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Abstract 
Unusually high pH values up to 9.6 measured during low tide in a calcareous sandy beach 

were correlated with high in situ temperatures..Daily fluctuations of up to 1.5 pI1 units are 
limited to the topmost layer of sediment. Light, by controlling photosynthesis, is the causal 
factor in determining high pH at the surface; subsurface sediments do not respond to exper- 
imental light changes. Indications of such fluctuations are lacking in the literature. These 
fluctuations could influence community respiration. 

Patterns of vertical distribution of pH 
in protected marine sediments are well 
established. In parallel with Eh and oxy- 
gen concentration, pH generally decreas- 
es with sediment depth, mainly due to 
bacterial sulfur reduction and carbon 
dioxide evolution during the decompo- 
sition of organic matter. Frequently a pH 
minimum is observed in the redoxpoten- 
tial-discontinuity layer (Fenchel and 
Riedl 1970), below which pI1 increases 
slightly or may remain constant. Actual 
pH-depth profiles vary considerably with 
type of sediment (ZoBell 1946), environ- 
mental conditions (Bruce 1928; Fenchel 
and Jansson 1966), and time of year 
(Thorstenson and Mackenzie 1974). 

The variability of pH of the interstitial 
environment is generally considered to 
be insignificant (Moore 1931; Pennak 
1951; Pollock 1971; Pugh et al. 1974) and 
to have no effect on the various groups of 
meiofauna (Coull 1970; Ganapati and 
Rao 1962; Hartwig 1973; Jansson 1966; 
Tietjen 1969). Precipitation of sulfide 
prevents a drop in pH below 6.9 (Ben- 
Yaakov 1973), whereas the upper limit of 
the pH range is controlled by the buff- 
ering capacity of the carbonate system 
which, in its upper range, operates max- 
imally at pH 9 (Pytkowicz 1967; Pytko- 
wicz and Atlas 1975). 

A temporal variation of pH, including 
surprisingly high readings at the surface 
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of the sediment, was first recorded on a 
protected sandy beach in Bermuda 
(Wiescr et al. 1974). We here examine 
this phenomenon more extensively at the 
same beach. 

Our investigation was supported by the 
“Fonds zur Fiirderung der wissenschaf- 
tlichen Forschung in Osterreich,” project 
1852, and by a special grant from the 
Ministry of Education of Austria. We 
thank W. Sterrcr and the staff at the Ber- 
muda Biological Station for their help. 
Thanks are also due to S. Sawitzki for her 
help during the field experiments. 

Material and methods 
The beach-Field measurements and 

field experiments were carried out in the 
central flat region of the intertidal sandy 
beach at Tuckers Town Cove, Bermuda. 
The sheltered beach consists of well sort- 
ed medium sand, (phi = 1.3-2.2: Farris 
1976), composed exclusively of carbonate 
minerals. Stands of red mangroves (Rhi- 
xophora mangle) may influence the 
beach ecosystem by providing organic 
matter. During the semidiurnal tidal 
cycle the central flat region is exposed for 
2-4 h twice a day and covered during 
high tide by water rarely exceeding I m 
in depth. The surface sand remains sat- 
urated with water during the whole low 
tide period and tide pools are scattered 
around in small depressions. The salinity 
of the interstitial water is 34.536% (Far- 
ris 1976). Eh drops to +lOO mV within 
the first 2-5 mm (Wiescr et al. 1974). The 
biological activity is most concentrated in 
the upper 1 cm of sediment (Wieser and 
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Zech 1976). Our measurements were 
confined to fairly cloudless days to guar- 
antee comparable conditions of solar ra- 
diation and to cancel out the effect of di- 
lution of pore water by occasional rain 
showers. 

Field measurements-pH was mea- 
sured with a Radiometer specific ion me- 
ter (PHM 53) with a scale ranging from 
pH 0 to 10 and a smallest scale division 
of 0.1 unit. The spherical head of the 
glass electrode (Schott N 115) was 10 mm 
in diameter. A calomel half-cell (KCl, 
Schott B 281) served as reference. To 
cancel out the error of salt effects and to 
avoid long equilibration times (Pytko- 
wicz et al. 1966), we calibrated the elec- 
trode system against open seawater (pH 
8.2; 27.5”-29°C) from outside the inlet of 
the bay. Therefore our data are more ac- 
curately interpreted as being the differ- 
ences between the pH of surface seawa- 
ter and that of sediment, but agreement 
with a two-point calibrated electrode (E. 
IIartwig per-s. comm.; Hartwig et al. 
1977) showed the error to be negligibly 
small. The temperature dependence of 
the sensitivity of the electrode system 
was <O.Ol pH unit per “C as determined 
experimentally and was not compensated 
for. The overall experimental error (+O. 1 
pH unit) and the physical temperature 
coefficient of seawater of 0.01 pH unit 
per “C (Ben-Yaakov 1970; Gieskes 1969) 
lie within the range of ecological vari- 
ability. 

