,, ratios were
close to 100%, indicating that plants at these sites would have difficulties in additionally
producing flowers and belowground parts because all the energy seems devoted to leaf
production.

The calculated photosynthetic rates (P,,} for Enhalus acoroides based on PAR availability at
the sites generally correlated with the measured RGR (Fig. 3.5; Table 3.3). In most sites, R?
values were greater than ca. 25% (highest at site 4, R? ca. 43%, p = 0.03) except the weak
and insignificant correlation at a shallow and clear water site (1a, Table 3.3; R? ca. 6%; p =
0.42). For Thalassia hemprichii, R’ values were, in all cases, less than 2% (Table 3.3).
Nevertheless, in May 1995 when drastic drops in the calculated P,, values were obtained,
parallel drops in RGR were also measured in all sites (Fig. 3.6).

The partial contributions of the major components (clear-sky irradiance, tides and cloud
attenuance) to the total variation in the calculated P, for Enhalus acoroides in all sites
generally follow similar trends as shown in Fig. 3.7. Relative to the value at an arbitrary date
(1 January 1993), the changes in clear-sky solar irradiance contributed to P, increases
ranging from 0 to +0.51%.d" (ca. 0-2 mgC per 1000 mg DW of photosynthetic parts per
day) peaking at ca. mid-year. In contrast, the fluctuations in tide levels accounted for P,,,
reductions ranging 0 to -0.21%.d". The cloud attenuance component showed to be the most
important factor, the contribution of which ranged from -1.5% to +0.66%.d"", accounting for
at least 89% (R* } of the total variation in the calculated P, for Enhalus acoroides (Fig. 3.8;
Table 3.4).

DISCUSSION
Temporal variations in growth

For Enhalus acoroides and Thalassia hemprichii, explanations for temporal trends in growth
are scarce and often unclear. Johnstone (1979) was unable to identify any consistent seasonal
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Table 3.4. R? values of the separate linear regressions of AP, against its components (sec Mat,erials and Methods)
for the six study sites. All R? values are significant at p < 0.05 except those with atlac'hcd ‘ns’. Datum de_plhs (m}
and mean extinction coefficients (K, m™) are also shown. See Fig. 3.8 for the processing of the data of sile 1a.

R} (%)

aP ap apP,,

depth (m (m?) Al-—™ AC—™ AZ—=

SITE pth (m) K, AL = 2z

solar irradiance clouds tides

la 0.35 0.31 1.05 89.34 o
1b 1.25 0.3 1.96 £9.03 1.48
lc 30 0.31 442 88.57 343
4 1.2 0.41 0.28™ 94.19 0.18
5 0.58 0.60 0.26" 971N 0.52
6 0.7¢ 0.72 0.81 98.75 1.22

pattern in his 2-year data set of Enhalus acoroides leaf growth rates. In the same study area
(Papua New Guinea), Brouns and Heijs (1986) also did not find seasonality in their shallower
station but found a seasonal, unimodal trend in deep Enhalus acoroides meadow which they
attributed to the influence of water temperature. A similar study in the Philippines (Estacion
& Fortes 1988) found a seasonal bimodal pattern, the cause of which was suggested to be
daylength (i.e., irradiance) and the percentage of occurrence of the low low water during the
day (i.e., immersion-dessication stress). Using a canonical correlation analysis, Erftemeijer
(1993) showed that tidal exposure and water movement were primary determining growth
factors in Enhalus acoroides and Thalassia hemprichii at a reef site (Barang Lompo,
Sulawesi, Indonesia). In the latter study (Erftemeijer 1993), temperature was not considered
to be an important factor as there was no significant variation of temperature found over the
study period, but available irradiance was not among the variables considered for the
multivariate analysis. Brouns (1985) studied three populations of Thalassia hemprichii along
a depth gradient (0.4, -0.3 and -0.5 m relative to chart daturn). There was no consistent annual
trend for all sites except that a more intensive study of growth at 0.4 m revealed a strong
correlation between growth and the tidal cycle, with reduced growth during low tide exposure
as also observed by Stapel et al. (1996) in Sulawesi.

The present study showed strong indications that the temporal variations in the growth of
Enhalus acoroides were largely a function of available light. For T. hemprichii, the
correlations were weak indicating that the growth function is more complex. More factors
which could be of significant importance include (1) the intra- and inter-species competition
(crowding, etc.), (2) patch/shoot age (as Thalassia is short-lived relative to Erhalus) and (3)
significant variability in photosynthetic-irradiance curve parameters (P_,,, K, and R) across
time and space due to differences in, for instance, nutrients (Agawin et al. 1996). Some other
seagrasses, e.g., Zostera marina are known to vary these parameters seasonal ly (Zimmerman
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et al. 1995) and spatially (Vermaat et al. in press; Dutch vs. Spanish populations). The
following conclusions can be drawn for Enhalus acoroides:

1) Shallow vs. deep populations in clear waters. Leaf growth of Enhalus acoroides in
shallow, clear water sites (e.g., 1a) is less sensitive to temporal variation in light than in deep,
clear water sites (Table 3.3, Fig. 3.5; Brouns & Heijs 1986; Johnstone 1979}, because light
levels at the shallower sites probably lie along the asymptotic range of the photosynthesis-
irradiance curve (see also Chapter 8).

2.) Cloud cover impact. The effect of cloud cover attenuance on temporal variation in
estimated net photosynthesis by far exceeded that of other components (e.g., cloudless solar
irradiance, tides; Table 3.3). The fact that cloud cover (i.e., the weather) is highly variable
basically explains the inconsistent growth trends obtained in various studies. Growth patterns
may be generally bimodal (two major drops/peaks, Estacion & Fortes 1988; Vermaat et al.
1995a; this study) when peak cloud formation generally occurs close to ‘summer’ months.
In the Philippines, this usually coincides with the rain and storm peaks (June-September
period; Figs. 2.11 and 2.12; see also Kintanar 1986). In contrast, a growth curve is probably
unimodal when peak cloud formation occurs towards the ‘winter’ months, or, when cloud
formation is evenly distributed throughout the year. This was probably the case in the studies
of Brouns and Heijs {1986) and Erftemeijer (1993), although a seasonal low-tide exposure
desiccation during August-December period might strengthen the unimodality (e.g. Erftemeijer
1993).

3.) Temperature. The correlation between growth and temperature patterns may be significant
(as demonstrated in Brouns & Heijs 1986). The temperature data shown in Chapter 2 (Fig.
3.3) which showed a bimodal annual pattern may also indicate a significant correlation.
However, the causality of the relation is doubtful. Firstly, the range of the temperature
variation in the tropics is narrow (24-31°C Papua New Guinea, Brouns & Heijs 1986; 26-
35°C in Bolinao, Chapter 2; ca. 27°C with only slight seasonal variations, Indonesia,
Erftemeijer 1993), thus, may not strongly cause significant growth fluctuations. Secondly,
temperature (having relatively smooth curves) could not account for the significant growth
variations over short periods. Finally, a strong correlation between temperature and growth
should be probable simply because tempcrature correlates strongly with irradiance (see also

Van Tussenbroek 1995).

