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Abstract
Nitrification and denitrification in seagrass communities in Chwaka bay, Zanzibar
As a response to the environmental degradation of many coastal areas in east Africa research have been
initiated aiming towards the understanding of the coastal ecosystems and the interactions between them.
The sediment of three seagrass communities were investigated with regard to nitrification,
denitrification, pore water nutrient content, organic content and physical character. The aim was to
estimate the magnitude and importance of nitritication and denitrification and correlate those to any
difference in organic load. Total organic carbon and total nitrogen decreased while C:N ratio increased
with distance from the mangroves indicating a larger organic load closer to the mangroves. There was
however no significant difference between the sites regarding ammonium and nitrate + nitrite
concentrations in the porewater; nor regarding denitrification. Recalculated to ambient nitrate
concentrations denitrification was less than 157 nmol N mah—1. No trend could be seen for nitrification
either. Nitrification ranged from 0420 nmol N m"2h'1, but the method used may underestimate the
rates. Denitrification, and especially nitrification rates, varied considerably within each site indicating
an extremely patchy environment. Considering that nutrient regeneration rates in tropical environments
are usually high, nitriiication and denitrification seemed to be minor pathways in the nitrogen cycle
irrespective of organic load. The study also suggests that nitrilication and denitritication may be of less
importance in Chwaka bay compared to other areas studied.

Additional key words: organic load

Referat
Nitritikation och denitritikation i sjögräsområden i Chwaka bay, Zanzibar
B. Widén, Geovetenskapliga institutionen, hydrologi, Uppsala universitet, Norbyvägen 185,
S— 75236 Uppsala, Sweden

Som svar på den försämrade miljön i flera kustområden i Östafrika har forskning påbörjats inriktad på
förståelsen av kustliga ekosystem samt samspelet dem emellan. Sedimentet i tre sjögräsområden
undersöktes med avseende på nitriiikation, denitrilikation, näringshalt i porvattnet, organisk halt samt
fysiskalisk karaktär. Syftet var att uppskatta storleken och betydelsen av nitrifikation och denitrifikation
samt att korrelera dessa med organisk belastning. Totala halten organiskt kol och totala halten kväve
minskade medan C:N kvoten ökade med avståndet till mangroven vilket tyder på en större organisk
belastning närmare mangroven. Det var däremot ingen signifikant skillnad mellan områdena beträffande
ammonium- eller nitrat + nitrit koncentrationen i porvattnet; inte heller beträffande denitritikation.
Omräknad till föreliggande nitratkoncentrationer var denitrifikationen mindre än l57 nmol N mah?
Nitrilikationen varierade från 0—1). nmol N m'zh'l, men den använda metoden kan ha underskattat
hastigheterna. Någon trend i nitrifikationen syntes inte heller. Denitrifikationen och speciellt
nitrifikationen varierade avsevärt inom varje område vilket tyder på en extremt omväxlande miljö. Med
tanke på att regenerationen av näringsämnen ofta är hög i tropiska miljöer så verkade nitrifikationen och
denitrifikationen vara mindre betydelsefulla delar i kvävecykeln oavsett organisk belastning. Denna
studie tyder också på att nitrifikation och denitrifikation är mindre betydelseliilla i Chwaka bay än i
andra studerade områden.

Ytterligare indexord: organisk belastning
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Introduction

In many of the developing countries in east Africa poverty together with a rapid population
growth and inappropriate or poorly planned development have resulted in environmental
degradation of many coastal areas. The implications of these problems are particularly grave in
developing countries where human health and welfare are often directly linked to clean and
productive coastal ecosystems. As a response a number of Integrated Coastal Zone
Management programs have been initiated at regional, national and local levels (Coughanowr
et al. 1995). The Marine Science Program for East Africa is supported by SIDA (Swedish
International Development Authorities) and undertakes research aimed at providing the
scientific capacity required to formulate management measures for the sustainable use of
coastal resources. The research covers various aspects such as fisheries, pollution,
oceanography and botany. This study cover some aspects of the nitrogen cycle in seagrass
communities, which play an important role in the coastal ecosystem, providing a substantial
amount of nourishment and habitat and serving as an important link between mangroves and
coral reefs (e.g. Robertson & Lee Long, 1991, Mann, 1982).

The present study was conducted in Chwaka bay, Zanzibar. In addition to a rapidly increasing
population, Zanzibar also faces an explosively increasing tourism. Because of the concomitant
increase in pressure on coastal ecosystems it is important to achieve a knowledge of the
systems at present date before any major changes have taken place. Considering the
characteristically oligotrophic conditions prevailing in tropical environment it is of particular
interest to see how different parts of the system cope with larger organic loads. Three seagrass
communities in the bay at an increasing distance from the mangroves were studied. The aim
was to estimate parts of the nitrogen dynamics of the seagrass beds and to see how the
supposed difference in organic load might affect.

In an earlier study Mohammed and Johnstone (1995) found that the mangroves inside the
study areas do not export any dissolved nutrients, but that there might very well be an export
of particulate matter. A study done by Jordelius (unpublished), showed that the communities
closest to the mangroves are strongly heterotrophic, and that net production increases with
distance from the mangroves which supports the hypothesis proposed by Mohammed and
Johnstone (1995). This study was conducted in close connection, at the same time and sites as
the above mentioned study by Jordelius (unpublished), which aimed to estimate the overall
production of the seagrass communities in the area. One of the aims of this study has thus been
to see whether a larger organic load implies only a more heterotrophic system or if it also
implies a larger nutrient loss in such a way as denitrification.

More specifically this study was intended to show if there was any correlation between any
spatial difference in, especially, the TOC (total organic carbon), TN (total nitrogen) and
porewater nutrient measurements, and any spatial difference in nitrification and denitrification
rates. Physical parameters such as grain size, water content and porosity were also measured.
Nitritication is principally of interest because it leads to the production of NO; which may then
be denitritied and thus lead to a loss of nitrogen from the system. Nitrifrcation was measured
with an inhibition method (Hall, 1984) and denitrification using the isotope pairing technique
(Nielsen, 1992).

There have been a number of studies of the nitrogen dynamics of seagrass communities though
only some from tropical environments and very few covering the same processes as in this
study (e.g. Horrigan & Capone, 1985; Koike & Hattori, 1978; Kaspar, 1982, Blackburn el al.,
1994). Those previous studies have shown that, even if sometimes small compared to other



nitrogen transformation processes, nitrification might be of some magnitude and denitritication
represent an significant loss of nitrogen from the system.

