
Organic matter degradation in
coral reef carbonate and silicate

sediments

Dissertation

zur Eriangung des Doktorgrades der Naturwissenschaften

dem Fachbereich Biologie/Chemie del'

Universitat Bremen

vol'gelegt von

Mohammed Y. M. Rasheed

Bremen
Juni 2002

\I~'~IUs::.U. I u~~u ........v U\ .... u w,

T< 04 21/20 28-540

.--.--------.--.-"---.---..-..... • "J t"il __





"Gedruckt mit Unterstutzung des Deutschen Akademischen
Austauschdienstes"



Tag des Promotionkolloquiums: 28. Juni 2002

Gutachter:
Prof. Dr. Bo. B. J0rgensen
Prof. Dr. GUnter. O. Kirst

Prufer:
Prof. Dr. Venugopalan Ittekkot
Dr. Markus HUttel

II



Acknowledgemen fs

I would like to deeply thank all the people who helped me during my work. Special
thanks are due to Prof. Jorgensen for accepting me as his Ph.D. student.

My thanks are due to the Jordan-German Project (Red Sea Program Ill) for funding my
study. Particular thanks are due to Prof. Hempel, and Dr. Claudio Richter.

I would like also to thank the DAAD (Deutcher Akademischer Austauschdienst) for
financing my stay in Germany.

I am greatly indebted to Dr. Markus Huettel for his guidance, supervision and support. I
am grateful for his constructive discussions, critical reading, helpful and suggestions,
which improved this work significantly.

Special thanks are due to the members of the Marine Science Station in Jordan, for their
support during my research in Aqaba. Particular thanks are due to Dr. Mohammed
Badran for his support and comments. Many thanks are due to Ali, Khalid, Tariq AI
salman, Al.Qatawna, AI-sokhni, Huseen AI-najjar, Tariq AI-najjar, AI-momany and
Fatima AI-fakhri, Abu Rami and Abu Moath for their help.

I would like to thank the stuff of Max Plank Institute for Marine Microbiology, Bremen
especially the members of the flux group for their support. Special thanks are due to
Martina Alisch, Antje Rusch, and Arzhang AI-khalili for their help.

I wish to thank the committee members of the thesis defense Prof. Jorgensen, Prof. Kirst,
Prof. Ittikot, Dr. Markus Huette!, Markus Billerbeck and Holger Woyt for valuable
comments and suggestions.

My thanks are due to my ti'iends in Germany Saber, Fuad, Riyad, Bassam, Raied, Abdol,
Al-sabi, Rami, Mohsen, Hamdan, Bashar, Khalid, Omar, Nidal, Rafat, Abu AI-heeja,
Abu-shekha, Adrrienn, Agneiszka, Elerta, leva, Anna, Qustantina, Sara, Naomi, Eva for
their support and encouragement.

Finally, my worm feeling and sincere gratitude to my parents, brothers, and
sisters for their suppOli and love.

Before alld above all, I .hallk IIUI Glorious God Alia'.

III



Table of contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

General Introduction

Effect of reef framework and bottom sediment on nutrient
enrichment in a coral reef of the Gulf of Aqaba

Endoscopic exploration of Red Sea coral reefs reveals dense
populations of cavity-dwelling sponges

Particulate matter filtration and seasonal nutrient dynamics
in permeable carbonate and silicate sands of the Gulf of
Aqaba, Red Sea

Influence of sediment permeability and mineral composition
on organic matter decomposition in three sediments from
the Gulf of Aqaba, Red Sea

Benthic respiration m permeable carbonate lagoon

sediments from the Heron Island atoll, Great Barrier Reef,

Australia

Conclusion

IV

20

42

48

73

109

134



Summary

Our study addresses aspects of the cycling of matter in coral reef environments. These

environments are characterized by extreme productivity and exhibit higher nutrient

concentrations although the water enclosing the reef may be very low in nutrients. Our

research program was designed to improve the understanding of the processes that lead

to the increased nutrient concentrations and the ensuing high benthic production. Our

main working hypothesis postulates that the reef framework and the coral sands playa

key role in the cycling of matter in the reef, and that they are sites of intense

mineralization. In order to test this hypothesis, the following research projects were

conducted:

Assessment of the relative contributions of reef framework and bottom sediment to the

nutrient supply in a coral fringing reef (results reported in Paper I)

Detailed investigation of the reef framework community and its contribution to the

mineralization of particulate organic matter (results reported in Paper 2)

Detailed investigation of particle filtration and seasonal nutrient dynamics in permeable

reef sands in a coral fringing reef (results reported in Paper 3)

Assessment of the roles of sediment permeability and mineral composition on organic

matter decomposition in reef and shelf sediments (results reported in Paper 3 and 4)

Investigation of the respiration rates and CO2 production in permeable coral sands

(results reported in Paper 5)

The following text summarized the main results of these studies.

In the reef waters, nutrient and chlorophyll a concentrations were significantly higher

during summer than in the adjacent offshore waters. This was attributed to the release of

nutrients from the reef framework and reef sediments. Reef sediments with their porous

structure can filter and mineralize deposited organic material and subsequently release

nutrients to reef waters. Nutrient concentrations in the sediment pore water exceeded

those in the water overlying these sediment, which, under very calm conditions resulted

in fluxes of 0.1 and 0.01 mmol m-2 dol for DIN and DIP respectively (see Paper I).

Increased nutrient concentrations were also measured in the caves of the reef framework.

An endoscopic video camera, developed to explore the internal structure and the

macrofauna in the framework revealed a large internal surface (2.5-7.4 m2 per projected
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m2 reef) dominated by encrusting filter feeders (up to 60% were sponges). The filtration

activity of these coleobite communities that removes suspended particulate matter from

the water penetrating through the framework results in high mineralization rates of

organic matter (0.9 g C m'2 d'l) which cause a relatively high nutrients release from the

framework to the surrounding water (23.1 and 1.3 mmol 01,2 d'l for DIN and DIP

respectively), (see Papers I and 2).

Seasonal investigations of the nutrient distribution in the pore water in penneable

carbonate and silicate reef sediments showed that the concentrations were higher in the

winter months than in summer months, following closely the concentrations of nutrients

and organic matter in the water column. This demonstrates the close coupling between

the water column and the permeable reef sediments emphasizing the role of advective

transport for the exchange of solutes and particles between sea bed and overlying water

(see Paper 3).

In order to investigate the impact of sediment chemical and physical properties on

organic matter mineralization, we compared nutrient pore water distributions and organic

matter mineralization rates in three sediments of the Gulf of Aqaba that differ in

permeability and mineral composition. Two of the investigated sediments were shallow

(5m depth) coarse permeable sands (> Ix I0- 12 m2) with different mineral composition

(carbonate and silicate sands, respectively), the third was a relatively impermeable «
Ix 10'12 m2) silt sediment from a deep site (825 m depth). DIN and DIP in the pore water

of the shallow carbonate and silicate sands were higher than in the silt sediment, and the

concentrations were significantly higher in the carbonate than in the silicate sands (factor

of 1.7-14.0). In addition, organic matter and pigments (chi ~, chi .12, and Fucoxanthine)

concentrations were also higher in the carbonate than in the silicate sands (I. 7 fold for

organic matter and 2.4 for pigments). These results indicated that the coarse permeable

sands in the shallow shelf efficiently filtered and mineralized organic particles from the

water column and that mineralization in the carbonate sand was more efficient as that in

the silicate sand of same grain size. Despite their large grain size, the shallow sands were

more active than the fine silt sediment and we attribute this finding to the biocatalytic

filtration process (see Paper 4).

An investigation of the mineralization potential of the three investigated sediments was

carried out in chamber incubations with dried Spirulina addition as an organic substrate.

The mineralization rates of total organic carbon in the permeable carbonate (3.0 mg C m'

2d-I) and silicate sands (2.0 mg C m-2d-I) exceeded that in the fine-grained sediment (1.4

mg C m-2 d-I). Incubations of cleaned and sieved carbonate and silicate sands (250-500

~m) in the laboratory and in-situ revealed that in-situ, the sieved carbonate sand

accumulated more organic matter and pigments, and developed higher nutrient
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concentrations than the silicate sand. Lab experiments with the sieved sediments and

fluoresceine as a solute tracer, showed a lA-fold higher fluid exchange rate in the

carbonate than the silicate sands resulting in a lA-fold higher organic carbon

mineralization rate in the carbonate (see Papers 3 and 4).

Field and laboratory experiments at the coral kay Heron lsland (Great Barrier Reef),

where the sediments are mainly permeable carbonate sands, revealed high oxygen

respiration rates and high DIN and DIP fluxes. ln these experiments we quantified

oxygen respiration rates in-situ under different environmental conditions (light/dark,

high/low pressure gradients causing advection) and thereby demonstrated the high

sedimentary mineralization activity and its dependency on the boundary layer flow. Lab

incubation experiments with sediments of different permeabilities showed the effect of

the hydraulic conductivity for the organic matter decomposition in the sediment. Oxygen

consumption rates in the chambers with high pressure gradient were approximately 2

fold higher than in the chambers with low gradient and 8-fold higher than in the

chambers with stagnant water column (no stirring). A 3-fold higher permeability resulted

in 2 to 3 fold higher oxygen consumption and DIe production rates. These results

stressed the importance of advective pore water exchange for the mineralization of

organic matter in permeable carbonate sands (see Paper 5).

We conclude from the results of our study that the reef framework and the coarse

permeable coral sands play an important role for the cycling of matter in coral reef

ecosystems. The framework efficiently filters and mineralizes suspended matter due to

the dense community of filter feeders that inhabit the cavities. The coral sands are highly

active despite their low organic content, which is attributed to their high permeability,

their mineralogy and the boundary layer flows. The characteristics of the coral sands,

such as the high hydraulic conductivity, highly porous grains with large specific surface

area, high sorption and pH buffer capacities enhance the filtration capacity and organic

matter mineralization rates in these sediments. The coral sands and the coral framework,

thus, act as biocatalytical filter systems within the reef ecosystem, efficiently removing

the suspended particulate matter from the reef waters and returning nutrients to the reef

after rapid mineralization in the permeable sediment and framework. This may sustain

the high productivity of the coral reef in spite of the low nutrient concentrations in the

surrounding waters.
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Chapter I

Introduction

Coral reef

Coral reefs are highly diverse, complex and productive biological communities, which

live in oligotrophic tropical marine environments (30" Nand 30" S of the equator) where

average water temperature exceeds 18" C (Fig. I). They cover about 30 % of the world

coastline and are considered to be one of the most important ecosystems on the earth.

Coral reefs are composed of consolidated areas of coral growth spread over areas of

unconsolidated sediment containing coral and algal carbonate. Distress to coral reef

ecosystem start to increase as a result of eutrophication of reef waters due to human

activity. This gives research on nutrient regeneration and release in coral reef waters

special importance.

c=J Indo. Pal'ilie
_ Rl'll Sea

_ \Veslerll Allanlie

Fig. 1: Distribution of coral reef in the world. X: Sites of our study
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Nutrients in reef ecosystem

Coral reef ecosystems belong to the most productive coastal marine ecosystem (Sorkin

1990, 1995) reaching rate 00.5 kg C m-2 yr- I
• On the contrary, nutrient concentrations in

the water of the coral reef ecosystems are known to be apparently below the level needed

for phytoplankton growth with annual average inorganic nitrogen (nitrate, nitrite and

ammonium) concentrations less than J.5 11M, phosphate concentrations less than 0.5 11M

and silicate concentrations less than 2.5 11M (Johannes et al. 1983, D'Elia and Wiebe

1990, Furnas et al. 1990, Larned 1998, Badran and Foster, 1998, Rasheed et al. in

press.). However, nutrient concentrations in the reef waters are often higher than in the

surrounding water (e.g. D'Elia and Wiebe 1990, Badran and Forster 1998, Rasheed et al.

in press) a situation which is known as Darwin Paradox (Johannes et al. 1983, Tribble et

al. t990). This stimulated the scientists to search for the sources of nutrients that support

such a high productivity in this ecosystem. Benthic sources and reef framework have

been suggested as alternative to the water column in providing inorganic nutrients to the

reef system. Benthic sources include trapping and decomposition of suspended organic

material by macrofauna (Meyer and Schultz 1985, Williams and Carpenter 1988, Lamed

1998), and meiofauna (Gray t985), ground water inputs (D 'Elia et al. 1981, Lewis 1987,

Lapointe 1997). In addition, nitrogen fixation was considered to be a source of inorganic

nitrogen in reef waters (Wilkinson et al. 1984, Capone et al. 1992), and occurred mainly

by the living material in coral reefs community such as sponges (Wilkinson and Fay

t979), zoanthids (Shieh and Lin 1992), and some cyanobacteria (Paerl 1984, Larkum et

al. 1988).

Reef framework as nutrient source

Several studies found nutrient rich, oxygen depleted, low pH water in the reef framework

(Risk and Muller 1983, Sansone 1985, Buddemeier and Oberdorfer 1986, Sansone et al.

1988). The skeletons of the corals are porous and porosity may reach up to 50% of the

framework (FelTer and Szmant 1988, Richter and Wunsch 1999). The framework

contains numerous cavities that are inhabited by a wide variety of low-light adapted

organisms or coelobites (Ginsburg and Schroeder 1973). Among these organisms,

macroborers such as sponges, microboresrs such as algae, fungi, and bacteria (Ferrer and

Szmant 1988) cover almost the entire available substratum (Jackson et al. 1971). These
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Chapter I

organism colonize the cavities of the framework and may act as filters for organic

matters to be mineralized mainly to inorganic nitrogen and phosphate (Sanson et al.

1993, Tribble et al. 1990, Richter and Wunsch 1999, Richter et al. 200 I).

Sediment as nutrient source

Remineralization of organic matter in the sediments of the coral reef which results in a

net flux of dissolved inorganic nutrient from these sediments has been confirmed to be

an important source for nutrient in the coral reef ecosystem (e.g. Smith et al. 1981,

Capone et al. 1992, Boucher et al. 1994, Szmant and Forrester 1996, Stimson and Larned

2000). In the following sections we discuss the main characteristics of the reef sediments

that are important for the mineralization processes.

Coral reef Sediment; carbonate sediment vs silicate sediment

Coral reef sediments are composed mainly of carbonate sands that contain more than

50% biogenic carbonate (Fig. 2.a). Silicate sediments (Fig 2.b) may be found adjacent to

the reef e.g. in the reef valleys. These sediments cover approximately 10% of the

continental shelves and are usually found in tropical and subtropical environments within

coral reef ecosystems (Fig. I). Carbonate and silicate sediments have different chemical

and physical characteristics, such as porosity, light attenuation, surface structure,

sorption and desorption characteristics, and dissolution kinetics (Schroeder and Purser

1986). Carbonate sands dissolve at faster rate than silicate (Banfield and Nealson 1998)

and can act as a buffer for different reminarlization reactions through precipitation and

dissolution of carbonate, which produce and or consume CO2, HC03 and H+, as shown in

the following equations for precipitation and dissolution for calcium carbonate

4
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Fig.2: Some photos for a) carbonate, and b) silicate sands taken by Dissecting
Microscope (the four above) and Electronic Scanning Microscope (the two
below)
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In most of the reef ecosystems carbonate sands cover roughly half of the surface area. In

the Great Barrier Reef in Australia, sands occupy approximately 40% of the whole reef

area (Furnas et al. 1995). The main component of these sands is carbonate of biological

origin such as coral fragments, mollusc fragments, foraminiferans 'tests, and calcareous

red algae. Terrigenous clastic materials composed mainly of silicate minerals may

comprise 10-15% of these sediments (Milliman 1974). The largest fractions of reef

sediments may be coral sands with particle sizes of 0.30-0.6 mm (Sorkin 1995)

producing highly porous and permeable sediments (> I X 10- 12 m2
).

The upper layers of coarse coral sands are well aerated and illuminated and are inhabited

by dense populations of microalgae, bacteria and microzoobenthon (Sorkin 1995). This

makes these sands one of the most active parts of the coral reef ecosystems, although

they contain a relatively low organic carbon content (mostly 0.15-1 %). Benthos

organisms are the most imp0l1ant part in coral reef ecosystems with a productivity up to

10 times higher than that of the phytoplankton in the reef (Loban and Harrison 1997).

Benthic microalgal production in reef sediments is responsible for 20-30% of the total

primary production in the reef (Sorkin 1995). On the Great Barrier Reef in Australia,

productivity of the sediments in coral reefs may contribute 50% of the total production

(Lough and Bames 2000). Degradation of organic matter in reef sediments may also

influence the geochemical composition and preservation of reef sediments by indirectly

driving carbonate mineral precipitation and dissolution reactions (Tribble 1993). The

high porosity and permeability of carbonate sediments allow water currents to penetrate

and resuspend these sands (Buddemeier and Oberdorfer 1986, Riegl 1995), which

enhance advective transport through these sediments. This will necessarily enhance

reminerlization rate in these sediments, as discussed in the following sections.

Degradation of organic matter in sediment

Coastal and shelf sediment

Shelf and coastal areas are considered the most productive parts of the ocean which

comprise only 10% of the total ocean area, yet they contribute to 20 to 50% of the ocean

total primary production. (Romankevich 1984). About 83% of the total organic matter

sedimentation occurs in the shelf sediments (Jorgensen 1983). Due to this high capacity

for organic matter, the sediments are expected to have an important regulatory and
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buffering function in the ocean. The main source of organic matter to the shelf sediments

is the deposition of detrital material from the local phytoplankton community in the

overlying water. Most of the deposited organic materials are degraded, remineralized,

and then recycled to the water column. About 10 % only are buried to form the steady

state organic carbon concentration of shelf sediments. The importance of the bottom

sediments to organic matter deposition and degradation increases with decreasing water

column depth (Martin et al. 1987), which emphasise the importance of the shelf sediment

in the coastal habitat food web.

Role of sediment in degradation oforganic matter

Degradation and remineralization of organic matter in the sea are important process for

the generation of inorganic material including nutrients, which sustain primary

productivity in the ecosystem. The role of the sediment in these processes is substantial

(e.g. Berner 1980, Zeitzschel 1980, Entsch et al. 1983, Charpy-Rouband et al. 1990,

Ciceri et al. 1999). Nixon et al. (1980) suggested that mineralization of organic deposits

in the sediment can be a main factor controlling nutrient availability in the shelf.

Sedimentary mineralization is particularly important because of the high surface-volume

ratio of the coastal sediments and the bacterial colonization of the sea floor (Dale 1974).

Benthic metabolic activity limits the amount of organic matter, which can be retained in

the sediment and determines the rate of nutrient release to the water column (Berner

1980). In tropical marine coastal systems, most of the productivity is associated with the

benthos (Zieman 1982, D'Elia and Wiebe 1990).

Degradation of organic matter may occur aerobically or anaerobically depending on the

oxidizing agent. When different organisms utilise oxygen as an energy source to

decompose organic matter deposited to different inorganic products, this is called aerobic

oxidation, which is represented simply by the following equation

7
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When dissolved oxygen become almost depleted, other processes may occur, which

utilise nitrate, manganese oxides, iron oxides, sulphate and CO2 as an energy source

(Froelich et al. 1979, Canfield et al. 1993). These processes are anaerobic and

represented in the following equations

Denitrification:

Manganese oxide reduction:

CH20 + 2Mn02 + 3C02+ H20 -> 2Mn+2+ 4HC03-

[ron oxide reduction:

CH20 + 4Fe(OHh + 7C02 -> 4Fe+2+ 8HC03- + 3H20

Sulphate reduction:

2CH20 + S04·2 -> H2S + 2HC03-

Methane production:

2CH20 -> CH4 + CO2

These reactions usually occur in the sequence listed below depending on their free

energy yield (energy favourable), which follow the order (Latimer 1952, Berner 1971):

02>N03">Mn4+>Fe3+>S042-

However, many exceptions are known and overlap between the reaction zone is

common. Oxic respiration is more efficient and most of the organic material in the

surface layers decompose by this process (Berner 1980). However, anaerobic processes

become particularly important when oxygen is depleted in the sediments which usually is

the case of only a few millimetres depth in coastal sediments (Revsbech et al. 1980).

The degradation pathways, aerobic or anaerobic, are affected by several factors such as

temperature, sediment compositions, physical and chemical properties of the sediments,

sedimentation rate, hydrodynamics, bioturbation and irrigation (Go1dhaber et ai. 1977,

Emerson et ai. 1984, Haddad et ai. 1992, Keil et ai. 1994, Mayer 1994, Henrichs 1995,

Adams and Bustin 2001).
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Fluxes of solutes from the sediment

Degradation of organic deposits result in mineralization of organic nitrogen, phosphate

and silicate to inorganic forms. The accumulation of these inorganic nutrients in the

sediments produces solute concentration gradients between pore water and the overlying

sea water. This concentration gradient drives the solute back to the water column, which

means fluxes of these nutrients to the overlying waters. In aerobic sediment, oxic

respiration can supply nitrate and nitrite for the water column (Hammond et al 1983,

Berelson et al. 1998). In anaerobic sediment, ammonium can be supplied from nitrate

reduction, phosphate remains soluble under anaerobic conditions (Libes 1992). Flux of

inorganic nutrient from the sediment can then supply a significant amount of nutrient

required for primary productivity in the overlying water (Boynton et al. 1980, Nixon and

Pilson 1983, Furrer et al. 1996). Benthic flux of nutrients is controlled mainly by the rate

of the degradation processes, diffusive transport, advection processes, pore waters

pumping which is influenced by bioirrigation and bioturbation from different burrowing

organisms, as well as the physical and chemical properties of the sediment and the

bottom waters.

