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ABSTRACT: A simple benthic chamber, with a flexible membrane to allow for wave-induced interstitial
water flow, is described. The membrane has a low permeability to oxygen, compared to other materials
previously employed in chamber studies. Polyethylene and latex rubber {condoms) are highly perme-
able to oxygen and clearly unsuitable for oxygen-related studies. Glass syringes tested for oxygen
permeability were far superior to plastic syringes, the latter being completely inappropriate even in
short-term studies. A study at Kings Beach, South Africa, using chambers with flexible membranes
showed that oxygen consumption was significantly higher in chambers with flexible tops {p <0.005)
than in chambers with solid tops. The difference in the respective fluxes [18.5 = 2.7 (95 "« CI) compared
to 10.7 + 4.6 ml O, m™? h™!] was positively correlated with the effect of wave action at this medium
energy exposed beach. Use of chambers with solid tops could result in underestimates in oxygen
consumption of >50% at the study site. It 1s concluded that wave action, with its resultant interstitial

water flow, can significantly affect the oxygen consumption of shallow water sediments.

INTRODUCTION

Measurement of exchanges of dissolved compounds
between sediments and overlying waters in high or
medium energy environments is not a simple proce-
dure. The passage of surface waves causes a fluctua-
tion of bottom hydrostatic pressures in shallow seas
(Putnam & Johson 1949, Carstens 1968, Steele et al.
1970), which Induces water movement in permeable
deposits (Putnam 1949, Webb & Theodor 1968, 1972,
Steele et al. 1970, Liu 1973, Swart & Crowley 1983).
The biological and chemical importance of this ‘subti-
dal pump’ has been described by several authors (Ried!l
et al. 1972, Rutgers van der Loeff 1981, McLachlan
1983). Further, turbulence induced by stirring in over-
lying water increases oxygen consumption of sedi-
ments (Carey 1967, Martin & Bella 1971, James 1974,
Davies 1975, Snodgrass & Fay 1987%).

Interference with the hydrodynamic environment is
one of the main disadvantages of using in situ chambers
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to measure metabolism of, or flux of dissolved gases and
nutrients across, the benthic boundary layer (Hale 1975,
Hargrave & Connolly 1978, Rutgers van der Loeff et al.
1981, Lindeboom et al. 1984). Clearly benthic oxygen
consumption measurements should be made under con-
ditions that mimic the natural water flow (Hale 1975,
Gust 1977, Boynton et al. 1981). Despite the importance
of water movement, the effects of wave action on
benthic oxygen exchange have not been quantified in
chamber studies of benthic metabolism.

The aim of this paper is 2-fold. Firstly, to introduce a
simple chamber that does not impair wave-induced
water flow through the sea bed in shallow high energy
systems. Secondly, to present preliminary data testing
the hypothesis that this interstitial water flow alters the
oxygen flux in this nearshore coastal marine system. A
detailed investigation comparing oxygen consumption
and production measured in situ using chambers with
that of cores and theoretical fluxes is nearing comple-
tion, but is not reported on here.
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Fig. 1. Location of study site, showing wave and wind roses, temperature and rainfall near Kings Beach, South Africa (adapted
from Beckley 1988)

MATERIALS AND METHODS

Study area. All sampling was conducted at Kings
Beach (33° 58" 25" S; 25° 38’ 50” E) in the corner of
Algoa Bay, South Africa (Fig. 1). Kings Beach is the
least exposed sandy beach near Port Elizabeth, but it
nevertheless experiences continual wave action and
may be considered medium energy by global stan-
dards. It is an exposed beach with a rating of 12.5
according to a 20-point exposure rating system sug-
gested for sandy beaches (McLachlan 1980). Depend-
ing on weather conditions the surf zone extends out 50
to 100 m, with an average breaker height of ca 1 m.
Mean spring tide range equals 1.65 m (McLachlan et
al. 1984). Seasonal variations in sea water temperature
can be considered mild, ranging maximally from 12 to
24 °C (Beckley 1988).

