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Abstract

The principal primary producers in mangroves are the mangrove trees, although

microphytobenthos contribute significantly to primary production. Recent studies have found

microphytobenthos to be an important component of food webs in other intertidal ecosystems

such as salt marshes and mudflats, and it has been suggested that their potential role in

mangrove ecosystems deserves further study. The objective of this study was to estimate

microphytobenthic production and the distribution of sediment chlorophyll a in areas of

mangrove forests with different replanting regimes. The examined sites were a denuded area

(D), a matrix plantation (MP) and an integrated plantation (IP), both 10 years old, and an old

natural forest (N). All sites have previously been covered with natural mangrove forest.

Conspicuous microalgal clods were also investigated (MA). The mapping of sediment

chlorophyll a content was done within each site. The chlorophyll a content was also

determined in the metabolism samples and used as an index for microalgal biomass. With the

results from the metabolism and chlorophyll a measurements Le. production, respiration and

biomass, ratios like P/R and B/R could be calculated. Site D, site IP and site N were similar

despite differences in both forest density and sediment type. The similarity in chlorophyll a

between the mapping samples and the metabolism samples suggested that the metabolism

samples were representative for all sites. MA had a respiration of 0.24 gCm·2
, while the other

sites had a respiration of between 0.06 and 0.1 gCm·2
• Net production amounting to almost 2

gCm·2 was highest at MA and differed from all other sites. Site D (0.12 gCm·2
) differed from

both site IP (-0.04 gCm·2
) and site N (-0.10 gCm·2

), as did site MP (0.14 gCm·2
). The gross

production for MA was 2.20 gCm·2 and differed from all sites, also site D (0.19 gCm·2
) and

site MP (0.24 gCm'2 ) grouped together and differed from site IP (0.06 gCm'2 ) and site N (

0.04 gCm'z ). The turnover time varied between 8 and 21 days for the sites. The net production

of 1.4 gC per g chlorophyll a showed that MA had higher production efficiency than all sites,

which ranged between -0.1 and 0.3 g C per g chlorophyll a. There was a strong correlation

between chlorophyll a and gross production, e.g. increased chlorophyll a resulted in increased

gross production. For microphytobenthos, their part of the function as primary producers

seemed to vary in proportion in mangrove areas of different replanting regimes. Being the

only primary producer in denuded areas compared to being a small part of that function in

dense natural forests. In conclusion, as a primary producer, microphytobenthic communities

seem to vary in importance with the state of the mangrove ecosystem but yet they seem to be

an important part of all mangrove ecosystems including the different replanting regimes.
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Introduction

Throughout the world, mangrove habitats are being drastically reduced. In many countries

great efforts are being made to restore previously destroyed mangroves by replanting

programs - reforestation (Hogarth, 1999). Reasons for these efforts are awareness of the value

of goods and services from mangroves e.g. resource for fisheries, prevention of costal erosion

and life supporting products (fire wood, food and building material) (Primavera, 1996;

Ronnback, 1999) or for global biodiversity (Hogart, 1999). Recent studies have mainly

focused on the big primary producers in mangroves e.g. the trees (Hogarth, 1999) while

microscopic producers have largely been ignored (Miller et aI, 1996). The contribution from

these microscopic sources deserves more attention, as the high turnover time of their

production may more than compensate for the low standing-crop biomass (Lee, 2000). In the

rehabilitation process, these are also the first organisms to colonize, and they may playa large

role in the succession as sediment stabilisers (Miller et al., 1996).

Photosynthesis and primary production are basic ecological functions in mangroves, as for

almost all ecosystems. The principal primary producers in mangroves are the mangrove trees

(Hogarth, 1999), although rnicrophytobenthos contribute significantly in terms of both

photosynthesis and primary production (Clough, 1992; MacIntyre and Cullen, 1995;

MacIntyre et al., 1996; Hogarth, 1999; Lee, 2000). In mangroves, microalgae are found on

both hard substrate, e.g. pneumatophores, aerial roots and trunks, and soft substrate, e.g. the

sediment i.e. microphytobenthos, where they form mat-like structures (Stal, 1995; Toledo et

al., 1995a; Hogarth, 1999). Microbial mats are often formed in environments with high rates

of sedimentation, for example mangroves. These mats consist mainly of cyanobacteria, but

also unicellular diatoms are abundant (Stal, 1995; Hogarth, 1999). Cyanobacteria are

photoautotrophic prokaryotes and most of them are also diazotrophic organisms, meaning

they are photosynthesising prokaryotes that posses the ability to fix nitrogen from the air.