Advective transport in bottom surface sediment

This process can be defined as flow of water through sediment pores as a result of

pressure gradients (Fig. 3) that can be created by action of currents (Huettel and Gust

1992) interacting with biogenic or physical sediment topography (Forster et al. 1996,

Ziebs et al. 1996). Waves can, however, also induce exchange across flat sediments

(Riedl et al. 1972, Shum 1993). Gradients of less than I Pa cm'l can cause significant

advective water flow through the top layers of sandy sediments (Huettel and Gust 1992).

Interfacial fluid exchange depends mainly on flow velocity (Forster et al. 1996),

topography height (HuetteI et al. 1996) and permeability of the sediment (HuetteI and

Gust 1992). In the upper layer of the sediment (from surface down to 5cm), a minimum

permeability of IX 10,12 m2 is required for advective transport to take place (Huettel and

Gust 1992).
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Fig. 3: The pressure distribution (thickline) at a mound on the sedimet surface exposed to

boundary layer flow (Huettel et al. 1996).

Permeable sediments are dominant on continental shelves (Emery 1968, Riedl et al.

1972, Shum and Sundby 1996). These sediments contain relatively small amounts of

organic carbon (0.1-1.0 mostly). However, advective transport, which occurs in these

sediments increases degradation and mineralization of organic matter to form

mineralization products like nutrients, which support the high productivity of the coastal

ecosystems (Huettel et al. 1998).

Transport in cohesive sediments that have a permeability of less than IX 10-12 m2 occurs

by molecular diffusion and bioturbational irrigation maintaining organic matter

degradation in these sediments (Froelich et al. 1979, Berner 1980, Jorgensen 1996).

Influence ofadvective transport on remineralization oforganic matter

Mineralization of organic matter increases as a result of advective transport of solute

through the sediment (Huettel and Gust 1992, Forster and Graf 1995, Shum and Sundby

1996, Falter and Sansone 2000). The assimilation rate of bacteria attached to particles
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increases several fold by a fluid flow of 20 m d- ' (Logan and Kirchman 1991). Oxygen

consumption increases in permeable sediments as well. Forster et a!. (1996)

demonstrated oxygen utilization increase of 91 %±23% in a sediment of permeability

5X 10- 12 m2 when flow velocity increased from 3 to 14 cm S-I, while in less permeable

sediment (5X 10- 12 m2
) the change was not significant. The authors showed that the

mineralization of added algae also increase in the coarser sand. Advective flows increase

oxygen consumption by increasing oxygen penetration depth (Ziebis et a!. 1996). Some

investigations have shown that oxygen consumption may be enhanced in organic poor

sediment due to advective transport (Andersen and Helder 1987, Rowe et a!. 1988),

which may reflect rapid mineralization in such sediments.

11
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Objectives

This study had two main goals. First is a better understanding of the relationship between

reef productivity and nutrient availability in coral reef ecosystems found in tropical or

subtropical oligotrophic waters. This includes the contributions of reef framework and

sediments to the nutrient recycling in reef ecosystem. The second is to investigate the

degradation and remineralization rates of organic matter in carbonate sediments in

comparison to silicate sediments. The impact of mineral composition, physical and

chemical characteristics of the sediments in degradation rate of organic matter have also

been investigated. The results show the role of carbonate sands for the recycling of

nutrients in reef ecosystems.

The main objectives of the study are to:

1- Investigate the role of reef framework and reef sediments in nutrient cycles in the

coral reef ecosystem.

2- Investigate the effect of the physical and chemical properties of carbonate and

silicate sediments, including permeability, porosity, mineral composition, and surface

area on organic matter degradation and remineralization

3- Quantify the nutrient and organic carbon concentrations in the pore water of shallow

sediment sites of the Gulf of Aqaba, including carbonate and silicate sediments

during summer and winter, and identify seasonality in nutrient and organic carbon

distribution in both sediments.

4- Study of nutrient and oxygen exchange in shallow coarse sediments and deep

cohesive sediment of the Gulf of Aqaba, and quantify the rate of organic matter

degradation in these sediments.

5- Assess oxygen consumption and CO2 production in permeable carbonate sediments.

12
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Publications outline:

The thesis includes five articles. Four of them have been submitted to international

journals and the fifth will be submitted soon. Two of the articles investigated nutrient

dynamics in the coral reef and the effect of reef framework and sediments (mainly

carbonate) on nutrient cycling in the reef waters. The other three articles investigated the

importance of carbonate sediments for the degradation of organic matter in reef

environments and compared mineralization rates of organic material in carbonate and

silicate sediments.

I) Rasheed M., Badran M., Richter C. and Huettel, M.

Effect of reef framework and bottom sediment on nutrient enrichment in a coral

reef of the Gulf of Aqaba

This study was initiated and carried out by M. Rasheed, M. Badran, M. Huettel and C.

Richter. M. Rasheed evaluated the data and wrote the manuscript with editorial help by

M. Huettel and M. Badran. This article is accepted for publication in Marine Ecology 

Progress Series.

2) Richter C., Wunsch M., Rasheed M., Kotter I. and Badran M.

Endoscopic exploration of Red Sea coral reefs reveals dense populations

of cavity-dwelling sponges

C Richter initiated this study, who also carried out the experiments with M. Wunsch, M.

Rasheed, 1. Kotter and M. Badran. C. Richter wrote the manuscript. This article was

published in Nature 413, I8.0ct. 2001.

3) Rasheed M., Badran M. and Huettel M.

Particulate matter filtration and seasonal nutrient dynamics in permeable

carbonate and silicate sands of the Gulf of Aqaba, Red Sea

This study was initiated by M. Huettel and M. Rasheed who also carried out the study

with a help of M. Badran. M. Rasheed evaluated the data and wrote the manuscript with

editorial help and input by M. Huette\. This article has been submitted to Coral Reefs.
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4) Rasheed M., Badran M. and Huettel M.

Influence of sediment permeability and mineral composition on organic
matter decomposition in three sediments from the Gulf of Aqaba, Red Sea

The contributions of the authors are the same as in the last article. This article has been

submitted to Estuarine, Coastal and Shelf Science.

5) Rasheed M., Wild C., and Huettel M.

Benthic respiration in permeable carbonate lagoon sediments from the Heron
Island atoll, Great Barrier Reef, Australia

This study was initiated by M. Huette\. The experiments for this study were carried out

by M. Huettel, M. Rasheed and C. Wild. M. Rasheed evaluated the data and wrote the

manuscript with editorial help and input of M. Huette!. This article will be submitted to

Estuarine, Coastal and Shelf Science.
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Effect of reef framework and bottom sediment on nutrient enrichment in a

coral reef of the Gulf of Aqaba, Red Sea

Summary

Inorganic nutrients and chlorophyll £! concentrations were measured bi-weekly in a

transect across a coral reef in the Gulf of Aqaba over a period of I year. The nutrient and

chlorophyll concentrations were compared to those in adjacent offshore waters (400 m

depth). In reef and offshore waters, nutrient (ammonia, nitrite, nitrate, phosphate and

silicate) and chlorophyll £! data showed seasonal changes, with high concentrations in

winter and low concentrations in summer. However, throughout the summer, nutrient

concentrations in the coral reef waters significantly exceeded those in the offshore

waters, while this difference was less pronounced in winter. This difference was caused

by nutrient release from regenerative space in the reef framework and coral sand. In the

reef framework water (i.e. cavity water), nutrient concentrations were 1.2 to 2.3-fold

higher than those in the surrounding waters, corresponding to fluxes of 14.5 mmol m,2 d'

I for ammonia, 7.7 mmol m·2 d,l for nitrate, 0.9 mmol m,2 d'i for nitrite, and 1.3 mmol m'

2 d,l for phosphate. In the less permeable reef sediments. nutrient concentrations

exceeded those of the free-stream waters by factors of 15 to 80. Here, the calculated

diffusive fluxes were 0.06 mmol m,2 d'i for ammonia. 0.03 mmol m·2d'i for nitrate, 0.01

mmol m,2 d,l for nitrite. 0.01 mmol m,2 d· 1 for phosphate. and 0.07 mmol m,2 d,l for

silicate. Our results highlight the importance of the reef framework and coral sand for the

trapping and mineralization of particulate organic matter and the regeneration of

nutrients in oligotrophic coral reef waters.
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Introduction

Although most coral reefs grow in oligotrophic waters (Furnas 1992), they belong to the

most productive coastal marine ecosystems (Sorokin 1993). The exchange of substances

between reef, open water. land and atmosphere is small relative to their concentrations

and turnover within the coral reefs. The high biomass and productivity of coral reefs is

explained by the tight internal recycling of matter (Wiebe et al. 1975, Andrews and

MUller 1983, Risk and MUlier 1983). Gross primary production in coral reef waters has

been shown to be I to 2 order of magnitude higher than in the surrounding oligotrophic

water (d'Elia and Wiebe 1990, Adey 1998). Reef-related physical and biogeochemical

processes mediate intensive exchange of dissolved and particulate matter between the

coral reef and the water in the reef environment. Coral sands and reef framework may

play important roles in this exchange process.

In most reef ecosystems, corals occupy roughly half the surface area and sands cover the

other half. Due to the porous structure of the coral sand, its permeability is relatively

high and the porosity of the reef sediment can reach 50%. Pore water analyses in these

calcareous sediments revealed elevated nutrient concentrations relative to the overlying

bottom water (Engvall 1978, Holm 1978, Smith et al. 1981, Arenas and de la Lanz 1983,

Entsch et al. 1983, Nixon and Pilson 1983, Williams 1984, Williams et al. 1985, Furnas

et al. 1993, Szmant and Forrester 1996).

Beneath the living surface of the coral reefs, coral skeletal remains and other calcareous

biogenic materials form a highly permeable framework, where the volume of coral reef

cavities may reach up to half the bulk volume (Ginsberg 1983). These framework

cavities are inhabited by a wide variety of organisms (Kobluk and van Soest 1989).

Organic matter trapped within the framework or imported by the reef fauna is consumed

by the organisms that colonize the cavities and which return ammonia and phosphate to

the framework water (Ferrer and Szmant 1988). Nutrient concentrations in reef cavities,

therefore, exceed those of waters surrounding the reef (Risk and MUller 1983, Ayukai

1993, Richter et al. 2001).
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Because of their large specific surface areas, coral sands and reef framework may have

an important biocatalytic function and may act as nutrient buffers in reef ecosystems

exposed to seasonal nutrient changes. Seasonal variability of the nutrient supply in coral

reef environments has received little attention due to the perception that seasonal

fluctuations are less pronounced in tropical climates. Nonetheless, high-latitude reefs,

such as those of the Gulf of Aqaba, undergo strong seasonal variations in primary

productivity (Kinsey 1977) that are unexpected on the basis of temperature and light

fluctuation alone.

Our understanding of the relationship between reef productivity and nutrient availability

is limited, despite the importance of nutrients for the growth and health of corals (Ward

1990, Torrance 199 I, Hallock et al. 1993, Atkinson et al. 1995). In this study, we

investigated the seasonal changes of chlorophyll £! and nutrients in the water column and

in a fringing reef ecosystem of the Gulf of Aqaba, and we measured coral framework and

sediment pore-water nutrient concentrations in order to assess the importance of

framework and sediment in the nutrient balance of the coral reef.

Materials and methods

The study was conducted in a well-developed coral reef located in the northern Gulf of

Aqaba in a marine reserve close to the Marine Science Station in Aqaba. Water samples

were collected concurrently from the reef site and an offshore site 3 km from the Marine

Science Station (Fig. IA). Along the reef transect. surface and bottom water (ca 50 cm

above the sediment) were sampled biweekly at stations ranging 5, 10,20. and 30 m from

the bottom. At the stations of 20 and 30 m water depth. additional samples were taken at

10 m depth intervals. The offshore reference station was sampled at water depths of 0

and 25 m. The bottom-water samples were collected by divers, while all other samples

were collected with Niskin bottles. Samples were kept on ice until analysis. In the

laboratory, the 1 I samples were filtered through pre-rinsed 0.45 ).lm cellulose-membrane

filters and analyzed for ammonia, nitrite, nitrate, phosphate and silicate concentrations

according to Strickland and Parsons (1972). The material on the membrane filter was

used for the determination of chlorophyll £! based on the method published by Arar and

Collins (1992), using a Turner Designs, TD-700 fluorometer.
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In June and December 1998, water samples from coral reef cavities and free-flowing reef

waters were simultaneously taken at hourly intervals over a period of 24 hours (Fig. IB).

Water was collected using a multichannel peristaltic pump mounted on a boat, using 10

m long,S mm diameter silicone tubing inserted into 8 randomly selected cavities within

a 4 m diameter coral pinnacle located at a depth of 3 to 6 m. Tubes were fixed axially

into -6 cm wide, -30 cm deep cavities using elastic plastic rods. Tubes were inserted

two-thirds of the way into the cavities. i.e. at -20 cm distance from the entrance. Free

flowing water was collected with 2 tubes fixed on moorings 3 m upstream from the

pinnacle; 100 ml samples were drawn at 50 ml min" and taken to the laboratory for

subsequent analysis of nutrients. Between samplings, the flow was reversed, using

double distilled water at rates of 2 ml min'l to avoid fouling of the tubing. With an

average volume of the sampled cavities of -3 I and a water residence time of less than 5

min, we found no dilution effect of the freshwater on salinity in the cavities. Nutrient

fluxes between coral reef cavities and free flowing waters were calculated according to

the formula

where t,N is the concentration difference between the cavity and free-flowing reference

(mmol m"\ Vc is the volume of cavities per unit area of reef (m' m'\ and T is the

residence time of water in the cavities. For the upper 0.2 m of framework investigated,

Vc was 0.07 m (Richter et al. 200 I). A conservative estimate for T is 300 s (Richter and

Wunsch 1999). From June 1999 until March 2000, interstitial water of the coral reef

sediments were sampled at a 5 m deep reef site (Fig. 18) using a method similar to that

described by Hesselein (1976). The sediments in this site consist mainly of carbonate

sands, with a medium grain size of 500 Ilm, an average porosity of 47%, a permeabilty

of 143 x 10,12 m2
, an organic content of 0.5%, and a calcium carbonate content of 80%.

50 ml of the filtered pore water were diluted to 250 ml with distilled deionized water for

nutrient analyses. The pore-water nutrient concentrations were compared to those of the

bottom water overlying the sediment. Minimum fluxes of N~+, N02', NO}', P04'} and

Si(OH)4 from the sediment were calculated according to Fick's first law of diffusion:

F = I" D dCdz'
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where F is the flux (mmol m,2 d,I). 0 is sediment porosity, D is the coefficient of

diffusion (m2 d,l), and dCdz,1 is the concentration gradient at the sediment-water

interface (mmol m-4). Diffusion coefficients for ammonia, nitrate, nitrite and phosphate

were taken from Li and Gregory (1974) for a water temperature of 25°C and corrected

for a tortuosity using a porosity of 0.47 and the tortuosity-porosity relationship reported

by Beekman (1990). The value for silicate was taken from Lerman (1979) and Callender

and Hammond (1982) and corrected for tortuosity. The calculated diffusion coefficients

were 8.85, 6.66, 6.7, 2.97 and 5.89 x 10'5 m,2 d,l for ammonia. nitrate, nitrite, phosphate

and silicate respectively.

To assess whether nutrients were significantly different in coral reef waters from those in

the offshore waters, ANOV A analysis (5% significance level) was performed based on a

calculation of the differences in the average of concentrations between coral reef waters

and offshore waters in summer and winter.

Results

In order to compare nutrient concentrations of reef and offshore waters, surface and 25 m

samples of the offshore waters were averaged and plotted with the average of the coral

reef waters from various depths against time (Fig. 2). Nutrient and chlorophyll .1!

concentrations in reef and offshore waters showed seasonal changes, with high

concentrations in winter and low concentrations in summer. The concentrations began to

increase in October. Nutrient and chlorophyll n concentrations in the reef waters

exceeded those in the offshore waters (Fig. 2. Table I). particularly in summer. when

inorganic nitrogen and phosphate concentrations exceeded offshore values by up to 3

times. The pattern was less consistent during winter, when gradient reversals occurred,

both for inorganic nitrogen (e.g. nitrate, February through April: Fig. 2) and chlorophylJ

.1! (January through March: Fig. 2).
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Fig. 2: Nutrient (JLM) and chlorophyll !! (JLg 1"1) concentration records in coral reef (closed

circles) and offshore reference (opened circles) waters during the period May 97 to
May 98.
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As a result. moderate cross-shore differences were found only for phosphate and silicate

in winter, as opposed to strong and highly significant differences for all parameters in

summer (Table 2).

Parameter

Inorganic nitrogen

Phosphate

Silicate

Chlorophyll <!

Reef water Offshore water

Slimmer Willter Slimmer Winter

0.35 (0.09) 0.65 (008) 0.13 (0.03) 0.58 (0.05)

0.06 (0.01) 009 (0.01) 0.02 (0.01) 0.07 (0.01)

1.05 (0.14) 1.78 (0.10) 07 (0.01) 1.43 (003)

0.19 (0.02) 0.23 (0.03) 0.14 (0.02) 0.23 (0.02)

Table I: Annual average of nutrients (IlM) and chlorophyll ~ (Ilg L .1) concentrations in the

offshore and reef waters during sUlnmer and winter (n= 70 for summer and 28 for

winter). The values between parentheses represent the standerd deviations.

Parameter

Inorganic nitrogen

Phosphate

Silicate

Chlorophyll <!

Meall
differellce

0.22

0.04

0.35

0.05

Summer Winter

P Meall P
differellce

< 0.0001 0.07 0.4761

< 0.0001 0.02 0.0057

0.0015 0.35 0.0178

00316 0.00 0.7394

Table 2: Mean differences of nutrient (IlM) and chlorophyll ~ (Ilg L") concentrations between

the offshore and reef waters in summer and winter. P values obtained from ANOVA

analysis at a significant level of 5% (When p < 0.05 the difference is significant).

Within the reef framework. nutrient concentrations were higher than in the free-stream

waters (Fig. 3) in approximately 90% of the cases. Much higher nutrient concentrations

were found in sediment pore waters compared to concentrations in the water above the

sediment (factors of 21 to 80 in summer and 15 to 74 in winter: Fig. 4).
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Fig. 3: Average nutrient concentrations (IlM) in the framework of the coral reef (gray

columns) and surrounding waters (white columns).
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Fig. 4: Average of nutrient concentrations during the period July 99 to March 2000 in the

pore water (Av PW) and sediment water interface (Av SW) of the coral reef.
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Discussion

This study shows, for the first time, clear seasonal changes in nutrient and chlorophyll J!

in reef and offshore waters, as well as differences in these parameters between the two.

Enhancement of nutrient concentrations in reef water was found particularly during

summer. Higher nutrient concentrations were found in the sediment pore water and in the

reef framework than in the surrounding water. This steep concentration gradient would

result in fluxes of these nutrients to the surrounding water.

Seasonal pattern of nutrients in coral reef waters

According to Furnas et al. (1990), Hatcher and Hatcher (1981), and Ayukai (1993), it is

difficult to detect seasonal variations in reef-water nutrient concentrations by sampling at

1 month or longer intervals because of the strong short-term variations in the reef waters.

Our results demonstrate temporal and spatial changes in the nutrient concentrations in

the coastal environment of the northern Gulf of Aqaba, whereas, no significant

difference in current speed and direction between summer and winter were reported

(Rasheed et aJ. unpubl. data). We have shown that the coral reef ecosystem in the Gulf of

Aqaba is subjected to seasonal changes, with elevated concentrations of all measured

nutrients in fall and winter. The main 2 reasons which could cause these seasonal

changes are (1) deep-water column-mixing during winter increasing the nutrient

concentrations in the coastal waters and boosting phytoplankton growth (Venrick et al.

1973, Souvermezoglou et al. 1989, Lindell and Post 1995), and (2) water-column

stratification and increased light intensities during summer which result in a depletion of

the inorganic nutrients by enhanced primary production (Olson 1981, Souvermezoglou et

al. 1989).

Comparison between nutrient and chlorophyll J! values in reef and offshore waters

In our study we found spatial differences in nutrient concentrations between reef water

and offshore water adjacent to the reef. During the summer months, when the offshore

water was nutrient-depleted, concentrations of nutrients and chlorophyll J! in the reef

water were higher than in the offshore water. During winter, strong vertical mixing

reduced the differences in nutrient and chlorophyll J! concentrations between reef and

offshore waters. Vertical mixing moved deep water, rich in nutrients, up into the water
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column (Venrick et al. 1973. Klinker et al. 1978, Levanon-Spanier et al. 1979. Robert

and Olson 198 L AI-Najjar 2000) while diffusion caused nutrient equilibration between

reef and offshore waters. Nitrogen enrichment of coral reef waters has been reported by

several authors (Meyer and Shultz 1985. Blanchot et al. 1989. Tribble et al. 1990, Bell

1991), and the reef in the Gulf of Aqaba showed similar trends (Badran and Foster

1998). Enhanced primary productivity during winter months in the Gulf of Aqaba was

recorded by Levanon-Spanier et al. (1979).

Possible reasons for higher nutrient concentrations in the reef waters

Increased nutrient concentrations in reef waters can be originate from anthropogenic

sources such as nutrient-rich groundwater input (d 'Elia et al. 1981, Lewis 1985), sewage

discharge (Johannes 1975) and terrestrial runoff (Marsh 1977). However, these sources

are negligible in our study area because the reef is an environmentally protected zone

and there is no groundwater input (no salinity change was recorded in the study area) and

very little rainfall throughout the year. The higher silicate concentrations could be

attributable partly to an influx of atmospheric silicate-rich desert dust (Alfuqaha unpubl.

data). We suggest that the higher nutrient concentrations in the reef are caused by the

efficient trapping and decomposition of suspended particles by the reef framework, coral

sands and reef biota, as well as nitrogen fixation by organisms living in the reef

environment.