Seagrass communities and nitrogen dynamics
Seagrass meadows play an important ecological role in coastal ecosystems around the world,
providing a substantial amount of nourishment and habitat. They attract a diverse biota and
serve as essential nursery areas for several commercially important marine species (e.g.
Robertson & Lee Long, 1991, Mann, 1982). Further, seagrass areas are also known to trap
and bind sediments, thereby reducing the turbidity of nearshore waters (Fonseca et al., 1982;
Hatcher et al., 1989). In tropical areas seagrass beds are also an important link between
mangrove and coral reef ecosystems. The migration of animals at various life stages from one
ecosystem to another for feeding and Shelter, coupled with currents that transport both organic
and inorganic material from runott and tidal tlushing, ties the offshore coral reefs to seagrass
beds, and seagrass beds to mangroves.

In spite of the characteristically low nutrient levels of the water surrounding them, tropical
seagrass areas are highly productive. Several authors have proposed a dependence on
mangroves which support them via outwelling of dissolved nutrients and/or particulate organic
matter (e.g. Boto & Bunt, 1981;, 1985; Robertson & Lee Long, 1988, Hemminga et al.,
1994). The high productivity of seagrasses implies a high nutrient demand and some seagrass
meadows may be nutrient limited, principally by the macronutrients nitrogen and phosphorus
(Hillman et al., 1989). Import of these nutrients alone could not account for the high
productivity, an eflicient recycling and regeneration of nutrients within the system would also
be necessary. Hence, regeneration of nutrients and the processes involved becomes interesting
in terms of how it helps to maintain nutrients within the ecosystem.

In particular, the role of the benthos in nutrient regeneration is of interest since the benthos
receives the bulk of material which have already passed through various trophic pathways
within the water column as have been shown in various environments (Koop & Larkum, 1987,
Mann, 1982; Klump & Martens, 1983). Most of the organic matter deposited will likely be
utilised in mineralisation processes with only a few percent being ultimately preserved (Klump
& Martens, 1983). Bacterial number, biomass and activity in sediments are usually orders of
magnitude above that of the overlying water, which leads to a higher concentration of nutrients
in the sediment compared to the water column; a major part of the nutrient demand of
seagrasses may be met by the sediments (Mann, 1982; Moriarty & Boon, 1989). Considering
the oligotrophic conditions prevailing in tropical waters and the nutrient concentration
dependent uptake of seagrass leaves, the water column is a rather insignificant nutrient source
(Short, 1987). Several studies have also shown a strong correlation between sediment
porewater nutrients and nutrients of the seagrass leaves, which implies that the seagrasses take
up nutrients mainly from the sediment (e. g. Forqurean et al., 1992, Short, 1987).

As mentioned above, phosphorus and nitrogen are generally considered as the limiting
nutrients for seagrass production. Dissolved inorganic nitrogen generally appears in several
forms of which NHJ,+ is the one commonly preferred by most primary producers due to the
lesser amount of energy required for uptake. As organic material decompose, nitrogen is
liberated in the form of NHJ (figure 1). This ammonium may then be directly assimilated or be
the subject to a range of other fates including adsorption onto particles, nitritication and
diffusion. Ammonium assimilated in the biota may be lost from the benthos by, for example,
benthic feeding organisms, or again it may decompose producing new ammonium. Similarly,
ammonium adsorbed onto particles may desorb and become available for organisms. As for



ammonium, the nitrate derived from sediment nitiification is subject to different fates including
diffusion into the water column and reduction by bacteria to NHJ;+ (nitrate ammonification) or
NZ (and NZO) (denitrification); in the latter case being lost from the system.
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Figure l. Nitrogen cycling pathways in marine sediments. Key: sedimentation and
burial, reaction, diffusion.

Materials and methods

Study area
Chwaka bay is situated on the east coast of Unguja (main island of Zanzibar) off the Tanzanian
coast (figure 2). The area varies between 20 and 50 km2 and the tide semidiurnal with a spring
tidal range of 3.2 m (Cederlöf et al., 1995). Approximately 20—25 % of the area is covered by
seagrass communities (personal observation). This study was conducted between October 10
and November 13, 1995, during the minor wet season when it rains for some hours almost
every day. The sampling sites were selected at seagrass communities at an increasing distance
from the mangroves (figure 3). The first site is situated 500 m from the mouth of the mangrove
creek. It is a rather patchy culture of Cymodocea serrulala and Cymodocea rotundata
interspersed with a lot of algae, especially Halomeda spp. which covers the sediment in
between the seagrass stands. Out of the three sites it is the one closest to the channel-that
drains the Mapopwe mangrove area. This was also noticeable from the shallow sediment depth
and exposed rock. The second site is located where the water from the two westernmost
mangroves connect. This site supports a mixed culture of Mallasodendrum cilialum and
Enhet/us aceroides, though dominated by the former. Extensive amounts of algae, (some
Halomeda spp, though not as much as at site 1) cover the sediments in between the seagrass
stands. The third site is located in the bay, 1000 m outside the village of Chwaka. It is a very
patchy monoculture of Enhet/us aceroides, with only sparse ”allasodendmm cilialum spread
in the area and with no macroalgae. It is also the site that lies fiirthest away from the channel.

Sampling
Sediment samples for all analyses were collected by snorkelling. This was for practical reasons
done at low tide; with few exceptions at low spring tide. Cores for nitrification measurements
at site 3 under light incubation were sampled at low neap tide and the cores for the profiles
were collected at low tide in between spring and neap tide. To be able to calculate porosity the
volume of the sediment has to be known. Therefore samples were collected by a 60 ml plastic



syn'nge with the end cut off. As the syringe was inserted into the sediment the piston was
withdrawn and 20 ml of sediment collected. This corresponded to a sediment depth of 2.2 cm.
As the syringe proved to be the easiest way to collect the upper layers of sediment it was also
used for the TOC and TN samples as well as for grain size analysis samples. Water content
was calculated from porosity and TOC and TN samples. Profiles were collected by kajak
cores, 7 cm in diameter, but porewater in the upper two centimetres was drawn from sediment

— collected with the same cores as used for nitrification and denitritication measurements. As an
inhibitor had to be added throughout the sediment in the nitrification experiment special cores
were needed for this. These were 3.3 cm in diameter, had silica—sealed holes each one
centimetre on one side and were about 10 cm high. For practical reasons these were also used
for denitrification experiments instead of the kajak cores.

Fringing
/ Reef

6015'5—

Mozambique

0
- 10km
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Figure 2. Map of Tanzania and Unguja Figure 3. Map of Chwaka bay and sites
Island showing the location of Chwaka of investigation. (Modiiied from
bay. (Mohammed & Johnstone, 1995) Cederlöf et al., 1995)

Sediment characterisation

In order to achieve a characterisation of the sediment at each site it was analysed on grain size,
water content, porosity and TOC and TN. This allowed the results from nitriiication and
denitrifieation to be related to the character of the sediment.