Kings Beach has fine {average Mz = 220 um} well-
sorted sand with a high CaCOj; content (average 60 %)
(Table 1). Organic matter and subsieves (the fraction
passing through a 63 um sieve) average 2.2 % and
2.7 % respectively. The pH and oxygen saturation
decrease with depth into the sediment, but no anoxic
conditions are encountered to a depth of 60 cm (the
greatest depth sampled) (Malan & McLachlan 1985).
These authors further showed that meiofaunal dry bio-

mass averages 1119 mg m™~? with nematodes dominat-
ing and harpacticoid copepod numbers being low. Bac-
terial biomass averages 6197 mg m~? and increases in
an offshore direction. More information on this beach
may be found in McLachlan et al. (1984) and Malan &
McLachlan (1985).

Oxygen permeability of plastic and glass syringes.
Oxygen permeability was determined for 20 ml plastic
and glass syringes. Pure nitrogen was bubbled through
filtered sea water (0.2 um Nucleopore} to lower the
oxygen content (Malan 1986} to ca 25 mm Hg. Tripli-
cate sets of syringes were incubated in air-equilibrated
sea water (20 °C, 35 %o} and oxygen content monitored
over a 36 h period.

In a separate experiment triplicate glass syringes
were filled with 0.2 um filtered sea water, unfiltered sea
water and unfiltered sea water of low oxygen content
(ca 25 mm Hg}. The syringes were incubated under
similar conditions to the above. Oxygen readings were
periodically recorded on a Radiometer acid-base analy-
zer over 6 h.

Oxygen permeability of volume compensation bags.
Most authors use chambers of solid construction for
measurement of benthic metabolism. It is therefore
necessary to allow for some form of volume compensa-
tion to prevent interstitial water from flowing into the



Table 1. Average sediment parameters for Kings Beach, all values on a dry mass basis (from Malan & McLachlan 1985)
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chamber during sample removal. Although most
authors do not compensate for the volume of sample
removed (Table 2}, some authors have allowed water to
enter from outside (Hallberg et al. 1972, Schippel et al.
1973, Propp et al. 1980, Hopkinson & Wetzel 1982,
Pregnall & Miller 1988, Alongi et al. 1989, Jahnke &
Christiansen 1989}, while others have employed col-
lapsible bags (Hartwig 1976, Dyrssen et al. 1984,
Anderson et al. 1986, Dyrssen 1986) or a small ‘expan-
sion chamber’ (Kelly 1984, Oviatt et al. 1984).

Condoms, polyethylene bags (Hartwig 1976, Klump
and Martens 1981, Anderson et al. 1986) and a nylon/
polyethylene co-extrusion bag (see below) were evalu-
ated as possible means of volume compensation. A
number of bags were completely filled with 150 ml low
oxygen content sea water, incubated in air-equili-
brated sea water and oxygen content monitored.

Testing of flexible membranes. To allow for wave-
induced pumping of water through the sediment a
flexible membrane top chamber was designed. As this
membrane had to be practically impermeable to oxy-
gen, a co-extrusion consisting of a 45 um polyethylene
layer, a 15 um bonding agent and a 25 um nylon layer
used for vacuum-packing in the meat industry was
evaluated. The membrane was fixed on either side of a
30 cm long Perspex cylinder. The cylinder was com-
pletely filled with low oxygen content sea water and
incubated in air-equilibrated sea water at 20 °C and the
oxygen content monitored. A 75 um polyethylene
membrane was used in the tests for comparative
reasons, as this material has been used in chamber
studies by other authors (Hartwig 1976, Klump & Mar-
tens 1981, Anderson et al. 1986).

Chamber construction and general procedures.
Four slightly different types of chambers were con-
structed. Firstly, chambers were constructed of trans-
parent Perspex cylinders (28.8 cm inside diameter and
6.1 mm wall-thickness) with a transparent 10 mm thick
rigid Perspex top. Secondly, a transparent co-extruded
membrane was fixed to similar cylinders to provide a
flexible top. Thirdly, chambers were constructed of
opaque 30 cm inside diameter PVC pipe with a 10 mm
rigid Perspex top and lastly a similar PVC chamber was
constructed with a co-extruded membrane top. In the
latter 2 chambers black plastic linings eliminated light
penetration. A diagram of a generalized chamber is
presented in Fig. 2.