Framework

Our study has shown that the concentrations of nutrients in the framework water were

higher than those in the free flowing water (Fig. 3), which would cause nutrient fluxes

from the framework to the surrounding water. The average fluxes in summer and winter

from the framework reached approximately 14.5 mmol m·2 d· 1 for ammonia. 7.7 mmol

m·2 d· 1 for nitrate. 0.9 mmol m·e d· 1 for nitrite. and 1.3 mmol m·2 d· 1 for phosphate. These

fluxes have added more nutrients to the reef water, particularly during summer when the

concentrations were low (Fig. 2). Three mechanisms may be responsible for the higher

nutrient concentrations in the framework: (I) decomposition of organic matter enclosed

in the framework carbonates that had been overgrown by corals (e.g. coral tissue, boring

organisms, coralline algae), (2) suspended particulate matter. including small

phytoplankton and bacteria that are efficiently trapped by the abundant suspension
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feeders living within the reef framework (Gast et al. 1998. Richter and Wunsch 1999,

Richter et al. 200 I), and (3) remineralization of faeces from migrating invertebrates and

fishes, which forage on and above the reef and use cavities as a temporary shelter (Bray

et al. 1981, Meyer et al. 1983). Similar findings were reported by Ferrer and Szmant

(1988), who measured increased nutrient concentrations in the cavities of the reef of

Beliza Barrier and Kaneohe Bay Reef respectively, and a net flux of nutrients from the

reef framework to the surrounding water. These findings indicate that the reef framework

is an important site for organic matter mineralization in the reef (Andrews and Muller

1983, Szmant-Froelich 1983, Sansone 1985, Buddemeier and Oberdorfer 1986, Tribble

et a!. 1986, 1988) and suggest that the framework may act as a temporal nutrient source

in the reef environment.

Coral sands

We measured increased nutrient concentrations in the pore water of the sediment relative

to the overlying water during summer and winter (Fig. 4). This steep concentration

gradient would result in a net flux of nutrients from the pore water to the overlying water

(Fig. 5). Fluxes of ammonia, nitrite, nitrate and phosphate increased during the winter

months (December to March: Fig. 5). The average fluxes over the whole year were 0.06

mmal m·2 d'i for ammonia, 0.03 mmol m·2 d'i for nitrate, 0.01 mmol m'2 d'i for nitrite,

0.01 mmol m'2 d'i for phosphate, and 0.07 mmol m'2 d'i for silicate. However, the

calculated fluxes only represent the diffusive fluxes from the sediment, as the calculation

we used (Fick's law of diffusion) does not include fluxes caused by bioturbation and

advective pore-water exchange (Clavero et a!. 2000). Laboratory core incubation resulted

in silicate fluxes which exceeded the calculated silicate flux by a factor of 20 (Rasheed et

a!. unpub!. data) suggesting that both bioturbation and advective pore-water exchange

probably added to the flux.
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Fig. 5: Calculated nutrient fluxes from the sediment to the water column during the period

July 99 to March 2000.

This indicates that the coarse-grained carbonate reef sediments may act as a biocatalytic

converter (Rasheed et al. unpubl. data), similar to the porous framework. We suggest that

organic matter filtered from the water column when bottom currents interact with the

permeable sediment (Huettel et al. 1996. Huettel and Rusch 2000) is decomposed in the

sedimentary microbial food chain. The products of the mineralization. the nutrients. are

then released into the pore water and overlying water column. Increased nutrient

concentrations in the pore water of reef sediments were also reported by Capone et al.

(1992) for the Great Barrier Reef, Szmant and Forrester (1996) for the Florida Coral

Reef, and Ciceri et al. (1999) for the northern lagoon of Venice. Nutrient release from

reef pore waters to the water column was reported by several authors (e.g. Fuentes and

Espino 1990. Bertuzzi et al. 1996. Charpy-Roubaud et al. 1996. and Ciceri et al. 1999).

The flux of ammonium in our study (0.06 mmol m·2 d-I) was lower than the fluxes

reported by Charpy-Rouband et al. (0.16 mmol m-2 d- l) and Bertuzzi et al. (0.3 mmol m-2

dol). However, phosphate flux in our study was higher compared to the previous 2 studies

(0.010, 0.004, and 0.001 respectively). The differences in the flux values resulted from

different nutrient concentrations in the water column and in the pore water, which might

be attributable to the differences in the organic matter loading and different chemical and
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physical properties of the study areas (Shum and Sundby 1996. Hulthe et al. 1998).

Charpy-Roubaud et al. (1996) found that aerobic bacteria that live in coral sediment

could mineralize organic compounds to mineral end-products. In most tropical shallow

marine environments like the Gulf of Aqaba, the highest metabolic activity is associated

with the benthos (Zieman 1982, d'Elia and Wiebe 1990).

Reefbiota

Corals, mollusks, polychaetes, echinoderms and a variety of other reef-dwelling

organisms can efficiently filter and digest organic particles from water in the reef and

thereby also increase the concentration of nutrients in the reef water relative to the

offshore water (Hatcher and Hatcher 1981. Andrews and Muller 1983, Tribble et al.

1988, Lamed 1998).

Nitrogen fixation

Nitrogen fixation in the different habitats within the reef has been reported in several

studies (e.g. Wiebe et al. 1975, Goldner 1980, Wilkinson et al. 1984). According to

Crossland and Barnes (1976), corals themselves do not have the ability to fix nitrogen,

but endolithic organisms in the coral skeleton do. Shashar et al. (1994) reported a

fixation rate of 0.6 to 1.0 mmol N2 m'2 d· l in the Gulf of Aqaba and reported that 70% of

the fixation occurred in the sand-covered lagoon.

Our study has shown seasonal changes in the nutrient concentrations in the reef and a

nutrient gradient between reef water and offshore water during summer. In winter, high

nutrient concentrations in the coastal zone in the Gulf of Aqaba caused by enhanced

water-column mixing remove this gradient. In summer, particle trapping and biocatalytic

conversion of dissolved and particulate material in framework and reef sands increase

the nutrient concentrations in the reef water relative to the offshore water. This nutrient

availability during summer permits a higher primary productivity in the reef environment

during this period in comparison to the offshore water. as indicated by the chlorophyll £\

data. We conclude that the decomposition activity and buffer capacity of the coral sands

and reef framework play an important role in the support of primary productivity in the

coral reef ecosystem during phases of nutrient depletion in the water column. During the

fall and winter months, sands and framework accumulate nutrients (due to sorption and

binding processes) and particulate organic matter. This organic matter is decomposed in
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the pore space of the sand and reef framework, and the resulting nutrients may be

gradually released during the summer months.
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Avu.. 2 l't1ysical dimen~ons 01 coral reef cre~ces. I, Lengt!l-~eQUencyhistograms of
aevice opening diameters, shC1Ning the size range amenable 10 the endoscopic methods
used in this study. Earlier studies by dive's were limited to cavities with opening diameters
much greal.. than 1 m, OI'lITlI"isingless IhM 1% 01 the 10tal numbefof crevices..., much
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sponges outweighed by farepibenthic sponges (0.2-1.2% cove"- IO
).

Using an area: biomass conversion of 25.6 mg C per to-cm2

sponge. detennmed on small fragments of fresh reference material
(? = 0.59," = 25), this translates into a coelobite sponge biomass of
21.1 ± 14.2gC perm' coral reef(median ± MAD (median absolute
deviation».

Intense filtering by the coelobite community resulted in marked
depletions of phytoplankton chlorophyll. (Chi.) towards the inner
reaches of the crevices (64 ± 8%ofthe freestream waters; Fig. 4b; see
Methods), alongside marked decreases in the ratio of Chi. to its
degradation product phaeopigment (Fig. 4c). These findings are
consistent with earlier measurements of bacteria and naked cell
depletion in artificial cavities from the Caribbean2

• Community
respiration led to small but significant reductions in oxygen levels
relative to freestream walers (5 ± 2%, Fig. 4d; Kruskal-Wallis test,
P < 0.0001), reflecting the net heterotrophic nature of the cavity
habitat.

Current speeds, determined by video-tracking of displaced par
tides and by dissolution of calibrated plaster cubes spaced over the
length ofthe crevice, averaged between 0.9 and 5.5 cm S-I. Wash-out
experiments with fluorescent dyes fealured half-life periods of only
75 ± 15 s, suggesting complete flushing ofcavity waters within a few
minutes.

Dye experiments showed that water flow through framework
crevices was driven by flow speed differences across the bumpy reef
surface, much like pressure-induced air flow through termite
mounds, where the intake openings are located in troughs near
the base and the exhaust openings in exposed position near the
cresl'~. As a result, water flow was almost always directed into the
crevices, leaving the framework through counlless cracks and holes
near the elevated parts of the reef.

The largely unidirectional flow pattern allowed us to determine
the bulk filtering rate of the coelobite community using the
standard flow respirometric approach IS. Flux was calculated from
the measured changes in Chla and the rate of water exchange across
a unit volume of cavernicoJous reef, according to

where F is the amount of phytoplankton carbon filtered per
unit volume of cavernicolous reef (g C per mJ reefd- 1

• or g C per
m2 reefd-1 normalized. for conservancy. to the upper first metre of
framework); L1Chla is the mean concentration difference between
upstream and cavity waters (0.16 ± 0.01 mgChla per mJ water;
Table 2); r is a conservative value for the water exchange rate in
the crevices (the inverse of the water residence time, as detennined
by fluorescent tracer experiments; 300 per day); p is a conservative
value for the volume fraction ofcrevices per unit framework (0.3 mJ

water per 01] reef; Table 1) and k is a carbon: Chla conversion factor
of 60 g C per g Chin (ref. 10).

as the dominance of delicate sheet-like growth forms (Fig. 3d),
support the assumption that the distribution and abundance
patterns of coral reef sponges are controlled by predators I2

•
l3

• Less
than I% of the total area covered by sponges was due to erect or
massive morphotypes, and less than 2% was due to boring taxa.
Other filter-feeders (ascidians, bivalves, bryozoans and polychaetes)
occurred regularly but at much lower densities. covering generally
less than 5% of the substrate.

Qualitative wide-angle overviews with the CaveCam mounted on
a flexible rod confirmed the pattern of well-flushed and densely
populated crevices up to the 4 m reaches of the instrument. With a
projected cover of 82 ± 55% per unit area of coral reef, coelobite

F = ~Chla X rpk (I)
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communities l7
·". This is corroborated by combining our biomass

data (21.1 gsponge C m-') with reported food rations in benthic
filter-feeders (2-10% body Cd-I; ref. 16), which yields similar
values (004-2.1 gCm-'d-' ).

Owing to the long doubling times of phytoplankton and bacteria
(6-24 h; ref. 19) relative to the residence time of water over the
narrow shelf (I-5 h; refS 5, 10), most of the picoplankton consumed
in the reef originates from offshore, thus constituting a source of
new material for the reef ecosystem.

Nutrient enrichments in the cavities suggest intense mineraJiza
tion of the organic maller by the crevice biota (Table 2). Nutrient
ratios near the Redfield ratio (N:P = 15.5; Table 2) reflect the

Figure 4 Small-scale distribulion of coeIobite sponges (I), CIlia (Il). Cl1Ia:ph~igments
(c) iIld oxygen (II) in Red Sea coral reef framewOl1< crevices. shown as oomposites of 25
(I) and 15 (b-II) 5m'e'fS conducted within !he study area (F1\l. 1). Boxes ,.,d whiskers
encompass 50% and 95% of the data, respectlve~; cerrtre lines denote the median. In I.

IJ'f cenlcoyer is relative to total coelobite living area (2.8 ± 0.9 m'lJ'f projected m' ree~.
In b. d. deQletions are relative to freestream waters (up) abool 2m aboYe !he reef.
Downstream exns (down) of tlIlnei crevices sI10w mixing witl1 freestream wal"'s.

Phytoplankton uptake by the coelobite community amounted to
0.89 :!: 0.05 g C m~' d~l. equivalent to 22% of the gross community
metabolism of the entire reef". Total picoplankton removal, as
suggested by the available biomass ofbacteria in tropical waters", is
probably more than twice this value, ranking our findings among
the highest rates reported so far for marine and freshwater sponge

Figure 3 EndllSCq)ic techniques foc the study of crevice dimensials and coeloMe
cocnmunnies. Woe-frame model of a framewOl1< crevice (lias Mohammed, Egypt. 20 m
deptIi) _ from !he side (II, front (b) and a45° angle (c). Gfeen cirdes. spaced 5 ern
all"1, rn<V1< reflection of a light sheet on crevice wall; yellow symbols rn<V1< the plumb line.
d, VIdeo etos&-Ujl of coelobite oommlJlity, OOUding the beige sponge ChaJdriIia
saccifrxmis. ill miderrtified yellow spooge (at rigllt). soIitry scf",aclinian poIjps. !he
octocoral AcalJaria delicata (below. left) and polychaete lubes (abow. righQ. Position of
the image in d Is _ed by a SQUare symbol in l-e.
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planktonic source of the mineralized material If', contrasting the
higher values reported for intrinsic reef material, for example in
lagoonal patch reefs (N:P = 20; ref. 20), pore waters (N:P = 21;
ref. 21) or benthic producers (N:P = 30; ref. 22). Stoichiometric
conversion of picoplanktonic organic matter to inorganic nutrients
(assuming 100% of the ingested food is respired) shows that
allochthonous N and P may contribute one-third of the total
nutrient flux emanating from the cavities (Table 2), in readily
assimilable form (such as ammonia, 42% of N; Table 2) for corals
and algae".

On the basis of the measured concentration differences and
flushing rates, we estimate that 22.3 and 1.4 mmol m-' d-' of
allochthonous Nand P, respectively, are channelled into the coral
reef system by coelobite filter-feeders, which exceeds the known
import pathways through cross-shore advection of dissolved nutri
ents (1.9 and 0.3 mmo) m-2 d- t

) respectively}), nitrogen fIXation
(0.6-1.0mmoINm-'d-'; ref. 24) or migrating fish (2.4-7.2
mmoINm-'d-'; ref. 25).

The accrual of picoplankton by coelobite sponges and the
associated enrichment of crevice waters with offshore nutrients
may be a widespread phenomenon, as suggested by the occurrence
of phylO- and bacterioplankton depletions ncar coral reefs through
out the tropiCS·,S·IO.2f••H. Our findings may therefore provide a general
answer to Darwin's question28 of how coral reefs manage to thrive in
oligotrophic waters. 0

Me1hods
_~IlIId.Iz ..
w~ pnformcd div~ surveys 10 detcnniM th~ total number and siz.c distribution ofcrMces
riddling th~ coral recfframework in Aqaba and Ras Mohammt'd (Fig. I). Mea.suring tapt'S
(SO m) were laid out at random, paralkl to the J-, 10-, 12- and 20-m dt'pth lines lTable I).
Numbers and kngths of crevices inlc:rttpling the tape Wttt' rcconkd to tht' nearn! 0.1 m.

___ogylllldell_

An endoscopic video syst~m was uS«! 10 aSMM tht' cfOss-sectional and wall art'a of 25
framework amcn in Aqaln. Eilat and Ras Mohammt'd (Fig. I). at depths of 2-5 m
(n = 9). 12-14m (n = 8) and 19-20m (n =8). Thr systtm consistw ofrwo pans: a
amen Mad fined with a 3-mm widt'-anglc It'fls, conOt"Ctw by a l.8-m cable 10 its control
(Pilln~nic KS-162) and video recording unit (SonyTRV.9IE)-; and a modified so-w
halogen light mounted 60 cm in front of tht' lens, t'milfing ill plane of light perpendicular to
tht' axis of the camen. This configuration produced a highlighted conlour at the
inten«tion oflhe light shed with Iht' cr('Vict' wall. Moving the ~t-up in known
incrt'mt'nts (5 or lOan) on a nil along Ihe axis of each crevice yielded a ~uence of light
rings outlining its shape in threedimmsions (Fig. la-c). Video-images wert'digitizt'd, and
wall and cross-sectional areas were dclcnnined hom the sladt of scalt'd images for each
Cft=V1ct' using Object-Image 1.62 software wOllen by N. Vischer (ftp:lIsimon.bio.uva.nll
pub). Afler cornel ion ofbarrcl distortion using Panonma Tools 1.7.2 by H. Dersch
{hltp:JI www.fh-furtwangen.de/-dmchl. Ihree dimcruional wirt'-frarnt models of the
crevices wert obtained forvisualiulion (Fig. la-c) using Rutater 3.5 byC. Klocdcn (ftp:J1
nru.addaidudu.aul rotaler/).

From the frontal aspt:d of a given fnmework crevice, il is obvious that the. pro;cctro
c.ross-sa:tion (Fig. lb. white area around cenlrt:) is only a fraction of lhe cross·5t:ctional
area at tht' entrance. Given lhe limited air lime undcrwalcr, it was nOI possible 10
customize the straightlrack of our 5ystrm 10 lhe winding axis of each crevice. which limits
the operational range of the quantitative surv~ to 2.5 m. For consistency, the same
margin wu also applied 10 the quantitative inwstigalion of the coclobile communities
(bdow).

-.. .....
The CavcCam was wed with a 7.5·mm do5t:-up lens, 10-W headlights, ill 45" mirror
and spaCttS6 to assess Ihe corresponding communily composition and living cuver of
codobitcs. The walls of each of lhe 25 crevices were probtd in 25-cm incr~mt'flts.

taking sets of five 6Ox45-mm video frames of the sides. roof and bottom, rnpcctively.
The images wt'rc digitiztd and scaled, and the area covered by each laXon outlined
manuaJly with a digitiring pen for image analysis (NIH-Image; hup:l/rsb.info.nih.govl
nih-image). Specimens were dett:nnincd to lhe loWt:St taxonomic 1n'C1 possible and
ground-lruthed by taxonomic opcrl.5 on the basis of reference rnatt'rial collected in lhe
fidd.

Spangt-
Spong~material was obtained from smtll fragments of rod chiselled off the crevice walls.
Tissue was scnped off tht' substnte wing a disS«ting knife. We obtained 25 samplt's of
caclobite sponges nnging from 11 to 43 cml in area cover for gravimetric dett'rmination of
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dry mass (24 hat 90 0c) and ash-free dry mass (MOM; 5 h at 450"C). Organic carbon was

cakulated using a C: AFOM conversion of 0.5 (ref. 16). Each specimen was photographed
in situ before cxtraclion to rdate area cover (image analysis, abo~J to sponge biomass.

Cumnlland -nv
Wt' drtcrmined watt'r achangt' lhrough framework crMces by the dissolulion ow:r 24 h of
plasttr cardsl't spaced along the length uf the crMces. and by shorl-Irrm video-tracking o(
displaced particles using the Cavt'CIm-. Additional d~ e:cperimenl.5 were carried out by
injecting fluorescein inlO the cenlre of randomly sekcted cavlti(:s. halfway from thr
entrance, stirring, and measuring the deay of the fluorescencil: signal in syringe samples
taken 0.5. 1.2, 4, 8 and 16 min after initial ion of the experimil:nl. Regression of the log
relative f1uorcscil:nce "trsus time (seconds) yielded rh(' relationship y = 1.866-0.004t
(I =0.46; tl = 240).

Triplicale samples (or nutrient, oxnen and chlorophytl detttminations Wtte collecr:cd by
an cight-chllnnd peristaltic pump (Aqaba), which s.amplcd simultaneously in crevict' and
freeslrcam waters above the rttf over ill did period aIongsidt' measurements of water
uchange. Altemalivety, samplt'S werecollectw by divers (Fig. I, olhil:r sitil:S) drawing water
through IOO-....m screened silicone tubing into lOO-mJ polyethylene syringes. Intake.~ werll:
spaced along the axis of crevices, and additional samples were COllCC1W from Ihe
downstream ends of Junnd cavirit'S (Fig. 4, right). Cooled and shaded samples were
proccss<d within 2 h of coUcetion. Oxygen was measured by Winklt'r litntion-. and Chla
and phaeopigmt'nl.5 by fluorometry using the acidification met.hod JII (IOO-ml sampk,
25-mm Whatman GF/F filters. 24 h of dark 909' aCt'tone extnClion at 4 "c). Filtnte
ammonia. nitrile, nilnle and phosphale wert' dclil:rmined spectropholomctricaUr-.
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Particulate organic matter filtration in permeable sediment

Particulate Matter Filtration and Seasonal Nutrient Dynamics in Permeable

Carbonate and Silicate Sands of the Gulf of Aqaba, Red Sea

Summary

This study compares mineralization in permeable silicate and carbonate sands in the

shallow shelf of the Gulf of Aqaba. From July-1999 to March-2000 we monitored

concentrations of inorganic nutrients in water and pore water at two neighbouring sites,

one of which was dominated by silicate, the other by carbonate sand. Although the

carbonate was coarser than the quartz sand, organic matter, DIN and ortho-phosphate

concentrations in the biogenic carbonate sediment always exceeded those in the

terrigenic silicate sands (factor 1.5-2.0 for organic matter, 1.7-14.0 for nutrients). Higher

nutrient concentrations in the water column during winter months caused increases in

pore water nutrient concentrations in both sediments down to 10 cm depth with no

significant delay, emphasising the effect of advective transport of solutes and particles

into permeable sands. An experiment was conducted where sieved clean quartz and

carbonate sands of same grain size (250-500 11m) were incubated in-situ. Although

exposed to the same water and boundary current conditions, the sieved carbonate sand

accumulated more organic matter and developed higher nutrient concentrations than the

incubated silicate sediment. We conclude that the mineralogical characteristics of the

carbonate sand (higher porosity, sorption capacity and pH buffer capacity) enhance the

filtration capacity and the biocatalytic conversion efficiency relative to the smooth

crystalline quartz grains.
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Introduction

[n the shallow shelf, the sediment is an important site for the mineralization of organic

detritus (Charpy-Roubaud et al. 1989, Ciceri et al. 1999). The degradation process occurs

mainly within the uppermost sediment layers, where bioturbation, advection and

diffusion cause rapid exchange of solutes and particles with the overlying water

(J0rgensen et al. 1990, Ziebis et al. 1996, Macintyre et al. 1996, Furukawa et al. 2000,

Huettel and Rusch 2000). Transport rates, temperature and the physical and chemical

characteristics of the sediment are the main factors that control the rates of biological and

chemical transformation (Berner 1980).

