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ABSTRACT: Seagrass species diversity and abundance were studied in East African back-reef
lagoons with contrasting groundwater-outflow rates. The selection of the lagoons was based on a
groundwater flow model. A total of 10 seagrass species was observed at all sites together. Sites with
a higher groundwater outflow displayed a lower species diversity than sites with a lower groundwa-
ter outflow. Thalassodendron ciliatum dominated at sites with high groundwater outflow rates, while
Thalassia hemprichii showed higher coverage at sites with low groundwater outflow. Porewater
salinities were up to 5 psu lower at locations with predicted high groundwater-outflow rates indicat-
ing supply of freshwater. The reduction in porewater salinity at groundwater outflow sites is rela-
tively low, which makes it unlikely that a difference in optimum salinity for growth is the main factor
causing reduced diversity at these sites. Nitrogen-stable isotope signatures of seagrass leaves
showed a significant increase with increased groundwater outflow rates. This suggests that the nitro-
gen source for these plants was, at least in part, groundwater. Differences in competition for nitrogen
may explain the observed pattern in species diversity and abundance. To establish a substantive link
between the observed reduced seagrass diversity or enhanced SI5N values of 7. ciliatum leaves on
the one hand and increased groundwater outflow rates on the other, further exploration through
detailed measurements of groundwater outflow rates and groundwater nitrogen isotopic composition
are needed.
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INTRODUCTION

Submarine groundwater discharge is a widespread
phenomenon throughout the world (Johannes 1980).
The outflow in coastal areas is driven by the elevation
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of the land-based groundwater system that causes a
positive hydraulic head. Seepage from unconfined
aquifers may occur at various locations, ranging from
above the water line at low tide to as far as 14 km from
the shore (Johannes 1980), and at depths of more than
30 m (Simmons 1992). The majority of the outflow,
however, occurs close to the shore (Johannes 1980).
The flux of groundwater into coastal waters can be
substantial. By using the distribution of radium (26Ra)
as a tracer of freshwater input to nearshore waters of
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the South Atlantic Bight, Moore (1996) estimated that
groundwater flow was of the order of 40 % of the river
flow to the bight.

The 2 main ecological effects of submarine ground-
water discharge are a change in osmotic conditions
and increased supply of nutrients to primary produc-
ers. In marine environments, groundwater outflow can
reduce porewater salinity (Capone & Bautista 1985,
Simmons 1992, Matson 1993). Close contact with
groundwater that percolates through the sediment is
most likely in rooted vegetation in the coastal zone.
Different salinity optima for growth and survival can
have effects on the distribution of salt-marsh plants
and mangrove trees (Smart & Barko 1978, Clough
1992). As seagrass species also respond differently to
salinity (McMillan & Moseley 1967, Zieman 1975,
Walker 1985, Walker &McComb 1990, Bird et al. 1993,
Adams et al. 1994, Hillman et al. 1995, Kamermans et
al. 1999), their species diversity may be affected by dif-
ferences in groundwater outflow. Continuous salinity
reductions can result in the dominance of species that
tolerate lower salinities. The discharged groundwater
can be enriched with nutrients from natural organic
matter, fertilisers, manure and septic tanks that leach
into the groundwater on land (Johannes 1980, Capone
& Bautista 1985). The natural abundance of 15N in sea-
grass tissue can be used as a tracer of nitrogen inputs
by groundwater (e.g. Fourqurean et al. 1997, McClel-
land & Valiela 1998, Corbett et al. 1999). Enrichment of
the heavier nitrogen isotope indicates denitrification,
either in a suboxic zone or resulting from wastewater.

In tropical environments, coastal waters are usually
oligotrophic. Under such conditions, groundwater can
be a major source of nutrients. Several studies show
the importance of groundwater in the nitrogen supply
to tropical bays and lagoons (D'Elia et al. 1981, Lewis
1987, Lapointe et al. 1990, Dollar & Atkinson 1992,
Matson 1993). To sustain the freshwater demand,
increasing amounts of groundwater are withdrawn in
many places. Tack & Polk (1999) developed a model of
groundwater outflow along the Kenyan coast and
showed that augmented groundwater depletion for
domestic and agricultural use can lead to enhanced
seawater intrusion. This can have profound effects on
coastal ecosystems. For example, Tack & Polk (1999)
observed that the distribution pattern of mangrove
forests along the Kenyan coast is closely related to
groundwater outflow. Reductions in groundwater out-
flow rates are expected to endanger the mangroves,
because absence of freshwater would expose the roots
to higher salinity levels, leading to destruction of the
forests.