A 2.2 cm aperture on the side of each chamber
enabled the water to escape from the chamber during
careful placement by divers using SCUBA, minimizing
bow-wave effects. After an equilibrium period of
20 min the aperture was sealed off with a rubber stop-
per. Samples were removed through a luer-lock plastic
tap on the side of the chamber. A partial collapse of the
chambers with membranes did compensate for the
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Table 2. A comparison of chambers used for in situ flux studies
No  Volume* \red Transparency  Mixing Shape Material Measurements Volume compensat Equilibrium
il om’ time (min)
1 600 1963 5 Opague Str (60 rpm) Cylinder Flexiglass -0 bag -
2 47180 600-700  13-30 Opaque/trans - = - -
3 2084.0 31400 20 Transparent  Str Hemisphere Plexaglass - -
4 42 209 3 Opaque - Acrvlic - 60
5 8.0 3000 - QOpaque Pump (10 cm s7') Plex:glass - 15
6 320 1600 0 - Stir {5-10 em s™') exiglass None 15
7 10.0 774 - - - Cylinder Stainless Steel - - -
8 10 - - Transparent Stir (2-20 cm s} Annular Plastic Peripdic/continuous  None -
9 2.5-5.0 412 - QOpaque Stir (30-45 rpm) Box Stainless Steel Periodic Admtted outside water 30-490
10 127 707 4 - Stir Cylinder Plexiglass Continuous - =
il 62.0 3100 ~ Transparent Pump (1-3 ems ™) Cylinder Plexiglass Penindic/contiunous  Open tube to outside -
12 18.0 700 - Opaque Pump (300 ml min™") - Fibre-glass Penodic - -
13 27.0 2400 4 Opaque Stir at sampling Half cylinder PVC Beginning/end None -
14 24 1875 - Transparent  Pump Tunnel (1.3 mj  Plexiglass Continuous (pump)  Flushing -
15 79 707 6 Opaque Stir (25-30 rpm Cylinder Alumininm Periodic Nane 60-120
16 176 1452 f Opague Stir (30 rpm| Cylinder Aluminium Periodic None 60-120
17 490 900 N - None Square Plastic - Collapsible bag/plungers -
18 6.1 700 E Transparent Stir - Acrylic Continuous None -
19 35 443 4 Opague Sur Cylinder Aluminium {coat : = 4h
20 320 2000 6 Opaque Stir Hemisphere Acrylic Admitted outside water -
21 47.5 2500 6 Opaque Stir Hemisphere Acrylic Admitted outside water 15-30
22 30.0m - - - None Tunnel Plastic sheet - None -
23 - - - - Pump (14 ms™) Pointed rectangle Epoxy-coated metal Periodic None 15
24 50.0 5030 - Opaque Stir Cylinder PVC - - -
25 8.0 280 - Opaque Stir Cylinder - continuous  Admitted outside water -
26 294 3600 6 Opaque Pump (025157} F id Welded stee Periodic - 15
27 250 1960 - - Pump Cylinder Acrylic = Admitted outside water -
28 350 3850 - - Pump Cylinder Acrylic - Admitted outside water
29 0.9-1.6 4112 - Opaque = Box Stainless Steel Perindic Admitted outside water 10-20
30 525 1590 - - Stir Cylinder Ple Continuous Opened at 2-4 h interval -
31 96 284 - - Stir Cylinder ! Continuous QOpened at 2-4 h interval -
32 4.0 400 10 - None Tent Plastic Penodic None -
33 43.0 2376 - Opaque/trans  Stir/no stir Hemisphere —~ Beqinning/end Opened during sampling -
34 038 60 - ! Stir - Acrylic Penodic - &
35 2~ 570 5/none Stir Cylinder Plexiglass/PVC Continuous None -
36 0.6 15 5 que/trans  Stir Bottles Glass Beginning/end - -
37 7.3 731 10 trans  Stir at sampling Cylinder Perspex/PVC Penodic Admitted outside water 20-30
38 05 - - ent  Stir Rectangle Perspex Continuous Flushing -
39 65 6561 - Pump Dome Plexiglass Penodic - -
40 05 45 2 - PC Penodic Admitted outside water -
41 150 500 Few cm T - Glass Replaced after sampling B
42 20 300 - Opaque/trans - Bottle Glass ginfend - -
43 1.0 64 6 Opaque/trans - Cylinder Plexiglass - -
44 75 730 - - ~ - - -
45 +250 1600 +24 Transparent Cube Plexiglass Weekly 1wk
46 1.0 731 - Oparjue Cylinder Plexiglass Continuous -
47 5 240 4 Opague/trans ir Plexiglass Periodic 10
48 19-7.5 2 ke = Stir at sampling - -
20 Opague - Pe Balloons -
10 Trans/Opaque  Stir at sampling Period Collapse of flexible top 15

volume of the sample removed (cf. Klump & Martens
1981) and prevented high nutrient interstitial water
flowing into the chamber In all cases the volume of
sample removed (ca 10 ml} was <0.5 % of the total
volume.

