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Tropical sea-grass ecosystems are among the most pro-
ductive submerged systems to be found. This productivity
supports, through dependent species of epiphytes and
associated fauna, large numbers of fish which are im-
portant protein sources for the inhabitants of tropical
coastal areas. In Puttalam Lagoon, Sri Lanka, one such
ecosystem, with an important fish harvest to support the
coastal population, was studied in two consecutive years
during the monsoon season, October 1993 and November
1994. The meadows consisted predominantly of two
species of sea grasses, Cymodocea rotundata and En-
halus acoroides. Oxygen production and consumption
measurements using benthic chambers placed over the
sea-grass communities revealed gross production to be
between 574 and 1518 g C m™® yr'. All measurements
showed community P:R ratios to be > 1.0, suggesting net
export and/or burial of carbon in the system. The two years
showed different patterns, but the variation in production
rates was best explained by light penetration and salinity.
Nutrient measurements showed phosphate uptake (17-82
mg P m™ day™) while nitrogen fluxes displayed both
release and uptake (—110 to 207 mg N m™ day™). Ana-
lyses of nutrient dynamics as related to production rates
indicated a dependency of the communities on sediment
nutrient sources and internal nutrient recycling, despite
elevated levels of water column nutrients (42-168 ug N
L™, 57-184 ug P L™). Production levels were low com-
pared to other similar ecosystems and this is thought to
be due to factors including dense epiphytic growth and high
water turbidity resulting from the high nutrient levels, and
seasonality.

INTRODUCTION AND BACKGROUND

Sea grasses consist of twelve genera (~50 species) of rooted
marine angiosperms, which are widely distributed around the
world, and are often a biotope which is heavily disturbed by
natural and human-induced causes (1). Their favored habitats are
mainly coastal lagoons and estuaries where water movement is
limited (2). Being rooted, sea grasses are able to inhabit, and thus
stabilize, sandy substrates and, in addition, their roots enable
them to exploit the generally higher nutrient levels found within
the sediments; nutrients which are often unavailable to other
primary producers in the ecosystem (3). Prior research has es-
tablished the importance of sea-grass meadows to shallow coastal
and estuarine ecosystems (4; and references cited therein), with
sea grasses representing one of the largest contributors of fixed
carbon, a source of secondary production via, for example, the
associated herbivores. Sea grasses also create congenial condi-
tions for a number of dependent organisms. Through their high
productivity, sea grasses build up large carbon reserves which
are utilized in the tropics by herbivores such as turtles, birds and
marine mammals (5). However, it is estimated that only about
10% of the sea grass production is used by herbivores (2) and
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Sea-grass beds have long been attributed with being feeding grounds
and nurseries for a wide range of species. In Puttalam Lagoon, the
seagrass beds support a major fishery for the adjacent human
communities. Photo: M. Richmond.

that only 1-2% of the fixed organic carbon leaches out into the
water (6, 7); the main part being degraded in situ. Accordingly,
the detrital food web is usually considered to be the primary
pathway of energy flow from sea-grasses (8—10).

Another factor which makes sea grasses important in coastal
ecosystems is the fact that the sea grasses also provide an ex-
tensive area for epiphytes to utilize as living space. In line with
this, it has been proposed that the largest supply of organic car-
bon to higher trophic levels does not come from the sea grasses
themselves, but from this epiphytic community (11). Many spe-
cies of prawns and fish use the sea-grass meadows as nurseries
and, even as adults, are dependent on sea grasses for the food
they supply via this epiphytic community. The effect of this is
an ecosystem with a higher species diversity and a larger number
of individuals within the community, compared to ecosystems
where sea grasses are not present (12, 13). Such communities
thus become dependent on the wellbeing of sea grasses for their
own survival or success. The complexity of the larger sea-grass
community can, thus, be very high, and accordingly a large
percentage of the total primary production in the community may
come from species other than the sea grasses. Some of the pro-
posed contributions made by the various primary producers in
such an ecosystem in terms of percentage fixed carbon are: epi-
phytes; 46-60% (14), 48-56% (15); 22-65% (8); phytoplankton
8—72% (14); plankton and sediment algae in a temperate system,
36-45% (16); and macroalgae, epibenthic and epiphytic algae
40-90% (17).