Since the marine environment is usually considered nitrogen-limited, the capacity for

diazotrophic growth would therefore present an important advantage for marine cyanobacteria

(Stal, 1995). The mats use sunlight as energy source, water as electron donor and CO2 as a

carbon source (Stal, 1995; MacIntyre et al., 1996; Raven et al., 1999). Nonheterocystus

species such as the cosmopolitan species Microcoleus sp., Scytonema sp. and Oscillatoria sp.

are dominant cyanobacteria in microbial mats of mangrove forests (Stal, 1995; Toledo et al.,

1995a). In the early nineties Alongi (1992) attributed the low microphytobenthic production
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in old mangrove forests to light limitation and/or inhibition by soluble tannins. Recent studies

have found microphytobenthos to be an important component of food webs in other intertidal

ecosystems such as salt marshes and mudflats (Currin et aI., 1995; Stal, 1995; Newell et aI.,

1995; Miller et aI., 1996; Page, 1997; Blanchard et aI., 2001), and it has been suggested that

their potential role in mangrove ecosystems deserves further study (Newell et aI., 1995; Lee,

2000).

The objective of this degree project was to estimate microphytobenthic production and the

distribution of sediment chlorophyll a in different areas of mangrove forests. The intention of

this study was to fill gaps of missing knowledge in this ecosystem function of mangrove

forests, not only in general, but also to study the role that microphytobenthos might playas a

primary producer in mangrove forests of different replanting regimes. In doing so it might

provide a valuable basis of scientific knowledge for the development of future management

strategies aiming to restore not only the structure, but also the functions of mangrove

ecosystems.

Material and methods

This study was performed in Gazi Bay, Kenya, outside Mombasa (see Figure 1). Gazi Bay is

located on the southern coast of Kenya, close to the Tanzanian border. Gazi Creek is a

shallow channel approximately 4 km long and fringed by about 6.62 km2 of estuarine

mangrove forest. A total area of 15 ha has been replanted in the Gazi Bay area as part of a

reforestation program initiated by the Kenya Marine and Fisheries Research Institute

(KMFRI) in 1993. Replanted plots of Sonneratia alba with two different replanting strategies

are found along the fringe of the Gazi estuary and these were used in the fieldwork. KMFRI

has a small field station located in Gazi village at which mangrove research is carried out.

Collaboration with Kenyan M.Sc. Jared 0 Bosire and Swedish Ph.D. student Beatrice Crona

facilitated the fieldwork through coordination of research sites.

The examined sites

All sites have previously been covered with natural mangrove forest. Today site D is denuded;

site MP also used to be denuded but was replanted in 1994 with Sonneratia alba in a matrix

pattern (l *1m). Sediments from both site D and site MP are silty sands while site MP can be
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considered a gyttja as well. Site IP is an integrated replanted forest, e.g. seedlings of

Sonneratia alba were planted in 1994 within an existing, though sparse and degraded, forest.

Site N is an old natural forest. The forests of site IP and site N are denser than the one of site

MP and the sediments are fine sandy gyttja. In order to compare the two different replanting

regimes of mangroves, the denuded site D and the natural site N were considered reference

areas. Conspicuous microalgal clods were found in site D, site MP and in particular in the

sparsely forested interface area between the two sites. Because of curiosity of their potential

contribution to the system, the microalgal clods, MA, were included in the metabolism

experimental set up (Table 1). In statistical tests and diagrams MA was treated as a site

though it was not a site in the same sense as the others.

Table 1. Briefdescription ofthe different sites.