The chamber penetrated the sediment to 10 cm with
ca 3.8 cm protruding above the surface. It had a vol-
ume of 2.5 1 and enclosed an area of 651 cm? These
values differed slightly for the dark chambers, but
were taken into consideration during flux calculations.
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Table 2 (continued)
No.  Exposure ime  H,0 column Flux Sampling area Region Source
(h) correction
1 B0 d - 04 + nutrients Gullmarsfjorden, Western Sw Anderson et al. (1986)°
2 b Yes Nutnents Konigshafen, Wadden Sea, Narth Sea Asmus (1982, 1
3 63 d - O, + nutrients Kiel Bight, § Baltic er (1984)
4 24 - 0, Santa Barbara, California, USA
5 1-3 Yes 05 + nutrients Patuxent estuary, Chesapeake Bay, USA ntor
6 3 Yes Nutrients Polomac river estuary, Chesapeake Bay, USA Caliender (1
7 - - 0, North Sea + laboratory Cramer (1989)
8 24 - O, + nutiients Open sea loch Loch Thurnaig, Scotland Davies (1975)
9 16-24 - Nutrients Ottshore Skan Bay, Alaska and Mexico cont shelf Devol (1987)
10 - - 0, Baitic, lakes, rivers Baltic and lakes Edberg & Hofsten (1973)
11 2-4 - 0, + nutnents Estuaries Maorth Carolina, USA Fisher et al. (1982)
12 23 - 0. + NH, Offshore Northwestern Guif of Mexico Flint & Kamvkowski (1984)
13 2-4 Yes O, + nutrients Estuary Narragansett Bay, Rhode Island, USA Hale (1975)'
14 1-104 Yes 0, +P Tidal pond Long Island, New York, USA Hall et al (1979)
15 24 Yes 0,+CO, +P - - Hargrave & Connolly (1978)9
16 24 Yes 0, + CO, Estuary Eastern passage, Halifax Harh,, NS, Canada Hargrave & Phillips (1981}
17 <6 Yes Nutrients Nearshore La Jolla Bight, 1USA Hartwig (1976}
18 24 Yes 0, Nearshore Guif of Trieste, Northern Adnatic Sea Herndl et al. {1989)
18 - - O, + nutnents Offshore North Allantic deep-sea Hinga et al. (1979)
20 4 Yes O, + nutrients Nearshore Georgia Bight, USA Hopkinson & Wetzel (1962)
21 4 Yes Nutrients and O, Nearshare Geurgia Bight, USA Haopkinson (1987)"
22 - - 0 Streams England, vanous sites James (1974)
23 - - 0O, Streams and lakes E i James (1974)
24 - - 0O, Nearshor ywana et al. (1987)
25 10d Yes O, + nutrients Lake Kelderman et al. (1988)
26 1-3 Yes O, Estuary Kemp & Boynton (1981
27 - Yes NH; + P Nearshore ( Klump & Martens (1981)
28 - Yes NH; + P Nearshore Cape Lookout Bight, N Carolina, Klump & Martens (1981}
29 15 - Q; + methane Lake Lake Washington. Seattle, USA Kuivila et al. {1988)
30 48 Yes 0, Nearstiore Flores Sea, Indone Lindeboom & Sandee (1989)
31 48 Yes o Flores Sea, Inde a Lindeboom & Sandee {1989)
32 1-2 - Methane Cape Lookout Bight, N Carolina, USA Martens & Kiump (1980)
33 34 Yes 0, + nutrients Lagoon Colorado lagoon, Long Beach, Calif. USA Murphy & Kremer (1985)
34 4 Yes 0, + nutrients - Chesapeake Bay, USA v & Wetz
35 2->6 - 0, Near/offshore Puget Sound, Washington, USA
36 .5-1.5 Yes [0} Intertidal sandflat False Bay, San Juan Is,, Washington, USA
37 2-22 - - -
38 24-36 - 0, - Caribbean Pearson
39 2-4 Yes 0. Infralittoral Agaba Gulf, Red Sea Peres [1982)
40 4-6.5 Yes Nutrients Nearshore Nahant Bay, Massachusetts, USA Pregnall & Miller (1988)
41 9-10 Yes 0, + nutrients Nearshore Vostok Bay, Sea of Japan Propp et al. (1980)
42 5-26 Yes 0O, + nutrients Bay Vostok Bay, Sea of Japan Propp (1977)
43 1-3 Yes O, Estuary York River, Chesapeake Bay, USA Rizzo & Wetzel (1985)
44 - - 0; + nutrients - Cap Blanc, Spamsh Sahara Rowe et al. [1977]
45 Months - Oy, pH, Eh, Es - - Schippel et al. (1973)
46 4 - O, Nearshore Castle Harbor, Bermuda Smith et al. (1972)
47 6 Yes DIC Lake Canadian lake Sweerts et al. (1986)
48 24 - 0, Lake Char Lake, N Canada Welch & Kalff {1974)
49 - Yes Nutnents Nearshore Hiuchi Nada, Suho Nada and Beppu Bay, Japan ~ Yamada & Kayama (1987)
50 3 Yes 0, Nearshore Algoa Bay, South Africa This study
€ Also used by Rutgers van der Loeff et al {19841, Sundby et al. (1986), Hall (1984), " Also used by McCaifrey et al. (1980}, Nixon et al. (1976, 1980} and Elderfield et al. (1981)
Hall et al. (1989) and Westerlund et al. (1986) 9 Also used by Keizer et al. (1989) (but volume ca 17 || and Hargrave & Phullips (1986}
" Alsg used by Callender & Hammond (1982) and Boynton et al. {1981) " Also used by Fallon et al {1983) and Hopkinson (1985)
¢ Also used by Callender & Hammond {1982) " Also used by Pamatmat & Banse (1969)