4.) Tides. In view of the previous results (Chapter 2) that the timing and levels of high and
low tides are not the same every day, month or year, the net effect is difficult to establish by
simple regression. The timing and levels of tides have effects on the total amount of
irradiance reaching the plants. Thus when finer (e.g. daily) time-scale growth studies are done,
a lunar trend may be found (e.g., Brouns 1985 for Thalassia hemprichii), i.c., higher growth
in periods with lower water level at daytime and vice versa. And since the level and timing
of tides are synodically shifting, also a synodic trend in growth over a lunar cycle may be
observed (as probably is the case in Brouns 1985). However, the ultimate cause is probably
still be the irradiance availability at depth as affected by timing and levels of tides.
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Spatial differences in shoot size and growth

Paradoxically, plants in darker environments formed higher above-ground biomass (Fig. 3.1
and 3.2), and also had higher absolute growth rates (Figs. 3.3 and 3.4, see also Brouns &
Heijs 1986 and Estacion & Fortes 1988). This finding however is consistent with the results
of the in situ and laboratory germination experiments (Chapter 6). Seedlings grown in darker
field environments (sites 5 and 6} and those grown in shaded tanks in the laboratory produced
bigger plants. The finding in this study that the relative leaf growth rates (RGRs) of Enhalus
acoroides and Thalassia hemprichii remain generally constant across sites has a major
implication to the energy allocation of these plants to other functions, .g., flower and below-
ground production. Considering that the amount of energy (photosynthates) decreases as the
amount of light decreases, the allocation to other parts (flowers, roots and rhizomes) should
decrease to maintain the same allocation effort for leaves. Apparently, in the present
seagrasses, leaf production has a priority over e.g. sexual reproduction. Thus, it might be
hypothesized that Enhalus acoroides and Thalassia hemprichii plants growing in the darker
environments produce less flowers andfor below-ground biomass. The former is confirmed
by the fact that flowering events are rare in deep populations (Chapter 5).
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Chapter 4

Recolonization in a multi-species seagrass meadow: the contrasting
strategies of the two dominant species Enhalus acoroides (L.f.) Royle

and Thalassia hemprichii (Ehrenb.) Aschers.

Abstract. This study shows that in a multi-species seagrass meadow in a shallow and clear water site, all the
former seagrass species were able to recotorize in the anificially created gaps of 0.25 m® in size within ca. 2
years. Extrapolation of the recolonization curves of the different species predicted a full recovery within 10 years
post disturbance. Fitted curves for the dominant species Enhalus acorcides and Thalassia hemprichii showed
contrasting strategies, the latter having a comparatively high intrinsic rate, achieving full recovery within ca. 2
years post-disturbance, Enhalus acoroides was the latest species (o establish and the projected full-recovery time
was among the longest (ca. 10 years). The effect of timing of gap creation was generally not significant (except
for Syringodium isoetifolium) as the temporal variation in density of most species was not significant either
outside the gaps. As recolonization by sexual propagules was found to be of less importance, increasing the gap
size would most probably require a much Yonger recovery period. A crude estimate for Enkalus acoroides would
be > 10 years for 1 m? of gap. Further, since the densities of most seagrass species significantly vary between
sites and colonization rates are depending on the neighboring densities, the recovery curves would also be
different across sites.

INTRODUCTION

Physical loss of seagrasses has been documented to occur due to a number of disturbance
types. Extensive losses due to cyclones and storms are frequently reported (Thomas et al.
1961; Cambridge 1975; Patriquin 1975; Birch & Birch 1984; Williams 1988; Poiner et al.
1989; Tilmant et al. 1994; Preen et al. 1995; Short & Wyllie-Echeverria 1996). In the
Philippines, seagrass losses due to typhoons might be considerable considering that, on
average, 20 tropical storms hit the country annually (Fortes 1988; Rivera 1997), 3-5 of those
traverse across Bolinao (16°N; 120°E, Fig. 2.1; pers. obs. 1993-1995), the study location. Less
extensive and less documented disturbances include periodic dredging (Holligan & de Boois
1993; Preen et al. 1995; pers. obs., marina construction), dugong-cleared patches (De Iongh
et al. 1995; Preen 1995; pers. obs., Northern Palawan, Philippines) and bioturbation (Suchanek

1983; Valentine et al. 1994).

Moderate disturbance may maintain the diversity in space-limited communities (Paine &
Levin 1981; Sousa 1984; Barmrat-Segretain & Amoros 1995; Holt et al. 1995; Chiarello &
Barrat-Segretain 1997). However, the understanding of the population dynamics within the
habitats subject to disturbance requires detailed descnptlon of (1) disturbance regime,
distribution and timing and (2) the patterns of colonization and succession within patches
(Sousa 1984). Plant communities such as seagrasses may recolonize cleared patches, or gaps,
both by dispersal of sexual propagules and/or vegetative expansion of plants at the periphery
{border effect, Chiarello & Barrat-Segretain 1997).
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This chapter presents the patterns of recolonization and succession of seagrasses following
artificial disturbance (creating bare patches) in a mixed seagrass meadow. Special focus was
given to the recolonization rates of the two dominant species (Enhalus acoroides and
Thalassia hemprichii), and the following questions were addressed: (1) Are these two species
able to recolonize cleared areas within 2 years?; and (2) How much time does it take to reach
the original densities after a disturbance in relation to patch size?.

In connection with the artificial disturbance, undisturbed control plots were also studied to
obtain information on shoot densitics of Enhalus acoroides and Thalassia hemprichii at
different sites. This was done to (1) obtain reference values for the dominant species and (2)
to quantify how these reference values vary between sites and seasons.

Using an age reconstruction technique (Duarte et al. 1994}, the time-scale of the clonal
replication of the long-lived Enhalus acoroides was determined. Fitting the above pieces of
information together for Enhalus, a crude extrapolation has been made on the relation between
the size of disturbance, the “peripheral” density (i.e., the abundance along the gap borders)
and the time-scale for recovery towards the pre~clearance density.

MATERIALS AND METHODS
Cleared patches

In a mixed seagrass meadow at a shallow and clear-water site (1a; see Fig. 2.1, Chapter 2),
gaps were created. In July 1993, three quadrats (50 cm x 50 cm) were randomly chosen and
fixed with permanent markers. After counting all seagrass shoots, all plants including roots
and rhizomes within the quadrats were removed. Removal was done as carefully as possible,
minimizing sediment loss due to resuspension. In November 1993, another three quadrats
were cleared as above. This was done to determine whether the seasonal timing of the
disturbance significantly affects the patterns of recolonization and species establishment,
During each sampling (once per 1-2 months), all new seagrass colonizers were counted. When
distinguishable, seedling colonizers (sexual propagules) were separately counted. The intrinsic
rates of colonization, r, were then approximated (nonlinear regression, SPSS/PC+; Norusis
1986) for each species by fitting the corresponding data sets into the simple logistic equation
(Richards 1969; Verhulst logistic, Hutchinson 1978).