Where coral reefs grow on terrigenous sediments, carbonate and silicate (quartz) sands

can be found in close proximity. Silicate and carbonate sands do not only differ in their

mineral composition but also in their surface structure, sorption and desorption

characteristics and dissolution kinetics (Schroeder and Purser 1986). Carbonate

sediments are amongst the most abundant reactive minerals near the earth surface and

they dissolve at faster rate than the rate for silicate mineral dissolution (Banfield and

Nealson 1998). CO2, HC03 produced during the sedimentary organic matter

decomposition affects the dissolution and precipitation reactions of the carbonate grains.

Pore water nutrient profiles provide hints on the mineralization intensity and

decomposition pathways in the sediment (Froelich et al. 1979, Emerson et al. 1980,

Corredor and Morell 1985, Santschi et al. 1990, Mortimer et al. 1998, Tuominen et al.

1999), and the transport processes and interfacial solute fluxes (Corredor and Capone

1985, Hansen and Kristensen 1997, Burdige and Zheng 1998). In medium to coarse

sands, such as the silicate and carbonate sediments that occur in the coastal zones of the

Gulf of Aqaba, pore water flows can transport substances into and out of the bed, thereby

affecting the sedimentary biogeochemical transformations of matter (Huettel and Gust

1992, Huettel et al. 1996). Elevated nutrient concentrations reported in the pore water of

highly permeable carbonate sediments (Sansone 1985, Buddemeier and Oberdorfer 1986,

Sansone et al. 1988, Sansone et al. 1993) indicate efficient filtration of particulate

organic matter. Due to the rapid fluid exchange between sediment and overlying water,

seasonal changes of the chemical properties of the water column may be transmitted

effectively to the pore water and affect the diagenetic processes (Bertuzzi et al. 1996,

Ciceri et al. (999).
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[n order to elucidate the influence of the mineral sediment matrix on the sedimentary

decomposition process, we compare sedimentary profiles of particulate organic carbon

and nutrients of two adjacent sites in the Gulf of Aqaba, one dominated by carbonate

sands, the other by quartz sands. A time series demonstrates the tight coupling of the

pore water concentrations to the seasonal changes in the water column and shows

different responses in carbonate and quartz sands. The results of an in-situ experiment

suggest that the different mineral characteristics of the two sediments are responsible for

these different responses.

Study site and Methods

The study was carried out In a fringing reef in the Gulf of Aqaba situated on the

Jordanian coast (lat. 29°27', long. 34°58' Fig. la). Mean water depth at the two sampling

sites was 5 m, the average tidal range 0.7 m. Site # I was located in an area where the

sediment consisted mainly of calcareous biogenic sands composed of coral (ca. 35% of

dw), and shell fragments (ca. 15%), remains of forminiferans, calcareous red algae, and

sea urchins (ca. 30%) and ca 20% silicate grains (Fig. Ib). At site # 2, the sediment was

ofterrigeneous origin and mainly composed of crystalline quartz derived from weathered

rock. However, approximately 2% of the sand consisted of biogenic materials, mostly

shells and forminiferan tests (Fig. Ic). The distance between the two sites was

approximately 200 m.

The physical and chemical characteristics of the carbonate and silicate sediments are

summarised in Table I. The coarser carbonate sand was less well sorted and had a higher

porosity and penneability than the quartz sand. A set of calibrated analytical sieves was

used to assess the grain size distributions. Sediment porosities were calculated from

weight loss of wet sediment slices after drying at 60°C for 24 h. The hydraulic

conductivities of the silicate and carbonate sediments were measured with a constant

head permeameter as described by Klute and Dirksen (1986). The concentration of

calcium carbonate in the sediment was determined by complexometric titration of

calcium carbonate with 0.1 N of HCL according to Muller (1967). Organic carbon

contents in the sediments were measured following the method of Gaudette and Flight

(1974). In this method, 0.2 g of the sediment were treated with H2S04 (12 M) and

potassium dichromate and then titrated with felTous ammonium sulphate solution.
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Fig. 1: (a) Study site in the Gulf of Aqaba (b) Left: 0 Location of the carbonate sand

sampling site (dotted area reef, grey area: sediment). Right: carbonate sands

from the sampling site. (c) Left: • Location of the silicate sand sampling site

(grey area: sediment). Right: silicate sands from sampling site. The distance

between carbonate and silicate sites was 200 m.
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.. • I I . I

Characters Carbonate Silicate Carbonate Silicate

CaC03 content 75-85% 4-6% 82% 2%

Median grain size (/lm) 624 206

Ql grain size (/lm) 1149 323

Q2 grain size (/lm) 272 163

Mean grain size (/lm) 559 229 375 375

Sorting 1.3 0.9

Skewness 0.6 -2.0

Porosity % 47 33 41 40

Permeability m2 143*10- 12 18.5* 10-12 43.8* 10- 12 22.6* 10- 12

Chlorophyll .!! (/lg g-I) 0.719 0.625

Organic carbon % 0.36 0.24 0.10 0.07

Shells numbers m-2 560 310 0 0

Snails numbers m-l 1720 310 0 0

Table 1: Sedimentological properties of the natural carbonate and silicate sands at the study

sites and the sieved sediments that have been used in the in-situ incubation.

Seasonal study

From July 1999 until April 2000, sediment samples were collected monthly (2 cores for

each sediment type) by divers using cylindrical acrylic pipes (25 cm high, 9.5 cm inner

diameter) that could be closed on both sides with rubber stoppers. The length of the

retrieved sediment cores was usually about 15 cm. Immediately after sampling, the

sediment cores were cut into horizontal slices (upper 6 cm: I cm slices, below 2 em thick

slices). 50 cm3 of each sediment slice was used for pore water extraction, another 2 cm3

for the assessment of the content of carbonate and organic carbon. In order to extract the

pore water, the sediment subsamples were centrifuged at 12500 g and 4°C for 15 minutes

and the pore water then was filtered through 0.45 flm syringe filters. The pore water

samples were analysed directly. For nutrient analysis, 5 ml of the filtered water were

diluted to 50 ml with deionized distilled water.

During the study period, we recorded temperature, salinity, current speed and current

direction of the water at about 0.5 m above the sediment at a station half-way between
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the two sampling sites (initial samples have shown that there were no significant

differences in the water current and temperatures above the two adjacent sampling sites).

Current speed and direction at 0.5 m above the sediment were measured using a Sd-6000

mini current meter; temperature and salinity with Ocean sensors OS200 CTD.

Water samples for nutrients and chlorophyll a were collected by divers at about 0.5 m

above the sediment. The nutrient samples were analysed spectrophotometrically

according to Strickland and Parson (1972), and chlorophyll a was measured

fluorometrically using the method of Arar and Collins (1992) using acetone (95%) as the

extraction agent.

In-situ experiment

The in-situ experiment was conducted in December 1999 and designed to investigate

whether silicate and carbonate sands of the same grain size have the same trapping

efficiency for suspended material. Carbonate and silicate sands for this experiment were

collected at the two study sites by divers. The collected sediments were washed with

fresh water, dried, and sieved to extract the fraction of 250-500 Ilm grains. Although

these sand fractions had a very similar grain size, the permeability of the sieved

carbonate sand (43.8X 10- 12
) was twice as large as that of the quartz sand (22.6X 10- 12

m2
). The organic carbon contents prior to the start of the experiment were 0.11 ±0.03 and

0.06±0.02% for carbonate and silicate sediments, respectively.

For the incubation, 12 cylindrical pipes (24 cm inner diameter, 20 cm length) were filled

with the cleaned sands, saturated with 0.2 Ilm filtered see water and covered with tough

plastic foils secured with rubber bands at the top and the bottom. At the selected

sublittoral site, close to the Marine Science Station (at about 5 m water depth, half way

between sampling sites 1 and 2), 12 holes were made in the sea bed and 12 cylindrical

acrylic pipes (28 cm inner diameter, 40 cm length) were inserted to 35 cm length into

these holes. The sediments enclosed in the cylinders with foil covers then were inserted

in the cylinders that had been embedded in the sea bed. Afterwards, the lower foil covers

were removed carefully from the sediment cylinders. The upper surfaces of the

embedded sediments were slightly above the sea bed surface. The outer cylinders then

were removed. After 20 hours of temperature equilibration, the upper covers and the

inner cylinders were removed and the surface of the embedded cores adjusted to the level
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of sea bed. The 12 embedded sediments were aligned in two rows, each row had 6

incubated cores of the same sediment type (silicate or carbonate sediments).

After 10 days of incubation, we sampled 6 of the embedded sediment cores (3 carbonate

and 3 silicate). I core (10 cm diameter, 20 cm long) was taken from the central part of

each of the embedded sediments. The cores were cut into slices (upper 6 cm: I cm slices,

below that 2 cm thick slices). The sediment slices were analysed as described for the

seasonal study. After 22 days of incubation, a second set of subcores was collected in the

same manner and the same measurements were done. Dissection of the cores at the end

of the incubation revealed that no macrofauna organisms were present in the

experimental sediments.

Results

Seasonal study

The water temperature 0.5 m above the sediment showed a clear seasonal trend.

Temperatures were high from July until September (maximum 25.7 0c) and started to

decrease in October (-0.9 °c month· l
) reaching a minimum in March (minimum 20.9°C)

(Fig. 2a). However, salinity did not show strong variations or a clear trend during the

study period (Fig. 2a) and ranged from 40.23 to 40.43 ppt. Boundary layer current

velocities at 0.5 m above the sediment fluctuated between 2.1 and 9.2 cm S·I (average

4.99 cm S·I) and the direction was predominantly from south-west in summer shifting to

more south-eastern directions in winter (average 170°) (Fig. 2b).

Nutrient and chlorophyll a concentrations in the boundary current also showed seasonal

variation with low concentrations during summer and higher concentrations during

winter months (Fig. 3). The concentrations began to increase in October (rates listed in

Table 2a), when temperature also started to decrease indicating the intrusion of water

from deeper layers of the Gulf. The data in Fig. 3 demonstrate that there was no

significant difference between the nutrient or chlorophyll a concentrations of the water

above silicate and carbonate sediment.
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Despite its larger grain size, the organic carbon content in the carbonate sand was always

higher than in the quartz sand (Table 3, average 1.7 fold). The concentration profiles

(Fig. 4) show that there was an increase of organic carbon content in the surface

sediments (1-3 cm) during the winter months, while in the deeper sediment layers the

concentrations remained almost constant.
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Fig. 2: (a) Temperature DC (triangles) and salinity ppt (squares) (b) Current velocities

(circles) and directions (crosses) at 0.5 m above the sediment during the study

period July/1999 to March/2000.
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Fig. 3: Chlorophyll!!. (/lg r 1
) and

nutrient concentrations (/lM) in
the water column, 0.5 m above

silicate (closed circles) and

carbonate (opened circles)

sediments during the period

July/1999 to March/2000.
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Fig. 4: Organic carbon (%) profiles in silicate (closed circles) and carbonate (opened

circles) sediments in August, October, December ofl999 and February of 2000.
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OC (g) 2.57 4.31 1.70 2.79 4.77 1.70

Ammonium (l1mol) 69.16 144.22 2.08 79.30 166.50 2.09

Nitrite (l1mol) lAI 12045 8.83 2.33 13045 5.78

Nitrate (l1mol) 5.95 43.20 7.26 5.18 61.18 11.81

DIN (l1mol) 76.52 199.86 2.61 86.10 241.1 0 2.8

DIP (l1mol) 6.20 16.99 2.74 6.95 22.55 3.24

Silicate (l1mol) 150.14 245049 1.64 160.93 293046 1.82

Table 3: Organic carbon and nlltrient contents in tlte silicate and carbonate sediment in

October//999 and Febrllary/2000 and tlte ratio between tlte contents in tlte two

sediment types.

In both, carbonate and quartz sands, the concentrations of all nutrients in the upper

sediment layers were higher in winter than in summer (Fig. 5). Below 10 cm sediment

depth, the concentrations did not vary between seasons. Ammonium and silicate

concentrations in both sediments increased gradually from the surface downwards (Fig.

5). In the surface layer, ammonium concentrations were higher in the carbonate than in

the quartz throughout the study period, however, below that layer the concentrations did

not vary between both sediments (Fig. 5). In all depth layers, the nitrate and nitrite

concentrations of the carbonate sediment were always higher than in the silicate.

Phosphate and silicate concentration profiles showed no clear differences between the

two sediments. However, when taking the higher porosity of the carbonate into account,

the contents of all nutrients were obviously higher in the carbonate sand than in the

quartz sand (factors 1.64 to I 1.81, Table 3). Figure 6 depicts integrated nutrient contents

of the frequently resuspended surface layer (0-2 cm), the intermediate layer that can be

affected by bioturbation (2-8 cm, Boudreau 1998) and the deeper sediment (8-12 cm),

where the biogeochemical processes are governed mostly by diffusion. In all three depths

layers, the nutrient contents were on average 2 to 10 times higher in the carbonate with

highest differences in the nitrate contents.
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Fig. 5: Nutrient concentrations profiles (/lM) in carbonate (opened circles and dotted lines)

and silicate (closed circles and solid lines) sediments in July and December of 1999
and March of 2000. Each point represents the average of two pore water samples

extracted from two different cores. Error bars reflect the differences between these

two samples. Complete data sets including the period July/1999 to March/2000 are

available from the authors.
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two cores.
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In- situ incubation experiment

The incubated sands accumulated particulate organic matter during the in-situ

experiment, and the carbonate trapped more organic matter than the silicate (0.28 vs.

0.17 g m-2d- J
, factor 1.65). Ten days into the incubation, the organic carbon contents had

reached 0.15% and 0.09% in the surface layer of the carbonate and silicate, respectively,

corresponding to increases by 36% and 50% relative to the initial concentrations. After

22 days, these values had increased to 0.17% and 0.11% (Fig. 7,13% and 22% increase

after day 10). Figure 7 shows that the organic matter accumulation was restricted to the

upper 3 centimetres in the silicate and the upper 5 centimetres in the carbonate sand.

Pore water nutrient concentrations increased in both sediments during the incubation and

were always significantly higher than the nutrient concentrations in the overlying water

column (Fig. 3 and 8). In the carbonate sand, these increases exceeded those in the quartz

sand, except for dissolved silicate that after 22 days showed higher concentrations in the

quartz sands in the layers deeper than 4 cm. Phosphate concentrations in the upper 5 cm

of the carbonate exceeded those in the quartz sand by factor 2.

After 10 days After 22 days Difference

OC(%)
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Fig. 7: Pore water organic carbon (%) profiles in silicate (open circles) and carbonate

(closed circles) sediments during the in-situ incubation experiment. After 10 days of

incubation, after 22 days of incubation, and differences between the two
measurements. Each point represents the average of two sediment samples taken

from two different cores. Error bars indicate the difference between these two

samples.
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sediments after the in-situ incubation. After 10 days of incubation, after 22 days of

incubation, and the difference in concentrations between the two measurements.

Each point from a and b represents the average of three porewater samples

extracted from three different cores. Error bars show the standard deviations for

these three samples.
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Discussion

Over the whole study period of 8 months, the organic matter and nutrient contents in the

carbonate sediment were higher than those in the silicate sand (Figs. 4, 5 and table 3),

although the characteristics of the water columns overlying the two sites were almost

identical (Fig. 3). These results were unexpected considering the larger median grain size

of the carbonate (600 vs. 300 flm median) that suggests a lower specific surface area and,

due to the fact the most organic material in sands is attached to the grain surfaces (Mayer

1994a, 1994b), also a lower organic content (Capone et al. 1992).

Potential causes for the concentration differences between the two sediment types are 1)

other sources for organic matter than the overlying water, 2) differences in biogenic

sources 3) differences in the transport between water and sediment.

1) Sources of organic matter and nutrients other than the water column are atmospheric

and groundwater input (D'Elia et a1.1981, Lewis 1985) and biogenic input by benthic

phototrophs or heterotrophs (e.g. polychaetes, molluscs, echinoderms, and vertebrates).

Due to the close proximity of the two study sites, eolian input is unlikely to cause a

pronounced difference between the two sites. Groundwater input can be excluded as well

because the Gulf of Aqaba is situated in an extremely dry desert region, and none of the

pore water samples showed any salinity anomalies.

2) Biogenic sources were more likely to contribute to the organic carbon and nutrient

differences between the two sediments. Shallow carbonate sands can support a dense

population of benthic phototrophs e.g. cyanobacteria (Blanchot et al. 1989),

microphytobenthos (Smith 1981), multicellular algae (Bell 1992, Lamed 1998), and

higher plants (Darke 1996, Limpus and Limpus 2000). The latter two were no factor at

our study sites but at both sites, cyanobacteria and diatoms were abundant. However,

sedimentary chlorophyll !! analyses (Table 1) indicated that the populations of benthic

phototrophs were similar at the two sites. In contrast, the benthic fauna that was present

at the two sites in early spring, the most productive season, was different between the

two sites and, thus, also influenced the concentrations of organic matter and nutrients

differently (Table 1). Molluscs were the dominant macrofauna organisms at both sites,

and in the carbonate sand, snails were 3-times as abundant as in the quartz sand.
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3) Transport of solutes and particles through bioirrigation and bioturbation (e.g. Aller

1988, Kristensen 1988), thus, may have been stronger in the carbonate and may have

increased the concentration of organic carbon in the carbonate sediment. Mechanical

mixing and oxygenation of the sediment by infauna activity is known to increase the

mineralization and nutrient release from the bed (Aller 1988, Hansen and Kristensen

1997, Mortimer et al. 1999). Although the benthic fauna may have contributed to the

difference in organic matter and nutrient concentrations, the results of our in-situ

experiment suggest that the mineralogical characteristics of the two sand types were the

main reason for the observed differences in organic matter and nutrient content.

In the carbonate sand, the grains represent a large pool of carbonate that can buffer pore

water pH when CO2 is released during oxidation of organic matter (Buddemeier and

Oberdorfer 1986). The stabil isation of the pH may be advantageous for some bacterial

strains but microbial decomposition occurs over a much wider pH-range than found in

our marine sediments (Madigan et al. 1997) and, thus, can hardly explain the pronounced

differences in organic matter and nutrient concentrations between the two sediments.

The coarser carbonate sand had a much higher permeability than the silicate sand. In

sands with permeabilities like those we measured for our sediments, bottom currents as

observed at our study site (Fig. 2) cause advective exchange of water between the sea

bed and the boundary layer flows (Savant et al. 1987, Huettel and Gust 1992). Flume

experiments showed that the ensuing advective pore water flows could transport solutes

and particulate matter up to 10 centimetres into the bed within 12 hours (HuetteI et al.

1996, 1998, Huettel and Rusch 2000). Advective interfacial exchange, thus, converts

such sand beds into large filter systems, and the carbonate sand may have been a more

efficient filter than the silicate sand.

This hypothesis was tested in the in-situ experiment. Although the carbonate and silicate

sands used for this experiment originated from the same sieved fraction (250-500 11m),

the permeability of the carbonate was twice as large as that of the silicate sand, which

can be attributed to the effect of grain porosity. The skeletal remains of corals,

foraminifers and sea urchins that form the carbonate sands are perforated by many small

pores that were occupied by organic tissue in the living animal. After incubation at the

study site, the carbonate trapped more organic matter than the silicate (6.2 g m'2 vs. 3.8 g

m,2, factor 1.63), and the depth distribution (Fig. 7) shows that in the carbonate sand the

organic matter was transported deeper and also accumulated deeper in the sediment
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(silicate at 1.5 cm depth, carbonate at 2.5 cm depth). Because no fauna was present in the

cores, this particle transport and accumulation at depth can be attributed to advective

pore water flows (HuetteI and Rusch 2000). The higher permeability in the carbonate

permitted stronger and deeper-reaching pore water flows, thus, particles accumulated in a

deeper sediment layer. At the end of the in-situ experiment, the organic matter contents

in the incubated cores were still approximately 50% lower than in the natural sediment

(Fig. 4, 7). However, the comparison shows that the ratio of carbon contents

(experimental sediments: 1.65, natural sediments: 1.62 (50.3 g m,2 vs. 3I.I g m·2)) and

distributions of the carbon in experimental and natural sediments were similar indicating

that the same transport mechanism, advection, dominated in the upper layers of both

sediment types.

Through the supply of electron acceptors and the removal of decomposition products,

the advective pore water flows enhance the microbial decomposition activities in the

upper sediment layer and especially in the particle accumulation layer (Huettel and

Rusch, 2000). In the more permeable carbonate, this effect was more pronounced than in

the quartz sand, resulting in higher nutrient release to the pore water that caused higher

nutrient contents in the carbonate sediment despite stronger advective exchange (Fig. 6).