This small volume to area ratio increased exchanges
during shorter incubation periods and inhibited the
build-up of concentration gradients. This, and the
wave action at these shallow stations, eliminated the
need for stirring. Stirring was also omitted because the

aim of this study was to examine the effect of wave
action and different stirring speeds can drastically
influence flux rates (Dye 1979, Boynton et al. 1981,
Callender & Hammond 1982, Olah et al. 1987) with
even more pronounced effects when sediment resus-
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pension occurs (Edwards & Rolley 1965, Pamatmat
1977, Boynton et al. 1981).

Oxygen flux determinations, at 18 = 2 °C, were per-
formed at 0.5 m and 5 m depth below low-water spring
tide (ca 20 m and 150 m offshore), representing respec-
tively the inner and outer turbulent zones of this beach
(McLachlan et al. 1984) In situ oxygen flux determina-
tions were usually conducted simultaneously with 6 to
8 chambers. The side-wash and visibility, however,
influenced the number of chambers that could be suc-
cessfully employed.

The general procedure followed is clear from Fig. 2.
After an equilibration time of 20 min oxygen samples
were taken at 30 to 45 min intervals during the total
incubation time of 2 to 4 h. Samples were taken with
acid-cleaned glass syringes equipped with plastic stop-
cocks, after gently mixing the contents of the chamber
with a 50 ml syringe. Dye studies showed this method
of mixing to be adequate. The syringes were stored at
between —2 and +2 °C without freezing and immedi-
ately analyzed on arrival at the laboratory. Oxygen flux
was calculated using chamber volume, area. incuba-
tion time and results of light and dark bottles for correc-
tion of uptake in overlying water.

Statistics. In general the data was checked for nor-
mality and homoscedasticity. This was normally fol-
lowed by a I-way analysis of variance and a multiple
range test. In certain cases the independent variable
had to be transformed [X; = (X + 0.5)°7] to yield a
straight line before the slopes were compared. Inter-
cepts were not compared as the experimental design
sometimes resulted in differing initial oxygen concen-
trations.

RESULTS
Oxygen permeability of different materials

The permeability of plastic and glass syringes to
oxygen diffusion differed significantly (p <0.001). Both
makes of plastic syringes were highly permeable to
oxygen, even at small gradients (Fig. 3). The different
makes of plastic syringes also varied in oxygen per-
meability. The all-glass syringes were virtually
impermeable to oxygen. The slight increase in oxygen
observed in the latter is probably the consequence of
oxygen penetrating through the plastic stopcocks.