Grain size might be correlated to the microbial biomass and is therefore of interest (e.g.
Johnstone et al. 1990). For this analysis approximately 400 ml of sediment was collected and



dried at SSOC for one week before shaken in a shaking machine. Thereatter each size fraction
was weighed.

Water content and porosity are correlated to grain size and has an impact on tluxes and
transport of dissolved nutrients within the sediment. Porosity must also be known for the
calculation of ammonium concentrations in the nitrification experiment. TOC and TN are
measurements on the amount and quality of organic matter in the sediment. For water content,
porosity, TOC and TN, a known volume of sediment was weighed and dried in 550 C until
constant weight. The water content was then calculated from the loss of weight. Half of the
samples, that is four from each site, were then used for porosity measurements. The dried
sample were put in a measuring vial and from the volume of dry sediment the porosity was
calculated. The rest of the dried sediment samples, four from each site, were used for TC (total
carbon) and TN analysis. TC and TN were determined by combustion on a CHN—analyser
(LECO—900). TOC was analysed the same way on sediments treated with 10 % HCl to drive
off carbonates. Data thus received for TOC were recalculated to sediment densities prior to
treatment, assuming that the acid does not affect nitrogen.

Porewater nutrient concentrations

Another characteristics of the sediment is the porewater nutrient concentration. As both
nitrification and denitritication might be substrate—limited, nutrient concentrations are
important parameters to measure. Since nitrification analysis was done on the upper two
centimetres the nutrient concentration in this layer was measured. Profiles were also done to
achieve an idea of the distribution with depth.

Profiles

The profile sediment cores were sliced immediately upon sampling in fractions of 005, 0.5—1,
1—1.5, 1.5—2, 2—3, 3—4, 4—5, 9-10 and 14—15 centimetres and put in centrifuge vials. Those were
put on ice until arrival at the laboratory. After ten minutes of centrifugation at a Jouan ClZ at
3000 x g, the porewater was collected and filtered. Owing to difficulties in getting a sufficient
amount of water out of the sediment samples, the porewater from the three cores collected at
site 3 were pooled before analysis. In the same manner samples from the two cores collected at
site 1 were pooled. The samples from site 2 were analysed separately. Still there was not
enough sample for ammonium analysis, so prohles were only achieved for nitrate + nitrite.
Nitrate + nitrite analysis was carried out on an autoanalyser consisting of a Sampletron
sampler, a Labassco pump PA—4, and a Milton Roy spectronic 601 spectrophotometer, using
the technicon—type method.

Upper two centimetres

The two upper centimetres of sediment were collected in centrifuge vials immediately after
sampling and brought back in iceboxes to the laboratory. After addition of KCl (l :l V/V, lN
solution) and ten minutes of centrifugation at a Jouan ClZ at 3000 x g, the extracted
porewater was filtered through GF/F filters. KCl was added to extract ammonium adsorbed
onto particles, since this ammonium might desorb and become available for biota- The samples
were then stored at --200 C until analyses of ammonium and nitrate + nitrite concentration.
Data from the profiles were added to that from the nitrate + nitrite analysis (average
concentration in the 0—2 cm layer).



Nitriflcation

Nitrilication was measured using an inhibition method: addition of ATU inhibits the first step in
the process of conversion ofNH4+ to NO3” (Hall, 1984). The subsequent accumulation of NHJ
is taken as a measure of the rate. There are only a few methods of measuring nitrification in
intact cores, all based on the above principle. N—serve has been used instead of ATU, but is
more easily degradable (Hall, 1984). Lately a method using acetylene as an inhibitor in a flow
through systern has been presented (Sloth et al. 1992). However, this method was too
complicated to perform under the conditions prevailing during this study. lt also suffers from
the drawbacks of measuring nitrification rate as the increase of ammonium in inhibited cores as
does the ATU—inhibition method.

ATU was added to a concentration of approximately 10 mg/l in both the overlying and pore
water; it was injected to the sediment through the silica sealed holes with a Hamilton syringe
and dispersed in five different directions in each hole to maximise diffusion. Three cores were
sacrificed (i.e. the uppermost two centimetres of sediment and a water sample which was
filtered were collected) in the beginning and the rest, seven or eight cores, after eight to ten
hours of incubation. The first time only four replicates were used though and the incubation
time was four hours. Owing to the large variance obtained from this first experiment the
number of replicates were increased as was the incubation time. Incubation were performed at
in situ temperature with a magnetic stirrer in each core to ensure sufficient oxygen levels, and
under both light and dark conditions. The samples were then stored in ice until arrival at the
laboratory. Since the processes regulating adsorption and desorption are not known, KCl was
added to the sediment samples before centrifugation. KCl (111 V/V, lN solution) was added
and after ten minutes of centrifugation at a Jouan C12 at 3000 x g, the porewater was
collected and filtered. All the samples were then stored at ——200C with phenol added until
analysis which took place within 7 days. The phenol increase the durability of the samples.
Ammonium analysis were carried out using the method of Parson et al. (1989) using a
Shimadzu UV— 1201 spectrophotometer.

Denitrification

The denitrification rate was measured using the isotope pairing technique: 15NO:." is added to
the sediment cores and after incubation the amounts of 28N2, 29NZ and 30N; are determined on
a mass-spectrometer (Nielsen, 1992). This is one of the newest methods for measuring
denitrification, which has proven to be both easy and reliable ( e.g. Nielsen, 1992; Pelegri et al.
1994; Nielsen & Glud, 1996).

Labelled 15NOJ was added to the water column of each core to an approximate concentration
of 50 uM NOg'. A water sample was taken both before and after addition to know the
concentrations and relative amounts of labelled and unlabelled nitrate. The cores were then
sealed with no air left within the cores to inhibit any gas exchange. Each core was equipped
with a magnetic stirrer to ensure mixing of the water phase. Six cores of which half were
incubated in the light and half in the dark, were collected from each site. After 4 1/;>. hours of
incubation the seals were broken and the sediment vigorously stirred to allow oxygen to
penetrate into the sediment, thus stopping any further denitrification. A water sample was
withdrawn from each core and put in 5 ml exetainers containing 20 ul of 100 mM ZnCl to
inhibit all microbial activity. The samples were stored this way until they were analysed in a
mass spectrometer according to Nielsen (1992). Water samples for NO; analysis were put on
ice until arrival at the laboratory where they were stored at —200C until analysis which took
place within 2 1/.7. weeks. The analysis were carried out on a Bran & Lubbe, Technicon auto—-
analyser using Technicon industrial method n9 857—871. Because of the high detection level of



the method (0.2 mg/l) the samples had to be spiked, using 250 ul of 2 mg/l standard solution to
5 ml of sample. The method actually measures the amount of nitrate + nitrite, but since the
amount of nitrite usually is an order of magnitude lower than nitrate the concentration
measured can be regarded as the concentration of nitrate (Sharp, 1983). Calculations of rates
were then carried out as described in Nielsen (1992). Further, the obtained rates were
extrapolated to ambient nitrate concentrations assuming a linear relationship between
denitrification rates and water column nitrate concentrations as shown by Pelegri et al. (1994)
and Nielsen & Glud (1996).