N =X
1 +e™"
where: N, = the number of shoots at any time t (days)

K = maximum shoot number (pre-clearance value)
r = intrinsic rate of increase (% per unit time t)
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Spatio-temporal variation in shoot densities of Enhalus acoroides and Thalassia
hemprichii in undisturbed plots

At sites la, Ic, 4, 5 and 6, three quadrats (50 cm x 50 cm) were randomly chosen. These
were fixed with permanent markers for subsequent sampling of the same plots. During each
sampling (once per 1-2 months), shoot densities of Thalassia hemprichii and Enhalus
acoroides were counted underwater by superimposing a metal quadrat (50 cm x 50 cm with
grids every 10 cm) taking the same orientation every sampling. When distinguishable,
seedlings were counted separately. The occurrence of flowers was also noted. Data shown
here were collected from January 1994 to September 1995. For site 5, obtaining a complete
data set was not possible due to the intensive fishing activities using gillnets and fish corrals.
Quadrat markers were often lost and probably removed on purpose, as those might hamper
fishing operations.

Intrinsic rate of shoot increase and the rate of elongation of rhizomes in an Enhalus
acoroides clone: ageing technique

The rate of vegetative shoot production of a clone can be calculated for species like Enhalus
acoroides because it maintains good rhizome connections. The age reconstruction technique
(Duarte et al. 1994) may then be used to determine rhizome elongation rates and shoot
propagation (see also Fig. 1.3, Chapter 1). For this purpose, three clones of Enhalus acoroides
were collected randomly from each of the sites la, lc, 5 and 6. Each of these twelve clones
was aged by counting all the rhizome internodes and subscquently multiplying these values
with the corresponding plastochrone interval values (PL: 31.2 + 1.7, 269 + 0.4, 27.1 + 1.4,
26.2 + 1.6 respectively for 1a, Ic, 5 and 6; Rollon et al., Unpublished Data). The mean shoot
elongation rate was calculated (i.e., thizome length + rhizome age). The net vegetative growth
rates of each clone (i.e., the intrinsic rates of increase in the number of living shoots per unit
time; see also Fig. 1.3, Chapter 1) were approximated by regressing nonlinearly the number
of living shoots in a clone with clonal age using the same simple logistic equation as above.
A maximum K-value of 8 shoots per clone (based on earlier pers. obs.) was assumed for all

sites.

Data analyses

Multiple comparisons of different fitted curves were done by calculating an F statistic (see
equation below; Vermaat & Hootsmans 1994), subsequently evaluating its significance at p
< 0.05. The comparisonwise error rate (CER) was adjusted to maintain an experimentwise
error rate (EER) of 0.05 according to the relation, CER = 1 - (1-EER)"", where n is the total

number of comparisons made.
(RSS,., - (RSS, + RSS,))) | (df,., - (df, + df)))
F=
(RSS, + RSS)) { (df, + df))

RSS, = residual sum of squares for dataset 1

where:
RSS, = residual sum of squares for dataset 2
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RSS,,; = residual sum of squares for the combined datasets
df,, df,, df,,; = the corresponding degrees of freedom

The temporal variations (per site basis) in the log-transformed densities of Enhalus acoroides
and Thalassia hemprichii in the permanent quadrats were tested using ANOVA (repeated

measures design).
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Fig. 4.1. Recolonization by different seagrass species in cleared gaps within a mixed seagrass
meadow at a shalfow site (1a). Y-axis values are expressed as ratios with respect to the pre-
clearance densities (e.g.. 1 = 100% recovery: note the the differences in the vertical scale).
Solid, thin curves = patches cleared in July 1993: Dotted curves = November 1993 clearing;
Error bars = standard ervors; thick and smooth curves are nonlinear fits (Verhulst logistic) to
the combined datasets (see Table 4.1 for details). The logistics fit for Halophila ovalis was poor
and is not shown,

RESULTS
Recolonization patterns and succession

All the six seagrass species that were originally present recolonized the gaps, in varying
extents, within 2 years (Fig. 4.1). Different species showed different recolonization patterns.
The fugitive (i.e., competitively inferior but efficient colonizer; sensu Sousa 1984) Halophila
ovalis was the most conspicuous early colonizer reaching density levels of up to 30-fold
higher than the pre-disturbance values within half a year after disturbance (Fig. 4.1). The
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Table 4.1. Recolonization tates (r) and the time to reach 50% and 90% recovery relative to pre-clearance shoot
densities (Tygqy and Ty respectively); R? = r-square of the nonlinear regression; July = patches cleared in July
1993; November = patches cleared in November 1993; both = pooled July and November data sets; x = logistic
equation did not fit the data well; * = visual approximation; different letters (superscript} attached to data sets
indicate significant difference comparing the curve obtained from July clearing with the curve obtained from
November clearing; ns = not significant. For specieswise comparisons, see Fig. 4.2,

regression statistics

projected
SPECIES data set R? r T Tuoex
(%) {%.dh (years) (years)
Enhalus acoroides July™ 75.8 0.331 2.55 4.43
November™ 37.1 0.132 4.19 9.04
both 61.8 0.292 3.01 493
Thalassia hemprichii July™ 94.3 1.428 0.97 1.39
November™ 95.0 LIl 0.82 1.35
both 936 1.260 0.91 1.38
Cymodocea rotundata July™ 59.2 0.270 0.97 3.50
November™ 45.5 0.262 0.93 3.45
both 552 (.266 095 348
Syringodium isoetifolium July® 55.0 0.191 0.78 4.43
November" 242 0.093 1.82 9.29
both 41.1 0.161 1.11 5.42
Halodule uninervis July™ 59.3 0.201 1.48 485
November™ 245 0.118 0.15 6.30
both 36.8 0.148 0.90 5.67
Halophila ovalis X X X < (0.5* < 0.5%

coming of the larger species in the later stage reduced Halophila density close to its
‘undisturbed’ level of ca. 60 shoots.m?. Cymodocea rotundata, Syringodium isoetifolium and
Halodule uninervis also showed high recovery values during the early stage, attaining 50%
during the first three quarters of the first year (post-disturbance). During this first year, the
naturally-dominant species Enhalus acoroides and Thalassia hemprichii were the latest
colonizers (Fig. 4.1; 4.2). However, these dominant species appeared to have steady
recolonization curves (with higher “r” values, Table 4.1), the latter achieving 100% recovery
after only 2 years (Fig. 4.1). In general, four curve groups (recolonization patterns) can be
distinguished (Figs. 4.1, 4.2} (1) Halophila ovalis, a fugitive strategist, (2) Cymodocea
rotundata, Syringodium isoetifolium and Halodule uninervis, all showing high early densities
but with generally low intrinsic rates of density increase (“r" < 0.27%.d"); (3) Thalassia
hemprichii, a slow-starter but with a remarkably high “r"* (Tabie 4.1; Fig. 4.2), and; (4)
Enhalus acoroides, the slowest recolonizer but with slightly higher “r” than the second group.