The distributions of the nutrients support the hypothesis that the advective pore water

flows were more effective in the carbonate sand. Maximum concentration increases of

nitrite and nitrate in the carbonate were recorded deeper in the sediment than in the

silicate (nitrite: 7 cm vs. 5 cm, nitrate: 9 cm vs. 7 cm, Fig. 8). In both sediments, the pore

water concentrations of nitrite and nitrate exceeded those in the overlying water column

by more than one order of magnitude, disclosing that sedimentary nitrification produced

these nutrients (Capone et al. 1992, Mortimer et al. 1998, Barelson et al. 1998, Tuominen

et al 1999). The deeper nitrate maxima demonstrate that oxygen-carrying advective pore

water flows reached deepcr into the carbonate sand. Falter and Sansone (2000) showed

that nitrate and nitrite concentration in the pore water reach their maximum where

dissolved oxygen is still abundant. Bioirrigation can be excluded and diffusion alone

could not transport oxygen to these depth within the duration of the experiment. The

depth oxygen could reach by diffusion can be estimated using t = z2/2Ds (Crank 1983)

where t is time, z is sediment depth and Ds is the effective diffusion coefficient for

oxygen in the carbonate sediment (3.6xl0'6 cm2 s"). Even without consumption in the

sediment, oxygen could not diffuse deeper than 3.7 cm into the sediment within the 22
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days of experimental duration. During the in-situ experiment, ammonium, phosphate and

silicate concentrations also increased within the upper 8 cm of the carbonate sand; in the

quartz sand, these increases were less pronounced.

The seasonal changes in organic carbon and nutrient inventories in water column and

carbonate and quartz sands demonstrate the impact of the different filtration efficiencies

of the two sediments investigated. In the Gulf of Aqaba, two main seasonal patterns can

be distinguished that are reflected in the physical and chemical properties of the coastal

water: the winter pattern that includes the months from October until April, and the

summer pattern that ranges from July to September. In October, the main wind direction

changes from 2200 to 1500 (Fig. 2) and causes upwelling of deep nutrient-rich water to

the surface and into the reefs (Levanon-Spanier et al. 1979, AI-najjar 2000). In May, the

input of the offshore water decreases and the nutrient concentrations in the reef drop. The

summer pattern is characterised by low but relatively constant nutrient concentrations in

the water column.

This study covers the period July- I999 to March-2000 and, thus, also includes the

transition between the two seasonal patterns. Our temperature, salinity and wind data

(Fig. 2) mark this transition in October 1999. The intrusion of nutrient-rich water into the

reef is reflected by an increase in the phosphate concentrations in the water column at

both study sites (Fig. 9). Inorganic nitrogen (DIN) increases simultaneously but the

increase seems less salient. Chlorophyll £! in the water column follows the trend of the

nutrients and increases as soon as the upwelling starts (marked in Fig. 9 by the drop in

water temperature). Enhanced primary productivity during winter (November-March) in

the Gulf of Aqaba was also recorded by Levanon-Spanier et al. (1979), who also

observed high diatom concentrations in the water column in February. Yahel et al.

(1998) found relatively high content of Synochoccus in February at 0.5 m above the reef

sediment. The nutrient inventory of the upper sediment layer (0-2 cm) mirrors the

concentration changes in the water column and demonstrates the tight coupling due to

the advective exchange processes. Such tight coupling between seasonal changes in the

water column and the sediment were also reported by Sugai 1987 and Lohse et al. 1995.
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Fig. 9: (a, b and d): Time series data of temperature, chlorophyll j!,

dissolved inorganic nitrogen (DIN), dissolved inorganic phosphate (DIP),
and integrated organic carbon content (OC) in the water of the silicate and

carbonate sediments. c and e: Time series data of dissolved inorganic
nitrogen (DIN) dissolved inorganic phosphate (DIP), and organic carbon

in the surface sediment (O-2cm). The dotted lines represent the time, when
the water from deeper layers of the Gulf intruded the reef environment.
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The phosphate concentrations in the pore water increased with the onset of the upwelling

(0.66 JlM and 0.99 JlM month-I for silicate and carbonate sediment respectively, Table

2b). The increase in pore water DIN shows a delay that lasts about one month, which

likely is caused by nitrogen starvation of the reef environment (Lamed 1998), initially

causing a rapid consumption of the intruding DIN. However, the rates of nutrient

increase in water column and sediment (Table 2) show, that the nutrient concentrations

in the sediment increased much faster (factor 10 to 50) than in the water column,

indicating a simultaneous increase of decomposition activities in the sediments. With the

increase of the POC content in the water column, the deposition of organic matter

increased (Fig. 9), causing higher mineralization and nutrient release to the pore water.

In the carbonate sand, the organic matter concentrations increased more rapidly than in

the quartz sediment (Table 2, Fig. 9). We suggest that the additional deposition necessary

to account for this difference is caused by a higher filtration rate of the carbonate sand.

Pilditch and Grant (1999) and Huettel and Rusch (2000) demonstrated in flume

experiments that permeable sand beds could filter phytoplankton from the boundary

layer. 'Horizontal pressure gradients, generated when the boundary flows interact with

small sediment topography (sand ripples, biogenic structures, shells) cause water

intrusion into the bed that can transport suspended planktonic algae into the sediment.

Because the sediment permeabilities of the quartz and carbonate sands and the boundary

current velocities measured at the study sites permit such advective pore water flows, it

is probable that in the Aqaba sediments a significant fraction of the POC deposition takes

place through filtration.

We conclude that in biogenic carbonate sand the coupling between water column and

sediment is tighter relative to crystalline quartz sand due to the mineralogical

characteristics of the sand. The porous carbonate grains increase the permeability of the

sediment and also provide a large surface area for sorption processes and bacterial

colonization. These characteristics cause higher filtration efficiency and mineralization

rates in the carbonate sand. Carbonate sands in coral reefs and on tropical beaches, thus,

are sites of rapid mineralization that in its intensity may exceed that of similar

environments dominated by quartz sands.
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Influence of sediment permeability and mineral composition on organic matter

decomposition in three sediments from the Gulf of Aqaba, Red Sea

Summary

In order to investigate the influence of sediment physical and chemical characteristics on

the degradation of deposited organic matter, we compared decomposition in three

sediments from the Gulf of Aqaba (Red Sea) that differ in permeability and mineral

composition. Freeze-dried Spirulina was added to coarse carbonate and silicate sands

from a shallow nearshore region and silt-clay sediment from the deeper center region of

the Gulf incubated in laboratory chambers. The stirring in the chambers caused higher

solute exchange in the coarse permeable sands relative to the fine less permeable silt due

to the generation of advective fluid exchange between the sediment and overlaying

water. This enhanced exchange increased the decomposition rates of organic matter in

the incubated sands. The decomposition rates of total organic carbon in the permeable

carbonate (3.0 mg C m'2 d· l
) and silicate sands (2.0 mg C m'2 d· l

) exceeded that in the

fine-grained sediment (104 mg C m'2 d'\ Oxygen consumption in the coarse sands was

3-fold higher than in the silt-clay sediment with highest rates in the carbonate sand. In

carbonate and silicate sands of the same grain size, the carbonate sediment was more

permeable than the silicate, resulting in lA-fold higher fluid exchange rates and lA-fold

larger sedimentary organic matter mineralization rates. An in-situ experiment comparing

trapping efficiencies in carbonate and silicate sands showed that the higher fluid

exchange rate in the carbonate sand results in larger filtration rates and a faster

accumulation of particulate organic matter from the boundary layer. Our experiments

demonstrate that with respect to sedimentary mineralization rates, higher transport rates

in permeable coarse sediments can outweigh the effect of a higher specific surface area

in fine-grained silt sediments. In permeable sands, however, the higher specific surface

area and fluid exchange in biogenic carbonate sands result in higher mineralization rates

than in silicate sands of the same grain size.
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Introduction

The decomposition of organic matter in marine sediments is controlled by a number of

physical, chemical and biological parameters of which mixing intensity, temperature,

availability of electron acceptors and activity of benthic organisms are some of the most

important ones (Aller 1980, Holmer 1996, Knoblauch 1999, Canfield 1993). In this

contribution we investigate the importance of sediment permeability and the sediment

mineral matrix characteristics on the decomposition process by contrasting

mineralization in coarse and fine sediments from the Gulf of Aqaba including carbonate

and silicate sands.

Permeability controls whether diffusive or advective transport dominates in the upper

sediment layer and, thus, is a key parameter affecting the exchange of metabolites

between the sea bed and the overlying water (Rusch and Huettel 2000). The permeability

of marine sediments depends on their grain size distribution and sorting and normally

increases with decreasing water depths (Huettel & Rusch, 2000). In the deep ocean,

water currents above the sediment are usually weak permitting the deposition of fine

material (Boudreau and Guinasso 1982). The ensuing bottom sediments are relatively

impermeable, and diffusion is the most important mechanism for transport of solutes in

the seabed (Revsbech and Jorgensen 1986). In the shallow coastal environment, stronger

bottom currents and wave orbital motion reaching the sea bed winnow the sediment from

fine materials resulting in coarser sediments with relatively high permeabilities (Jahnke

et al. 2000, Marinelli et al. 1998). Huettel and Gust (1992) and Huettel et al. (1996) have

shown that in sediments with permeabilities exceeding 10- 12 m2 advective pore water

flows enhance the transport of dissolved and particulate matter into and out of the sea

bed. In permeable sediments organic matter can penetrate deeper and the degradation

rates in the flushed layers are accelerated (Shum and Sundby 1996, Huettel and Rusch

2000). In laboratory flume experiments, Forster et al. (I 996) compared oxygen

consumption in sediments with different permeabilities and found that oxygen

consumption in the coarse sediment was up to 91±23% higher than in the fine-grained

sediment.

Because most of the sedimentary organic matter and bacteria are attached to the

sediment grains (Rusch et al. 200 I), the size, morphology and physical and chemical

characteristics of these grains should be important factors determining the mineralization

75



Influence ofsediment permeability and mineral composition on organic decomposition

potential of the respective sediment. Biogenic carbonate sands that are composed of

fragments of corals, shells, foraminifera and coralline algae etc. differ fundamentally in

their sedimentological characteristics from terrigenic quartz sands that are frequently

found in temperate and boreal coastal environments. Oxygen consumption rates in coarse

reef sediments (e.g. 13.8 to 24.1 mmol m-2 d-I, Knoppers et al. 1996), that are mainly

composed of carbonate sands indicate high mineralization potential in these sediments,

although they have a relatively low organic content (0.15-1 %, Sorkin 1995).

The aim of this study was to investigate the effect of the mineral composition of the

sediments grains on the decomposition process and to contrast this effect to the effect of

grain size. To this end, we evaluate decomposition in permeable carbonate and silicate

sands from the Gulf of Aqaba (Red Sea) and compare mineralization in Gulf sediments

with different permeabilities.

Materials and methods

Our study combines three laboratory chamber incubation experiments and one in-situ

incubation experiment addressing filtration and degradation in sediments of different

permeabilities and mineral composition. The results are used to interpret measurements

obtained from natural sediments immediately after retrieval (Table 1).

Sampling sites

Sediment samples were collected from two shallow near shore sites (Fig. 1, A, B, ca. 5 m

water depth) and one deeper site (Fig. 1, C, ca. 825 m water depth), all situated in the

Northern Gulf of Aqaba (Fig. 1). The shallow sites A and B were located in the

marine preserve close to the Marine Science Station on the Jordanian coast (29°27'

N, 34°58' E, Fig. 1). The sediment at site A was mainly biogenic carbonate sand

composed of coral and shell fragments, remains of foraminiferans, calcareous red algae

and sea urchins.
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Experiment SedUnentusedforincubauon Added materilzl .', No. ofincubated cores Measuredparameters
~ ..

A~

,
t . ..... ;

Lab incubation # 1 Natural shallow-water silicate 0.1 g of Spirulina were 2 with Spirulina and 2 Nutrients, oxygen and

and carbonate sands and slit- added to the overlying water. controls for each sediment sediment parameters

clay sediments Controls without addition type

Lab incubation # 2 Sieved silicate and carbonate 3 g of Spirulina were mixed 4 with Spirulina and 2 Nutrients, oxygen and

sands (250-500 }lm) with the sediment. Controls controls for each sediment sediment parameters

without Spirulina type

Lab incubation #3 Sieved silicate and carbonate Fluoresceine added to the 2 for each sediment type Fluoresceine and sediment

sands (250-500 }lm) overlying water parameters

In-situ incubation Sieved silicate and carbonate

sands (250-500 }lm)

Natural sedimentation and

filtration added organic

matter to cores

6 for each sediment type Pigments, oxygen

consumption for retrieved

sub-cores of sediment

Tablel: Experiments that were carried out in this study.
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The sediment at site B was terrigeneous, composed primarily of quartz sand. The

distance between sites A and B was 200 m. The sediment cores at site A and B were

collected by divers using acrylic cylinders with 9.5 cm inner diameter and 40 cm height.

Site C was located at 29°25' N, 34°55' E, (Fig. I), halfway across the Gulf of Aqaba.

The sediment at this site was silt-clay. Cores were collected using a multicorer system

during the Meteor Cruise (GeoB 5801-2, Paetzold et al. 2000) that took place during

January-May 1999. The core samples were frozen, until experimental incubation.

3 34 35 36

~~/
30

(~~~
29

Gulf of
r§?; A&B Aqaba

~'Y;"
~o 28:§

0

27
-C

Fig. 1: Shallow (A&B) and deep sediment (C) sites.
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Physical and chemical properties of the sediments are summarised in Table 2. The

permeabilities of the silicate and carbonate sediments were measured using a constant

head permeameter as described by Klute and Dirksen (1986). With permeabilities k<10·

12 m2 the fine-grained deep sediment was relatively impermeable, while both nearshore

carbonate and silicate sands were highly permeable (k>10. 11 m2
). Sediment porosities

were calculated from weight loss of wet sediment after drying at 60°C for 24 h. Specific

surface areas for the sieved sediment were assessed after drying at 80aC for 30 minutes

by measuring the nitrogen absorbed to the grain surfaces using a Quantachrome

Quantasorb instrument. In order to demonstrate the grain surface characteristics of

carbonate and silicate sands, we took pictures of selected grains using Electronic

Scanning Microscopy (Fig. 2).

Shallow Deep Sieved
sediment sediment sediment

Character Carbonate Silicate Silt-clay Carbonate Silicate

CaC03 content 75-85% 4-6% 30% 82% 2%

Mean grain size (Ilm) 559 229 45 375 375

Porosity % 47 33 58 41 40

Permeability m2 143*10.12 18.5* 10.12 < 1*10.12 43.8*10-12 22.6*10. 12

Organic carbon % 0.36 0.24 0.4 0.10 0.07

Surface area (m2 g-I) 6.95 0.41 0.27

Table 2: Some physical alld chemical characteristics ofthe illvestigated sedimellts
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x 1050

Fig. 2 Pictures for carbonate (left) and silicate (right) grains taken by Electronic Scanning
Microscopy.

Measurements ill natural sediments

In the sediment cores collected from deep site e in March, we measured concentration

profiles of oxygen immediately after retrieval using a micro-manipulator operated

microelectrode (Revsbeeh 1989). In addition, two cores (9.5 em diameter, 15 em length)

were cut into I cm (first 6 em) and 2 em slices (6 to 12 em) for pore water extraction and

subsequent nutrient analyses.

Sediment cores from the nearshore sites A and 8 collected also in March were

approximately 15 cm long. 50 cm3 of each sediment slice were used for pore water

extraction and nutrient analysis. 2 cm3 sediment were kept at -80oe for pigment analysis.

Analytical procedures

Pore water was extracted by centrifugation (12500 g, 4°e, 15 minutes) and filtered

through 0.45flm syringe filters. Nutrient analyses were made spectrophotometrically in

duplicates following the methods of Strickland and Parson (1972). Pigments were

analysed by HPLe using the method described by Rusch et al. (2001). According to this
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method, chlorophyll g, chlorophyll 12, fucoxanthine and peridinin were analysed using

90% acetone as extraction agent. Calcium carbonate content of the sediment was

measured by complexometric titration of calcium carbonate with 0.1 N of hydrochloric

acid according to Muller (1967). The Spirulina powder used for the laboratory

experiments and the investigated sediments were analysed for particulate carbon (PC)

and particulate nitrogen (PN) contents using a Fisons NAI500N elemental analyser with

sulphanilamide as a calibration standard. The phosphorus content of the Spirulina

powder was determined using the ignition method for particulate phosphate (PP) analysis

(Andersen 1976). Following this method, 0.2 g of Spirulina was combusted in a furnace

(450°C) and the ash was boiled in IN HCL for 15 minutes. The sample was diluted to

100 ml with distilled water. Phosphate was then measured spectrophotometrically

following the method of Strickland and Parson (1972).

Incubation experiments

Laboratory Incubation #1 with natural sediments

This experiment investigated the degradation of deposited organic matter in natural

sediments from the Gulf of Aqaba with different mineral composition and permeabilities.

Sediment cores retrieved from the shallow-water sites (4 carbonate and 4 silicate sand) as

well as the 4 sediment cores collected at the deep site were incubated in acrylic flux

chambers with 9.5 cm inner diameter and 40 cm height. The lengths of sediment cores

were about 23 cm and the depth of the water column above the sediments was

approximately 15 cm. The chambers were covered with gas-tight plastic lids with two

sampling ports such that no air was enclosed in the chambers. To avoid stratification, the

water above all sediments was stirred (18 rpm) using a rotating disk of 7 cm diameter

placed 5 cm above the sediment surface.

At the beginning of the experiment, 0.1 g of freeze-dried Spirulina (containing 715 J..lmol

Nand 25 J..lmol P) was added to the water of chambers of each sediment type. The other

4 chambers were used as controls and remained without Spirulina. After initiating

stirring, dissolved oxygen was measured in the water above each core at different time

intervals (shown in Fig. 6) using a Clarke type microelectrode (Revsbech 1989). For
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nutrient analyses, 50 ml of the overlaying water were withdrawn at different time

intervals (shown in Fig. 6) using a 50 ml syringe, and replaced by 50 ml of sea water

originating from the location where the sediments cores were collected. The duration of

the experiment was 390 h.

Fluxes of solutes were calculated from linear regressions of solute concentrations over

time for the initial (0 to 76 h for nutrients and 0 to 44 h for oxygen) and final period of

the incubation (76 to 336 h for nutrients and 44 to 390 for oxygen). Diffusive flux of

nutrients was calculated from concentration gradients at the sediment water interface

from the nutrient profiles in March using Fick's first law of diffusion according to

Rasheed et al. (in press).

Laboratmy Incubation #2 with sieved sediments

This experiment investigated the degradation of organic matter in silicate and carbonate

sands of the same grain size. Carbonate and silicate sediments were collected at the

shallow sites in the Gulf of Aqaba by divers. The collected sediments were washed,

dried, and the fraction of 250-500 Ilm grains was extracted by sieving. The sieved

carbonate sand had a penneability of 43.8 X 10- 12 m2 and the sieved silicate of 22.6 X

10-12 m2 The experiment and measurements were performed as described for Laboratory

Incubation # I except that here we used six chambers for each sediment type. In four of

these six chambers, 3 g of Spirulina powder were mixed thoroughly with the sediment

before incubation, corresponding to an addition of 2\.6 mmol Nand 0.7 mmol P. The

remaining two chambers were used as controls. This experiment was designed to

compare the decomposition of organic matter within the two sediment types, no

Spirulina was mixed to the water column of the chambers. The duration of the

experiment was 390 h.

Laboratory Incubation #3 with sieved sediments and tracer

In this experiment we compared the fluid exchange rates between overlaying water and

sieved silicate and carbonate sediments (250-500llm), using an inert solute tracer. The

experimental set-up was identical to that described for Laboratory Incubation # I except

that only four chambers were used, two for each sediment type. Instead of organic
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matter, fluoresceine was added to the water of each chamber to a final concentration of

l/lg rl. During the experiment,S ml of water were withdrawn at different time intervals

(shown in Fig. 8) and replaced by the same volume of unstained water. The fluoresceine

concentration in the samples was measured spectrofluorometrically. The duration of the

experiment was 48 h.

In-situ incubation with sieved sediments

This experiment compared filtration and mineralization rates In sieved carbonate and

silicate sands under field conditions. The carbonate and silicate sands for this experiment

were collected and treated in the same manner as in laboratory incubation #2. The

organic carbon contents prior to the experiment were 0.11 ± 0.03 and 0.06 ± 0.02% for

the carbonate and silicate sediments, respectively.

Six cylinders (24 cm inner diameter, 20 cm length) were filled with the sieved carbonate

sand, another six with the sieved silicate and sealed at the top and bottom with tough

plastic foils secured by rubber bands. The sands were saturated with 0.2 /lm filtered see

water. At the selected sublittoral site (at about 5 m water depth, Fig. I), 12 acrylic pipes

(28 cm inner diameter, 40 cm length) were inserted to 35 cm length into the sea bed and

the sediment inside the pipes was removed to approximately 19 cm depth. The cylinders

containing the sieved sediments then were inserted into these pipes. Afterwards, the

lower foil covers were removed from the sediment cylinders by pulling strings attached

to the rubber bands and plastic foils. The gaps between pipes and cylinders were filled

with sediment. The upper surfaces of the embedded sediments extended slightly above

the sea bed. Then the pipes were removed. After 20 hours for temperature equilibration,

first the upper foils and then the cylinders were removed leaving the sieved sands

embedded in the seabed. Finally, the surfaces of the embedded sand cores were adjusted

to the elevation of the surrounding sediment.