Results

Sediment characterisation

Results from grain size analysis showed that sediments from the two inner sites were similar
but the sediment at site 3 was different. Water content and porosity of the sediment decreased
from site 1 to 3 as did TOC and TN content while C:N ratios increased.

The sediment at site 1 were coarse and consisted to a large extent of Halomeda Spp.
fragments. At some spots small shells had accumulated. The sediment at site 2 was very similar
both regarding grain size and constitution though there was no accumulation of shells
anywhere (figure 4a and b). At site 3 the sediment was notably different; a well—sorted
comparatively finer sand (figure 4c). Still less than 25 % of the material were smaller than 44).
Directly outside the seagrass meadows, at least at site 1 and 2, approximately 1—2 centimetres
of the upper layers of the sediment is rearranged each time of maximal spring tidal current
(personal observation). The above is reflected in the low water content and porosity values
(table 1).

. . . !Site 1 Site 2 Site 3
30 30 30 .

20 20 + 20 __ __e '— s s ——
10 __ 10 - 10 4 i

4 3 2 l 0 —l 4 3 2 l 0 —1
(? (b

Figure 4a. b and 0. Grain size analysis for sediments at three sites in Chwaka bay. (i) is the grain
size index. where 2'4” is the diameter in mm.

There was a significant difference in both the TOC and TN content between the sites (Kruskal—
Wallis, p ( 0.05 for both roc and TN). roc values lies within the range of 020. % dw'l
organic carbon common for subtropical seagrass beds (Moriarty & Boon, 1989). However, TN
values are about ten times higher than the organic nitrogen content of 0008—004 % dw"1:
reported in the literature. Thus the organic matter analysed in this study was of a much higher
quality (that is; it had a higher C:N ratio) than has been reported earlier from similar areas. It is
also of note that the C:N ratios decreased from site 3 to site 1 even though the difference was



not significant (Kruskal—Wallis, p = 0.58). Reasons for this and what it might imply will be
discussed further.

Table l. Water content, porosity, TOC (total organic carbon), TN (total nitrogen) and C:N ratios
for sediments at three sites in Chwaka bay (j: one standard deviation).

Water content % Porosity % TOC % dw"1 TN % dw"1 C:N ratio
Site 1 58.85i468 71.0i11 1.62i0_48 O.34i0.04 6.653
Site 2 51.48.1549 6353—117 1161—037 O.14ir0.03 81112
Site 3 36.19i160 53.1i33 0.37:l.17 0.04i0.01 8.6ä8

Porewater nutrient concentrations

Profiles

The nitrate + nitrite concentration in the sediment porewater profiles varied between 1 and 15
uM (figure 5 a, b and c) and showed a different pattern for all three sites. Both nitrate + nitrite
and ammoniurn concentrations in the upper two centimetres showed a large variation at all
sites. While ammonium concentrations were within the range reported from other tropical
areas nitrate + nitrite concentrations were slightly higher.

Site 1 Site 2 Site 3
C (uM) C (M) C (M)

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
o % 1 1 O 1— 1 1 i o 1 1 i

—2 —» —2 —— —2 ——

—4 " 4 1 —4 *

__5 *6 T _5 —6 "" 5 *6

CL 3114 Cl.

&? å 55_a —— _s 2_ _a 4—

—10 —— —10-'i —10

—12 —— —12 —12

44 " 44 —— _14
4) !

—16 —16 -16
Figure Sa, 1) and c. Variations in porewater NO3' + NOJ concentration with depth at site 1, 2 and

3 respectively,, Chwaka bay, November 13 1995. The profiles from site 1 and 3 represent
p—ooled samples from two and three cores respectively. The prohle from site two represent
averages of samples from three cores that have been treated separately. An exception is the
value for 14.5 cm depth which is from one single sample. The error bars represent one
standard deviation.

At site 2 the concentrations were lower than at the other sites throughout the sediment
column. The nitrate + nitrite concentration at site 1 were approximately 4 MM down to 1.75



cm depth where the concentration increased to a maximum of over 15uM at 45 cm depth. The
high values at a greater depth as these at 9.5 and 145 cm depth are exceptional. No values
were obtained for site 3 below 3.5 cm depth from where the maximum value for the profile
was obtained. The concentration decreased towards the surface with a minimum at 0.75 cm
depth.

At site 2 and 3 the concentration also seemed to decrease from the surface to 0.75 cm depth.
No value was obtained for 0.25 cm depth at site 1 because of difficulties mentioned in the
material and methods chapter- It should be noted though that this trend at site 2 and 3 was only
between two points; that the curve from site three was from pooled samples, and that the
comparably higher value from the surface sediments of site 2 mostly was the consequence of
one single high value of 67 uM. Similarly a high value of 7.3 uM at 3.5 cm depth, site 2,
increased the mean significantly.

Upper two centimetres

The concentration of KCl—extractable ammonium in the uppermost two centimetres of
sediment ranged from 5.5 pM to 39.6 nM with means of 160—288 uM (table 2). This is
within the range 5—40 uM previously reported from tropical seagrass beds (Boon, 1986;
Montgomery et al., 1979; Patriquin, 1972). There were no significant differences between sites
(Kruskal—Wallis, p = 0.16). However, the porewater collected at different occasions differed
significantly (Kruskal—Wallis, p = 0.05) with means ranging from 6.1 nM to 34.9 uM.

Nitrate + nitiite concentrations in the uppermost two centimetres of sediment ranged from 0.8
uM to 14.0 uM with means from 5.6 uM to 78 pM (table 2). Though there were no
differences between the sites (Kruskal—Wallis, p = 0.67), there was a difference between
sampling occasions (Kruskal-Wallis, p = 0.10). The concentrations obtained in this study were
higher than those earlier reported from tropical seagrass beds. These are commonly less than 5
uM (Boon, 1986; Montgomery et al., 1979; Patriquin, 1972).

The spatial and/or temporal variation may be of significant importance for nitrification and
denitrification and will be further discussed.

Table 2. Concentrations (i one standard deviation) of KCl—extractable ammonium and nitrate +
nitri'te in the porewater of the uppermost two centimetres of the sediments of seagrass beds in
Chwaka bay at low tide during the minor wet season, 1995. N is number of replicates.