Storage time had little effect on oxygen concen-
trations of water samples in glass syringes (Fig. 4). In
this experiment, conducted at 20 °C (compare actual
transport conditions of <2 °C), there was a slight oxy-
gen reduction in the unfiltered sea water samples. This
effect might be increased, or decreased, during days of
varying activity in the water column. Under the condi-
tions tested, glass syringes may be used to collect and
store oxygen samples for periods up to 12 h, without
inducing errors.

The oxygen permeability of the materials investi-
gated for volume compensation differed significantly
(p<0.001) (Fig. 5). Whilst the experimental oxygen
gradients were far steeper than would be expected
under field conditions, clearly condoms (Latex rubber)
and polyethylene are not suitable materials. The co-
extrusion was significantly less permeable to oxygen,
but still showed some leakage. The success of this co-
extrusion used for the flexible membrane chamber lies
in the fact that the nylon layer retards oxygen diffusion,
while the polyethylene layer supplies strength. Accord-
ing to Brydson (1975), Nylon 6 is 145 times less per-
meable to oxygen than low density polyethylene.

Oxygen penetration through the 2 materials initially
considered for the flexible membrane, polyethylene and
the co-extrusion, differed significantly (p<0.001)
(Fig. 6). The co-extrusion membrane should also perform
better under field conditions where the oxygen gra-
dients would be considerably reduced. Opaque cham-
bersleftin the sediment for extended periods resulted in
complete oxygen removal. This indicated that signifi-
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cant amounts of oxygen did not penetrate through the
membrane, or that depletion was faster than leaking. In
contrast, oxygen concentrations in chambers with poly-
ethylene tops were never reduced to zero.
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Fig. 5. Oxygen permeability of different materials investigated
for volume compensation purposes

Oxygen consumption

ANOVA and multiple range analysis (Zar 1974) of
the oxygen flux data revealed that there was no statisti-
cally significant difference (p>0.05) between the 2
stations. Light and dark chambers with flexible tops
showed no statistically significant difference (ANOVA
and multiple range analysis, p = 0.20). Similarly the
light and dark chambers with solid tops were
homogeneous (p = 0.97). Data from all flexible top
chambers and all solid top chambers were therefore
pooled. ANOVA and multiple range analysis showed
that the oxygen depletion in the flexible chambers was
significantly different from the solid chambers
(p <0.005). The oxygen fluxes in the flexible and solid
top chambers were respectively 18.5 = 2.7 (95 % CI)
and 10.7 + 4.6 ml O, m~2 h™! (average of 123 chamber
values).

Using the results of the flexible membrane chambers
at the Kings Beach 4 m station, a comparison was
made between oxygen consumption during very calm
(<0.25 m) and average (1 m) wave conditions. Despite
a small sample size for the calm condition (n, = 20;
n, = 97}, there was a significant (ANOVA, p<0.05)
difference between these 2 physical conditions. Oxy-
gen consumption during the very calm sampling
periods averaged 9.4 + 6.1 ml O, m™? h™! compared to
16.0 = 2.8 ml O, m~2 h™! during slightly rougher condi-
tions.
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DISCUSSION

Kings Beach sediments are porous (Table 1) with
oxygen penetrating to depths exceeding 60 cm (Malan
& McLachlan 1985). There must therefore be consider-
able water exchange between the interstitial system
and the overlying water. Measurement of the oxygen
consumption of this benthic system therefore needs to
include the pumping effect of the waves.

The many different methods used to investigate
benthic metabolism have been reviewed by several
authors (Bowman & Delfino 1980, Patching & Raine
1983). Despite this, there is still wide-spread disagree-
ment about the best method to determine oxygen con-
sumption. We felt that under our environmental condi-
tions a fairly large in situ chamber with a flexible top
would yield the best results, because such a chamber
would: (1) most closely mimic the natural changes in
hydrostatic pressure caused by surface waves passing
overhead, (2) reduce the spatial variability of bottom
fauna, (3) preclude unnaturally high consumption
figures caused by handling, (4) preserve interstitial
profiles, (5) emulate natural light and temperature
regimes and (6) avoid decompression problems.