Notably, tropical sea-grass beds are among the most produc-
tive submerged biotopes on earth, yet the waters they occupy
typically contain low levels of dissolved nutrients. Some sea-
grass meadows are therefore possibly nutrient limited. Accord-
ing to Yamamuro et al. (18) nitrogen is most often limiting. It
is then only possible to keep up such high production through

© Royal Swedish Academy of Sciences 1995 411



efficient nutrient cycling and tightly linked trophic pathways.
While the sea grasses themselves take a proportion of their nu-
trients from the sediments, the epiphytic communities and the
other dependent species are more directly dependent on water-
column nutrient supply. This is noteworthy because it has been
shown in several studies in eutrophic waters that sea grasses are
unable to keep up with epiphytic overgrowth (8, 19, 20). This
can cause a general decline in production and sometimes even
the death of the sea grasses; this decline in production is partially
explained by light reduction due to shading by epiphytes and
phytoplankton. Under such conditions, the relative contribution
of epiphytes and plankton to production grows even greater.

In Sri Lanka, there are many shallow coastal waterbodies
which contain sea grasses, and which are important for the ad-
jacent human populations.

A large proportion of the population in Sri Lanka is dependent
on the marine environment for natural resources such as food
and raw materials and, due to their religious background (69%
Buddhists and 15% Hindus), the majority of Sri Lankans prefer
fish to meat (21). As in many other tropical countries, population
densities along the coast are much higher than the national av-
erage; ranging between 487 and 2600 people km® on the coast
compared to 230 people km’ further inland. Combined with a
mean population growth of 1.5% per year for 1980 to 1990 (22),
the coastal ecosystems have come under increasing stress. In
particular, the shallow nearshore coastal areas such as lagoons
and coral reefs, which yield some 95% of the fish catch taken
each year, are showing signs of significant disturbance under
human activity (23). As mentioned above, lagoons and other
sheltered embayments are favored sites for sea grasses as well
as for human settlements and activities. While some data
areavailable on fish populations and catch rates in such places,
only limited data are available on the primary production which
may support them and the factors controlling this primary pro-
duction. The present study focuses on one such tropical lagoon
in the northwest of Sri Lanka; Puttalam Lagoon. As is charac-
teristic of Sri Lankan waters, this lagoon is heavily fished and
it supports a large human population. Catches include varieties
such as rockfish, milkfish, grey mullet, crabs and several species
of prawns (21). Many fishermen are specialized in lagoon fish-
ing, while others only fish there when the ocean is rough dur-
ing the monsoons. Also, fishing intensity has increased in the
last years due to relocation of people from the north as a result
of civil strife.

Figure 1. Map of Sri Lanka and Puttalam Lagoon showing
the location of the different study sites.

Tangalla
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Like many tropical lagoons, Puttalam Lagoon has a well-de-
veloped sea-grass community, and given the extensive fishery,
sea grasses are likely to play a considerable role in supporting
local fisheries production; the extent of this is not yet known.
The two most common sea-grass species found in Puttalam La-
goon are the Round-tipped Sea Grass, Cymodocea rotundatd,
and Tropical Eelgrass, Enhalus acoroides. These are pioneering
species typical for the tropics (19) and are common in the Indian
Ocean (12). The meadows they form in Puttalam Lagoon are
most often dispecific, however, other species are found in the
lagoon including Thalassia hemprichii, Halodule uninervis (both
the wide- and narrow-leaf varieties), Syringodium isoetifolium,
Cymodocea serrulata, Halophila ovalis and Halophila decipiens
(24).