MA

Microalgal clods

D

Denuded forest

MP

Matrix plantation

IP
Integrated plantation

N

Natural forest

To understand the role of an ecosystem, estimates of the productivity and the fate of matter in

the system are necessary. The simplest, but also roughest method is to estimate biomass of

dominating species (e.g. the trees) and infer important pathways by this (Kautsky, 1995;

Hogarth, 1999). The aim of this study was to get baseline data on the productivity of

microphytobenthos at each site and compare the different replanting regimes (IP, MP) with

each other and the two reference areas (0, N). Two different sets of experiments were

conducted. The first was to map sediment content of chlorophyll a in each site. The

chlorophyll a results also estimate the biomass of microphytobenthos in the sediment (Toledo

et aI., 1995b; Yallop et aI., 2000). The second was to determine community metabolism of the

sediments, in enclosures (see below). Chlorophyll a samples were also taken from each of the

metabolism samples. This data, together with the chlorophyll a mapping, made it possible to

estimate the average production and respiration per m2 and hour in each site.
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Figurel. Map of the study area. Sites are indicated with capital letters (N= natural forest,
IP= integrated plantation, MP= matrix plantation and D= denuded area).



Chlorophyll g measurements

Two different sets of chlorophyll a measurements were conducted. The purpose of the first

was to map the spatial chlorophyll a distribution in each site. The other was to get the actual

chlorophyll a content in the metabolism samples to be able to correlate production with

chlorophyll a and to find out whether the metabolism samples were representative for the sites

and comparable with the well replicated mapping study.

Chlorophyll a mapping

To map the content of chlorophyll a in the sediment, one sample was taken in 30 randomly

picked quadrates within each site. In the field, samples were put in test tubes containing 3 ml

of acetone, covered with aluminium foil (for darkness) and stored in a cool box. The diameter

of the sample was 13,8 mm and the depth was 5 mm. In the laboratory, the test tubes were

stored dark and cold. Sampling at site IF and site N was done on Monday the 5th of May 2003

and for site D and site MP the following day since sampling was depending on low tide. On

Wednesday the 7th of Mayall samples were transported to KMFRI for measurements. The

chlorophyll a was measured spectrophotometrically (UV/VIS Double-Beam

Spectrophotometer UV-150-02, Shimadzu) after extraction of 150 mm2 sediment with acetone

and calculations were performed according to Swedish standard (SS028146).

Chlorophyll a metabolism

Three chlorophyll a samples were taken from each sediment used in the metabolism study.

This was done to confirm that the metabolism samples used were representative of the sites

when compared with the better-replicated mapping of chlorophyll a and in order to know how

much oxygen, each gram of chlorophyll a, was producing. The chlorophyll a content of the

metabolism samples was used as an index for microalgal biomass (MacIntyre et al., 1996;

Yallop et al., 2000). The procedures of chlorophyll a analysis were done as described above.
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Metabolism measurements, production and respiration

The best way to study production and respiration in an ecosystem is under natural conditions,

e.g. in situ studies. This can be done by enclosing the community in transparent incubation

chambers and measure the change of dissolved oxygen (Kautsky, 1995). This method is

practical to determine the oxygen produced and respired by primary producers. A

polarographic oxygen electrode (Oximeter OXI 196) was used to estimate oxygen dynamics.

Undisturbed sediment samples with a diameter of 8.7 cm and a depth of approximately 1 cm

were collected within an hour from all sites during low tide. These were put in transparent jars

with a volume of 1 litre. The jars were then carefully filled with fresh seawater, keeping

resuspension at a minimum. The jars were put in random groups and a start value of the

dissolved oxygen was measured, as was time and solar radiation. To make sure

photosynthesis rate was not limited by reducing the diffusional exchange of gases into and out

of the sediment (Admiraal et al., 1982), stirring of the enclosed water preceded the measuring.

When production measurements were completed, after about 1 hour, the random groups of

jars were put in complete darkness for respiration measurements. The jars were kept in

darkness for 30 minutes to acclimatize before a start value for the respiration was taken.

Measurements were made every 15 minutes after the start value for both production and

respiration. After about 2.5 hours of metabolism measurements, three chlorophyll a samples

were taken from each of the 6 metabolism sediment sample and analysed as described

previously. With the results from the metabolism and chlorophyll a measurements i.e.

production, respiration and biomass, two ratios PIR and BIR could be calculated. The first

ratio was PIR i.e. degree of self-maintenance which indicates how much of surplus production

there is left to feed the food web and even exportation. The second ratio was BIR i.e. the

turnover time for the community. BIR gives the time it would take for the system to stay alive

on energy stored in the system without input from external sources.
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Metabolism calculations were made using following formulas, after Kautsky (1995):

NP = _O_t-,---1-_0_1-,,--0

t1 -to

GP=NP+R

Additional parameters

GP =gross production (mg O
2

r 1 hoI)

0= dissolved oxygen (mgOr l
)

10 =start time (h)

1[= stop time (h)

Sediment organic content and grain size were measured in five randomly picked quadrates per

site (Zermouni, pers. com.). Canopy cover was noted in all sites. Moreover, the number of

gastropods was counted in each of the 30 quadrates sampled for chlorophyll a. The species

included in this analysis were Terebralia palustris and Clypeomorus bifasciatus as these were

the most abundant species.