Mean concentration N Mean concentration N
NHJ (PM) Nor + Nor (uM)

Site 1 25.63.1117 5 631130 5
Site 2 28.8t84 9 5.6:t36 7
Site3 16.0i11.1 6 7.8i37 6

Nitrification

Nitrification rates were low in comparison to rates reported in the literature. There was
however a very large variation between the cores at each experiment. There were no
significant difference between light and dark incubation.

As the variation between the cores in the very first experiment was extremely high (table 3) the
experiment was repeated with an increased number of replicates and longer incubation time.
The variation did decrease but was still very large (table 4). Discarding the nitrification rates
measured in the very first experiment, which represents the extremes of all rates measured, the
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rates varied between —1.3 nmol N m'Zh"1 and 12.0 nmol N m'zh"1 '. The difference between light
and dark incubations were not significant (Wilcoxon matched—pairs signed-rank test, p = 0.27).

Earlier studies have shown rates of 04—125 and 3 nmol N g"1h"1 (dry weight) for a temperate
and subtropical environment respectively (Horrigan & Capone, 1985; Koike & Hattori, 1978).
Assuming a water content of 50 % and a density of 15 gem"3, this is 6-19 and 45 umol N
mizh'1 respectively. Thus the rates measured here were close to those earlier found.

The ammonia concentration in the cores sacrificed at time O, was generally equal to or up to 2
times higher than the controls, thus suggesting some ammonia—consuming process other than
nitrification.

Table 3. Nitrification (i 95 % Cl for difference of means) at site 2 in Chwaka bay during the
minor wet season, 1995, with four replicates and four hours of incubation time.

Nitrification rate nmol N m'zh'1
Site 2, light —3.8:1:39_8
Site 2, dark 31.1i588

Denitritication

Denitritication rates were very low in comparison to other studies in similar areas and were
only caused by diffusion of nitrate from the overlying water. Again the variation was large.

Denitrification rates varied between 0.37 and 272 nmol N mah"1 (table 4), and the variance
between cores was again large. Pelegri et al. (1994) and Nielsen & Glud (1996), using the
same method found a linear relationship between denitrification rates and nitrate added.
Recalculation of rates obtained in this study to ambient nitrate concentrations in the water
column gives rates of up to 157 nmol N mani. The denitritication originated only from nitrate
diffusion from the overlying water column to the site of denitrification. No coupled
nitrification—denitrification occurred in any of the cores. There was no significant difference
between the sites (Kruskal—Wallis, p = 0.24) or between light and dark incubations (Mann—-
Whitney U— Wilcoxon rank sum W test, p == 0. 17).

Data for denitriflcation put together by Moriarty & Boon (1989) show rates commonly less
than 1.2 nmol N g'lh"1 common for seagrass beds, which, assuming a water content of 50 %
and a density of 1.5 gcm'3 , gives rates of less than 36 nmol N m'zh"1 for a 4 cm layer. This is
up to 300 times higher than the rates measured here when recalculated to ambient substrate
concentrations.

Table 4. Nitrification (i— 95 % C 1 for difference of means) and denitrification rates (tone standard
deviation) at different sites in Chwaka bay during the minor wet season, 1995. The number of
controls and inhibited cores respectively for nitrification experiment weret & 7.7 b 8.8 G 7,6 d
6,8 & 6,6. In denitrification experiment all numbers are based on 3 replicates.

Nitrification rate nmol N rn"2h'1 Denitrification rate nmol N mah"!
Site l, light —l.3j:l4.7a 1.2535118
Site 2, light 1201—134a 0.85i084
Site 3, light 6.1_—1:11_5b 0371—064

Site 1, dark 10.2i88C 18932269
Site 2, dark 3.11—149d 2.72i1.10
Site 3, dark 4.86i112e 0.67i070
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Discussion

As was discussed in the introduction seagrass communities play a major role in the
trophodynamics and ecosystem behaviour of many shallow coastal areas. In line with this there
have been a number of studies which have considered the role of seagrasses in coastal
ecosystems and how significant they might be as a link between adjacent biotopes such as
mangroves and coral reefs. Accordingly it is of great importance to understand how seagrass
communities might remineralise nutrients and what the major processes involved are.

Spatial and temporal variation
To make an estimation of the magnitude and importance of different processes measured the
representability and reliability of data has to be considered. In Chwaka bay, as was mentioned
in the material and methods chapter, seagrass communities cover approximately 20—25 % of
the area of the bay. These differ in species composition, character of sediment, water depth,
tidal water current etc. As has been shown in this study there is also a large variation in the
small scale regarding several parameters measured. This does not necessarily mean that the
data is less reliable. However, the variation, between and within the sites of investigation, has
to be considered more thoroughly before any general conclusions about the area can be made.

The physical character of the sediment was the only parameter measured that proved to be
rather homogeneous within each site though differing between sites. The decreasing porosity
and water content of the sediment from site 1 to 3 was unexpected considering that site 1 is
closest to the channel and site 3 furthest away, and assuming that the tidal current is the major
water movement. This must be accounted to the characteristics of the sediment though, the
shape of the frequent Halomeda spp. fragments at site 1 and 2. As was mentioned earlier the
sediments showed the characteristics of a turbulent bottom. Two of the major consequences
will be the impact on porewater nutrient concentrations and oxygenation.

The organic content of the sediment, here measured as TOC and TN, varied spatially rather
much within each site. Organic matter may originate from roots, sedimentation of plants or
animals, bacteria, algae etc. Neither of these are likely to be totally evenly distributed, so a
variation may be expected. For example will decaying plant and animals will be randomly
distributed, and in a tropical environment where nutrients often are limiting factors, bacteria
and algae will show a patchy appearance because of temporally limited nutrient sources.

Still, there was a significant decrease of TOC and TN with distance from the mangroves. This
supports the theory of an outwelling of particulate material from the mangroves. A study of
Gazi bay, Kenya, which is very similar to Chwaka, showed a strong connection between the
mangroves and the seagrass areas outside (Hemminga et al., 1994). Organic material was
transported from the mangroves and back with the tidal water current, the effect decreasing
with the distance. Thus it is a fair assumption that the larger organic content in the sediment
closer to the mangroves owing to the proximity to the mangroves and a larger allocthonous
organic load.

The difference in C:N ratio was small, but is worth discussing. A higher C:N ratio may be due
to a larger amount of refractory carbon and/or a preference for nitrogen in the processing. This
increasing C:N ratio with distance from the mangroves may then support the theory of
outwelling organic material from the mangroves and it also states that the quality of organic
matter decreases.