Materials and equipment used for the construction
of chambers or used during sampling and analysis
must be impermeable to oxygen. The permeability of
different materials to oxygen varies tremendously
(Brydson 1975). Plastic (Welch & Kalff 1974, Hargrave

& Connolly 1978) and PVC syringes (Flint & Kamy-
kowski 1984) have previously been used during
experiments for determination of the oxygen content
in water samples. Welch & Kalff (1974) found consid-
erable variation in oxygen consumption values and
attributed this to the blood-gas analyzer used. This
variability could have been due to oxygen diffusion
through their plastic syringes. Hargrave & Connolly
(1978) mentioned that their plastic syringes were
permeable to oxygen, but did not apply any correction
for this. Martens & Klump (1980} estimated that the
loss of methane through their plastic syringes was
<11 %. Pamatmat & Banse (1969) and Pamatmat
(1971) considered their oxygen consumption rates
underestimates, since the 1.6 mm thick Tenite core
liners used were permeable to dissolved oxygen.
Laane et al. (1985) conducted laboratory studies to
determine oxygen consumption resulting from photo-
oxidizing processes. Oxygen concentrations were
monitored in ‘blood transfusion bags'. These authors,
however, did not mention if these bags were
impermeable to oxygen. Glass syringes have been
used by many people for collecting oxygen samples
(Hargrave 1972, Anderson et al. 1986, Sundby et al.
1986, Bender et al. 1989), and proved to be very effec-
tive in this study (Fig. 4), even at steep oxygen con-
centration gradients (Fig. 3).

The evidence presented here on the leakage of oxy-
gen through plastic syringes and many of the materials
previously used in chamber construction shows that
there have been serious shortcomings in some authors’
equipment. Although many authors have compensated
for the permeability of their equipment, for example
plastic syringes (McLachlan 1977, Martens & Klump
1980), others have ignored it or appear to have been
unaware of the problem. Although the initial oxygen
gradients in the current experiments were large, con-
siderable leakage occurred even at gradients that
would normally be expected under field conditions
(Figs. 3 & 5). It is thus clear that some of the oxygen
consumption, production, carbon budgets etc. previ-
ously reported on in the literature could be suspect.
This aspect becomes even more serious if one considers
the large variabilities and small sample sizes, often less
than 5 to 10 measurements, that many authors report
on (Malan & McLachlan unpubl.}.

If the data represented in Table 2 is a fair reflection of
the wide range of chambers used during in situ
chamber deployments, several interesting facts
emerge. Less than 30 % of the chambers have volumes
smaller than 5 1, whilst 50 % are smaller than 10 1. The
other 50 % range between 10 and > 60 1. The average
volume (excluding the largest chamber of over 2000 1)
of the chambers presented here is 19 + 21 1. Only a
small percentage (25 %) of the chambers cover a sedi-
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ment surface of =500 cm?, with the majority falling in
the range 500 to 2000 cm?®. It is further noticeable that
the chambers often do not penetrate deep into the
sediment. While this might be suitable under low
energy and anaerobic sediment conditions, it might
present problems under high energy conditions with
considerable interstitial water flow. Although it was
sometimes possible to keep chambers in place for more
than a day, only the first few hours of the data could be
used. After this period the sediment surrounding the
chambers was scoured away causing a leakage of oxy-
gen and hence unreliable results.

Plexiglass is the most popular construction material
for chambers and the preferred shape is cylindrical.
Although some authors used both transparent and
opaque chambers, most make use of opaque materials.
Roughly half of the studies in Table 2 made allowance
for compensation of water column activity, with even
fewer making allowance for the effect of sample
removal. Whereas some authors recorded variables
continuously, the majority took periodic readings or
only initial and final values. Roughly 60 % of the inves-
tigators used some method to mix the volume of water
enclosed inside their chambers. These methods range
from pumps and paddles to magnetic stirrers, all with
different flow and stirring speeds, making it very dif-
ficult to compare data. Some researchers only stirred
the water to prevent the formation of concentration
gradients, while others attempted to mimic natural
conditions. For example, Murphy & Kremer (1985)
matched mixing rates both within and outside their
chamber, by comparing the erosion weight loss from
CaSO, chips. Although this will not compensate for the
effect of the sub-tidal pump, it is an improvement on
the normal procedures. Buchholtz-ten Brink et al.
(1989) went to great lengths to calibrate the perform-
ance of their stirred benthic chamber.