Given that the main factors controlling seagrass community
productivity in tropical ecosystems are light, temperature, salin-
ity, and nutrient availability, (1, 3), the present study set out to
quantify sea-grass productivity in the lagoon and to determine
which of the above factors are likely to be controlling it.

MATERIALS AND METHODS

Study Site

The study was carried out in Puttalam Lagoon, Sri Lanka (Fig.
1), at the beginning of the northeast monsoon in mid-October,
1993, and in November 1994. The lagoon covers approximately
400 km”and is very shallow with depths between | and 2 m and
a central furrow with a depth of approximately 5 m. The salinity
of the lagoon ranges from oceanic levels in the northern mouth
to hypersaline in the south. The coast is fringed mainly by man-
groves, marsh and some coconut plantations, as well as
aggregations of shrimp farms in some areas. The shrimp farms
release their effluents into the lagoon, which contains not only
shrimp excrements but also a number of chemical agents used
in shrimp farming.

Four study sites were chosen at different locations within the
lagoon; Site 1 at the mouth of the lagoon outside the village of
Kalpitiya where the conditions are ocean-like; Site 2 and Site 3
in the middle basin; and Site 4 outside the village of Puttalam
in the innermost basin (Fig. 1). The water depth where the
measurements were carried out was ~1.1 m at all sites. No sea
grasses were found at Site 4 in the second year so this site was
excluded from the 1994 analyses.

Community Production Measurements

Given that the rate of release of oxygen during photosynthesis
is directly proportional to the rate of carbon fixation the method
used here monitored the rate of oxygen release from the sea-grass
community and then calculated primary production. It should be
noted, however, that the measurements taken represent the total
community entrapped under the benthic chambers, including the
various epiphytes and the associated fauna. Thus, the measure-
ments are of community production. There has been some dis-
cussion as to whether this method gives an underestimation of
the primary production because oxygen may be transported to
the roots and, therefore, there is the possibility of oxygen storage.
Also, factors such as photorespiration, leakage of dissolved or-
ganic carbon, and the formation or translocation of carbon re-
serves may cause a discrepancy between net photosynthesis and
actual growth (1). However, the method has been demonstrated
to give a good estimate with a possible underestimation in the
order of 10-15% (3, 24, 25).

Two different production values are obtained from the method.
Gross community production, which is the total amount of or-
ganic matter produced by the communities' photosynthesizing
members, and nel community production, which is gross pri-
mary production minus organic material used by community
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Figure 2. Gross community production for each site in Puttalam
Lagoon with standard error bars. Data denoted with an * are without
respiration data and SE bars are given above for net production, and
below for respiration. n = Net production. o = Respiration.

inhabitants in respiration. Thus, net production represents the
amount of resource which may be utilized by other organisms.
For the sake of comparing different sites, this balance between
production and respiration can also be expressed as the P:R ratio
so that communities with P:R > 1 are said to be autotrophic (in
situ production above in situ demand), or heterotrophic with
P:R < 1 (in situ demand exceeds in situ production).

Measurements were carried out by using four replicate water-
tight plexiglass domes built as taller and somewhat more auto-
mated replicas of those described by Johnstone, Koop and
Larkum (27) (Fig. 2). These were placed over the sea-grass
communities at each site and anchored by pushing them 5 cm
into the sediments to prevent dome movement and water ex-
change under the dome edge. Each dome had a volume of 216
L with a basal area of 188 cm’. The water inside was stirred by
an Attwood Miniking 360 pump, pumping at a speed of ap-
proximately 600 L hr'. This speed was chosen because pre-
liminary dye tests showed this to best simulate the ambient water
mixing rate. In addition, the different sea-grass communities
examined had approximately the same structure, with 90% of
the sea grasses represented being a mixture of Cymodocea
rotundata, and Enhalus acoroides. The ratio between these two
was generally 30% C. rotundata and 70% E. acoroides, and
benthic coverage at all locations was approximately = 90 to 95%.