However, the differences in TOC and TN between the sites did not result in any significant
difference in the ammonium and nitrate concentrations of the porewater. There was a
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significant difference between samples taken at separate occasions though, and a large
variation between samples taken at the same time and place. This large variation might obscure
any difference between the sites but what is interesting in the light of the results from the
nitrification and denitrification measurements was this large spatial variation in the smaller
scale. This variation might be caused by feeding fishes, digging benthic fauna, roots and
rhizomes of seagrasses etc. The high values for nitrate + nitrite at a larger depth at site 1 are
probably an effect of digging animals. Further, the strong tidal current rearranging the upper
centimetres of the sediment as well as the difference in water depth will affect porewater
nutrient concentrations. The turbulence ought to increase diffusion from the sediment as would
a larger water depth since the ions have a larger volume to diffuse into.

Since seagrass production and processes such as nitrification and denitrification may be limited
by the availability of nutrients/substrate those variations are of importance, and Moriarty and
Boon (1989) suggest therefore that spatial variability in bacteria activities may be substantial
on a small scale in seagrass beds. As for porewater nutrient concentrations there were no
significant difference between the sites or any obvious trends in nitrification and denitrification.
There was though a large variation in nitrification and denitrification rate within each site. This
might thus have been caused by temporaral and spatial variations in substrate concentrations
and this variation might in turn, as was mentioned above, have been caused by feeding fishes,
digging benthic fauna, uneven distribution of decaying plants and animals etc. Decomposition
of organic matter releases ammonium. Digging, burrowing and other rearranging of the
sediment redistributes the ammonium. This is the substrate for several algae and seagrasses but
those may in turn be eaten by for example benthic feeding fishes. This uneven occurrence of,
and concurrence for, ammonium might cause the patchiness of nitrification. Similarly the
patchiness in denitrification could be explained.

As was noted above this variation in concentrations and rates does not necessarily mean that
the data is unreliable. It might be the effect of a very patchy environment and as such absolute
values are less reliable and general conclusions are more difficult to make. However, regarding
the data as a range within parameters are likely to fall general assumptions can be made.

Nitrogen pools and processes in the nitrogen cycle
The undoubtedly largest pool of nitrogen appears as particulate organic—N. This pool decreases
further out from the mangroves, as does the quality though statistically insignificantly. This
decreasing quality might imply that the communities further out are more nitrogen limited than
those further in. Still, the C:N ratios are very high. Compared to the data presented by
Moriarty & Boon (1989) the nitrogen content are about ten times higher. The ratios obtained
in this study are equal to the ratios in the sediments of Gazi bay (65—10) though (Hemminga et
al. 1994). The higher CzN ratio may be explained by a larger share of microbial biomass in the
organic matter.

A fraction of the total nitrogen appears as dissolved porewater nitrogen species. ln comparison
to normal values of less than 5 pM of nitrate + nitrite in the sediments of seagrasses (Boon,
1986; Montgomery et al., 1979, Patriquin, 1972), the values reported here (profiles and
surface sediments below) were slightly higher. Ammonium concentrations were within the
range common for tropical seagrass beds, 5-40 uM (Boon, 1986; Montgomery et al., 1979;
Patriquin, 1972). However, what was measured here was KCl—extractable ammonium which
includes both dissolved and absorbed ammonium, of which the latter is not directly available
for plants, algae or bacteria. Short et al. (1985) suggested that about one—third of the
ammonium is adsorbed in a carbonate sediment. Consequently the concentration of available
ammonium was somewhat lower in comparison.
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Simple measurements of nutrient concentrations in sediments or porewater may not accurately
represent availability though, as Forqurean et al. (1992) point out, since they do not take into
account the turnover times of the nutrient pools. Capone et al. (1992) found the ammonium
and nitrate pools of reef sediments to be highly dynamic, with estimated turnover times of (1
day. Rates of nutrient regeneration in tropical seagrass beds have been estimated to be 680 and
960 nmol N m'zh'1 in earlier studies (Blackburn et al., 1994, Boon, 1986). This is around 70
times the maximum nitrification rate measured in this study.

The porewater ammonium pool in itself is large enough to last for 28—120 h for the nitrifyers
given the rates measured. Koike & Hattori (1978) measured nitrification rates of about 45
umol N m'Zd"1 (nmol N g'lh'l) in subtropical Zoslera marina beds and Horrigan & Capone
found rates of about 6—19 nmol N mah1 (0.4—125 nmol N glh'l) in temperate Z. marina beds
ofNew York.. Both are flask experiments at ambient substrate concentrations. It is to be noted
though that the former had porewater ammonium concentrations of 810 uM. The latter had
concentrations equal to those in this study: 20—33 uM. The nitrification rates were also similar.

Factors affecting the nitrifying process are oxygen, ammonium concentration, light, pH and
temperature (Henriksen & Kemp, 1988; Risgaard—Petersen et al., 1994). Considering the
resuspension caused by tidal current in the area and that nitrate is still present at 14 cm depth,
oxygen does not seem to be a limiting factor for the nitrifying bacteria. The inconsequent
results regarding rates at light and dark incubations, especially the results from site two, refutes
the idea that light has any impact. The reported effects of light are also contradictory;
Henriksen and Kemp (1988) have shown light to be inhibitory whereas Risgaard—Petersen et
al. (1994) found that it impeded nitrification. Thus, since pH and temperature most likely can
be regarded of minor importance, the factor limiting nitrification must be substrate availability
even though there is, compared to the nitrilication rate, a large pool of ammonium

Seagrasses, macro- and benthic algae are all competitors with bacteria for ammonium, and in
this case they seem to be superior. Further support for the hypothesis that-a major part of the
ammonium is utilised by seagrasses and algae is the fact that the cores sacrificed at time 0 in
each nitrilication experiment usually had a ammonium concentration equal to, or higher than
the cores sacrificed at the end of the experiment. Usually a small increase of ammonia
concentration with time shows also in the controls because of the limited water volume into
which ammonia produced can diffuse (Hall, 1984; Sloth et al., 1992).

Here it is suitable to discuss the drawbacks of measuring the nitrification as the increase of
ammonium in inhibited cores though. lf there is a strong competition for ammonium any excess
caused by inhibited nitrification may result in a larger uptake, thus concealing some
nitrifrcation. There is thus a possibility that the nitrification rate is much higher than what has
been shown in this study. It would be of great interest to measure potential nitrification rates as
well as chlorophyll measurements parallel to nitrification measurements using the same method
as was used in this study. Although ammonium regeneration has not been measured in this
area, the difference between nitriiication rates measured in this study compared to nitrogen
regeneration rates reported in the literature is of a magnitude large enough to make it
presumable that nitrification is a minor route in the nitrogen cycle of Chwaka bay. Also, of the
rates measured, only one was truly significant on a 95 % significance level..