Statistical analyses

The computer program used for statistical analyses was Statistica 5.5 -99. Univariate one-way

ANOVAs were perfonned after transformation of the dataset. Tukey's post-hoc tests were

made to see which sites that differed from each other and the program does correction of the

p-value automatically. LoglO was used to transform chlorophyll a mapping, chlorophyll a

metabolism, turnover time and self-maintenance; -loglO for respiration; 10glO+1 for net

production and loglO+0.2 for gross production. In all analyses alpha (a) was the customary

0.05. The Pearson Product-Moment Correlation analysis was done using both the same

transformed dataset as in the ANOVAs as well as original data for variables, which were not

used in ANOVAs. The sites should have been replicated but since no more areas with the

same treatments, i.e. matrix plantation and integrated plantation of the same age were found in

the vicinity there was an unavoidable problem with pseudoreplication. Despite this problem,

the present study gave relevant and unique information.
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Results

Chlorophyll Q

a) Chlorophyll a (mapping) b) Chlorophyll a (metabolism)
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Figure 2.

2a shows the mean amount of chlorophyll g in gm.2, of the different sites from the mapping where 30

samples per site were used. 2b shows the mean amount ofchlorophyll g in gm'2, of the metabolism samples

where 6 samples per site were used. (MA) microalgal clods, (D) denuded mangrove forest, (MP) matrix

replanted mangrove forest, (IP) integrated replanted mangrove forest and (N) a natural mangrove forest.

Chlorophyll a mapping

Figure 2a shows the results from the mapping of chlorophyll a. Site MP contained most

chlorophyll a (1.04 gm'2) and differed significantly from the other three sites. Site D, site IP

and site N were similar despite differences in both forest density and sediment type.

Chlorophyll a metabolism

Figure 2b shows chlorophyll a data from the metabolism sediment samples, which were done

to correlate production with sediment chlorophyll a content (see Table 4), and to see whether

the metabolism samples used were representative for the entire sites or not. Site MP differed

significantly from the other sites except MA. Site D and site N differed from each other, while

neither differed from site IP. The similarity in chlorophyll a between the mapping samples,

where 30 samples per site were used (Figure 2a), and the metabolism samples, where 6

samples per site were used (Figure 2b), suggests that the metabolism samples were

representative for all sites.
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Metabolism

a) Respiration
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Figure 3.

Means ofrespiration (3a), net production (3b) and

gross production (3c) in gCm·2h 1for all sites. (MA)

microalgal clods, (D) denuded mangrove forest,

(MP) matrix replanted mangrove forest, (IP)

integrated replanted mangrove forest and (N)

natural mangrove forest.

Respiration

As shown in Figure 3a, MA had a high respiration with 0.24 gCm'2, while site D, site MP, site

IP and site N had a respiration of between 0.06 and 0.1 gCm'2. MA differed significantly from

all sites. Site N differed from site MP and site IP but not from site D.

Net production

The results from the net production measurements are shown in Figure 3b. MA, with a net

production of almost 2 gCm'2 was significantly different from all sites. Site D differed from

both site IP and site N, as did site MP. Figure 3b shows that MA, site D and site MP were net

producers while site IP and site N were net consumers.

Gross production

Gross production is the actual production before energy is lost in respiration. Therefore, gross

production is the sum of respiration and net production. The gross production for MA was

2.20 gCm'2 and differed significantly from all other sites. Site D and site MP grouped together

and differed significantly from both site IP and site N. Site IP differed from site N. Figure 3c

shows that all sites, except site N, were gross producers though with different magnitude.
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a) Self-maintenance b) Turnover time
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Figure 4a shows that MA and sediments from sites D and site MP were autotrophic while site

IP and site N were heterotrophic. MA differed significantly from all sites; site D and site MP

grouped together and differed from site IP and site N.