Temperature was measured simulta- 
neously with pH using a mercury ther- 
mometer (O”-60°C) calibrated in O.l”C. 
Continuous temperature measurements 
were made with thermistors (YSI ther- 
molinear 703, 5’45°C) embedded in 20- 
cm-long Plexiglas tubes with a l-mm- 
thick metal knob at the end. The signals 
of four probes were amplified, multi- 
plexed, and recorded on a miniscript 
(Goerz) printing 20” to 40°C full scale, 
calibrated to 2% against a precision grade 
mercury thermometer. 

In highly stratified sediments consid- 
erable pH gradients in the uppermost 
millimeters are to be expected. By using 
a IO-mm-diameter glass electrode one 

takes advantage of the high potential sta- 
bility but may fail to measure the true pH 
maximum at the very surface. However, 
when the glass electrode is pushed into 
the water-saturated sediment to a depth 
of about 1 cm, the head of the electrode 
obtains complete contact with the surface 
pore water carried down during inscr- 
tion. Mixing with the interstitial water 
from slightly deeper levels and distur- 
bance of the environment by the exposed 
electrode (e.g. light conditions) make 
long equilibration times unreliable. On 
the other hand, rapid equilibration of the 
proton activity between pore water and 
electrode is prevented by a film of water 
which forms over the electrode after 
washing with distilled water or seawater. 
Therefore we pushed the electrode into 
the sediment several times before com- 
mencing each series of 10 successive 
measurements in an area of about 10 cm 
in diameter. By this procedure, the sur- 
face pH at one spot (27.5”C) averaged 
9.16 * 0.09 (99% C.L.), while a mean of 
8.81 * 0.15 was obtained when the elec- 
trode was rinsed with distilled water be- 
fore each measurement. An even more 
pronounced error was observed when the 
electrode was rinsed with seawater. This 
cannot be avoided in measurements in 
the sublittoral or during high tide, when 
water covers the sediment. Therefore we 
restricted our measurements to periods of 
low tide when the sediment was not cov- 
ered by seawater. 

The variation within each series of 10 
pH measurements, expressed as 99% 
confidence limits of the mean, is due 
partly to the horizontal microdistribution 
of pH within the prescribed area and 
partly to random errors in measurement 
(different depth of insertion, water con- 
tact, equilibration time). Horizontal vari- 
ation of pH within the whole study area 
could not be quantified, as many related 
parameters change rapidly with time and 
it was impossible to obtain enough mea- 
surements at any one time (see Fig. 3). 

Field and laborutory experiments-To 
compare the effect of different intensities 
of incident solar radiation on pH and 
temperature without interference with 
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Fig. 1. Variation of pH with depth of sediment. 
I-During daytime (values from Wicscr et al. 1974); 
2-evening, about 2 h after slmsct (2030), single 
measurements in 2- and 4-cm depth; 3-night 
(0210). IIorizontal bars represent 99% C.L. of 
means. 

water and air exchange, we inverted a 
Styrofoam box with two side walls rc- 
moved over an arca of sand in the flat 
region. This is referred to as shadow (s). 
All experiments simulated low tide con- 
ditions. 

The laboratory experiments were con- 
ducted in a constant temperature room 
(20°C) at the Bermuda Biological Station 
with sediments collected at the study 
site. A lo-mm layer of sand was put into 
glass jars; the dark jars were enclosed in 
alllminum foil, with care taken that the 
samples remained saturated with water. 
Six neon lights illuminated the jars from 
the top at a distance of 20 cm. The sam- 
ples were heated by the electric light and 
cooled by a ventilator. 

In discussing the laboratory experi- 
ments, we will consider only the trends 
of the pH changes, as no attempts were 
made to simulate natural light conditions. 