In many tropical coastal zones, mangrove forests are
bordered by seagrass meadows. This is also the case in
East Africa. There, the coast is protected by a nearly

continuous fringing reef which lies between 0.5 and
3 km offshore. The bottom of the back reef lagoons is
composed of coral sand covered by vast seagrass
meadows and occasional patches of hard coral. With its
extensive root system, seagrass is a likely candidate for
possible effects of changes in groundwater discharge.
The limited exchange of coastal lagoons with the
ocean makes these environments suitable for studying
effects of groundwater discharge. It is unknown in
what way the east African seagrass meadows are
affected by groundwater outflow. Observations on
possible relations between tropical seagrasses and
groundwater are very scarce. To our knowledge, the
only report in the literature is of Kohout & Kolipinski
(1967), who noted that Halodule wrightii Aschers, sur-
rounded a submarine groundwater well, while the
dominant species
Konig was absent from these locations.

The objective of the present study is to relate the rate
of coastal groundwater outwelling to the abundance
and species diversity of lagoonal seagrasses in east
Africa. Two models of groundwater outflow were used
to select study sites with contrasting groundwater-out-
flow rates. For the dominant seagrass species, supple-
mental data on natural abundance of nitrogen isotopes
in leaves were also collected.

Thalassia testudinum Banks ex

MATERIALS AND METHODS

Groundwater models. MODFLOW96 (Harbaugh &
McDonald 1996) was used to construct 2 groundwater
models: 1 for the Kenyan coastal region, between the
Umba and Tana rivers, and 1 for the island of Zanzibar.
MODFLOWO96 is a modular 3-dimensional, finite dif-
ference groundwater flow model based on the follow-
ing differential equation:
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where K is the hydraulic conductivity of the geological
layer (m d-1), / is the piezometric head (m), Alis the net
infiltration (m d_1), and Qis the surface outflow (md_1).

For practical reasons, the graphical user interface
Visual MODFLOW produced by Waterloo Hydrogeo-
logie was used.

The model domain for Kenya extends along the
coastline, up to 25 km inland from the Tanzanian bor-
der (Umba River) to the Tana River and covers an area
of about 8250 km2 in total; the cell size is 5 by 5 km.
Except for the topographical data, the conceptual
model and the hydrogeological data used in this model
are based on a former modélisation of the Athi-Tana
catchment area (Tack & Polk 1999). The phreatic hy-
drogeological layer is composed of permeable Ceno-
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zoic sediments 120 m thick, underlain by a silt-clay
and/or grey clay aquitard with very low hydraulic con-
ductivity (6.56 x 10-6 to 1.64 x 10-5 m d-1). This under-
lying layer was considered as a confining bed and thus
represents the lower boundary of the model. The con-
ductivity values of the Cenozoic sediments show spa-
tial variation, thus 6 areas were defined with values
ranging from 8.64 to 0.34 m d-1. Boundary conditions
are obtained from the former larger and coarser mod-
¢lisation of the Athi-Tana catchment area (Tack &Polk
1999). Recharge values range from 50 to 75 mm yr-1.
For optimal precision of the groundwater model,
detailed 1:50000 topographic maps (JICA 1991) were
digitised. Tack & Polk (1999) found a negative correla-
tion between groundwater flow values and salinity
measured in wells along the coast.

The model domain for Zanzibar includes the whole
island and covers 1680 km2; the cell size is 2 by 2 km.
The geology of Zanzibar is composed of permeable
Quaternary, Pliocene and Miocene sandy sediments,
limestone and sandstone, underlain by an almost
impermeable layer of Miocene clayey sands and sandy
clays. The permeable layers belong to 1 single uncon-
fined aquifer, which is divided into 5 regions with con-
ductivity values ranging from 1.25 to 37.5 m d-1 (Col-
bert &Wagner 1987). Recharge is estimated to be 30%
of annual rainfall (Colbert & Wagner 1987). Values
range from 175 to 225 mm yr-1. Topographic maps
(scale 1:50000) (Department of Lands and Surveys
Zanzibar 1985) were digitised for the whole island.