Turnover time (BfR)

Figure 4b illustrates the turnover time for all sites. The matrix plantation, site MP, had the

highest turnover time (21 days) followed by the denuded site, D, with 17 days. The integrated

replanted site, IP, the natural site, N, and the microalgal clods, MA, had 8, 10 and 11 days

respectively.

Chlorophyll a; production efficiency

The production efficiency differed between sites (Figure 4c). The production of 1.4 g C per g

chlorophyll a showed that MA had higher production efficiency than all other sites. The other

sites ranged between -0.1 and 0.3 g C per g chlorophyll a.
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Table 2.
The sediment organic content for all sites.

Organic content

As shown in Table 2, the sediment

content of organic matter differed

between sites (Zermouni, 2004).

The denuded site D, had a

Site
Sediment organic content
(% of sediment dry weight)

D MP

9

IP

17

N

16

relatively low organic content while the integrated plantation, site IP, and the natural forest,

site N, had high organic content. Finally the matrix plantation site, MP, had an intermediate

content of organic matter in the sediment.

Correlations

Table 3.
Approximate interpretation of the strength
ofcorrelation coefficient (Grandin, 2003).

The correlation interpretations were done in

accordance with Grandin (2003) (see Table 3) and

using significance values from the analysis (see

Table 4). There was a positive, moderate and

significant correlation (p<O.OOl, r=0.674) between

Correlation coefficient r

0.00 - 0.19

0.20 - 0.39

Strength

Very weak

Weak

chlorophyll a and respiration, showing that 0.40 - 0.69 Moderate

Strong

Very strong

0.70 - 0.89

0.90-1.00

Table 4.
Compilation ofcorrelations conducted in this study.

Correlation p r N

Chlorophyll a vs respiration 0.000 0.674 28

Chlorophyll a vs gross production 0.000 0.802 28

Chlorophyll a vs gastropods 0.274 0.101 119

Gastropods vs sediment organic content 0.997 0.001 40means

correlation

whichproduction,

(p<O.OOl, r=0.802) between

chlorophyll a and gross

significant

respiration decreases with increasing chlorophyll a.

Data used was log10 and -loglO transformed. There

was a positive (due to negative

respiration values), strong and

p =significance level, r =correlation coefficient, N =replicatesincreasing gross production

with increasing chlorophyll a.

The data used was log10 and log10+O.2 transformed. There was a very weak and not

significant correlation (p=0.274, r=0.101) between chlorophyll a and the number of

gastropods, e.g. T palustris and C. bifasciatus though C. bifasciatus was the most abundant

species. In this analysis only the chlorophyll a values were transformed. There was no

correlation (p=0.997, r=0.001) between gastropods and sediment organic content. Only

original data was used in this correlation.
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Discussion

Table 5.

Compilation ofthis study's results. (*) from Zermouni (pers. com.).

SITE MA D MP IP N

Habitat
Microalgal

Denuded Matrix Integrated Natural
clods plantation plantation forest

Sediment type (*)
Sandy Silty sand

Silty sand Fine sand Fine sand
gyttja gyttja gyttja

Chlorophyll a mapping 0.71 1.04 0.74 0.65
(gChl am')

Chlorophyll a metabolism
1.58 0.66 1.23 0.47 0.46(g Chi a m-z)

Production efficiency 1.4 0.3 0.2 0.1 -0.1(g C g-' Chi a)

Organic content (*)
9 17 16

(% of sediment dry weight)

Respiration -0.24 -0.07 -0.10 -0.10 -0.06(g C m,zh-')

Net production
1.96 0.12 0.14 -0.04 -0.10(g C m-2 h- ')

Gross production 2.20 0.19 0.24 0.06 -0.04(g C m-2 h-l
)

Self-maintenance 9.2 (a) 2.8 (a) 2.4 (a) 0.6 (h) -0.7 (h)(autotrophic/heterotrophic)

Turnover rate
11 17 21 8 10(days)

Chlorophyll g

The main reason for the mapping of chlorophyll a (see Table 5) was to compare the quantity

of pigment between sites. Chlorophyll a was also used to ensure that the metabolism samples

(see Table 5) were representative for each site. Since the chlorophyll a in the metabolism

samples corresponded well to the mapping, the metabolism study was considered

representative for their respective site and the discussion below thus includes both.