Given the maximum denitrification rate of 157 nmol N m"2h'1 it takes the denitrifyers more than
38 days to use up the available nitrate pool. Other studies in temperate Z. marina and tropical
Halodule beaudetti beds report rates of 5427 and 83—167 umol N mizh'1 respectively
(Kaspar, 1982; Blackburn et al., 1994). In the former the nitrate pool was 10—59 uM while it
was not determined for the latter. Analogous to nitrification, denitrification might be limited by
the supply of substrate in spite of the large pool of nitrate compared to the denitrification rate.
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The denitrifrcation is, like nitrification, regulated by oxygen and substrate concentrations along
with other factors such as temperature (Hattori, 1983; Klump & Martens, 1983). As discussed
above, oxygen ought to be sufiicient for nitrification, but from this it does not follow that
denitrification could not occur. Capone et al. (1992) measured denitrifrcation rates of up to
820 nmol N m”2h'1 in reef sediments under apparently aerobic conditions. It is most likely that
denitrification is inhibited and temporarily ceased by other processes leading to the loss of
nitrate. Studies in seagrass beds of subtropical Moreton bay (Boon et al., 1986) showed that
most nitrate was reduced to ammonium and that denitrifrcation was a minor route. In the reef
sediments investigated by Capone et al. (1992) the highest denitrification rates found were ( 5
% of nitrate reduction. Of the labelled nitrate added to the water column in direct
denitrification experiment done in a Mexican mangrove by Rivera—Monroy et al. (1995) most
was rediscovered as particulate matter after a few days, which is interesting considering that
this pathway seldom receives any attention in the literature. Also, even though most algae and
seagrasses seem to prefer ammonium as a nitrogen source, a large amount of nitrate may very
well be taken up and utilised by other organisms than denitrifying and ammonifying bacteria,
especially in a highly competitive systern such as a tropical are.
Even if nitrifrcation might be a minor pathway for the ammonium produced, this would not
necessarily mean that coupled nitrification—denitrification is of minor importance compared to
direct denitrification, keeping the low nitrate concentration in the water column in mind. The
results of this study showed however that no coupled nitrification—denitrification took place.
The increased concentration of nitrate in the water column will not affect the coupled
nitrification—denitrification either which has been shown (Pelegri et al., 1994, Nielsen and
Glud, 1996). As a consequence of the low ambient concentrations of nitrate in the
watercoloumn the direct nitrification will also be extremely low. Even though nitrate were
added to up to 50 times ambient concentrations denitrification was not detected at all in several
cores. The rates measured here recalculated to ambient nitrate concentrations were also very
low in comparison to rates obtained in other studies (above) being 60—300 times lower. Thus
denitriiication is unlikely to be any important loss in the nitrogen budget for the seagrass areas
investigated in Chwaka bay.

Importance of nitrification and denitrification in different areas
The nitrifrcation rates obtained in this study were close to or within the range of those obtained
in other areas. However, those were done in temperate and subtropical environments where
nitrogen nutrient regeneration is generally supposed to be slower than in tropical environments.
This would imply that nitrilication is a smaller pathway in the overall flow of nitrogen in
Chwaka bay than in the areas earlier studied. The denitrification rates obtained in this study is
much lower than in earlier studies, where both temperate and tropical environments are
represented. Thus this study indicate that in Chwaka bay, nitrification and denitrifrcation might
be less important pathways in the nitrogen cycle compared to other areas previously studied

Implications for Chwaka bay
In Chwaka bay there is probably an outwelling of organic material resulting in heterotrophic
communities closer to the mangroves. This does not seem to affect porewater nutrient
concentrations though which were not significantly different between the sites. Neither were
nitrification and denitrifrcation rates. Compared to nitrogen regeneration rates common for
tropical seagrass beds both nitrification and denitrification are low. Thus these might be minor
pathways in the nitrogen cycle of Chwaka bay, and this irrespective of organic load. The
insignificant difference in porewater nutrient concentrations also indicated that any excess of
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nitrogen from a larger organic load is effectively utilised and brought into the system. The
situation in Zanzibar today, with an increasing population and explosively increasing tourism
bringing hotel development along the Shoreline, will most certainly increase the stress of the
nearshore coastal area. As indicated by this study a larger organic load may result in more
heterotrophic systems, probably with more benthic feeders and maybe more benthic algae.



lö

Acknowledgements
This study have been possible through a generous scholarship from the Swedish Centre for
Coastal Development and Management of Aquatic Resources (SWEDMAR) which is a
department of the Swedish International Development Authorities (SIDA). I would like to
thank Professor Sven Halldin, who has been the examinator together with Doctor Allan Rhode
and Doctor Lars—Christer Lundin, for criticism on the structure. Mayor gratitude is given my
supervisor Doctor Ron Johnstone at the Institution of Zoology, Stockholm University, who
has taken the initiative to, and worked the study out; who has arranged the linancing, given
advise on the structure and content of the report and not the least been cheerful and
encouraging all the way through. Lots of thanks to all the charming people, researchers and
staff at the Institute of Marine Sciences, Zanzibar, for all cooperation. Also thanks to those
villagers in Chwaka who helped us. Ebba Jordelius has helped me with field work and analysis
and Anne Stockenberg with analysis and advise on the structure and content of the report.
They are both given my most sincere gratitude for all encouragement, fruitful discussions and
moral support.

Figures 2 and 3 are reproduced with kind permission from the Royal Swedish Academy of
Science.



17

References

Published references

Blackburn, T. H., Nedwell, D. B., Wiebe, W. J. (1994) Active mineral cycling in a Jamaican seagrass sediment.
Marine Ecology Progress Series. 1101233—239

Boon, P. 1. (1986) Uptake and release of nitrogen compounds in coral reef and seagrass Ylvalassia hemprichii
(Ehrenb) Acsers., bed sediments at Lizard island, Queensland. Australian Journal ofMarine and
Freshwater Research 37: 1 1—19

Boon, P. I., Moriarty, D. J. W., Saftigna, P. G. (1986) Rates of ammonium turnover and the role of ammo-acid
deamination in seagrass (Zostera capricorni ) beds of Moreton bay. Australia. Marine Biologi»
91:269-76

Capone, D. G., Dunham, S. E, Horrigan, S. G., Duguay, L. E. (1992) Microbial nitrogen transformations in
unconsolidated coral reef sediments. Affarine Ecology Progress Series. 80:75—88

Capone, D. G., Taylor, B. P., (1980) Microbial nitrogen cycling in a seagrass community. ln: Kennedy, V. S.
(ed) Estuarine perspectives. Academic, New York pp. 153—161

Cederlöf, U, Rydberg, L, Mgendi, M, Mwaipopo, 0. (1995) Tidal exchange in a warm tropical lagoon:
Chwaka bay. Zanzibar. AMBIO 24:458—464

Fonseca, M. S., Fisher, J. S., Zieman, J. C., Thayer, G. W. (1982) Influence of seagrass, Zostera marina l... on
current flow. Estuarine, Coastal and ShelfScience 15:351—364