Flow rates (m2d 1) were calculated as the product
between seepage flux (m3m-2 d-1) and aquifer thick-
ness (m). A sensitivity analysis was performed in order
to evaluate the uncertainty of the model results. For
this purpose, input values were increased and de-
creased by 20%. Six of the most extreme results were
selected for further statistical analysis.

Study area. Eight back-reef lagoons with different
groundwater-outflow rates were selected in southern
Kenya and on Zanzibar Island (Fig. 1). Sampling sites
were chosen in function of the modelled amount of
groundwater flow along the coastal strips of those areas.
The mean outflow rates at the study sites were predicted
to range from 17.9 to 0.4 m2d-1. Seawater intrusion is
likely to occur at locations where the model predicts
groundwater flows <1m2d 1 (Tack &Polk 1999). All se-
lected lagoons were situated on the east coast to ensure
similar exposure to ocean swell and prevailing easterly
winds. We expected effects of groundwater outflow to be
largest for seagrass species which have rhizomes and
roots extending deep into the sediment. In east Africa, a
common species with deep roots is Thalassodendron cil-
iatum (Forsk.) Den Hartog (Den Hartog 1970, Duarte et
al. 1998). Therefore, the study area was restricted to the
zone in which T. ciliatum occurred.
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Fig. 1. Location of 8 sampling sites and groundwater flow as

calculated by the model. Arrows show the direction of the

groundwater flow and the lengths of the arrows represent the

size of the flow (for values see Table 1, at Tumbatu the arrow
is smaller than the location dot)

Sample collection and processing. For optimal
underwater light conditions, fieldwork was conducted
in the dry season. In March 1997, 5 lagoons along the
southern part of the Kenyan coast were sampled and in
February 1998 sampling was carried out in 3 lagoons
on Zanzibar Island (Fig. 1). At each site, seagrass sam-
pling was carried out along a 480 m transect. As depth
may influence seagrass species composition, the tran-
sects were laid out parallel to the shore at the same
depth (1.5 m below 0 Chart Datum). The distance to
the beach varied from 100 to 500 m. Samples were col-
lected by SCUBA diving around low-water slack tide.
Every 15 m, a picture with a surface area of 1 m2, and
in the same plane as the bottom, was taken with an
underwater camera. Percentage coverage of the indi-
vidual seagrass species and other components on the
photographed plots was later estimated from the pro-
jected slides with an electronic area meter. All hard
substrates (hard coral and rock), as well as organisms
attached to hard substrates (benthic macro-algae and
soft corals), were not included in the calculation of per-
centage seagrass coverage, i.e. the percentage of the
available substrate that is covered by seagrass. Every
120 m along the transect, all aboveground material
enclosed by a 0.06 m2frame was harvested for biomass
determination. Dry weight (DW) was determined per
species after 2 d drying at 60°C. The coverage data
were used to calculate the Shannon (or Shannon-
Wiener) diversity index (Shannon & Weaver 1949):

-, (P 1) (logPi)
i=1
where s is the total number of species and Pi the pro-
portion of the total seagrass coverage taken up by the
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ith species. The mean of the coverage data of all slides
per transect was used to calculate the diversity index.

At the 5 spots per transect where biomass was sam-
pled, sediment was collected by pushing a 50 ml con-
tainer 5 cm into the sediment. The samples were dried
at 60°C prior to estimation of the sediment grain size
with a particle sizer. Before grain-size analysis, pieces
of shell and coral fragments >1 mm were separated
from the smaller fractions. At the 5 sampling spots per
transect, porewater was collected over a depth of
10 cm with a 50 ml syringe fitted with a 10 ml modified
pipette tip. Porewater salinity was determined with a
conductivity meter. Atomic N:P ratios and SI5SN values
of Thalassodendron ciliatum 3rd leaves were deter-
mined. Total phosphorus was determined spectropho-
tometrically using ammonium heptamolybdate as
colouring reagent after microwave dissolution. Total
nitrogen was measured with a CN element analyser.
SI5N values were measured with a isotope-ratio mass
spectrometer coupled to a CN element analyser. The
leaves were cut at the break point with the sheath, and
cleaned with paper to remove epiphytes (Hemminga et
al. 1995).