Chlorophyll a mapping and metabolism

There are different possible explanations to the actual variation in chlorophyll a between sites.

Statistically, the denuded site D, the integrated replanted site IP and the natural site N could

not be distinguished from each other, while the matrix plantation site MP differed from the

other sites in the mapping measurements and showed similarities to the microalgal clods, MA,
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in the metabolism measurements. MA had a noticeably higher content of chlorophyll a than

the other sites and did not differ statistically from site MP but would probably do so with

increased number of replicates (only 6 replicates in chlorophyll a metabolism). It is not

surprising that the quantity of chlorophyll a was higher in MA since the microalgal clods were

subjectively picked due to the fact that they consisted of visual accumulations of

microphytobenthos. Reasons for the quantity of chlorophyll a being low in the denuded site

D, could be that the exposure is high, both to waves which lead to unstable substrate and

resuspension of the cyanobacterial biomass into the water column (Blanchard et al., 2001),

and to solar radiation, which result in photoinhibition. However, Table 5 shows that the

production efficiency in site D was higher than in the other three sites. An explanation to why

the matrix plantation site MP contained more chlorophyll a than site D could be that the forest

decreases wave exposure, leading to lower resuspension and therefore higher

microphytobenthic biomass in the sediment (Blanchard et aI., 2001). Furthermore, in site MP,

the canopy was thinner than in the integrated plantation, site IP and the natural forest, site N,

and the moderate shading may provide optimal light condition for chlorophyll a and

photosynthesis. A possible reason for the low content of chlorophyll a in the integrated

plantation site IP and the natural site N is the opposite from the denuded site D e.g. excessive

shading. Here, the dense canopy probably limited the development of microphytobenthos

since the amount of light coming through is small (Alongi, 1992). In site IP and site N the

microphytobenthos formed mat-like structures possibly due to physical protection from the

probably more complex root structures of the forests together with the more fine-grained

sediment, which results in increased stabilization of the sediment (Miller et aI., 1996). These

chlorophyll a results contradicted the fact that the biomass of microphytobenthos in sheltered,

muddy habitats generally is higher than in exposed sandy habitats (MacIntyre et aI., 1996).

This could indicate that access to solar radiation is superior to the type of substrate as a

predictor to chlorophyll a content of sediments.

It has been suggested that variations in biomass, e.g. chlorophyll a, of microphytobenthos in

adjacent but distinct environments may be as great as those over long geographic distances

(Sundback et aI., 1991) supporting the reliability of the results presented here. The sediment

chlorophyll a values of this study seemed slightly high compared to other studies compiled by

MacIntyre et aI. (1996) and a reason for this could be the method used when measuring

chlorophyll a. Spectrophotometry, as used here, may overestimate chlorophyll a

concentrations by up to 40% compared to other methods (Riaux-Gobin et aI., 1987). Still, the
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internal relation is maintained. Another reason could be that the other studies were performed

between the latitudes 29°N and 71 oN, e.g. temperate regions (MacIntyre et aI., 1996) while

this study was conducted in the tropics, near the equator, where seasonal effects are minor.

In their article, Miller et aI. (1996) reviewed various studies and concluded that some

gastropods, together with other macrofauna, graze on microphytobenthos. In particular

macrofauna but also meiofauna seem to select for microphytes before macrophytes. A reason

for this could be that microphytes are a richer source of nutritionally available protein and

lipids than are macrophytes, which contain large amounts of structural carbohydrates (Tenore

et aI., 1979). However, the correlation analysis between gastropods and chlorophyll a in this

study indicated that the occurrence of T. palustris and C. bifasciatus did not appear to

coincide with areas neither rich in microalgal biomass, e.g. chlorophyll a, nor high sediment

organic content.