After 10 days, we sampled 6 of the embedded sediment cores (3 carbonate and 3

silicate). One large sub-core (9.5 cm i.diam., 20 cm long) and 4 small sub-cores (3.6 cm

i.diam, 20 cm long) were taken from the central part of each of the 6 embedded

sediments. The large sub-cores were sliced (upper 6 cm: I cm slices, and below that 2

cm slices). 50 cm3 of each sediment slice were used for pore water extraction, another 2

cm3 for the assessment of organic carbon content. 3 carbonate and 3 silicate sub-cores
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(from the retrieved small cores) were immediately tested for oxygen consumption. The

cores were cut into 3 layers (0-5, 5-10, and 10-15 cm). The sediment layers were

homogenised and 25 cm) of each layer were incubated individually in gas tight bottles

(250ml) with seawater (ca. 225 ml, filtered through 0.2Jlm filter). For the controls we

incubated the cleaned sieved silicate and carbonate sediments. Before the bottles were

tightly closed, the oxygen concentration in the water of each bottle was measured using a

microelectrode. The oxygen measurements were repeated after 12 and 24 hours of

incubation. For the pigment analysis, two of the small sub-cores (I of each sediment

type) were sliced (1 cm in the upper 6 cm and 2 cm downward to 10 cm). 2 cm) of

sediment from each layer were removed using cut-off syringes and frozen at -80°C until

analysis. After 22 days, a second set of subcores was collected in the same manner from

the sieved sediments incubated in the seabed, and the same measurements were

performed.

Results

Concentration profiles in natural silicate and carbonate sediments

The pore water profiles in the permeable sands from the shallow sites showed higher

concentrations of all measured nutrients in the upper sediment layer (0-2 cm) relative to

the profiles measured in the sediment from the deep site (Fig. 3).
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Fig. 3: Nutrient concentration (11M) profiles in carbonate (triangles), silicate (diamonds)

and silt-clay (solid squares) sediments in March. Error bars represent the

differences between two measured profiles.
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Fig. 4: Oxygen profile (11M) in
the silt-clay sediment. Error
bars represent the difference
between two measured profiles.
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Pigment profiles in carbonate and silicate sands from

the shallow sites showed higher concentrations in the

carbonate sediment (factors 2.0, 2.7, 2.6 for chl~, chi 12, and fucoxanthine, respectively,

for the whole sediment depth Fig. 5). These differences were most pronounced in

chlorophyll 12 and fucoxanthine in the upper 2 cm of the sediments.

This difference was most pronounced in the

ammonium and phosphate profiles, in the silicate

profiles the higher concentrations were restricted to

the uppermost centimetres of the sediment. Below 5

cm depth, nutrient concentrations in all tested

sediments were similar except nitrate and nitrite,

where relatively high concentrations were recorded in

the carbonate sand down to 8 cm depth. In the fine

grained sediment from the deep site, nitrate and nitrite

was limited to the upper 2 cm and free oxygen could

not penetrate deeper than 1.5 mm (Fig. 4).
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Fig. 5: pigment profiles (Jig dm'J) in carbonate (triangles) and silicate (diamonds) sediments

in March.
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Laboratory Incubation #1 with natural sediments, effect o/permeability

After closing the lids, the oxygen concentrations in the water of all chambers

immediately started to decrease, with highest consumption rates in the chambers with

permeable sands (Figs. 6, 7). Maximum consumption rates were recorded in the

chambers with Spirulina, reaching a peak value of 15.5 mmol m-2 d-I in the carbonate

sand chamber, 12.1 mmol m-2 d-I in the silicate sand chamber, and 11.3 mmol m-2 d-I in

the silt chamber. 44 h into the experiment, the oxygen in the chambers with Spirulina

had dropped below 35% of the start concentration, while in the control chambers more

than 60% were still available. After this initial 44 h period, the changes in the oxygen

concentrations in all chambers were relatively small « 1.5 mmol m-2 dol), and in Fig. 7

we contrast the fluxes calculated for the initial period and the remaining time period.

In all chambers, concentrations of ammonium, phosphate and silicate concentrations

grew throughout the incubation period, with strongest increases within the first 76 h (Fig.

7). The only exception was ammonium in the control chamber with silt that showed a

concentration decrease during the last 72 h of the incubation. Nitrate and nitrite initially

increased for a period of about 18 hours, and then dropped until the end of the

incubation. Ammonium fluxes from the permeable control sands were 104 (silicate) to

2.0 (carbonate) times higher than that from the silt, while silicate and phosphate fluxes

were higher in the chamber with the silt.

In all chambers with Spirulina, ammonium and phosphate concentrations increased faster

than in the control chambers all through the incubation (Fig. 6, 7). Highest fluxes in

ammonium (lOA mmol m-2 d-I) and phosphate (0.54 mmol m-2 d-I) were recorded in the

chambers with carbonate sand exceeding the fluxes in the chamber with silt (4.7 mmol

NH/ m-2 d- I, 0.23 mmol P04 m-2 d-I) by factor 2.2 and 2.3, respectively. Ammonium

and phosphate fluxes in the silicate sand (7.3 mmol NH/ m-2 d· l
, 0.28 mmol P04 m-2 d-I)

ranged between the fluxes recorded for the carbonate sand and the silt. Silicate fluxes

again were highest in the chambers with silt (0.68 mmol m-2 d-I).
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Fig. 6: Time course of nutrient and oxygen concentrations (11M) during the incubation of
natural carbonate (triangles), silicate (diamonds) and silt-clay deep site (sequares)

sediments. Number of incubation chambers 2 for control and 4 with Spirulilla.

Error bars represent the standard deviations of the concentrations from different

chambers.
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Natural sediments Sieved sediments
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Laboratory Incubation #2 with sieved sands, effect ofmineral composition

Due to the cleaning and sieving of the sediments, the control chambers nutrient

concentrations in this incubation were in general lower in the control chambers than in

the previous experiment. Analogous to the incubations with natural sediments, oxygen

concentrations decreased and nutrient concentrations increased (except for nitrate and

nitrite) during the incubation of the sieved sands. In the control chambers, oxygen

consumption rates and ammonium and silicate fluxes in the two sediment types were not

significantly different, while the phosphate flux in the chamber with carbonate was

higher than in the chamber with silicate sand (0.02 vs. 0.0 I mmol m'2 d'l, Fig. 7).

However, the carbonate sand showed a stronger reaction to the addition of organic matter

(Spirulina) relative to the silicate sand. Oxygen fluxes into the carbonate sediments were

higher than into the silicate (33.4 vs 24.3 mmol m,2 d,I). In the chambers with carbonate

sand, flux of ammonium and phosphate were 1.4, 1.9 times higher than in the chambers

with silicate sands, and the final concentrations of ammonium and phosphate in the

carbonate sand reached 368.9 and 5.3 ~M respectively, while in the silicate sands only

247.8 and 2.1 ~M were recorded.

Laboratory Incubation #3 with sieved sands, effect ofmineral composition

With values exceeding 10,12 m2, the penneabilities of silicate and carbonate sands

pennitted advective pore water exchange. The radial pressure gradient generated by the

rotating water column forced chamber water with solute tracer into, and pore water

without tracer out of the sands. The curves depicted in Fig. 8.a reflect the gradual

dilution of the fluoresceine-stained chamber water with clear pore water. Fluoresceine

influx was higher in the carbonate sediment than in the silicate (initial flux: factor 1.4 Fig

8.b). For the chamber geometry and water volume used in the experiments, 8.3 and 11.1

ml h'l water were flushed through the silicate and carbonate sand, respectively.
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In-situ sediment incubation

The pigment analyses in the dissected subcores revealed that the carbonate sands

accumulated higher amounts of particulate organic matter during the in-situ incubation

than the silicate sands (Fig. 9). After 10 days incubation, the profiles of chlorophyll fl,

chlorophyll Q, and fucoxanthine showed higher concentrations down to 6 cm sediment

depth, and after 22 days the differences between the pigment profiles in the two

sediments had further increased. The calculated fluxes indicate a 2 to 3 fold higher

accumulation rate in the carbonate sand (4.7 vs. 2.3, 0.3 vs 0.1, 2.1 vs 0.8 mg m-2 d,l for

91



Influence ofsediment permeability and mineral composition on organic decomposition

chi .€!, chi Q, and fucoxanthine respectively). The differences in the concentration profiles

between the two samplings (Fig. 9) show that the accumulation of chi .€!, chi Q and

fucoxanthine occurred deeper in the carbonate sand relative to the silicate. The

accumulation rate in the carbonate sand had a subsurface maximum between 2 and 2.5

cm depth, while in the silicate sands, this rate peaked in the surface layer.
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Oxygen consumption rates in the incubated carbonate and silicate sands decreased with

sediment depth, (Fig, 10). At the end of incubation, the consumption rates of the two upper

layers (0-5 cm: 2.3 /lmol cm'3 d· l
, 5-10 cm: 2.0 /lmol cm'3 d· l

) of the carbonate sand were 1.5

and 1.7 times higher than those of the respective layers in the silicate sand (0-5 cm: 1.6

mmol cm-3 d- I
, 5-10 cm: 1.4 mmol cm-3 d-I). Below 10 cm depth the rates were lower and

similar in both sediments. Between the first and second sampling, the consumption rates in

the two upper layers increased by more than 40%, below these layers, the rates did not

change significantly.
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Fig. 10: Oxygen consumption (Jlmol cm'3 d") for different layers of the incubated sieved

carbonate (white column) and silicate (grey column) and for control (sieved

sediments without incubation), a) after 10, b) 22 days of in-situ incubation and c) the

differences between the two incubation times.
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Discussion

Our findings highlight the differences in degradation rates of organic material in shallow

coarse and deep site silt sediments with different permeabilities and mineral

compositions. In-situ measurements of nutrient profiles showed higher concentrations in

coarse permeable sediment compared to the silt, which indicate different degradation

rates of organic matter. Nutrient and pigment profiles in shallow site carbonate and

silicate sands reveal also higher decomposition activity in the biogenic sediments. In the

following paragraphs, we elucidate first the main difference between the three sediments

and then try to discuss the processes that cause these differences.

In-situ measurements

The concentrations of DIN and DIP of shallow coarse sand were higher than in the silt

clay (2.3 and 1.8 fold for the whole sediment column, respectively Fig. 3) and the

concentration in carbonate sand were higher than those in the silicate sand (1.8, 1.2 fold).

Pigment concentrations were also higher in carbonate sediments compared to silicate

(Fig. 5). These differences can be an indication of different organic matter mineralization

rates and decomposition pathways, that we link to the different properties of these

sediments, i.e. the permeability, specific surface area and mineral composition. The

effect of high sediment permeability on biogeochemical processes was demonstrated by

Falter and Sansone (2000) who studied DIN and oxygen distribution in permeable

sediments. Through the measurement of nutrients and oxygen profiles, they found

different metabolic rates and decomposition pathways depending on sediment

permeability. However, from in-situ results alone we could not make solid conclusions

about the important factors which cause these differences because numerous factors

might play a role in these differences including all ecological parameters, such as

temperature, current velocity and anthropological input. To exclude these factors from

the possible reasons, lab incubations under controlled conditions were carried out to

study the effect of permeability, mineralogical characteristics, and grain surface area.
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Benthic nutrient fluxes

Fluxes of nutrients in the laboratory control cores (Fig. 7) were comparable to fluxes

reported in the literature for carbonate, silicate and silt-clay sediments (Table 3). Oxygen

consumption rates in our sediments were relatively low compared to rates reported for

coastal sediments in the literature. For example Reay et al. (1995) found higher oxygen

consumption rates and higher ammonium and phosphate fluxes in Chesapeake Bay

sediments, however, these sediments also had higher organic matter content (0.7 and 4.7

% respectively) than our sediments (0.1 and 0.4 respectively, Table 2). Clavero et al.

(2000) also reported high nutrient fluxes and high oxygen consumption rates from

Palmones Estuary and attributed the high values to high organic content in the silt clay

sediment that they investigated (8 %). It is clear that besides organic content, many other

factors affect the solute fluxes in marine sediments. Friedl et al. (1998) and Clavero et al.

(2000) demonstrated the dependence of fluxes on temperature and reported higher flux

values with higher temperature, which caused high diffusion rates and biological activity.

Abundance of benthic microalgae has been found to affect fluxes of nutrients (Bertuzzi

et al. 1996). Shum and Sundby (1996) emphasised the importance of different physical

properties of the sediments for the oxygen uptake.

Diffusive fluxes are usually inferred from pore water profiles and Fick's first law of

diffusion (Berelson et al. 1987, Ciceri et al. 1999, Clavero et al. 2000). To compare

fluxes calculated by this method to the total fluxes calculated from concentration

changes in the water of our incubation chambers, pore water profiles for carbonate and

silicate sediments previously measured at the same study sites (Rasheed et al. sub.) were

used to calculate diffusive fluxes for ammonium, phosphate and silicate. Total fluxes

were always at least 3-fold higher than the calculated diffusive fluxes (Table. 4). The

higher total fluxes resulted either from bioturbation (Kelley et al. 1990, Barbanti et al.

1992) or from advective pore water exchange, which occurs mainly in coarse permeable

sediment (Huettel et al. 1996, Huettel & Rusch 2000). In our case, we can exclude the

effect of bioturbation, since no macrofauna was present in the incubated sediment. This

suggests that stronger advective transport was responsible for higher fluxes in the

carbonate sediment (Rasheed et al. sub.).
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Davies Reef Sandy carbonate 9.32 ± 0.79 Hansen et al. (1992)

Great Barrier Reef, Australia

Araruama Lagoon Sandy carbonate 0.62 ± 0.32 0.01 ±0.01 -18.95 ± 4.85 Knoppers et al. (1996)

Brazil

Kanoeohe Bay Sandy carbonate 0.47 0.03 Stimson and Larned

Hawaii (2000)

Chesapeake Bay Sandy silicate -1.06 - 8.59 -0.13-1.008 -20.93 Reay et al. (1995)

USA Silt clay -0.72 - 14.76 -0.08-0.86 -53.28

Palmones Estuary Silt clay 3.2 - 9.6 0.27 - 1.6 -62.5 - -87.4 Clavero et al. (2000)

This study (Gulf of Aqaba) Sandy carbonate 3.41 ±0.3 0.03 ± 0.002 -5.92 ±0.05

Sandy silicate 2.15 ±0.3 0.02 ±0.002 -5.07 ± 0.05
Silt clay 1.57 ± 0.3 0.04 ± 0.002 -1.89 ± 0.05

Table 3: Fluxes oft/Ie GulfofAqaba compared with fluxes from other areas (ill mmol m,l til). Positive values are efflux

out ofthe sediment and negative values are influx into the sediment.
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Paramete Silicate Carbonate

Ammonium 88.5 114.2

Phosphate 3.5 7.8

Silicate 14.4 11.6

Table 4: Ratios between fluxes

calculatedfrom chamber
experiment and diffusive

fluxes for carbonate and

silicate sediment.

Mineralization rates ofSpirulina in different sediment under oxic and anoxic conditions

The laboratory experiments with addition of Spirulina showed the same general trends.

The mineralization rates of Spirulina were depending on the type of the incubated

sediment and its permeability (Fig. 7). In order to get an estimate of the mineralization

rates of Spirulina in different sediments under oxic and suboxic/ anoxic conditions

(oxygen less than 5 % of saturation) , we calculated the mineralized carbon using the

fluxes of DIP, DIN and oxygen in the spiked chambers assuming a Redfield ratio of

C:N:P (106: 16: I) and a ratio of 1 for C02:02 (e.g. Berelson et ai. 1998) after subtraction

the fluxes recorded in the control chambers. The mineralization rate under oxic condition

were estimated from the initial fluxes because these fluxes were recorded when oxygen

concentrations in all chambers were still higher than 5% oxygen air saturation. The

initial mineralization activity in the chambers and the resulting DIP and DIN fluxes (Fig.

6) were considered to correspond to the mineralization activity taking place under oxic

conditions with more than 5% oxygen air saturation. Analogously, the late fluxes (Fig. 7)

were used to estimate the rates under suboxic/anoxic conditions. The mineralization rates

of Spirulina in coarse sediments estimated from DIP and DIN were approximately 2

times higher than those estimated for the fine silt sediments, and the coarse carbonate

sand showed a higher degradation rate than the coarse silicate sediment (- 1.5 fold, Table

5 and 6). In the natural sediments, the mineralization rates estimated from DIP and DIN

were always higher than the rates estimated from oxygen consumption, which indicated

the importance of anerobic mineralization of organic matter in these sediments.
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conditions Oxic Anoxic

parameter DIN DIP Oxygen DIN DIP Oxygen

carbonate 3.7 4.5 0.8 1.I 1.1 -0.1

silicate 2.8 2.4 0.7 0.3 0.8 -0.1

silt 1.8 1.7 0.8 0.3 0.0 -0.1

Table 5: Spirulina mineralization rate (mg C m,l at) calculatedfrom DIN and DIP fluxes and

oxygen consumptions ifl natural carbonate, silicate and silt-clay sediments uflder

oxic alld suboxic/anoxic conditiofls (calculatiofls cafl be foufld ifl tlte text). Tlte

flegative values ifldicate Itiglter fluxes or cOflsumptiofls in cOfltrol citamber than tlte

cltambers witlt Spirulina.

conditions Oxic Anoxic

parameter DIN DIP Oxygen DIN DIP Oxygen

carbonate 1.5 0.2 2.4 1.7 0.2 0.0

silicate 1.2 0.1 1.7 1.0 0.1 0.0

Table 6: Spirulina mineralizatiofl rate (mg C m,l aJ
) calculated from DIN afld DIP fluxes afld

oxygen cOflsumptions in sieved carboflate, afld silicate sedimeflts under oxic afld

suboxic/afloxic conditions (calculations can befound in tlte text).

The degradation rates under oxic conditions were higher than the rate under

suboxic/anoxic conditions for all sediment types (>2.5 fold) except the mineralization

estimated from DIP and DIN in sieved sediment (Table. 5 and 6). Several studies

compared organic matter decomposition rates in oxic and suboxic/anoxic conditions.

Some authors demonstrated that the rates were not significantly different (e.g. Westrich

and Berner 1984, Lee 1992). Others found that anoxic mineralization was greater than

under oxic conditions (Sun et al. 1993), unless macrofauna were present (Kristensen and

Blackburn 1987). Our study, however, showed that the oxic degradation rates of organic

matter were higher than the suboxic/anoxic degradation rates, which agrees with some

other studies (e.g. Benner et al. 1984, Henrichs and Reeburgh 1987, Sun et al. 1997).

Several theories have been suggested to explain the lower decomposition rates under

anoxic conditions. Some of the decomposition pathways could not be catalysed under

anoxic conditions or inhibitory metabolites may build up and reduce degradation rates in

anoxic sediment (Schink 1988).
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In lab incubation #1, specific amounts of Spirulina were added to the water column

above the sediment, and most of the added Spirulina were deposited on the sediment

surface shortly after start of the experiment. In the case of the silt sediment, most of the

organic matter degraded on the surface of the sediment. Due to the high permeabilities of

the coarse sands, which allowed some organic matter to penetrate into the sediment

(Huettel and Rusch 2000), degradation in these coarse sands occurred on the surface and

within the upper sediment layer The degradation rate then depends also on how deep the

organic matter penetrated into the sediment. Under same stirring conditions, the

permeability of the sediment was the controlling factor that determined the penetration

depth as has been shown in similar experiments by Huettel and Rusch (2000).

In lab incubation #2, we mixed Spirulina with the sieved sediment trying to minimize the

effect of permeability and to study the effect of mineral composition and grain surface

area on the mineralization of organic materials. In this experiment, carbonate and silicate

sediment of same grain sizes were used to compare mineralization of organic matter in

the two sand types. Despite the similarity of the size distribution, permeability of the

carbonate sediment was twice as high as that of the silicate sediment (Table. 2). The

grain surface area of the carbonate sediment was also higher than that of the silicate

sediment (factor 1.5, Table. 2) and the grains of the carbonate were more porous and

rough compared to the less porous and smooth silicate grains (Fig. 2). Also in this

experiment, the degradation rate of Spirulina in the carbonate sediments were always

higher than in the silicate sediments under both, oxic and suboxic/anoxic conditions

(factor at least> 1.2 Table. 6). In the study of Marinelli et al. (2000) using sediments

with the same median grain size (250-500), they emphasised the importance of the

permeability as a key factor for enhancing nutrient fluxes as a result of pore water

advection in such sediments. Further discussion of the impact of the permeability and the

surface area on organic matter degradation are in the following suctions.

Lab experiment #3 with fluoresceine showed that in the carbonate sediment, which was

more permeable than the silicate (2 fold, Table. 1), the fluoresceine flux into the

sediment was higher (factor 1.4, Fig. 8). This implied a stronger advective transport in

the carbonate sediment compared to the less permeable silicate sediment. This finding is

in agreement with Forster et al. (1996) who found in a flume experiment with rhodamine

as a tracer, stronger and deeper flux in permeable sediments. This experiment with an
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inert tracer demonstrates that in sand with the same grain size, interfacial water flows are

higher in the biogenic carbonate sands than in the terrigenic silicate sands (factor 1.3).