For the gap size of 0.25 m?, the projected time it takes to achieve 90% recovery (Fig. 4.2;
Table 4.1) varied between species but all values were less than 10 years. The effect of the
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disturbance timing on the recolonization curves was, in general, not significant (Table 4.1,
comparing datasets (1) and (2)) except for Syringodium isoetifolium. For Syringodium, the
curve for the July 1993 clearance had higher “r” (0.191% vs. 0.093%} and shorter time to
reach 50% recovery (Tygqex = 285 vs. 666 days).

120
A
100 ]
¥ 80
g 601 + HUNW
§ = SYR|
© 40- ¥ CYRO
] + THAL
20': ® ENHA
0- L A AL M S S BN B RS ML
0 1 2 3 4 5 6 7 8 9 10

post-disturbance (years)

Fig. 4.2. Approximated patterns of recolonization and succession by the five seagrass species:
Enhalus acoroides; Thalassia kemprichii; Cymodocea rotundata;, Syringodium isoetifolium; and
Halodule uninervis. The pattern for Halophila ovalis is not shown. Y-axis depicts ratios with
respect Lo the pre-clearance levels. Horizontal dotted line indicates 90% recovery; shaded bar
indicates an initial recolonization period (effectively 3/4 year);, different letters attached to
curves indicate specieswise significant differences in recolonization curves.

Seedling colonizers

Few sexual propagules (i.e., seedlings) of Cymodocea rotundaia, Syringodium isoetifolium
and Halodule uninervis were observed. This occurred especially during the early period (July-
November 1993), after which distinguishing seedlings from the vegetative recruits of these
species was impossible. For the structurally most important species Enhalus acoroides and
Thalassia hemprichii, recolonization by seedlings hardly occurred. Only one seedling of each
of the latter two species was able to settle in all six cleared patches over the entire study
period. Seedlings of these species can be easily distinguished even when the space is already
crowded because they have conspicuously large seeds.
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Table 4.2. Shoot densities of Enhalus acoroides and Thalassia hemprichii in the permanent quadrats. Different
letters {superscript) attached to density values indicate sitewise significant differences (log-transformed values)
using oneway ANOV A test; x = none present in the permanent quadrats. Testing of temporal variation was done
on a per site basis using repeated ANOVA design.

SITE mean shoot density temporal variation
{shoats per 0.25 m®) (p-value)

1. Enhalus acoroides

la 1048 + 051" > 005
Ic X x

4 887 x031® < 0.05
5 8.83 = 091" > 0.05
6 15.87 = 0.4%° > 0.05

la 98.48 + 3.19° > 0.05
lc 4521208 <005
4 43.27 £ 1.90¢ > 0.05
5 37.14 + B.0° < 0.05
6 60.30 + 1.707 > 0.05

Spatio-temporal variations in shoot densities of Enhalus acorvides and Thalassia
hemprichii in undisturbed plots

The temporal variation in the shoot density of Enhalus acoroides at the shallow, clear-water
site (1a) was not significant (p < 0.05; Fig. 4.3; Table 4.2) averaging 10.48 + 0.51 per 0.25
m’. There was also no strong seasonality found in sites 5 and 6 (Fig. 4.3; Table 4.2). It was
only in site 4 where the temporal variation in the density of Enhalus acoroides was significant
(p <0.05; Table 4.2). Between sites, differences in shoot density were significant (Table 4.2)
which appeared to be correlated with PAR reduction due to the overlying water-column (Fig.
4.5) excluding the highest value at site 6.

For Thalassia hemprichii, the temporal variation in density at site 1a was not significant (Fig.
4.4; Table 4.2) averaging 98.48 + 3.19 per 0.25 m”. In two other sites (4 and 6) where
densities were likewise high (Table 4.2}, temporal differences were also not significant (Fig.
4.4; Table 4.2). At the deepest site (site 1c), where Thalassia hemprichii density was lowest
{mean, 4.52 + 1.20 shoots per 0.25 m%), temporal variation was significant (p < 0.05). Most
notable was the collapse during the period January 1994 - March 1994 followed by a gradual
recovery (Fig. 4.4). At site 5, temporal variation was also significant showing an increasing
trend. Sitewise, the variation in Thalassia hemprichii density was significant (p < 0.05, Table
4.2) and, similar to Enhalus, strongly correlated with the available PAR at depth (Fig. 4.5).
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Major events which might have
influenced recruitment and
mortality of Enhalus acoroides
and Thalassia hemprichii are
visualized in Fig. 4.6, Seed-
lings occurred conspicuously
only in sites 1a and lc. In site
1a, one Enhalus seedling inside
the permanent quadrat success-
fully survived (Fig. 4.6, January
1994) while in 1¢, Enhalus and
Thalassia  seedlings which
setiled in May 1994 (Fig. 4.6)
all died-off later. For sites 4, 5
and 6, no seedlings inside the
permanent quadrats were
observed during the study
period. However for site 6, seed
rain probabilities may be
assumed high (see mass seed
release in July 1994, Fig. 4.6)
although seedling establishment
at this site may be low (Chapter
6). Except in site Ic, male and
female flowers of Enhalus
acoroides were observed in all
sites (for a more detailed
discussion on the sexual
reproduction of Enhalus
acoroides, see Chapter 3).
Flowers and fruits of Thalassia
hemprichii were observed only
in site la. Physical disturbance
was observed in site lc
(bioturbation and consequently
sediment burial) and in site 5
(intense fishing activity using
fish corrals).

)
®

Enhalus acoroides

m?
—
Le}]
i)

e

25

ity (n per 0
® O N b
AT

»
il

shoot dens

F-3

™ T T T 1

30 40 50 60 70
PAR reduction (% above water)

N
o

)

-
N
S

Thalassia hemprichii
4 é 1

5 m?
38

r*= 0.95
p-valug = 0.02

o T T T i 1
20 30 40 50 60 70

PAR reduction (% above water)

shoot density (n per 0.2
F Y
e

Fig. 4.5. Mean shoot densities of Enhalus acoroides and Thalassia
hemprichii in undisturbed quadrats plotted against mean PAR
attenuance due to the overlying water-column. For both species, the
regression line excludes site 6 which would otherwise make the
line insigrificant; note: density of Enkalus at site 1c was obtained
by counting shoots within 25 random quadrats.

v

Intrinsic rate of clonal shoot increase and the elongation rate of rhizomes in an Enhalus

acoroides clone: ageing technique

Relative to other sites, the mean intrinsic rate of shoot increase (r) in the number living shoots
within Enkalus acoroides clones retrieved from site 1a was low (only ca. 33%.yr", Table 4.3;
Fig. 4.7). Much higher r values were found in sites lc, 5 and 6 having 75%.yr", 110%.yr"
and 340%.yr" respectively (Table 4.3; Fig. 4.7). However, the variation between clones
collected from the same site was high. For instance, the first Enhalus clone at site 1a had two
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shoots already before the
clone was 1-yr old but never
again produced another shoot
for the next 11 years. The
third clone produced the
second shoot only after ca. 4
yrs. but after which, the
absolute rate of shoot
increase was high (ca. 2
shoots.yr*). This high
variability between clones is
common in most sites, with
site 5 being the least variable
(Table 4.3; Fig. 4.7).