Statistical analysis. The significance of relationships
of seagrass variables, porewater salinity and sediment
characteristics, with groundwater outflow rates was
determined using linear regression analyses (Sokal &
Rohlf 1995). To avoid pseudoreplication within a tran-
sect, regression lines were calculated from mean val-
ues per transect, instead of using the individual data
obtained at each transect. As the assumptions of inde-
pendence and normality could not be tested in this
case, the non-parametric Kendall's coefficient of rank
correlation (x) was used to determine the significance
of relationships between the data and groundwater
outflow rates. A significance level of 0.05 was set in all
tests. The statistical analyses were conducted using the
STATISTICA programme StatSoft.

RESULTS

A total of 10 seagrass species were present at the
study sites (Table 1). Total seagrass coverage and
aboveground biomass did not show significant rela-
tionships with groundwater outflow (Table 1; coverage

Table 1. Groundwater outflow, porewater salinity (n =5, except for Nyali and Dongwe where n =4), seagrass coverage (Watamu:

n = 33, Diani: n = 33, Roka: n = 7, Nyali: n = 33, Kiwengwa: n = 30, Kenyatta: n = 33, Dongwe: n = 21, Tumbatu: n = 33), above-

ground biomass (n =5, except for Roka and Dongwe where n =2 and 4, respectively), atomic N/P ratio Thalassodendron ciliatum

leaves (n =5, except for except for Kenyatta and Roka where n =2 and Tumbatu, Kiwengwa and Dongwe where n = 3), sediment

median grain size, fraction >1 mm, and carbonate content (n =5 except for Dongwe where n =4) in transect plots (mean with SE;
K =Kenya, Z = Zanzibar Island)

Transect Watamu Diani Roka
® ®) ®

Outflow (m2d_1) 17.9 15.8 15.0

Porewater salinity (psu) 34.6 (0.1) 33.2(0.3) 34.3(0.1)

Thalassodendron 87.1 44) 68.0 (7.1) 97.4 (1.5

ciliatum (%)

Thalassia hemprichii (%) 4.2 (2.8)

Cymodocea serrulata (%) 4.0 2.4)

Cymodocea rotundata (%)

Syringodium isoetifolium (%) 7.1 (3.3)

Halodule uninenus (%) 1.9 (1.9)

Halodule wrightii (%)

Halophila ovalis (%)

Halophila stipulacea (%)

Enhalus acoroides (%)

Total seagrass coverage (%) 87.1 (44) 852 (4.1) 974 (1.5

Total seagrass biomass 457 (61) 430 (67) 644 (55)

(gDWnr2)

Atomic N/P ratio T. 18.9 (1.1) 229 (2.7) 21.6 2.3)

ciliatum leaves

Median grain size 218 (3) 251 (36) 292 (4)

sediment (mm)

Coarse fraction 4.6 (1.3) 41.4 (8.9) 48.0 (12.7)

sediment (%)

CaCo03sediment (%) 351 (22) 47.8(9.3) 89.0 (1.1

Nyali Kiwengwa Kenyatta Dongwe Tumbatu
®) @ ® @ @
12.8 10.2 6.1 2.0 04

33.3 (0.1) 36.4 (3.1) 345 (0.1) 38.3 (0.2) 38.5 (0.3)
98.6 (0.6) 7.6 (3.1) 19.8 (6.3) 32.5 (94) 40.2 (6.1)
21.1 (3.1) 7.6 (3.7) 154 (38) 16.3 (2.5)
51.7 (7.2) 1.0 (1.0)
0.2 (0.2) 11.8 (3.50)
0.4 (0.3) 0.7 (0.5) 8.1 (1.9) 4.1 (1.8)
0.3 (0.2) 0.4 (0.3) 3.0 (1.6) 0.4 (0.4)
0.1 (0.1) 0.2 (0.2)
0.4 (0.2)
0.3 (0.1) 0.5 (0.3) 2.3 (0.7) 0.2 (0.2)
1.8 (1.2)
98.6 (0.6) 31.6 (5.2) 8.1 (3.8) 74.1 (59) 61.6 (4.1)
604 (44) 115 (43) 223 (63) 224 (102) 222 (91)
15.9 (1.0) 19.1 (1.1) 14.6 (0.3) 18.0 (0.8) 20.3 (0.9)
229 9) 115 (13) 151 9) 121 (44) 230 (13)
7.5 (2.5) 7.7 (2.3) 9.9 (6.9) 26.6 (10.9) 8.0 (1.5)
8.5 (2.3) 903 (0.6) 61.0(10.0) 84.0 (1.5 91.1 (0.9
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Fig. 2. Groundwater outflow as predicted by the model
related to the Shannon diversity index per site (n = 1). Line of
best fit is indicated, x=-0.643, p = 0.05