Results 

Daily fluctuation und vertical distri- 
bution ofp11-The pH of the surface sed- 
iment reaches maximum values, up to 
9.6, at daytime low tide (Fig. 1). Shortly 
after sunset the pH decreases below that 
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Fig. 2. Variation of pI1 of surface sand with tem- 
perature. Vertical bars rcprcsent 99% C.L. of means 
of 10 successive pI1 mcasuremcnts. Solid line- 
regression for daytime values: N = 270; P < 0.001; 
pII = 7.90 + 0.044 x tcmp(“C). Dashed linc- 
regression for values lmder shadow: N = 90; P < 
0.001; pH, = 5.68 + 0.124 x temps(‘C). Regressions 
calculated with Bartlett’s method of best fit (Sirnp- 
son ct al. 1960). Regression coefficients h (95% C.L., 
0.034-0.054) and b,? (95% CI,., 0.079-0.173) arc sig- 
nificantly different (P < 0.05, t-test). Incrcasc of pI1 
with temperature (=O.l pII unit per “C) is also 
found in coastal waters and open oceans (Akaiyama 
ct al. 1966; Rcn-Yaakov and Kaplan 1968). 

of seawater, and still lower readings are 
obtained during the night, when rcduc- 
ing conditions prevail up to the surface 
and the odor of hydrogen sulfide diffuses 
over the beach. Maximum daily flllctua- 
tions of up to 1.5 pH units are limited to 
the topmost 0.5 cm of sediment. 

Correlation of pII with temperature 
and light--Correlations were highly sig- 
nificant between pH and temperature 
during low tide at midday (Fig. 2). Shad- 
ow inhibits the drastic rise of pII and 
keeps the temperature low (Table 1). Af- 

‘I’ablc 1. Means of pI1 and tempcraturc of scxli- 
mcnt surface during low tide, and affect of shading 
(s). Variance includes variability in time ant1 space. 
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140 9.15 9.12-g. 18 30.06 
40 8.74 8.68-8.80 26.48 
50 9.42 9.38-9.46 32.22 
50 9.24 9.20428 27.38 
30 9.28 9.21-9.35 27.83 
50 9.40 9.37-9.43 34.52 
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Fig. 3. Variation of temperature (a) and pH (b) 
with time during a low tide period at midday 
(-t,O; dark bands indicate ranges), and effect of 
shadow (lower dark area); lines connect measure- 
ments under shade (*,U) and after shade (-t,U) at 
the same patch. Water receded at 1240 hours and 
flooded at 1600 hours. See also Fig. 2. 

ter removal of our “experimental cloud,” 
pH and temperature increased simulta- 
neously (Fig. 3). 

Field and laboratory experiments-To 
show whether temperature, solar radia- 
tion, or a combination of both is respon- 
sible for the high pH values of surface 
sediments, we varied one of the two fac- 
tors experimentally and held the other 
constant. 

In one experiment in situ in which the 

Fig. 4. Effect of temperature (a) and light on pH 
(b), field experiments. I-Dark bell jar; II-light 
bell jar; III-cooled jar; IV-reference jar. Dark- 
ened horizontal band circumscribes variability in 
situ. See also Fig. 2. 

Fig. 5. Effect of temperature (a) and light on pI1 
(b) in surface and subsurface sand (IO-cm depth). 
Darkened area: field measurements. An initial de- 
crease of about 0.03 pf-I*rnir~-~ down to pH 8.5 was 
followed in a shaded place near the beach imme- 
diately after sampling. Open area: laboratory mea- 
surements. Dashed-dotted line-surface sand ex- 
posed to light; dashed line-dark surface sand (M) 
subsequently exposed to light (Cl); solid line-sub- 
surface sand exposed to light (V) and dark (v). See 
also Fig. 2. 

conditions resembled those used in com- 
munity respiration studies with light and 
dark bell jars, pH decreased by 0.6 pH 
units under the dark jar (Fig. 4, I) but 
remained constant under the light jar 
(Fig. 4, 11). 

In order to lower temperature without 
interfering with solar radiation, we par- 
tially immersed a glass jar containing a 
lo-mm layer of water-saturated surface 
sediment in ice water and exposed it to 
the sun on the beach. The sand was oc- 
casionally stirred with the thermometer 
to equilibrate temperature (Fig. 4, III). A 
control was treated identically except 
that it was not cooled (Fig. 4, IV). Re- 
gardless of temperature, pI1 remained 
relatively constant in both jars. The small 
decrease was probably due to the me- 
chanical disturbance of the sediment sys- 
tem. 

In the laboratory experiments light 
caused the pH of the surface sediment to 
increase, but no difference in pH could 
be detected between light-exposed and 
dark subsurface sands. Temperature 
changes had no effect on pH in either 
type of sediment (Fig. 5). 
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Discussion 

General remarks-Records of high pH 
values in surface sediments are lacking 
in the literature. This is the more sur- 
prising as diurnal fluctuations in pH, re- 
flecting the ratio of algal production to 
animal respiration, are well known in in- 
tertidal rockpools (Newell 1970) and var- 
ious freshwater and marine environ- 
ments (Talling 1976; and others). Are 
diurnal fluctuations of pI1 in marine sed- 
iments, as described here, exceptional, or 
is it merely that their general occurrence 
has so far remained undetected? 