The rhizome elongation rate
of an Enhalus acoroides
shoot was fastest in site Ic
(clonal mean of 7.4 + 0.62
cm.sht’.yr', Table 4.3). The
mean annual rhizome elonga-
tion in sites 5 and 6 were
about the same (4.39 = 0.15
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Fig. 4.6. Phenology of the major events observed within the
undisturbed plots (PQ) and immediate surroundings. Y-axis scale is
arbitrary.

In  ‘undisturbed’ multi-
species seagrass meadows in
shallow waters, the net shoot
recruitment of each component species is close to zero, i.c., in approximately equilibrium
state. This has been shown to be true for both short-term (e.g., Enhalus acorcides and
Thalassia hemprichii for ca. 2 yrs, in this study) and long-term (age reconstruction technique
for all component species in Vermaat et al. 1995) scales. A number of possible mechanisms
underlying this semi-steady state can be hypothesized: (1) all species have approximately zero
recruitment and zero mortality; (2) recruitment is high but mortality is equally high, and: (3)
mortality may be low but further recruitment is space-limited. The implication of the first two
possibilities is that when disturbance occurs, e.g., typhoon ‘blowouts', recovery would be
difficult while the third mechanism implies a rather fast recovery so long as the post-
disturbance physical condition is not too harsh (Sousa 1984). In many natural communities,
space is a limiting resource (e.g. Paine & Levin 1981; Sousa 1984; Barrat-Segretain &
Amoros 1993; Holt et al. 1995; Chiarello & Barrat-Segretain 1997) but evidence for seagrass
communities is scarce. This study suggests that, at least, the naturally non-dominant species
are space-limited. This is most pronounced for Halophila ovalis, taking advantage of the open
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Fig. 4.7. Reconstructed net increase of the number of living shoots in an Erhalus acoroides clone.
Three clones (1), (2) and (3) were collected each from sites 1a, l¢, § and 6. Curves are nonlinear fits
{see Table 4.3 for regression statistics); no curves = data points are insufficient to fit such curves,

Table 4.3. Nonlinear regression statistics for the three Enhalus acoroides clones per site; r = intrinsic rate of
vegetative propagation; T ... = time it takes from a single shoot to 4 shoots; x = value cannol be determined.
The mean rhizome elongation rates (cm.sht'.yr') are average values of the individual rates of all rhizome

segments in a clone.

mean Nonlinear Regression
SITE clonc number  thizome R? r Toan
elongation (%.yr") (vrs)
rate
{em.sht'.yr")
la I 407 = 0.03 0.276 299 47
(2) 1.90 X X X
3) 42+ 1.74 0.760 61.85 5.56
Ic (1) 7.68 = 1.21 0.705 41.75 494
@ 6.22 + 1.66 0.931 143.63 2137
€] 831 £ 140 0.881 39.85 407
5 {1) 435 % 0.57 0.985 102.40 7.37
2) 467 £ 1.03 0.966 113.28 227
(3) 415+ 1.03 0975 116.46 139
6 4} 3.29 £ 0.83 X x X
2) 6.73 £ 1.05 0.904 120.87 1.64

&) 466 £ 0.99 0.782 566.78 1.05
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space and reaching density levels of as high as 50 times more (Fig. 4.1) than in an
undisturbed condition. Other species including the dominant Enhalus acoroides and Thalassia
hemprichii are also somehow space-limited, being able to some extent recolonize within a
relatively short period (ca. 2 yrs. post-disturbance) which would otherwise be difficult if,
rather, etther mechanism (1) or (2) operates.

The sequence of species establishment obtained from this study was consistent with the
predictions from a previous demographic study (Vermaat et al. 1995) in the same area. In that
study, the horizontal elongation rates for Halophila ovalis (141 cm apex' yr') and
Syringodium isoetifolium (134.7 cm apex’ yr') were found to be far higher than other
seagrass species (33.9, 78.3, 5.3, 28.4 and 20.6 cm apex™ yr respectively for Cymodocea
rotundata, Cymodocea serrulata, Enhalus acoroides, Halodule uninervis and Thalassia
hemprichii). Comparable values for Enhalus acoroides were obtained from this study (Table
4.3). As can be expected, Halophila and Syringodium were the early recolonizers (first three
menths, Fig. 4.1; see also Preen et al. 1995 for H. decipiens, H. spinulosa and H. ovalis
recovering from cyclone and flooding events). Other species followed and subsequently
displaced Halophila ovalis in competition for space.

The projected times to achieve more than 90% recovery are less than 10 years for all species
(Fig. 4.2; Table 4.1). This implies that a similar disturbance (e.g., typhoon ‘blowouts’,
dugong-cleared patches) occurring every 10 years on the same spot may maintain the diversity
of the mixed-species, shallow and clear-water meadows. However, this ‘ideal’ disturbance
frequency (i.e., once every 10 years of 0.25 m? size) is probably not the same across different
sites. As shown in this study, the recolonization by sexual propagules is less important even
at a site (1a) where there is relatively high effort allocated to sexual reproduction {see Chapter
5 for Enhalus acoroides; pers. obs. for Thalassia hemprichii). Vegetative propagation may
therefore be assumed as the main recolonization mechanism in most sites. It thus follows that
the rate of recolonization mainly depends on the densities of the component species in the
area surrounding the clearances (border effect). For the dominant species Enhalus acoroides
and Thalassia hemprichii, shoot densities significantly vary between sites (Figs. 4.3, 4.4;
Table 4.2). This suggests that recolonization of the cleared patches at the sites with low
seagrass densities would be much slower (e.g., not a single recolonizer of either Enhalus
acoroides or Thalassia hemprichii was observed in cleared gaps in sites 1¢ and 5 after 2 yrs.
post-disturbance; data not shown).

The curve describing the increase in the number of living shoots in an Ernhalus acoroides
clone is necessary to approximate a crude relation among the recovery time, disturbance
(clearance} size and the peripheral density. For instance at site la, taking the average shoot
increase of Enhalus clones (Table 4.3), the “peripheral density” {(number of Enhalus shoots
along the 2-m perimeter of the clearance) should be about 2.5 shoots.m™ to come up with
such a recolonization curve for the species (Fig. 4.2). Increasing the disturbance size to, e.g.,
1 m? (i.e., 100 cm x 100 cm), necessitates a “peripheral density” of ca. 5 shoots.m™ to fully
recover within 10 yrs. However, “peripheral density” is presumably constant within a site and
hence the larger the disturbance size, the longer it takes to recover (see also Sousa 1984 for
similar trends in various organisms in mussel beds). At the different sites where the intrinsic
rate of increase in the number of living shoots of Enhalus acoroides can be much higher (e.g.,
sites § and 6, Table 4.3), only a single clone (i.e., 1 shoot along the 2-m perimeter) can
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fully recolonize a 0.25-m? clearance within 10 yrs. However at site S, not a single Enhalus
shoot was able to recolonize within ca. 2.5 years (data not shown}, which suggests that the
average “peripheral density” was much lower than 1.