X=0.429, p = 0.20, biomass x = 0.429, p = 0.20). Thalas-
sodendron ciliatum dominated the coverage at 6 sites.
At 3 sites, it formed mono-specific meadows >480 m
long. The next most frequently observed species were
Thalassia hemprichii (Ehrenb.) Aschers., Syringodium
isoetifolium (Aschers.) Dandy, and Halodule uninervis
(Forsk.) Aschers. The 3 species were found at the same
5 sites and T hemprichii was the dominant species at
1 site. Cymodocea serrulata (R. Br.) Aschers. & Mag-
nus. occurred at 3 sites and had the highest coverage
at 1site (Kenyatta). Halophila stipulacea (Forsk.) Asch-
ers. was recorded at 4 of the 8 sites, Halodule wrightii
and Cymodocea rotundata Ehrenb. & Hempr. ex Asch-
ers. were found at 2 sites and Halophila ovalis (R. Br.)
Hook. F. and Enhalus acoroides (L.f) Royle only at
1 site. These latter 5 species all attained coverages
<10 %.

The sediment type showed some variation among
sites. Median grain size of the sediment varied from
ca. 100 to 300 mm and did not show a relation with
groundwater outflow (Table 1; x = 0.214, p = 0.35).
Coarse sediments, with >25% particles larger than
1 mm, were found at 3 sites. These sites did not differ
consistently from the other sites in terms of ground-
water-outflow rate (Table 1; x = 0.143, p = 0.40). Car-
bonate content of the sediment was generally high (at
5 sites >60%) and did not show a significant relation
with groundwater-outflow rate (Table 1; x = -0.500,
p = 0.15). Hence, sediment characteristics were inde-
pendent of predicted groundwater-outflow rates. The
atomic N/P ratio of Thalassodendron ciliatum leaves
varied between 14.6 and 22.9, and did not show a
significant relation with groundwater-outflow rate
(Table 1; x=0.214, p = 0.35).

Most sites with high groundwater outflow rates were
located in Kenya while most sites with low outflow
rates were situated on Zanzibar Island. These differ-
ences in outflow are expected as the size of the areca

S — 0o

0 5 10 15 20
Predicted outflow (m2d*)

Fig. 3. 0I5N (%) in Thalassodendron ciliatum leaves at the dif-
ferent sites (mean with SE; n = 5, except for Kenyatta and
Roka where n = 2 and Tumbatu, Kiwengwa and Dongwe
where n = 3). Line of best fit is indicated, x = 0.643, p = 0.05

supplying the freshwater affects the outflow (Johannes
1980). Nevertheless, 1 of the lagoons in Kenya had a
lower predicted groundwater outflow rate than 1
lagoon on Zanzibar Island (Fig. 1). Thus, low and high
groundwater outflow sites occurred in both countries.
None of the 10 seagrass species were restricted to
either groundwater-outflow or non-outflow sites. Thus,
the presence of a single species could not be consid-
ered indicative of the groundwater outflow conditions.
However, Thalassodendron ciliatum was the only spe-
cies occurring at 3 sites with high groundwater-out-
flow rates (Table 1). Low numbers of species were gen-
erally found in the presence of high groundwater
outflow. Furthermore, the coverage was less evenly
spread among species at those locations. This is indi-
cated by a significant decrease in species diversity
index with an increase in groundwater-outflow rate
(Fig. 2). Apparently, not all seagrass species have the
same tolerance for conditions caused by groundwater
outflow.

Groundwater outflow commonly causes reduced
porewater salinity and enhanced nitrogen supply. The
present study showed lower porewater salinities at
locations with higher groundwater-outflow rates,
although this relation was not significant (Table 1; x =
-0.571, p = 0.10). Thalassodendron ciliatum leaves
showed a significant increase in 815N with increased
groundwater-outflow rates (Fig. 3). This suggests that,
with increasing outflow rates, more plant-absorbed
nitrogen is derived from groundwater.