Metabolism

Respiration

There are likely several different reasons for the variation in respiration between different

sites. The higher production efficiency of the microalgal clods (MA) was probably the reason

to why their respiration rate was highest since production activity requires energy for cell

metabolism (Joye et aI., 1996). The denuded site D had an intermediate respiration rate,

probably due to the moderate chlorophyll a content and the low sediment content of organic

matter. Site MP, the matrix plantation, had the second highest respiration rate as a

consequence of both high chlorophyll a content and some organic matter (both living, i.e.

roots and dead, i.e. detritus), and the living adds to the respiration. The integrated plantation

site IP, with a comparatively low content of chlorophyll a and with the highest content of

organic matter had approximately the same high respiration as site MP. This may be due to a

probably higher proportion of living organic matter in the sediments at site IP. With little

chlorophyll a and relatively high levels of organic matter, the natural site N had the lowest

rate of respiration, which indicated that the organic matter was dominated by detritus. A

correlation analysis (r=0.67, p<O.OOI), showed a positive relation between respiration and

chlorophyll a (due to negative respiration values), i.e. decreasing respiration of the sediment

community with increasing chlorophyll a content. Sites with high chlorophyll a content

displayed favourable light conditions and probably less living organic matter in the sediment.
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Net production, gross production and production efficiency

Net production in this study, is the actual change of dissolved oxygen that is measured in the

system, thus the community's respiration is included. MA, with the highest values of

chlorophyll a had the highest net production, which was expected since chlorophyll a is

needed for production, which the significant and strong (p<O.OOI, r=0.802) correlation

between chlorophyll a and gross production verifies (see Table 4). Site MP, the matrix

replanted forest, had the second highest net production, which was in line with the high

chlorophyll a values and moderate content of organic matter in the sediment. The denuded

site D had the third highest net production together with a fairly low respiration, which was in

line with the amount of chlorophyll a and the low content of organic matter in the sediment.

The explanation to why site IF, the integrated replanted forest, and the natural forest site N,

had a negative net production could be, apart from lower light intensity, due to the fact that

the sediment organic content was high and the chlorophyll a content was low, which lead to a

higher respiration than production. These results correspond with the fact that net primary

production is only observed where there is sufficient light reaching the sediment surface to

offset losses to respiration (MacIntyre et al., 1996). MA had approximately 10 times higher

gross production than the other sites while the difference in chlorophyll a was not that big.

For that reason the production efficiency was calculated and it showed that MA produced 1.4

gCm·2h·1
, which was considerably higher than the other sites (0.3-0.1 gCm'2h'I

). This showed

that chlorophyll a could have different production efficiencies. The pattern for gross

production resembled the pattern for chlorophyll a more than the pattern of net production did

since the results from respiration was included in the net production. This was confirmed by

the strong correlation (r=0.802, p<O.OOI) between chlorophyll a and gross production. The

estimated gross production (-0.04-2.20 gCm'2h' 1
) seemed somewhat high compared with

results from other studies (compiled in MacIntyre et al., 1996), which range between 0.012

0.129 gCm·2h·1
• Since the photosynthetic rate increases with temperature, e.g. double with

every lODC rise within the range 0-30DC (Rasmussen et al., 1983), the reason could, again, be

that the other studies were performed in temperate regions while the present study was

conducted near the equator where temperature is higher and therefore the production rate is

higher.

MacIntyre et al. (1996) postulate that total primary productivity increases with increasing

microphytobenthic biomass, although the biomass may be limited by disturbance such as
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grazing pressure, resuspension or vertical migration within the upper few millimetres of the

sediment. This is contradicted by Blanchard et al. (2001) who came to the conclusion that by

reducing the effect of grazing and resuspension microphytobenthos biomass follows a

logistic-type model and converges towards a maximum value called the biotic capacity (K) of

the local environment. This means that when biomass is at its maximum level (K), the algal

community is no longer productive. Theoretically, the biomass must be decreased down to a

certain level (K/2) to maximize the net production rate. Loss processes decrease the biomass

from K, thus allowing net production to take place: the more the biomass decrease, the higher

net production. Therefore, both grazing and resuspension maintain the system in a perpetual

blooming state and improve the storage and transfer of solar energy into benthic and pelagic

trophic webs.

Self-maintenance

The degree of self-maintenance of a system is calculated by dividing gross production with

respiration. If a system is over-producing, e.g. exporting carbon (autotrophic), the value

exceeds one. If the system is producing as much as it is consuming the value would equal one

and the system is considered self-maintaining while if the system is consuming more than it is

producing (heterotrophic) the value is less than one. Table 5 illustrates that MA was

autotrophic together with site D and site MP, though MA was over-producing 3 times more.