Forqurean, J. W., Zieman. J. C. Powell, G. V. N. (1992) Relationships between porewater nutrients and
seagrasses in a subtropical carbonate environment. Marine Biology 114157—65

Hall, G. H. (1984) Measurement of nitrification rates in lake sediments: comparison of the nitrification
inhibitors nitrapyrin and allylthiourea. Allicrobial Ecology 10:25—36

Hatcher, B. G., Johannes. R. E, Robertson, A. 1. (1989) Review of research relevant to the conservation of
shallow tropical marine ecosystems. Oceanography and ll/Iarine Biology Annual Reiew 27:337—414

Hattori, A. (1983) Denitriiication and dissimilatory nitrate reduction In: Carpenter, E. J. Capone, D. G. (eds)
Nitrogen in the marine environment. Academic Press, New York. pp. 105—137

Hemminga, M. A.,. Slim, F. J., Kazungu. J., Ganssen, G. M., Niewenhuze, J.. Kruyt, N. M. (1994) Carbon
outwelling from a mangrove forest with adjacent seagrass beds and coral reefs (Gazi bay, Kenya)
.:lflarine Eco/ogv Progress Series. 1061291-301

Henriksen, K. Kemp. W. M. (1988) Nitrification in estuarine and coastal marine sediments. ln: Blackburn. T.
H., Sorensen, J. (eds) Nitrogen eye/ing in marine coastal environments. SCOPE series, J Wiley &
Sons. New York pp. 201—249

Hillman, K., Walker. D. 1._. Larkum, A. W. D., Mc Comb. A. J. (1989) Productivity and nutrient limitation. ln:
Larkum A. W. D., Mc Comb. A. J. Shepherd. S. A. (eds) Biologi/' ofseagrasses. Elsevier.
Amsterdam pp. 635—685

Horrigan, S. G., Capone, D. G. (1985) Rates of nitrification and nitrate reduction in nearshore marine
sediments at near ambient substrate concentrations. Maine Chemistry 1613 17—327

Johnstone, R., Koop. K, Larkum, A. W. D. (1990) Physical aspects of coral reel lagoon sediments in relation
to detritns processing and primary production. Marine Ecology Progress Series. 66:273—283



18

Kaspar, H. F. (1982) Denitritication in marine sediments: Measurement of capacity and estimate of in situ rate.
Applied Environmental Alicrobiologv. 43:522—527

Klump, J. V., Martens, C. S. (1983) Benthic nitrogen regeneration. In: Carpenter, E. J., Capone, D. G. (eds.)
Nitrogen in the marine environment. Academic press, New York, pp. 41 1—457

Koike, I., Hattori, A. (1978) Simultaneous meaurements of nitrification and nitrate reduction in coastal
sediments by a 15N dilution technique. Applied Environmental Microbiology 35:853—857

Koop, K., Larkum, A. W. D. (1986) Deposition of organic material in a coral reef lagoon, One Tree Island,
Great Barrier reef. Estuarine, Coastal and ShelfScience 25: 1—9

Mann, K. H. (1982) Ecology ofcoastal waters. University of California Press

Mohammed, S. M., Johnstone, R. W. (1995) Spatial and temporal variations in water column nutrient
concentrations in a tidally dominated mangrove creek; Chwaka bay, Zanzibar. AMBIO 24:482—486

Montgomery, J. R., Zimmerman, C. F., Price. M. T. (1979) The collection, analysis and variation of nutrients
in estuarine porewater. Estuarine, Coastal and ShelfScience 9:203—224

Moriarty, D. I . W., Boon, P. I. (1989) Interactions of seagrasses with sediment and water. In: Larkum A. W.
D., Mc Comb, A. I., Shepherd, S. A. (eds) Biology ofseagrasses. Elsevier, Amsterdam pp. 500—535

Nielsen, L. P. (1992) Denitrification in sediment determined from nitrogen isotope pairing. FEMS
Microbiology and Ecology 86:327-362

Nielsen, L. P., Glud, R. N. (1996) Denitrification in a coastal sediment measured in situ by the nitrogen isotope
pairing technique applied to a benthic flux chamber. li,/[arme Ecology Progress Series 137: 181—186

Parson, T. R., Malta, Y., Lalli, C. M. (1989) A manual ofchemical and biological n'iethoclsfor seawater
analysis. Pergamon Press

Patriquin, D. G. (1972) The origin of nitrogen and phosphorus for growth of the marine angiosperm 'l'halassia
testudinum. ll/[arine Biology 15:35—46

Pelegri, S. P., Nielsen, L. P., Blackburn, T. H. (1994) Denitrification in estaurine sediment stimulated by the
irrigation activity of the amphipod Corophium volutator. Alarine Ecologv Progress Series 1051285—
290

Robertson, A. I., Lee Long, W. J. (1991) The influence of nutrient and sediment loads on tropical mangrove
and seagrass ecosystems. ln: Landuse pattern and nutrient loading of the Great Barrier Reefregion,
Proceeding off/ie work shop at James Cook University, North Qeens/and, ] 7—l 8 November 1990,
pp. 197—208

Risgaard—Petersen, N., Rysgaard, S., Nielsen, L. P., Revsbech, N. P. (1994) Diurnal variation of denitrilication
and nitrification in sediments colonised by benthic microphytes. Limno/ogy and Oceanography
39:573—579

Rivera—Monroy, V. H, Twilley, R. R., Boustany, R. G., Day, 1 . W., Vera—Herrera, F., Ramirez, M. dC . (1995)
Direct denitrification in mangrove sediments in Terminos Lagoon. Mexico. ittarine Eco/ngr
Progress Series 126397—109

Sharp, ] . H. (1983) The distribution of inorganic nitrogen and dissolved and particulate organic nitrogen in the
sea. ln: Carpenter, E. J ., Capone, D. (eds) Nitrogen in the marine environment. Academic Press,
New York, pp. 1—35

Short, F. T. (1987) Effects of sediment nutrients on seagrasses: literature review and mesocosm experiment.
Aquatic Botanv 27:41—57 —

18



19

Sloth, N. P., Nielsen, N. P., Blackburn, T. H. (1992) Nitrification in sediment cores measured with acetylene
inhibition. Linmology and Oceanograp/ty 37: 1 108—1 112

Woodroffe, C. D. (1985) Studies of a mangrove basin, Tuff crater, New Zealand. III The flux of organic and
inorganic particulate matter. Estuarine, Coastal and ShelfScience 20:447—462

Unpublished references

Jordelius, E. ( 1996) Productivity and nutrient dynamics of benthic communities in Chwaka bay, Tanzania,
September-November, 1995. Undergraduate thesis. Institution of Zoology, Stockholm, manuscript