For most species, the timing of disturbance did not affect the recolonization pattern (Fig. 4.1;
Table 4.1). This means that, except for Syringodium isoetifolium, the muitiplier of seagrass
density (or specifically, the peripheral density) and rhizome elongation plus branching did not
vary strongly over time (for contrasts, see Barrat-Segretain & Amoros 1995). This is
supported by the virtual absence of temporal trends for Enhalus and Thalassia (Figs. 4.3, 4.4;
Table 4.1). McManus et al. (1992) also observed that although seagrass biomass may vary
annually, density is approximately constant. Syringodium isoetifolium is an exception as
density becomes much higher in ca. July (pers. obs., 1993-1995). An important consideration
which could lead to a strong temporal variation is desiccation. A study following the density
of Thalassia hemprichii over time (Erftemeijer 1993) in a shallow (+0.3 m datum chart) site
in Indonesia showed a significant temporal variation in density in coincidence with the
occurrence of spring low tide during daylight. In this study, no similar ‘burning' effect was
observed since all the study plots were < -0.5 m deep relative to chart datum. The lowest tide
level observed during the study period was ca. -0.3 m.

To summarize, different species showed different strategies in recolonizing the artificially
created gaps in a multi-species seagrass meadow. Relative to other coexisting species, the two
structurally dominant species Enhalus and Thalassin were slow starters, and, although
seedlings of these two species were able to colonize, they were much less important density
wise, However, the recolonization curves of these two species had generally higher R*-values
(Table 4.1), implying much more steady recolonization trends. This may suggest that these
two species are less influenced by the presence of other species, i.e., they are better
competitors. Comparing Thalassia and Enhalus, the former colonized earlier and much faster
than the latter. Thalassia fully recovered within 2 years after disturbance while Enhalus may

achieve the same in about 10 years.
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Chapter 5

Factors affecting the spatio-temporal variation in the sexual
reproduction in Enhalus acoroides (L.f.) Royle

Abstract. Spatio-temporal differences in the flowering of Enhalus acoroides and the corresponding variation in
environmental conditions were quantified. Although flowering was found to be a year-round phenomenon,
flowering intensity varied temporally and appeared to correlate sirongly with the variation in the mean water
temperature, Spatially, the significant differences in flowering intensity correlated strongly with the differences
in PAR availability at depth. Consistent with a previous study, flower scars on the rhizome of Enhalus acoroides
in this study occurred in high frequency (ca. 4 times.shoot'.yr'), However, the frequency of flowers which
actually mature was considerably less and varied spatially. This was clearly demonstrated by the Enhalus
acervides plants at the deepest site which rarely produce mature flowers while showing high frequency of
flowers marks (and very young flowers) on their rthizomes. The spatial differences in the frequency of mature
flowers were found to also correlate strongly with PAR. On the phenology of the release of male flowers, the
influence of tides was found to be not significant, contrary to previous hypotheses. The most likely alternative
mechanism is the production of gas bubbles, in which case, PAR availability probably plays a key role.

INTRODUCTION

Seagrasses are able to reproduce both sexuvally and asexually (Den Hartog 1970; Duarte &
Sand-Jensen 1990). All species are able to produce flowers and fruits and also to produce new
individuals through vegetative replication. While recently the information on the asexual
means has been accumulating tremendously (e.g., Duarte & Sand-Jensen 1990; Gallegos et
al. 1993; Duarte et al. 1994; Durako 1994; Marba et al. 1994; Vermaat et al. 1995), the
relative importance of sexual reproduction for the establishment of meadows is, in general,
poorly understood, except perhaps for some few species e.g., Cymodocea nodosa (Caye &
Meinesz 1985; Terrados et al. 1993), Thalassia testudinum (Durako & Moffler 1987; Gallegos
et al. 1992) and Zostera spp. (Hootsmans et al. 1987). This is particularly the case for
Enhalus acoroides, a dominant, large, and widely-occurring species both locally in Bolinao
(Mefiez et al. 1983; Estacion & Fortes 1988; Vermaat et al. 1995; pers. obs., in deep and
turbid sites) and regionally in the Indo-Pacific coastal waters (Troll 1931; Johnstone 1979,
Mwaiseje 1979; Brouns & Heijs 1986; Fig. 1.2, Chapter 1). Studies, so far, on the
reproductive biology of Enhalus acoroides are scarce (Table 5.1) and dealt mostly with the
anatomical details of the sexual reproductive structures (Troll 1931 and literature cited therein;
Den Hartog 1970; Phillips & Meiiez 1983, Pettit 1984).

<

Previous accounts quantifying spatio-temporal differences in the occurrence of flowers and
fruits have been anecdotal. For instance, the prevailing belief that male flowering is related
with spring tides (on the basis of fishermen's account that mass release of male flowers
coincided with new- and fullmoon phases; Troll 1931) has not been tested. When released
from spathes, male flower buds float like balloons (Svedelius 1904 in Troll 1931; pers. obs.)
and transport is primarily dependent on wind velocity and/or surface cumrents (Troll 1931;
Brouns & Heijs 1986). Discharge events are always remarkable because of the massive
amount of white flower buds which, with the wind, move on the water surface as if racing
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Table 5.1 Previous accounts of the teproductive biology of Enhalus acoroides (L.1.) Royle

Reference Study Location

Results

Troll (1931) Review
{Ambon Malaysia)

Johnstone (1979) Papua New Guinea
McMillan (1982) Laboratory cultures
Pertit (1984) Review

Brouns and Heijs (1986) Papua New Guinca
Uri et al. (Unpubl.) Philippines

~ ripe fruits in September (Griftith 1851)
- flowenng period, quile limited: September to November (Zollinger
1854)
- life-history of Enhalus acoroides (Svedelius 1904)
- flower only when periodically emerged
« detailed description of the morphology and development of female and
male inflorescences
(&) male inflorescences davelop only at low tde {attributed to pressure
and temperature)
(b) ripe fruits from August 1o November
{c) on pollination: ¢lustering male flowers on the water surface; female
flower stalks exwend up to water surface; petals of male
flowers, hydrophobic; pelals of female flowers close when
resubmerged (catching male flowers)

- female flower peduncles (both from deep and shallow populations)
grow exponcntially

- peduncle length is related to water depth where the plant is growing,
ie., longer in decper sites

- Enhalus acoreides wanspiants failed 10 flower during five months under
continuous light and temperatures