Leaf litter from the trees probably act as carbon source for the heterotrophic sediments of site

IP, the integrated planted forest, and site N, the natural forest. While the sediments of the

denuded site, D, and of the matrix plantation site MP, may sustain the local fauna and even

export surplus energy_

Turnover time

The turnover time was calculated by dividing biomass with respiration and the resulting value

gives the time it takes for the organisms to respire the amount energy corresponding to their

own biomass. Generally, the smaller the organism, the faster the turnover time. Turnover time

for the sites varied between approximately 1 to 3 weeks, which appeared to be a reasonable

time compared with phytoplankton, which have a turnover time of about 1 week (Jansson et

al. 1977). The high turnover time of production from these microscopic sources seems to

compensate for the low standing-crop biomass (Lee, 2000). In addition to the high turnover

time and production, grazing and resuspension are important for the flow of energy through

the system (Blanchard et aI., 2001).
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General discussion

For microphytobenthos, their part of the function as primary producers seems to vary in

proportion in mangrove areas of different replanting regimes. In a mudflat or denuded area as

in site D, microphytobenthos are the major primary producer. It has been shown that

microphytobenthic production just offshore the mangrove forests make a more important

contribution to secondary production than detritial inputs from mangrove leaves (Newell et

aI., 1995). Microphytobenthos playa role as a trophic link between meiofauna, macrofauna

and other predators i.e. fish and shrimp (Miller et aI., 1996). In site MP the

microphytobenthos produced more and it seems likely that the microphytobenthos may

provide local food webs and migrating nekton with some of its surplus production. Being

limited by the supply of solar radiation through the dense canopy in the natural forest, the

actual production is low at site N, and at the resembling integrated replanted forest of site IP.

The contribution to food webs from these sites may be low and probably mostly sustaining the

infauna. Still, heterotrophic sediments (IP, N) can be grazed and almost certainly regenerate

their microphytobenthic community, though not as fast as the autotrophic sediments (MA, D,

MP). The accumulations of microphytobenthos, i.e. MA, seem to be relatively important

despite their uneven and sparse distribution. With PIR quota of 9.2 their contribution to

secondary production probably was rather high. Infauna, benthic grazers and nektons may

feed on these accumulations and with a net productivity as high as 1.96 gCm'2h'l and a

production efficiency of 1.4 gCg' l chlorophyll a, their regeneration potential after disturbance

should be high and therefore close to an infinite food source.

Looking at the microphytobenthic community investigated through a resilience perspective,

the system seems highly resilient. Resilience meaning "the amount of disturbance that can be

sustained before a change in system control or structure occurs" (cited from Holling et aI.,

1995). Microphytobenthos were found in all of the examined sites and the community did not

seem to be sensitive to the structural changes emerging with the developing different types of

mangrove forests or the natural forest. Of course, the microphytobenthos were limited to a

certain extent by the shading forest but the light is still enough to sustain a community with

such a low biomass. Disturbance like resuspension as a result of wave exposure can also be

considered as a source to dispersal for the microphytobenthic community. Since wave action

never vanishes, a constant pool of biomass exists in the almost infinite water column and

settlement can occur and give rise to new communities even after events of great impact.
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Assuming that these microphytobenthos are highly species diverse and consisting of both pro

and eukaryotic organisms with various adaptations, the assumption of a highly resilient

system is not unlikely.

In conclusion, as a primary producer, microphytobenthic communities seem to vary in

importance with the state of the mangrove ecosystem but yet they seem to be an important

part of all mangrove ecosystems including the different replanting regimes. It is likely

important both as a primary producer sustaining the system with energy through food webs

contributing to secondary production both indirect via meiofauna and direct to both juvenile

and adult shrimp and fish (Bouillon et aI., 2002) and finally as a stabilizer of the soil

preventing coastal erosion (Lucas et aI., 2003). There is much knowledge about

microphytobenthos in salt marshes and mudflats in temperate regions, but more research is

needed in tropical areas and in mangrove forests. The role of microphytobenthos in mangrove

forests have in this study shown to contribute to food webs of mangroves by surplus

production, although to fully understand their role, more research is needed.
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