Pores within the individual grains, a less rounded shape with very rough grain surfaces

are the main factors for the higher permeability in the carbonate (Fig.2). These interfacial

water flows carry dissolved and particulate organic matter into the sediment (Pilditch et

al. 1998, Huettel and Rusch 2000, Jahnke et al. 2000, Rusch & Huettel 2000) and thus

could be responsible for the higher fluxes and mineralization rates observed in the

carbonate sand.

The in situ incubation experiment tested the trapping efficiency of organic particles in

the sieved carbonate and silicate sediments. During incubation, more pigments (chl.1!, chi

Qand fucoxanthine) were trapped in the carbonate sediment than in the silicate (average

factor of 2 for all measured pigments). Moreover, the pigments penetrated deeper into

the carbonate sediment (average of 6 cm and 4 cm, respectively). This increase in

pigment content in the sediments during the incubation can be attributed mainly to the

filtration of water through the permeable sediments. To calculate trapping rates of PON,

we converted ChI .1! to POC assuming a conversion factor of 60 for the Chl.1!: POC ratio

as reported in Yahel et al. (1998). A factor of 0.15 was used to convert POC to PON

according to Redfield ratio. With these conservative calculations we arrived at trapping

rates of 21 and 42 mg m'2 d,l PON in silicate and carbonate sediments, respectively.

These values are comparable to other values reported in tropical region (e.g. Charpy and

Charpy-Roubaud 199 I (36 mg m'2 d'l), Clavier et al. 1995 (23-35 mg m'2 d")). In order

to estimate the difference in filtration rates between silicate and carbonate sands, we also

calculated how much seawater would have to be filtered (100% filtration efficiency)

through the upper sediment layer to account for the increase of organic matter in both

sediments during the incubation period. In these calculation, the trapping rates of ChI .1!

in 9 cm (Fig. 9) of the carbonate and silicate sediments after 22 days (2.3 and 4.7 mg m'2

d" respectively) and Chi .1! value in seawater (0.22 ~g 1", Rasheed et al. in press.) were

used. According to these calculations, we arrived at flushing rates of 348 and 712 I m'2

month" for silicate and carbonate sediment respectively. The higher carbonate filtration

capacity (2 fold) can be expected due to the 2 fold higher permeability of the carbonate

sediment (Table. 2). The oxygen consumption measurements of the sliced sediment cores

emphasised these findings. The rates of oxygen consumption were higher in the

carbonate sediment than in the silicate (factor 1.5 in all layers, Fig. 10) indicating higher
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organic matter trapping rate in the carbonate. A decrease of consumption with increasing

depth in both sediments indicated that more organic material was trapped in the surface

sediment layers.

What controls OIganic matter decomposition in sediments

We found significant differences in organic matter mineralization and consequently re

emission of inorganic nutrients to the water column in the three different sediment types

of the study. The different experiments carried out have pinpointed some possible

reasons for these differences. Amongst these are permeability, grain surface area and

mineralogical characteristics.

(i) Permeability

Different permeabilities of the three sediment types (Table. 2), cause different oxygen

transport rates and penetration depths that lead to different degradation rates under oxic

conditions. Oxygen penetration depth of the silt-clay was 1.5 mm (Fig. 3), compared

with a penetration depth of more than 5 mm for permeable sands (Huettel and Rusch

2000). Ziebis et al. (1996) have reported even higher oxygen penetration in more

permeable sediments. Increased oxygen consumption related to increased organic matter

degradation with increasing sediment permeability (Table 2. and Fig. 10) was reported

by several authors (Forster et al. 1996, Marinelli et al. 1998, Dauwe et al. 2001). In silt

clay, the transport of electron acceptors for the degradation of organic matter, is limited

by diffusion (Froelich et al. 1979) while in permeable sands, advection co-acts on

transport of electron acceptors in addition to diffusion (Huettel and Gust 1992, Forster

and Graf 1995) promoting higher organic matter degradation rates.

Our experiments with sieved carbonate and silicate sediment of the same grain size

demonstrated how differently the two sediments controlled organic material trapping and

degradation, fluoresceine penetration, oxygen consumptions and nutrient fluxes. The

findings of these experiments are in good agreement with Huettel and Rusch (2000), who

reported an increase in organic matter penetration depth and degradation rates with

increasing sediment permeability. These authors suggest that the enhanced supply of

electron acceptors and increased removal of decomposition products by pore water

advection causes the higher mineralization activity in permeable sediment. Huettel and
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Gust (1992) determined the critical permeability required for advective interfacial fluxes

of water and microalgae as Ix I0- 12 m2
. The permeability of the silicate sediments of the

present study is 22.6x 10- 12 m2
, well above the critical value. Therefore, advective flux of

material cannot be ruled out.

(ii) Grain surface area ofthe sediment

The grain size of the deep sediment was much smaller than that of the shallow sediment

(8 fold, Table 2). Consequently, the specific surface area of the silt-clay was much higher

than that of the sieved carbonate and silicate sediments of the shallow site (17 and 26

fold, Table 2). Inverse correlation between grain size and organic carbon content was

reported by (Anderson 1988, Oades 1988) and direct correlation between grain surface

area and organic matter content was reported by several authors (Mayer 1994, Ransom et

al. 1998, Adams and Bustin 200 I). Mayer et al. (1993) pointed out that most organic

matter in sediments is adsorbed to the mineral surfaces. Small pores and large surface

area in fine sediments protect organic matter against digestive attack (Marshman and

Marshall 1981, Mayer et al. 1993, Hedges and Keil 1995). The fine sediments from the

deep site had higher organic content than the carbonate and silicate sediment from the

shallow site (9 fold, Table 2) and lower nutrient concentrations in the sediment surface

layer(Fig. 3), which in agreement with the mentioned findings. Our incubation

experiment of the sieved carbonate and silicate sediments with fluoresceine and the in

situ sediment incubation demonstrated that more water was flushed (factor 1.3 Fig. 8)

and more organic matter accumulated in the carbonate sediments (factor 1.5, Fig. 9),

which had a higher grain surface area than the silicate sediments (1.5 fold, Table 2). In

the incubation experiments with sieved sands, the carbonate sediments were more

reactive than the silicate sediments. These results reveal that organic matter

mineralization was faster and went further in the carbonate sediment than the silicate

sediment. This implies that protection of the organic matter was not efficient in this case.

A likely explanation to that is higher transport velocity in the carbonate sediment,

resulting in high advective processes that accelerate mineralization of the organic

material (Rusch and Huettel 2000).
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(iii) MineraLogicaL characteristics

Carbonate sediments contain mainly CaC03 (ca. 80%, Table. 2), while silicate and

silicous silt-clay sediments may contain a low percentage ofCaC03 (ca. 5%,20%, Table.

2). In carbonate sediment, pore water is automatically buffered upon release of COz

during the oxidation of organic matter (Buddemeier and Oberdorfer 1986) which has a

direct impact on the degradation process. Ransom et al. (1998) confirmed that sediment

mineralogy was the primary factor for organic carbon accumulation. Carbonate

sediments contain many small pores resulting from the skeletal remains of corals and sea

urchins etc., which produce these sediments (Fig. 2). These pores increase the surface

area of the carbonate grains and surface roughness which in tum increase the ability of

the sediment to accumulate more organic matter (Mayer 1994). A conclusion can be

made that different mineralogical composition of the three investigated sediments is an

added reason for differences in the accumulation and degradation of organic particles.

Conclusion; consequences for natural environments

The present investigation shows that organic matter is mineralized at a higher rate in the

coarse shallow sediments, including carbonate and silicate, in comparison with silt-clay

bottom sediments due to different chemical and physical properties. Our study then

shows the importance of the shelf sediments, which comprise 8% of the total ocean area

(Ott 1988) in the mineralization of organic matter and sustaining the primary

productivity of the ocean. Our result suggest that relatively large volumes of water are

flushed through the silicate and carbonate sediments (348 and 712 I m'z month'l) which

implies an important role of shallow sediments in filtration of organic matter and

subsequent mineralization and nutrient release. Coarse permeable shelf sands, thus, can

be important nutrient regenerators for primary production. This emphasises the finding

of several authors that the importance of the bottom sediment to organic matter

mineralization is inversely related to the water column depth (e.g. Jorgensen 1983) and

that continental shelves are as important as the deep see in carbon and nitrogen

biogeochemical cycles (Walsh 1991, Jorgensen 1996).
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BenThic respiration in carbonate sediments

Benthic respiration in permeable carbonate lagoon sediments from the Heron

Island atoIl, Great Barrier Reef, Australia

Summary

Oxygen, dissolved inorganic carbon (DIC), and nutrient fluxes were measured in a

shallow water carbonate sediment of Heron Island, Great Barrier Reef. Benthic

respiration in these permeable sands was relatively high (54 mmol m'l d'l) and DIN and

DIP fluxes reached 0.34 and 0.10 mmol m'2 d,l, respectively. In order to investigate the

impact of benthic boundary layer flow and sediment permeability on organic matter

mineralization, in-situ and laboratory chamber experiments were carried out applying

different stirring speeds (20, 10 and 0 rpm) to sediments of different permeabilities. The

rotating water column generates a radial pressure gradient in the chamber that forces

water into permeable sediment close to the chamber wall and out of the sediment in the

central area of the incubated sediment core and, thus, simulates sediment percolation as

generated by boundary flow-topography interaction. Oxygen consumption rates in the

chamber with fast (20 rpm, 1.2 Pa pressure gradient, 0.6 cm S'I friction velocity u.)

stirring were approximately 2-fold higher than in the chambers with slow (10 rpm, 0.2 Pa

pressure gradient, 0.3 cm S'I friction velocity u.) stirring. In the lab chamber experiments

with stagnant water column (no stirring), oxygen consumption was 8 times lower than in

the chamber with fast stirring. Lab chamber experiments with Br' as a solute tracer

revealed flushing rates of 31 I, 247 and 82 ml h'l due to the stirring at 20, )0, and 0 rpm

respectively. In a laboratory experiment investigating the effect of sediment permeability

on sedimentary organic matter mineralization rate, 3-fold higher permeability resulted in

2 to 3 fold higher oxygen consumption and DIe production rates. Our experiments

demonstrate the importance of boundary flow induced flushing of the upper layer of

permeable carbonate sediment on organic matter degradation in the coral sands. The high

filtration and degradation rates of organic matter in the sup-tropical permeable carbonate

sediments and the subsequent release of nutrients may explain the high productivity in

these Great Barrier Reef sediments.
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Introduction

Permeable sediments cover approximately 70% of the continental shelves, which

comprise 7.5% of the ocean floor (Menard and Smith 1996, Ott 1988). In the shelves, 20

30% of the oceanic primary production takes places (Walsh 1988, Jorgensen 1996) and

more than 50% of the pelagic organic matter production is deposited at the sea floor

(Gibbs 1981). Therefore, shallow sediments are expected to have high biogeochemical

activity that supports the high primary productivity in the shelf seas. Advective transport

is an important transport process in permeable sediments (HuetteI and Gust 1992) in

addition to molecular diffusion, which is the dominant transport process in cohesive

sediments (Aller 1983, Jorgensen and Revsbech 1985). Pore water can flow through

permeable sand as a result of pressure gradients at the sediment water interface.

Advective transport can enhance the rate of organic matter mineralization (e.g. Forster et

al. 1996, Shum and Sundby 1996) and may make sandy sediments more reactive than

cohesive sediments (Reay et al. 1995). Hence, this transport may be an important process

for the cycling of matter in the shelf (Rutgers Van Der Loeff 1981, Huettel and Gust

1992, Rhoads and Hecker 1994).

Carbonate sediments are common in tropical and subtropical shelves where coral reefs

grow. These sediments, which consist mainly of coral and mollusc fragments, cover

about 10% of the continental shelves. Due to their high permeabilties and porosities,

advective transport is particularly important in carbonate sediments (Rasheed et al. in

press). Through their highly porous structures and high specific surface area, they are a

suitable substrate for the settlement of microorganisms (Schroeder and Purser 1986).

Dissolution and precipitation reactions of calcium carbonate may enhance the buffer

capacity of the sediment, which may enhance organic matter mineralization and

nutrient recycling in the coral reefs (Sansone 1985, Tribble et al. 1990, Sansone et al.

1993, Charpy-Roubaud et al. 1996).

In contrast to the terrigenic silicate shelf sediment of colder climes, relatively little is

known about the reactivity and organic matter mineralization in carbonate sands.

Although coral sands occur wherever corals grow and, thus, are a common sediment in

subtropical and tropical shallow water environments, their role for the cycling of matter

in these environments is not well understood. Hardly any information is available on the
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metabolism in permeable carbonate that are flushed by bottom currents and waves. The

coarse carbonate sands may filter organic particles from the water column and, thus, may

be important for the recycling of nutrients in the oligotrophic reef environment. In this

contribution we set out to investigate oxygen consumption and nutrient release in

permeable carbonate sands originating from an oligotrophic reef environment off Heron

Island in the Great Barrier Reef.

Solute fluxes from sediments have been studied extensively in order to estimate rates of

organic matter mineralization and benthic respiration. Oxygen is energetically the most

favourable electron acceptor for microbial aerobic respiration (Fenchel et al. 1998), and

the oxygen consumption, thus, is commonly used as an indicator for organic matter

mineralization in marine sediments (e.g. Aller 1980, Smith and Hinga 1983). A common

method for the assessment of solute fluxes is the laboratory or in-situ chamber incubation

of sediment with measurements of the temporal variation of different solutes, O2, and

dissolved inorganic carbon (DIC) in the water enclosed in the chamber (e.g. Kristensen

1993, De Master et al. 1996, Nicholson et al. 1999). In-situ incubations have been widely

used (see Tengberg et al. 1996 for a review) and may produce more realistic results than

the lab incubations. The latter suffer from artefacts caused by the removal of the

sediment core from its natural environment and the transport to the lab, which may

seriously disturb the sediment core. However, some researchers have shown comparable

fluxes measured from lab and in-situ incubations (Chanton et al. 1987, Bertuzzi et al.

1996). In this study, we measured O2, DIC, inorganic nutrients and NaBr tracer fluxes in

carbonate sands of different permeabilities using laboratory and in-situ chamber

incubations. The goals of our study were to assess benthic respiration and nutrient

production of permeable carbonate sediments and to investigate the effect of advective

transport on fluxes of material from these sediments.
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Material and methods

Study site

This study was conducted on Heron Island (23 0 27' S, 151 0 55' E). The Island (ca. 800 x

200 m) is a true coral cay, situated on the Western end of a circular coral atoll. The atoll

lies on the Tropic of Capricorn, at the southern end of the Great Barrier Reef, 70 km off

the coast of Gladstone (Fig. I). Heron Island hosts a research station of the University of

Queensland with laboratory facilities. In-situ sediment incubations were carried out at

Shark Bay, a shallow water site (at ca. 0.2 -2.5 m water depth depending on the tide) at

the eastern end of the Island. Most of the sediments used for lab experiments were also

collected from Shark bay. The finer sands were collected from a site (ca. 3 m deep) in the

central area of the reef lagoon.

1: Map location of Heron Island and Glad stone
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Sediment characteristics

Shark Bay (SB) sediments for lab incubation were sieved into two size fractions; coarse

(larger than 500 ~m) and medium sands (smaller - 500 ~m). From the lagoon site, finer

grained sediments with ca 220 ~m median grain size were collected. Some physical and

chemical properties of the sediments that we used in this study are shown in Table 1. The

permeabilities of the sediments were measured using a constant head permeameter as

described by Klute and Dirksen (1986). All sediments used in our study were highly

permeable (> 1 x 10- 11 m2
). Sediment porosities were calculated from weight loss of wet

sediment after drying at 60°C for 24 h. Specific surface areas of the sediments were

determined by measuring nitrogen adsorbed at the grain surface using a Quantachrome

Quantasorb instrument. Prior to analysis, the samples were dried at 80°C for 30 minutes.

The Quantasorb instrument specific surface area is measured by nitrogen sorption from a

helium/nitrogen gas mixture (70% He, 30% N2) at liquid nitrogen temperature in a flow

through cell. Particulate organic carbon (PaC) and nitrogen (PaN) content were

measured using a Heraeus CHNO-rapid elemental analyser (Muller et al. 1994) with

sulphanilamide as a calibration standard. The samples were pre-treated with 6N HCL till

gas development ceased, and then washed twice with distilled water and dried at 60°C.

sediment surface area Permeability Porosity Median grain POC PON
("lg-t) (Ill}) % (wt/wt) size (pm) (%) (%)

SB 0.29 1.22 x 10- 10 30.0 838 0.24 0.042

coarse 0.18 3.75 x 10- 10 29.6 829 0.18 0.038

medium 0.31 1.17 x 10- 10 30.0 536 0.21 0.040

fine 0.74 1.37 x 10- 11 31.6 221 0.37 0.048

Table 1. Physical and chemical properties oft/Ie sediments usedfor different experiments
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Incubation experiments

Oxygen, DIC, NaBr and nutrient fluxes were assessed from in-situ and lab incubations of

different sediment types (natural and sieved) and applying different light and stirring

conditions. An overview of the incubation experiments carried out in this study is shown

in Table 2.

In-situ incubations

Two in-situ incubations were carried out in Shark Bay to estimate DIC, 02 and nutrient

fluxes from the natural permeable sediments under different light and stirring conditions

(Table 2).

The incubation chambers were transparent cylindrical acrylic containers (19 cm

diameter, 32 cm high). Flat plastic lids covered the chambers and were fixed by 4

stainless steel clips. The lid contained a sampling port with syringe holder for water

samples and another port to replace the sampled water. Another opening in the lid

contained an oxygen optode. The water inside the chambers was stirred by a flat rotating

disk (15 cm diameter) connected to a DC motor with gear box. The rpm of the stirring

disk were adjusted and controlled electronically. Chambers for all in-situ incubations

were deployed during low tide when the height of the water was approximately 0.5 m.

The chambers were inserted gently into the sediments to a depth of about 10 cm and

thus, included a water column of approximately 22 cm height. The lids then were fitted

to the chambers and fixed by the clips. Chambers used for dark incubations were covered

with tough opaque black plastic foils secured with rubber bands at the top and the

bottom. The waters inside the chambers were stirred either at 20 rpm (fast stirring) or 10

rpm (slow stirring). At defined time intervals, dissolved oxygen was measured in the

chamber water using the optodes (Presens) and 100 ml water were removed for DIC,

nutrient and bromide analyses and replaced by local sea water. The total durations of the

incubations were about 500 minutes for the first in-situ incubation and 300 minutes for

the second incubation. The volume of water in the chambers was determined after

removing the lid of the chambers by measurement of water height with a ruler at 4

different positions in the chamber. Fluxes of solutes were evaluated from linear

regressions of solute concentrations over time.
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Experiment Sediment usedfor Light Stirring, No. of Measured
Process investigated incubation pressure gradient & u. incubated parameters

cores
In-situ incubation #1 SB sediments dark and light fast (20 rpm, 1.2 Pa & 0.6 cm S·I) 4 (2 dark and 2 O2, DIC

slow (1 Orpm, 0.2 Pa & 0.3 cm S·I) light)

In-situ incubation # 2 SB dark and light fast 6 (4 dark and O2, DIC , DIN, DIP
2 light)

Lab incubation # 1 SB dark no stirring 6 0 2,DIC

Lab incubation # 2 SB (coarse and medium dark fast 6 (3 coarse and O2, DIC
sediments) 3 midium)

Lab incubation # 3 SB? light fast, slow and no stirring 6 NaBr

Table 2: Summary ofthe incubation experiments and measurements carried out in these incubations. u. is the friction velocity. The data of

friction velocities and pressure gradients are from Huettel and Gust (/992).
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Laboratory chamber incubations

Three laboratory chamber incubations were carried out to estimate 02, DIC, and bromide

fluxes from permeable carbonate sediments (Table. 2). The first lab incubation was done

with cores collected from Shark Bay directly after collection. The incubation was done in

a big container flushed by natural sea water, which kept the temperature of the

incubation at in-situ temperature. For this incubation, small chambers were used (10 cm

diameter and 40 cm height). The lengths of the sediment cores were approximately 10

cm and the heights of the water column above the sediments approximately 30 cm. The

chambers were covered by plastic lids with two sampling ports for O2 measurement and

DIC samples. The water column was not stirred during the incubation except I minute

before each O2 measurement and the water sampling to remove concentration gradient

and homogenize the water. Dissolved oxygen was measured in each chamber at different

time intervals using a Clark type microelectrode (Revsbech 1989). For DIC analysis, 10

ml of the water were withdrawn at different time intervals using a syringe and replaced

by 10 ml of sea water. The duration of the incubation was approximately 17 hours.

The second incubation was done using two sediments of different grain size (coarse and

medium, 829 and 536 Ilm median respectively) in order to assess the effect of sediment

permeability on solute fluxes. The incubation was carried out in the container used for

the first lab incubation, and was done using the same chambers that were used for the in

situ incubations with fast stirring (20 rpm). The height of the sediment columns in the

chambers was 16cm. Dissolved 02 was measured at different time intervals, and water

samples were withdrawn for DIC and nutrients (DIP and DIN) analysis during the

incubation. The duration of the experiment was 6 hours.

The third incubation was carried out to investigate fluid exchange rates between

overlaying water and permeable carbonate sediments under different flow conditions. In

this experiment, permeable sediment (ca. 800 Ilm median) was incubated using the same

chambers, which were used for the in-situ incubations with three different stirring speeds

(20 and 10 rpm and without stirring). Bromide was added to the water overlaying

sediments as a solute tracer (1.5 mM final concentration). Water samples (5ml) were

withdrawn at different time intervals for bromide analysis. The duration of the

experiment was 6 hours
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Oxygen consumption test

This experiment was done to estimate the oxygen consumption rates in four different

sediments with different grain sizes and organic matter contents (Table. 2); SB

sediments, coarse and medium sediments from SB, and fine sediments. 15 cm3 of each

sediment were incubated in gas tight bottles (60 ml) with filtered (0.2 flm) sea water (ca.