- Enhalus acervides did not flower during several years (1973-1982) of
lesting

- ripe polien grain: spherical, trinucleale, inaperturate; 150-175 pm in
diameter; grains per anther, 120 (Svedelius 1904), 29-98
(Cunnington 1909}, 56 (Kausik 1941)

- flowering, year-round phenomenon; male flower, hydrophobous and
wind-driven

- pollination occurred from March-August (as derived from from aged
young fruits} during: (a) sufficiently low tides; (b) daytime;
{c) new moon spring tidal devels, and; (d} SE moonsoon

- fruit bursting occurred during spring-¢bb Lides (when ripe fruit is near
water surface), fruit capsule disintegrates and decays within
few days after opening

- fruit development and ripening varied considerably (3-5 months)

- 2-11 seeds per fruit; fruits with 3, 4 or B seeds were never observed

- seeds (embryo) in initial stage of germination when the fruits opened;
with Joosely attached testa, may float in stagnant waler for
two days; without testa, will sink immediateiy

- on average, each flowering shoot had flowers during 25% of its life
time (# flower scars per # intcmodes:. n = 9)

- 24 of the 42 shoots (~57%) never produced flowers; 5 of the 20 clones
(25%) never produced flowers

- pet shoot basis, fruit weight is 3.3 times heavier than the average shoot
weight (SW); a flower weighs 1/5 of SW.

- annual fruit production calculated to be 8 m'*; annual seed rain, 101 m?
(together comprising 95% of the annual abovegrouod
production)
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against each other, and form large aggregates when trapped (Troll 1931; Brouns & Heijs
1986; pers. obs.). During discharge events in Bolinao, NW Philippines (Fig. 2.1, Chapter 2),
male flower buds could be found in all parts of the reef flat area (pers. obs.). From these
observations, it is apparent that male flowers are released about simultaneously, i.e., within
a short period. Hence, it might be hypothesized that there exists a trigger (spring tide theory
has been forwarded; Troll 1931) in the development and the subsequent release of male
flowers from male spathes.

With regards to the spatial occurrence of Enhalus flowers, according to Troll (1931), Enhalus
only flowers when occasionally emerged. Hence, no flowers may be found in deep,
permanently submerged meadows. Practically no quantitative evidence exists which confirms
or denies Troll's observations. Although such a rigorous depth limitation seems quite logical
for female Enhalus, which should extend its flower peduncle to reach the water surface
(because the capture of the hydrophobous male flowers is only possible at the water surface),
this might not be true for males which may discharge the tiny male flowers underwater. Based
on the findings in the earlier chapter (Chapter 3), where deep populations were estimated to
have little photosynthetic resources for anything but leaf production, some support for depth
limitation to flowering exists, although this is linked to energy availability and not tidal
emergence,

On temporal aspects, there are two recent quantitative studies (Brouns & Heijs 1986 and Uri
et al. Unpublished; Table 5.1). The former quantified the flowering of Enhalus in permanent
plots within one site and the latter presented results obtained by using an age reconstruction
technique {Duarte et al. 1994; Gallegos et al. 1992). Brouns and Heijs (1986) showed that
Enhalus flowering is a year-round phenomenon. Applying the reconstruction technique, Uri
et al. (Unpublished; Table 5.1) showed that the frequency of flower scars on Erhalus
rhizomes is four times.yr' and, based on this frequency, estimated an annual seed rain of 101
seeds.m?, This value may suggest a substantial contribution of sexual reproduction in the
establishment and maintenance of Enhalus-dominated meadows. Considering an establishment
success ca. 37% for Enhalus seedlings at the site (based on the data for site 1a; Chapter 6),
there should approximately be about 37 seedlings.m2yr’. However, the records on the
settlement success of Enhalus seedlings on the disturbed and undisturbed plots in a shallow,
clear-water meadow in about the same location (Bolinao, Philippines; Chapter 4) showed only
0.67 seedling.m?.yr', Apparently, either there exists a big loss factor which has not been
considered (e.g., seed and/or fruit export factor) or, one or more of the terms (e.g., flowering
percentage and frequency, fruiting success, seed number per fruit) in the extrapolation steps
have been overestimated. A rigorous comparison of true observations and reconstruction

extrapolation seems warranted.

In view of the above, this study has the following objectives: (1) to test whether Enhalus
flowering differs temporally and spatially, and if possible, to correlate these differences with
the commesponding environmental variables especially light and tides (see also Chapter 3); (2)
to test whether the mass release of male flowers is comrelated with the tidal cycle: and (3) to
compare the frequency of mature flowers (observed) with that of flower scars (age

reconstruction technique).
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MATERIALS AND METHODS
Spatio-temporal variation in the intensity of flowering and fruiting

Flowering and fruiting of Enhalus acoroides were quantified in sites 1a, 1c, 4, 5 and 6 (see
Fig. 2.1, Chapter 2) from April 1994 to February 1996. During each sampling, ca. 25 quadrats
{50 x 50 ¢cm) were randomly thrown, until at least 100 Enhalus shoots had been examined.
Each Enhalus shoot within each quadrat was checked for flower occurrence. For female
flowers (%), four stages were distinguished: I = emerging, young flower; 2 = mature flower
{about ready to be pollinated; Fig. 1.1, Enhalus, letter “h”, Chapter 1); 3 = rotting, unfertilized
flower; and 4 = mature fruit (Fig. 1.1; Enhalus, letter “i”, Chapter 1). For male inflorescence
(¢ Fig. 1.1, Enhalus, letter “d™), two stages were distinguished: 1 = male spathe still full with
flower buds, and; 2 = male flower buds had been released. Intensity of these stages was
expressed as percentages of the total number of shoots counted.

Spatial variation in flowering frequency

Tagged shoots

To determine the number of tirnes annually that an average shoot actually flowers, ten shoots
of Enhalus acoroides at each of the sites 1a, 1b, 1c and 5, were tagged and checked (once
per 1-2 mos.) for flowering and fruiting using the same distinction as above. When actually
produced, inflorescence structures may remain with the plant for at least 2 months.

Flower scar-based quantification: ageing technique

Similar to leaf scars, flower marks can be found on the rhizomes (see Fig. 1.3, Chapter 1).
Thus, flowering frequency may also be quantified by age reconstruction of rhizome samples
(Duarte et al. 1994; Gallegos et al. 1992). For this purpose, three clones of Enhalus acoroides
were collected from each of the sites la, 1¢, 5 and 6. All rhizome segments were aged using
plastochrone interval (PI) values previously determined (cf. Chapter 4). Flowering frequency
of a rhizome segment (see also Fig. 1.3 A & B, Chapter 1} was basically calculated as the
number of flower marks in the segment divided by the time elapsed to attain the total segment
length. Segment age was calculated as the sum of all the PIs (converted to actual time)
belonging to the same rhizome axis, i.e., including all other previous segments starting from
branching point (or seed, or when cut, cluster start) up to the last PI of the segment (see also
Fig 1.3A, Chapter 1).