The sensitivity analysis of the groundwater model
resulted in 6 cases in which the order of the ground-
water outflow at the sites showed some change. The
results on seagrass diversity and nitrogen isotopic sig-
nature were related to the new groundwater values
(Table 2). In general, the conclusions remain the same,
a negative relation between groundwater outflow and
seagrass diversity, and a positive relation between
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Table 2. The 6 most extreme changes in groundwater outflow rates (m2d_l) derived from the sensitivity analysis of the ground-
water model. Kendall's coefficient of rank correlation (x) with seagrass diversity and 815N values of Thalassodendron ciliatum

leaves is presented in the bottom 2 rows

Study site Outflow Outflow Outflow Outflow Outflow Outflow
in Case 1 in Case 2 in Case 3 in Case 4 in Case 5 in Case 6
Watamu 14.2 21.4 20.6 20.3 20.6 20.8
Diani 12.6 18.9 15.9 15.4 15.4 15.4
Roka 12.0 17.9 16.9 17.3 17.0 17.4
Nyali 10.3 15.4 15.1 15.6 14.3 14.9
Kiwengwa 11.3 11.3 11.3 11.3 11.3 11.3
Kenyatta 4.9 7.3 7.1 7.4 6.9 7.1
Dongwe 1.8 1.8 1.8 1.8 1.8 1.8
Tumbatu 0.3 0.3 0.3 0.3 0.3 0.3
Shannon T=-0.567, x=-0.643, x=-0.718, x=-0.794, x=-0.718, x=-0.718,
diversity p =0.20 p =0.05 p =0.02 p = 0.01 p =0.02 p =0.02
81N x=0.571, x=-0.643, x=0.571, x=0.500, x=0.571, x=0.571,
p =0.10 p =0.05 p =0.10 p =0.20 p =0.10 p =0.10

groundwater outflow and SI15N values of Thalassoden-
dron ciliatum leaves. In some cases the correlation was
better than the original.

DISCUSSION

The present study suggest that groundwater outflow
influences seagrass species diversity along the east
African coast, with a low species diversity observed
at lagoons with high predicted groundwater outflow.
Sediment characteristics did not show a relation with
predicted groundwater-outflow rates. Differences in
sediment characteristics may thus be responsible for
some of the unexplained variance in the observed rela-
tion between seagrass variables and groundwater-out-
flow. Sediment type affects nutrient availability and is
known to influence plant productivity and community
composition (Giesler et al. 1998). In addition, seagrass
presence can influence sedimentation patterns (Fonseca
1989). The decline in species diversity with increasing
outflow rate suggests a negative effect of groundwater
outflow on growth and persistence of certain seagrass
species. Porewater salinities were lower at locations
where high groundwater-outflow rates were predicted
by the model. The either direct or indirect influence of
groundwater outflow is thus not restricted to mangrove
forests on the intertidal shore as shown by Tack & Polk
(1999), but extends to permanently submerged rooted
vegetation in the back-reef lagoons.

A candidate factor accounting for the negative influ-
ence of groundwater-outflow on seagrass diversity is
reduced porewater salinity. A reduction in porewater
salinity of up to 5 psu was found at high groundwater-
outflow sites, although the single measurements

around low tide during the dry season reported here do
not give information on the variability between sea-
sons. As part of our project, Kitheka (1999) measured
salinity of groundwater at low tide in PVC tubes in-
stalled at the base of the beach of the groundwater out-
flow sites Nyali and Diani. Maximum salinity was
around 23 psu in the rainy season and 26 psu in the dry
season. These measurements show that porewater
salinity was much lower close to the shore than in the
lagoon, which is consistent with the observations from
other locations (Johannes 1980). Furthermore, the dif-
ference in porewater salinity between the rainy and dry
season is fairly small. The existence of a large storage
capacity of the coastal aquifer and favourable recharge
conditions cause groundwater to flow throughout the
year (Kitheka 1999). Little information exists about the
salinity tolerance of the 10 seagrass species encoun-
tered at the study sites. Knowledge on this tolerance
and the distribution of the species in sites of different
salinity indicate that Thalassia hemprichii, Cymodocea
serrulata and Halophila ovalis dominate at locations
with little groundwater outflow, while Cymodocea ro-
tundata is expected to dominate at groundwater-out-
flow sites (Table 3). Indeed, H. ovalis was found at 3
sites with lower groundwater outflow. Moreover, T
hemprichii and C. serrulata attained high abundances
at the 4 sites with low groundwater-outflow rates.
Cymodocea serrulata dominated at a site (Kenyatta)
where the sediment structure suggested intense sand
movements (N. Marba pers. obs.). A related species,
Cymodocea nodosa, showed fast vertical growth, and
was thus able to survive burial by subaqueous migrat-
ing sand dunes in the Mediterranean (Marba & Duarte
1995). Similar fast growth of C. serrulata (cf. Vermaat et
al. 1995) may explain the dominance of this species
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Table 3. Salinity tolerance of seagrass species. Source is indicated: (1) Den Hartog (1970), (2) Jagtap (1991), (3) Poiner et al. (1987),
(4) Mitchell (1987), (5) Hillman et al. (1995), (6) Brouns & Heijs (1985), (7) Aioi & Pollard (1993), (8) Erftemeijer & Herman (1994),
(9) Kohout &Kolipinski (1967)