45 ml). Oxygen concentrations were measured initially by microelectrode in each bottle.

The bottles were then closed tightly, and oxygen concentrations were measured for each

sediment type after 2, 12, and 20 hours of incubation.

Chemical Analysis

Inorganic nutrients (DIP and DIN) were analysed spectrophotometically following the

method of Grasshoff et al. (1999). Bromide concentrations were determined by ion

chromatography using Water Cation column (flow rate Iml min-I, injection volume

100fll) and NaBr as standard for calibration. Dissolved inorganic carbon (DIC)

concentrations in the water samples were determined using a flow injection system (Hall

and Aller 1992). Calibration standards were prepared freshly from NaHC03. The

detection limit of the method was 0.1 mM.

Results

In-situ incubations

In-situ incubation #1

Light influenced oxygen and DIC concentrations in the in-situ chambers that were not

covered by black foil. O2 increased gradually, especially in the first 400 minutes of

incubation, while DIC concentrations decreased (Fig. 2). Oxygen was produced and CO2

consumed by benthic primary producers. In dark chambers, the situation was reversed.

Oxygen concentrations decreased to almost zero in one of the dark chambers (Fig. 2),

while the DIC concentrations increased. The fluxes of O2 and DIC calculated from these

incubations are shown in Table 3 and reflect the effect of light on 02 and DIC

consumptions. DIC fluxes were always higher than the oxygen fluxes, irrespective of the

direction of the fluxes. The production or consumption rates of 02 with fast stirring (20
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rpm) were higher than with slow stirring (IOrpm) (2.25, 2.2 fold respectively, Table 3).

The differences in DIC fluxes between slow and fast stirring, however, were not that

pronounced (Fig. 2 and Table 3).
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Fig. 2: Time course of oxygen (11M) and DIC (mM) during the in-situ chamber incubation

with different light and stirring conditions for light-fast (diamond), dark-fast
(squares),light-slow (triangles), and dark-slow (circles). Error bars of the DIC

concentrations represent the standard deviation of three samples.

In-situ incubation #2

The second incubation experiment carried out with 6 chambers (4 dark and 2 light)

confirmed the results of the first in-situ incubation, and fluxes of O2 and DIC calculated

from this incubation were similar (Table 3). Like in the first in-situ incubation, oxygen

was consumed in dark and produced in light contrariwise to CO2 (Table 3). In this

incubation, DIN and DIP concentrations were measured, and fluxes of these solutes were

calculated (Table 3). NH4+ was released under dark as well as light conditions with
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higher flux in the dark (0.384 vs 0.007 nunol m'2 d'l for dark and light respectively. N02'

+NO]' flux calculations indicated higher uptake in the dark chambers in comparison to

the light chambers (OAI5 vs 0.013 nunol m'2 d,I). P04]' fluxes, on the other hand,

indicated release in dark and uptake in the light chambers.

Experiment description 0 1 DIC NH4+ N01'& p0
4
,j Br'

NO j '

In-situ incubation light fast 136.9 -649.0
#1 light slow 60.8 -593.2

dark fast -55.8 958.3

dark slow -25.4 912.7

In-situ incubation light fast 78.6 -415.8 0.007 -0.013 -0.115
#2 dark fast -81.1 420.85 0.384 -0.041 0.062

Lab incubation dark no stirring -6.8 30.5
#1

Lab incubation medium sand -5.6 96.3
#2 coarse sand -15.2 207.9

Lab incubation fast -54.0 ± 6.8
#3 slow -43.9 ± 4.6

no stirring -14.3 ± 4.5

Table 3: Benthicfluxes of 01> DIC, NH/, NOi+NO j ', PO/ , and Br' (mmol m,l al
). in the

different chamber incubation experiments. Positive values are effiux out ofthe

sediment and negative values are influx into the sediment.

Lab incubations

Lab incubation #1

The time course of O2 and DlC concentrations in the water of the dark chambers showed

the same trend as in the dark in-situ incubations. However, the rates of production and

consumption of DlC and O2 in these chambers that were not stirred were lower than the

rates recorded in the stirred in-situ dark incubation (e.g. the rates in the in-situ incubation

2 were 12 and 14 fold larger than those found in this incubation for 02 and DlC
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respectively, Table 3) although the same sediments were incubated. This shows the large

impact of stirring on the fluxes of solutes in permeable sediments.

Lab incubation #2

This incubation was done using coarse and medium sands of different permeabilities

(coarse sands had 3 fold higher permeability, Table I). 02 consumption and CO2

production during the incubation (Fig. 3) differed between medium and coarse sediments

(Table 3). In both sediments, oxygen decreased gradually with rates of 5.6 and 15.2

mmol m-2 d-I for medium and coarse sediment respectively. DIC, on the other hand,

increased gradually with rates of 96.3 and 207.9 mmol m-2 d-I. Oxygen consumption and

C02 production rates were higher in the coarse than in the medium sediments (factor of 3

and 2 respectively, Table 3).
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Fig. 3: Time course of oxygen (J.lM) and DIC (mM) during the lab incubation for coarse
(squares) and medium sediments (circles). Error bars of the DIC concentrations
represent the standard deviation of three samples.
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Lab incubation #3

The sediment used in this experiment was highly permeable (- Ix 10-10 m2) and allowed

advective pore water exchange. The concentrations of the B( solute tracer decreased

faster in the chambers with stirring than in those without stirring. Final concentrations

were 1986, 1994, and 2035 ~M for 20, 10, and a rpm respectively (Fig. 4) corresponding

to fluxes of 54.0,43.9, and 14.3 mmol m,2 d'i (Table 3).
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Fig. 4: Time course of Br- concentrations (mM) during lab incubation with a stirring

velocity of 20 rpm (diamonds), 10 rpm (circles) and without stirring (triangles).

Error bars represent the standard deviation of three incubated chambers for each

stirring speed.

Oxygen consumption test

Oxygen consumption in the fine lagoon sediment was approximately 2-fold higher than

in medium and coarse Shark Bay sediments (Fig. 5, Table 4). Final oxygen

concentrations in the bottles were 36.8, 95.7, and 105.5 for fine, medium and coarse

sediment, respectively, revealing that consumption rates in coarse and medium sands

were similar (3.37 vs 2.88 mmol m-2 d,I). In this bottle incubation, the O2 consumption

rate for the permeable SB sediments was similar to that recorded in the laboratory

chamber incubation Iwithout stirring (5.12 vs 6.18 respectively).
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Fig. 5: Time course of oxygen concentrations (~M) during the bottles incubation

experiment with Shark Bay (diamond), coarse (squares), medium (triangles) and

fine (circles) sediments. Error bars represent the standard deviations of three

oxygen measurements.

Sediment

SB

coarse

medium

fine

Discussion

O2 consumption

5.12

3.37

2.88

6.90

Table 4. 0] consumption rate
(mmol m-] ([J) for different

sediments measured by small bottle
incubation

Our study addressed the benthic respiration and nutrient fluxes in coarse permeable

carbonate sands. As demonstrated by the flux of Br- tracer into the sands, advective pore

water exchange is an important mechanism for the transport of metabolites into and out

of these permeable sediments. This enhanced transport accelerates the decomposition of

sedimentary organic matter (HuetteI and Rusch 2000) and may partly explain the high

productivity reported for tropical and subtropical coastal carbonate sediments (e.g.

Sorkin 1995, Charpy-Roubaud et al. 1996, Alongi 1998).
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Benthic flux

The sedimentary consumption of oxygen measured in the in-situ dark incubations with

stirring was higher than that measured in other tropical and subtropical coastal sites

(Table 5). Ammonium and phosphate fluxes were also higher than some of those

measured elsewhere (Table. 5), and comparable with the values of Knoppers et al.

(1996), Stimson and Lamed (2000), and Rasheed et al. (sub.). With respect to Hines

(1985) and Erftemeijer and Middelburg (1993) (Table. 5), these authors may have

measured relatively low values because they calculated the diffusive fluxes from pore

water concentration gradients which may. This means that fluxes resulting from

bioturbation (e.g. Aller 1988, Barbanti et al. 1992) and possibly advective pore water

exchange (Huettel et al. 1996, Huettel and Rusch 2000) were not considered, which, if

these mechanisms are active, can increase the total flux substantially (Rasheed et al.

sub.). However, our measured fluxes were relatively high. This might be attributed to the

high permeability (1.22 x 10- 10 m2) of the investigated sediments and the associated

strong advective pore water exchange. Huettel and Gust (1992) and Jahnke et al. (2000)

have shown the impact of advective pore water flows that enhance solute and particle

transport into and out of the sediment. In laboratory flume experiments, Forster et al.

(1996) compared oxygen consumption in fine and coarse sediments and found higher

oxygen consumption in the coarse permeable sediment. However, solute fluxes between

marine sediments and the overlying water can be highly variable. This could be

explained by the variability of factors that regulate the sediment water exchange rates,

such as temperature (e.g. Alongi 1998, Clavero et al. 2000), quantity and quality of

organic matter supply (e.g. Sloth et al. 1995, Pedersen et al. 1999), and physical and

chemical properties of the sediment (e.g. Shum and Sundby 1996, Lopez et al. 1995).

Organic matter in sediments is mineralized aerobically and anaerobically. Aerobic

processes take place using oxygen as electron acceptor and produce CO2. The ratio of

02:DIC fluxes under these conditions should be I (Kristensen 2000). However, DIC can

also be produced by anaerobic processes using electron acceptors such as N03- and S04

2, which make the ratio between 02 consumption and C02 production less than I. In our

incubation experiments, the 02:DIC fluxes were always less than I (0.03-0.22)

suggesting that oxygen respiration accounted only for 3 to 22% of the recorded C02

production. In some sediments oxygen respiration has been estimated to account for only
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4-17% of total organic carbon oxidation (Canfielda et ai, 1993 a, b). Charpy-Roubaud et

ai. (1996) found in coastal sediments from the lagoon of Tikehau Atoll that the increase

in DIC was twice the oxygen depletion. However, in carbonate sediments, like the ones

investigated in this study (Table I), precipitation and dissolution of carbonate minerals

may effect the DIC production (Green et ai. 1993, Heip et ai. 1995). In sediments from

the Albufera of Majorca Lopez et ai. (1995) found a total C02 flux of 732 mmol m,2 d'l

where 336 mmol m-2 dol were due to carbonate redissolution.

Location NH4+ P04 Oxygen Ref.
(llmol m,2 tfl) (llmol m,2 tfl) (mmol m-2tfl)

Davies Reef -9.32 ± 0.79 Hansen et al.
Great Barrier Reef (1992)

Araruama Lagoon 170-1080 -30-30 -18.95 ± 4.85 Knoppers et al.
Brazil (1996)

Kanoeohe Bay, 490 34.6 Stimson and
reef flat, Hawaii Lamed (2000)

Ishigaki Island 67±60 Miyajima et al.
lagoon (2001)

South Sulawesi 104-306 38-112 Erftemeijer and
Indonesia Middelburg

(1993)
Tikehau lagoon 50-704 Capone et al.

Ploynesia (1992)

Hiroshima Bay -12.5-(-)50.8 Seiki et al.
(1989)

South Atlantic 5.55 ± 6.6 1.5 ± 0.15 Marinelli et al.
Bight (1998)

Bermuda 115-312 0.5-7 Hines
(1985)

Gulf of Aqaba, Red 338 ± 30 30 ± 2 -5.92 ± 0.05 Rasheed et al.
sea sub.

Our study, Heron 340 102 -54.10 This study
Island

Table 5 : Benthic fluxes ofHeron Island compared with fluxes from other coastals. Positive

values are efJlux and negative values are influx.

Flux stoichiometries can give important insights into the processes that govern the

sedimentary mineralization of organic matter and the related solute fluxes. The

theoretical ratios of O:N and O:P for aerobic mineralization can be calculated from the
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Redfield ratio (C:N:P = 106: 16: 1) and a ratio of I for CO2:02 (Berelson et al. 1998). The

ratio of O:N and O:P calculated from our flux measurements were 356 and 671, i.e.

much higher than the expected ratios (6.6 and 106 respectively), which implies that our

measured nutrient fluxes were low. Denitrification may have reduced the DIN flux

(Cowan and Boynton 1996, Berlson et al. (998) at the end of incubations when oxygen

concentrations were low. A more likely interpretation of the low N fluxes is the partial

conversion of PON into DON that was not measured in our case (Berelson et al. 1998).

With respect to DIP, the low flux can be attributed to the high removal of phosphate at

the oxic sediment water interface, on the surface of the carbonate (Atkinson 1987, Ingall

and Jahnke 1993, Bertuzzi et al. 1996, Spagnoli and Bergamini 1997).

Advective transport in permeable carbonate sediments

Advective transport caused by water flows into and out of the bed affects the

mineralization rate of organic matter in the sediment (Shum and Sundby 1996). The

magnitude of the advective exchange depends mainly on the pressure gradients caused

by the interaction of boundary layer flow and sediment topography (Forster et al. 1996)

and on the permeability of the sediment (Huettel and Gust 1992). In this study, we

investigated the effect of different pressure gradients (generated by the central stirring in

the chambers) in in-situ incubation # I, lab incubation # I, lab incubation # 3 and the

oxygen consumption test (bottle experiment = stagnant conditions). The effect of

sediment permeability was investigated in lab incubation # 3.

Effect ofstirring velocity

The in-situ chamber incubation # I showed the impact of stirring velocity on oxygen and

DIC consumption and production rates. Oxygen consumption and production rates in the

chambers with fast stirring (20 rpm) were ca. 2-fold higher than in those chambers with

slow stirring (10 rpm). The lab experiment # I and bottle incubation with stagnant water

columns support the results of in-situ incubation #1. Oxygen consumption rates in these

lab experiments, where the flux was mainly diffusive, was 8 times lower than in the in

situ chambers with fast stirring where advective transport occurred in addition to

diffusion. Lab incubation # 3 that compared B( solute tracer flux at three stirring speeds

(0. 10, 20 rpm), supports the results of the in-situ incubation #1. B( flux in the chamber

with fast stirring was significantly higher than in the incubations with slow stirring or
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without stirring (1.2 and 3.8 fold respectively). From the B( flux and initial

concentrations in each chamber, we could assess flushing rates of 311, 247, 82 ml h -I for

20, 10, and 0 rpm stirring speeds, respectively. This implies stronger advective transport

at higher stirring speeds, which is in agreement with some previous studies (e.g. Huettel

and Rusch 2000). An increase in interfacial solute flux up to 43% has been found for

stirred chambers relative to unstirred ones (Callender and Hammond 1982).

Berninger and Huettel (1997) investigated oxygen concentrations and photosynthetic

oxygen production in intertidal permeable sediments under different flow velocity and

concluded that advective transport in addition to diffusion became etTective at high

boundary layer flow velocity. In flume experiments, applying different boundary flow

velocities above incubated sediments, Forster et al. (1996) proved that the sedimentary

oxygen consumption rate is a function of flow velocity. The authors found that oxygen

consumption rate increased by (91 ± 23)% in coarse sand when flow velocity increased

from 3 to 14 cm S·I. In stirred flux chambers, Glud et al. (1995) found a 31 % increase of

total oxygen uptake when the stirring velocity was changed from 12 to 25 rpm. Water

flow velocity determines the actual thickness of the diffusive boundary layer and the

penetration depth of oxygen into the sediments and, thus, affects also oxygen uptake in

the sediments (Kristensen 2000). With increasing flow velocity, the boundary layer is

reduced in thickness, which enhances solute flux across the sediment-water interface

(Jorgensen and Revsbech 1985, Glud et al. 1994).

Effect ofpermeability

In lab incubation # 2 we investigated sediment and DIC fluxes for medium and coarse

sands. The permeability of the coarse sand was 3-fold higher than that of the medium

sands (Table 1) and we found approximately 3-fold and 2-fold higher oxygen

consumption and DIC production, respectively (Table 3). This confirms the importance

of permeability permitting pore water flushing. The latter enhances organic matter

mineralization in the sediment and increases oxygen uptake and DIC output. Rasheed et

al. (sub.) found 1.5 fold higher organic matter mineralization rates in sediment with 2

fold higher permeability. In flume and field experiments comparing degradation of algal

material in sediments with different permeabilities, Huettel and Rusch (2000) found 2.7

fold higher degradation rate in sediments with a permeability of 4.6 x 10-10 m2 than in
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sediments with a penneability of 2.8x 10- 11 m2
• Increased oxygen consumption and

organic matter mineralization rates with increasing sediment penneability were also

reported in other studies (e.g. Marinelli et al. 1998, Dauwe et ai, 2001). Increasing

sediment permeability increases the circulation of water through the pores of the

sediment and thus, enhances the mineralization rates of organic materials (Shum and

Sundby 1996, Huettel and Rusch 2000). However, without water flow above the

sediment different sediment penneabilities would not effect the mineralization rate as

shown in our bottle incubations (Table. 4). The fine sediments that had a lower

penneability (Table. 1), had a higher oxygen consumption rate than the coarse and

medium sands. This can be attributed to the higher organic content in this sediment

(0.42%) compared to the coarse and medium sediments (0.22, and 0.25%). In this

experiment, which was carried out without stirring, only diffusion controlled the

transport of electron acceptors for the mineralization of organic matter. In this case,

permeability can be neglected, and the main factor, which controls the mineralization

rates is the organic matter content (e.g. Kelly and Nixon 1984).

Conclusion

Carbonate sands of the Heron Island atoll have relatively high respiration and organic

matter mineralization rates. This was attributed to high permeability, which results in

high advective solute exchange and deep penetration of metabolites in the sediment as a

result of the current, wind and wave action above the penneable sea bed (Riedl et al.

1972, Vanderborght et al. 1977, Webster and Taylor 1992). Carbonate sands found

mainly in tropical and subtropical reef regions cover approximately 10% of the

continental shelves. These regions have been reported to exhibit high productivity

(Sorkin 1995), although reef waters are considered strongly nutrient limited (D'Eia and

Wiebe 1990). Cloren (1996) argued that productivity in shallow coastal ecosystems is

closely associated with sea floor biogeochemical processes. High penneability, porous

grains, and the mineralogy of carbonate sands may be important factors that make these

sands suitable for organic matter degradation. Carbonate sands may act as a buffer in

regulating the pH of interstitial waters (Tribble 1993), which may effect mineralization

of organic material in these sands. We propose that penneable carbonate sands play an
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important role for the oceanic nitrogen, phosphate and carbon cycling, in tropical and

subtropical regions.
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COllclusioll

Conclusion

Our study presents two main interesting findings. The first is a view of some nutrient

sources in the reef, which will increase our understanding regarding the nutrient cycling

in the oligotrophic coral reef waters. The second will improve our understanding of the

role of the sediments in organic matter decomposition. Our results also show for the first

time a direct comparison of the mineralization rates of organic matter between silicate

and carbonate sediments in coral reef regions, and thus will allow a better evaluation of

nutrient cycling in the reef environment.

The main conclusions that can be inferred from this study are

l- During summer months, when nutrient concentrations in the offshore water were

almost depleted, nutrient and chlorophyll f! concentrations were significantly higher

in the coastal reef waters than in the offshore waters. This emphasizes the role of

internal recycling of nutrients in the reefs and may explain the high productivity in

these systems despite the relative low nutrient concentrations in the reef waters. In

winter, however, the concentrations were higher in both reef and offshore waters than

in summer, due to the intrusion of nutrients originating from deep waters.

2- The elevated nutrient and chlorophyll f! concentrations in summer were attributed to

different factors. The reef framework as a source of this elevation has been discussed.

In this framework, there is an excess of organic matter resulting from coral growth.

The mineralization of the substances and the filtration and subsequent decomposition

of particulate matter flushed through the framework may account for the elevated

nutrient concentrations. Mineralization of the organic matter in the reef framework

occur mainly by the activity of the abundant encrusting organisms, predominantly

filter-feeders living within the reef framework such as sponges which form up to

60% of these organisms. On the other hand, reef sediments may also act as

biocatalytic filters. The pore space of these permeable sands may be a suitable and

active site for organic matter decomposition and thus, a source for nutrients, which

are needed for sustaining primary production during summer.
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3- The comparison between carbonate and silicate sands originating from the same site

in the Gulf of Aqaba revealed higher organic matter accumulation and filtration rates

and subsequent higher mineralization rates in the carbonate sand. The porous

carbonate grains increase the permeability of the sediment and provide a larger

surface area for sorption processes and bacterial colonization. These characteristics

increase the filtration capacity and mineralization rates of organic materials in the

carbonate sands.

4- Inorganic nutrient fluxes and oxygen consumption rates in the shallow permeable

carbonate and silicate sands were higher than those in the silt-muddy deep site

sediments. The permeable shallow sands have higher transport rates than the

impermeable silt-clay. This can be a reasonable cause for the high nutrient fluxes and

oxygen consumption that resulted as a consequence of high organic materials

degradation rates. The high transport velocity in the permeable sediment result in

high advective metabolic transport that accelerates the mineralization rates.

5- Carbonate sands are found mainly in coral reefs that have relatively low water

nutrient concentrations. Due to their mineral structures, high permeabilities, high

surface area, and high porous grains, these sands have high filtration and

mineralization rates and thus, can sustain the high primary productivity in the reef

waters. This may be one explanation for the "coral reef paradox" that addresses the

high productivity of coral reefs growing in nutrient-poor environments.
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