Phenology of male flower discharges

To test whether the timing of the male flower release correlated with one or more of the tidal
characteristics, all observed male flower discharges were recorded. On each day when a
discharge was observed, the corresponding tidal characteristics (type, levels, rising/falling,
etc.) were obtained.
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Seed number per fruit

To quantify the variability in the number of seeds per fruit of Enhalus acoroides, a total of
190 Enhalus fruits were harvested, opened and seeds per fruit were counted. Fruits were
collected in July 1994, November 1994 and December 1995 from a wider area but with
conditions similar to site la (datum depth ca 0.5 m; multi-species meadow), The mean
number of seeds obtained from these separate collections did not significantly vary (Tukey
test, p > 0.05). Samples were then pooled to obtain an overall mean.

Relevant factors affecting sexual reproduction

PAR, temperature, tides and exposure duration

Calculations of PAR at seagrass depth were done by integrating daily PAR from sunrise to
sunset, correcting for cloud/rain attenuation, datum depth + tide level, and the mean water
extinction coefficient of the site (see also Chapter 3). For temperature and tides, this chapter
uses the appropriate data sets presented in Chapter 2. Exposure duration of stage 22 flower
tips (which are ca. equal to the height of the leaf tips; pers. obs.) was calculated from the
sinusoidal tidal curve of the day and the measured datum depths of flower tips. Assuming that
the release of male flowers occurs during daytime (Brouns & Heiis 1986; pers. obs.), the
daytime exposure was separated from the nighttime exposure.

Biomass and nutrient cosis of producing sexual reproductive structures

To check the possibility that spatial differences in flowering might be due to carbon or
nutrient (N, P) limitation, the cost of producing sexual reproductive structures was quantified
in terms of units C, N or P. At site 1a where flowering plants were abundant, 30 shoots with
reproductive structures (10 with male &'l inflorescence, 10 with female £2 flowers and 10
with fruits, #4) were gathered. Reproductive structures included inflorescence peduncle,
spathe, flowers, pericarp and sceds. As “non-reproductive” baseline, ten shoots each of
Enhalus acoroides without reproductive structures were randomly collected at sites 1a, 1b,
lc, 4, 5 and 6. After washing-off periphyton and attached sediment and separating leaves,
roots, thizomes (ca. 6-PI size equivalent) and reproductive structures, samples were oven-dried
at 70°C until weights were constant (24-48 hrs).

Nutrient analyses of the plant samples were done at the Institute for Infrastructural, Hydraulic
and Environmental Engineering (IHE, Delft, The Netherlands; see also Knight 1996). To
determine total nitrogen and phosphorus, plant samples, after powdering using mortar and
pestle, were digested with H,S0O,/Se¢/Salicylic acid and H,0, (according to Kruis 1995). Ash-
free dry weight (AFDW) was determined by combustion at 550°C for six hours. Organic
carbon was assumed to be 40% of AFDW (Hootsmans 1994).

Values are expressed on per shoot basis, i.., one shoot is composed of ca. 5-6 leaves and the
corresponding amount (6 Pls) of rhizome internodes and associated roots.

Data analyses

After data transformations to control normality and homogeneity of variance, spatio-temporal
differences in various parameters were tested using ANOVA. When mutiple comparisons were
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necessary, the Tukey test was used. Differences were considered significant when p < 0.05.
Correlations of two variables (e.g., temperature vs. flowering; PAR vs. flowering) were tested
by linear regression. For the temperature-flowering tests, only those variable-pairs having
significant correlations are shown.

Table 5.2. Two-way ANOVA testing the effects of site and sampling month on the abundance of Enhalus
acoroides sexual reproductive structures quantified using random quadrats; n = 25 {quadrats).

variance
p-value component

total female flowers
site < 0.001 8.32%
sampling month < 0.001 1.71%
interaction < 0.001 1.70%
basic error (i.e., between guadrats) 88.27%
fruiting
site < 0.001 5.80%
sampling month < 0.001 1.52%
interaction < 0.001 9.46%
basic error 83.22%
total male flowers
site < 0.001 2.77%
sampling month < 0.001 1.63%
interaction < 0.001 9.17%
basic error 86.42%
total flowering
site < 0.001 10,78%
sampling month < 0.001 3.15%
interaction < (0.001 6.13%
basic error 719.94%
RESULTS

Spatio-temporal variation in the intensity of flowering and fruiting

All main and interactive effects of sampling month and site factors on the intensity of
Enhalus flowering were significant (Table 5.2). Comparatively, the variance component

Fig. 5.1 {(opposite page, left side}). Female flowering intensity at different sites using random quadrats: tota] =
different flower categories were not distinguished (i.e.. first 3 sampling months A, M and Iy for flower
categories, see materials and methods; the mean water temperature curve is shown for sites la and 4 but in fact
in the same curve also prevails at other sites,

Fig. 5.2 (opposite page, right side). Male flowering intensity at different sites using random quadrats. total =
different stages not distinguised; other legends = see materials and methods,
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accounted by the site factor was, in all cases, greater than the component due to the
differences in sampling time although both were relatively low. The interactive effects of both
factors appeared strongest in the abundance of male flowers and fruits (Table 5.2).

Temporally, the trend of the variation in the intensity of female flowering at sites 1a and 4
was most pronounced (Fig. 5.1). This trend correlated significantly with water temperature
(Figs. 5.1, 5.3). The temporal variation in the intensity of male flowering had no clear trend
(Figs. 5.2) except that at sites 5 and 6, the correlations with water temperature were also
significant (Figs. 5.2, 5.3). The occurrence of fruits, which is a product of the

synchrony of the male and female flowers and exposure (low water to allow pollination), had
also no clear annual trend (Fig. 5.4), although at site 1a, the high number of fruits observed
during July 1995 - September 1995 period was probably a result of the long exposure duration
at daytime during April 1995 - June 1995. This suggests a 3-month lag-time between
pollination and ripening.

Across sites, differences were clear (Table 5.3). For both male and female flowering, values
found at the shallow- and clear-water site (1a) were higher than those found at the deepest-
and clear-water site 1c¢ (Table 5.3). In general, Enhalus flowering intensities at the darker
environments (deep and/or turbid) were lower and the general trend strongly correlated with
the mean PAR availability (Fig. 5.5) which explained convincingly the rarity of flowering at
the darkest environment (site 1c). This was supported by the finding that the rare flowers at
site 1¢ occurred around the periods when the mean PAR available was more than 12 Em?2.4d’
(Fig. 5.6).

The abundance of fruits also clearly differed between sites (Table 5.3; Fig. 5.4). The influence
of exposure duration on fruit formation was most obvious when comparing sites 1a (shallow;
0.35 m) and 4 (deep; 1.2 m) which, although had similar female flowering intensity values
(Table 5.3; Figs. 5.1, 5.2, 5.3), differed significantly in fruit abundance (Fig. 5.4; Table 5.3).

Spatial variation in frequency of flowering

Tagged shoots

An average Enhalus shoot flowered ca. once 