Sampling was done at different time intervals for the differ-
ent parameters over a period of six hours each sampling day.
Oxygen and temperature were measured every hour through a
resealable port in the dome using a WTW Oximeter 191. Be-
cause of a local night curfew, respiration was carried out during
the day by measuring oxygen uptake in the domes covered with
black plastic. It was then assumed that respiration by the com-
munity in the dark was the same as the respiration in the light
(28). All oxygen values were converted to carbon equivalents
using a conversion factor of 0.31 (29). As a control for water
column activity, a water column sample of 2 L was enclosed in
a flask at the beginning of the experiment and this was monitored
for changes in oxygen concentration. The flask was incubated
in situ and the production or consumption obtained was sub-
tracted from the dome data.

Nutrient and Salinity Measurements

In addition to primary production measurements, water samples
for nutrient and salinity analyses were taken from each dome
every second hour using a 50 ml syringe and needle pushed
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through self-sealing sampling ports on the side of the dome. An
equal amount of water was allowed to enter the dome through a
similar needle and port on the opposite side of the dome. This
prevented interstitial water (with another nutrient concentration)
from being drawn from the sediment. Samples were also taken
from the water adjacent to the domes for ambient nutrient
determinations. All samples were immediately put on ice for
transport to the research station to be frozen until analyzed, and
all nutrient analyses were carried out according to standard
methods (30, 31). Flux rates were determined by plotting the
change in concentration over time for each dome and nutrient,
and then applying a linear regression to the data (least square
method); the slope of this curve was taken as the rate of release
or uptake. The rates for each site were then averaged and the
standard deviation calculated. A water-column control was
conducted, as for oxygen measurements, as a check on water-
column nutrient regeneration. Water-column values were sub-
tracted from dome values to give the flux component that was
due to the benthos.

Light conditions at each site were measured every hour for
the same six hours, using Secchi disks of different colors. Sa-
linity was measured with a Meiji Techno Salinometer S-1. The
data for each site was averaged over the time of incubation.

The data collected was analyzed statistically using a range of
methods. These included linear regression, multiple linear re-
gression, two-factor ANOVA with replication and single factor
ANOVA. Cochran's test of variance homogeneity was used to
test it ANOVA was applicable. Student-Neuman-Keuls among
means comparison was used to separate sites when significant
difference was shown by the ANOVA. Where p values are given,
the method used is a single factor ANOVA unless otherwise
stated; n = 4 for all analyses from 1993, and n = 3 for all analyses
for 1994,

Mapping Sea-grass Distribution

Sea-grass distribution within the lagoon was determined by
conducting parallel transects laterally across the lagoon with a
seperation of 250 m and a sampling frequency of 100 m until
the border of a sea grass was encountered. The borders of a sea-
grass area were better defined by a 20 m sampling frequency.
Transect and sampling point location were determined using a
Garmin 75 GPS which proved to have a mean accuracy of
+ 20m; which was consistent on a given day. The data obtained
from the transects was plotted and used to produce a map of sea-
grass distribution within Puttalam Lagoon.

RESULTS

Community Production

Results from the dissolved oxygen measurements showed a net
production of O, at all sites. The carbon fixation calculated from
the oxygen data showed there to be some variation in net com-
munity production within years and a two-factor ANOVA with
replication gave a significant difference between years (Fig. 2).
In the first year, Site 2 had the highest mean value with the other
sites having a similarly lower value (Fig. 2). This difference in
net production between the sites was significant (p < 0.001). The
net production observed at each site in the second year could
not be separated statistically.

Unfortunately, due to a five o’clock curfew in 1993, respira-
tion could only be measured at one site, Site 1. The respiration
value obtained showed that respiration was a large component
of the total O, budget compared to net production and the re-
sulting P:R ratio was only marginally above one (1.03). The data
from the second year show that the respiration value from the
first year was within the correct range and the P:R ratios from
the second year were between 1.04— 4.3; with Site 3 having the
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