Tolerant to low salinity

Cymodocea rotundata (1)
Halodule wrightii (9)

over other, slower growing, species at Kenyatta. C. ser-
rulata is capable of a much higher yearly rate of vertical
elongation ofthe shoots (13 cm) compared to other spe-
cies (e.g. Cymodocea rotundata [1.5 cm], Halodule
uninervis [4 cm], Syringodium isoetifolium [9 cm] and
Thalassia hemprichii [3 cm]) (Vermaat et al. 1995). C
rotundata was not particularly abundant at high
groundwater-outflow sites, unlike as was expected
(Table 3).

Carbonate-rich sediments often have low porewater
phosphate concentrations. In such cases, seagrasses are
more likely to be limited by phosphorus rather than ni-
trogen (Fourqurean et al. 1992). Phosphorus concentra-
tions in the porewater were not determined in the
present study. However, the atomic N:P ratio of Thalas-
sodendron ciliatum leaves was determined, and varied
between 14.6 and 22.9. These values are lower than
values of 20 to 100 as reported by Fourqurean et al.
(1992) for Thalassia testudinum in carbonate sediments
in Florida Bay. At this location, the authors concluded
that the seagrass was P-limited. The median grain size
of the sediment at our study sites is comparable to the
carbonate sediments in Indonesia where Erftemeijer &
Middelburg (1993) determined nutrient concentrations
of the porewater and atomic N:P ratios of secagrass
parts. They concluded that seagrass was not P-limited
in those carbonate sediments, possibly as a result of
lower sorptive capacity of the sediment caused by a
smaller surface area. Thus, it seems likely that, at our
study sites in east Africa, T. ciliatum is not P-limited.

In the framework of our project, Mwashote et al.
(1999) determined the nitrogen concentration in the
water column at 3 of the study sites (Nyali, Diani and
Kenyatta). In general, the nitrate and nitrite levels for
the low groundwater outflow site Kenyatta were much
lower than for the high groundwater outflow sites
Diani and Nyali (1.5 vs 10 pM). This suggests that ni-
trogen is supplied via groundwater to the back-reef
lagoons. The nitrogen-stable isotope signatures of
Thalassodendron ciliatum indicate that groundwater is
important as a source of nitrogen. It is not known what
the SISN signature of T. ciliatum should be when plants
use groundwater. However, some information for other

Tolerant to high salinity

Thalassia hemprichii (2)
Cymodocea serrulata (1,2,3)
Halodule wrightii (4)
Halophila ovalis (1,5)

No. specific tolerance reported

Thalassodendron ciliatum (1,6)
Syringodium isoetifolium (6,7)
Halodule uninervis (1)
Halodule stipulacea (1)
Enhalus acoroides (1,8)

seagrass species is available. McClelland & Valiela
(1998) measured SI5SN in groundwater (10%o0) and in
Zostera marina (6%0). And Corbett et al. (1999) found
values of 11 to 13%o in Thalassia testudinum in an area
subjected to groundwater outflow in Florida Bay.
These values are comparable to the maximum values
of 7to 10%o that we observed for T. ciliatum.

The reduction in porewater salinity at groundwater
outflow sites is relatively low, which makes it unlikely
that a difference in optimum salinity for growth is the
main factor causing reduced diversity at these sites.
Differences in nitrogen supply may be a more likely
candidate to explain the observed pattern in species
diversity and abundance. A possible mechanism could
be differences in competition for porewater nitrogen
between species. To establish a substantive link
between the observed reduced seagrass diversity or
enhanced SISN values of Thalassodendron ciliatum
leaves on the one hand and increased groundwater
outflow rates on the other, further exploration through
detailed measurements of groundwater outflow rates
and groundwater nitrogen isotopic composition is
needed.
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