Few authors allowed any equilibrium time before
measurements commenced. The importance of this has
clearly been shown before, especially if the sediment
surface is covered in a fine flocculent material. It can
only be assumed that most authors do in fact allow for
this, but neglect to mention it in their papers. Examina-
tion of the different exposure times suggests 3 group-
ings. Firstly, short-term exposures in the range 1 to 4 h,
secondly exposures of about 24 h and thirdly exposure
of 10 and more days are found. The physical conditions
and depth of the sampling site play an important role in
determining exposure time. Shallow areas are fre-
quently affected by tidal currents, wave climate and
scouring with intermediate depths restricting bottom
time of SCUBA divers. Deeper sampling stations
require specialized and costly equipment such as free-
vehicle respirometers and submersibles (Smith & Teal
1973, Smith 1974, Smith & Baldwin 1984).

From the above and Table 2 it is clear that a large
variety of different chambers, construction materials
and methods, stirring speeds, depth of penetration and
equilibrium times are being used. Many authors further
fail to adequately report on their materials and
methods. This makes comparison with other data
extremely difficult. It is unlikely that anybody will one
day develop the ideal chamber that is inexpensive,
simple to construct, will operate under all conditions,
mimic environmental conditions exactly and will be
accepted by all researchers. It is, however, urged that
authors do at least report as much detail as possible
regarding their equipment, sampling procedures and
environmental conditions as this will help in the
interpretation of their data and make comparisons
easier and more reliable.

The preliminary data presented here on oxygen con-
sumption indicated that values are in the same range as
reported by other authors for nearshore sandy sedi-
ments (Smith et al. 1972, Rowe et al. 1977, Propp et al.
1980). The data further showed that flux in the flexible
chambers was 73 % higher than flux in the solid top
chambers. We propose that the differences in the
respective fluxes can be entirely attributed to the effect
of wave action. To test this hypothesis the station with
the most data was used to compare 2 different wave
regimes. Although the difference in wave height was
only 0.75 m, this represented a 4-fold increase in wave
height at this shallow station. This resulted in a 70 %
increase in oxygen consumption during the more
exposed conditions. We feel that the large difference
found between flexible and solid top chambers,
together with the similarly large difference found
under different wave regimes, indicates that wave
action influences oxygen consumption at our study site.

A large majority of workers have not tried to measure
respiration in shallow high energy environments.
Sampling sites are often in deeper and/or calmer areas
and these authors have not previously had to deal with
the effect of wave action. It should also be pointed out
that sediment characteristics and water depth of many
of the study sites recorded in Table 2 are probably of
such a nature that interstitial water flow is possibly not
a very important factor. Nevertheless, the effect of
interstitial water flow resulting from hydrostatic
pressure fluctuations caused by passing surface waves
can clearly not be ignored in shallow areas. Although
Asmus (1982) equipped his bell jars with a polyethy-
lene-polyamide plastic film to transfer wave action to
the contents of the jars, to the best of our knowledge no
authors have previously experimentally determined
the effect of the 'sub-tidal pump’ on oxygen consump-
tion. We infer that, depending on such factors as wave
action, water depth, sediment porosity and permeabil-
ity, authors working in shallow areas could have under-



78 Mar Ecol. Prog. Ser. 73: 69-81, 1991

estimated oxygen flux rates by as much as 50 %. It is
our opinion that this effect caused by the pumping
effect of the waves could potentially play an important
role in all benthic systems where the sampling depth is
less than half the wave length. In the nearshore coastal
region it is expected to correspond roughly with the
outer limit of the dynamic swept prism at a depth of
about 15 m (Chapman 1983, Swart 1983). Beyond this
depth the importance of the sub-tidal pump will rapidly
diminish, although Riedl et al. (1972) mentioned that it
could be effective to the 200 m isobath.

The oxygen fluxes presented here for the Kings
Beach study site should be considered conservative
estimates, since sampling only took place under rela-
tively calm conditions. Further, although the effects of
wave action were included by using flexible membrane
tops on the chambers, the effect of the bottom surge
(which is normally present at these shallow stations)
was excluded by the solid vertical walls of the
chamber.

In conclusion it can be said that the chamber intro-
duced is inexpensive, easy to construct and appears to
adequately allow for the interstitial pumping effect of
waves in this shallow marine area studied. It has
further been shown that waves have a pronounced
effect on oxygen consumption in this shallow high
energy coast. Evidence presented demonstrated that
many of the materials and equipment previously used
are highly permeable to oxygen and unsuitable for
oxygen-related studies.
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