Any investigation excluding the actual 
surface from measurement (Bruce 1928; 
Ganapati and Rao 1962; IIartwig 1973; 
Jansson 1966; Pugh ct al. 1974; Pytko- 
wicz 1971) will miss the alkaline cx- 
tremes in the beach ecosystem (Fig. 1). 
The dimensions of the glass electrode 
render mcasurcmcnts of the actual sur- 
face of the sediment difficult. With large 
electrodes our methodological consider- 
ations should be followed (see above). 

Furthermore, any delay between sam- 
pling and pH measurement (Fenchcl and 
Jansson 1966; Pamatmat 1968) will mask 
the occurrence of high pH values, since 
we found that the pII of surface sediment 
had dropped by 1.2 units within 2 h after 
sampling (Fig. 5). The relative stability 
of the pH of the subsurface sediment af- 
ter sampling agrees with other observa- 
tions (Fanning and Pilson 1971; Pytko- 
wicz 1971; Thorstenson and Mackenzie 
1974). 

Light as the causal factor-The biolog- 
ical nature of the mechanism effecting 
the observed pH fluctuations was dem- 
onstrated by comparison of the reaction 
to light of surface and subsurface sedi- 
ments (Fig. 5). Subsurface sediments 
have much lower photosynthetic poten- 
tials (Fenchel and Straaup 1971; Pamat- 
mat 1968; Taylor and Gebelein 1966) and 
are therefore less susceptible to light-in- 
duced changes of pII. Changes of pII due 
to photosynthetic activity arc restricted to 
the uppermost layer of sediments, be- 
cause light penetrates maximally 2 to 7 
mm into sand and mud (Gomoiu 1967). 

Sedimentological and edaphic fac- 
tors-The high pII values measured at 
the Bermuda beach expand the limits of 
the natural environment for marine sed- 
iments in the positive Eh range, given by 
Baas-Becking et al. (1960). They stated, 
however, that they were uninformed 
about the Eh-pH range of calcareous scd- 
iments. As the upper limit of pH is con- 
trolled by the precipitation of calcium 
carbonate, wide pII fluctuations may be 
restricted to certain types of sediment by 
such factors as grain size and magnesium 
content of the carbonate phase (Schmalz 
and Chavc 1963), protective surface coat- 
ings (Pytkowicz 1971), and dissolved or- 
ganic matter (Chave and Sucss 1970; Ber- 
ner et al. 1970). 

However, some indications of changes 
of pII associated with light and photosyn- 
thesis even in noncalcareous sediments 
h ave been reported. Hopkins (1963) mea- 
sured a difference of 0.4 pH units bc- 
tween shaded mud and the mud surface 
exposed to light. Kiihl (1964) recorded 
pII values of up to 9.0 in a tide pool on 
a mud flat, while a shaded pool remained 
at pH 8.3. High pH values in stagnant 
tide pools (Amanieu 1969; Pfannkuche ct 
al. 1975) and runoffs (Pugh et al. 1974) 
during tidal exposure during the day sug- 
gest that similar pH fluctuations may also 
occur at the exposed surface of sediments 
(Kiihl 1971). H owcver, local penetration 
of interstitial water from lower levels 
(Gardner 1975; Hopkins 1963; Kiihl and 
Mann 1966; Ott and Machan 1971) may 
counteract the photosynthetic effect on 
pH. 

Wide pH fluctuations are very proba- 
bly limited to lenitic beaches, where 
there is no or very little cxchangc of the 
interstitial water (Pollock and Hummon 
1971; Riedl and Machan 1972). In an in- 
vestigation of freshwater sediments, 
light-dependent elevation of pII was ob- 
served even in the wash zone of running 
waters (Gnaiger and Grubcr in prep.); pII 
values exceeding 10.0 were measured in 
exposed and water-covered sediments. 
Substantial pH fluctuations may there- 
fore also be expected in subtidal marine 
sediments with a dominance of benthic 



856 Cnaige r et al. 

over planktonic primary production 
(Sournia 1976). 

Ecological implications--If the pH of 
sediments is to be used as an indicator of 
pollution (Leppikoski 1968; Makemson 
1973; Pugh et al. 1974), further knowl- 
edge of the dynamics of pH in the natural 
environment is needed. Enhanced res- 
piratory rates and anoxic acid production, 
even in the aerobic surface film of pol- 
luted sediments (Makemson 1973; Patri- 
quin and Knowles 1975), will drive pH 
to lower values and thereby interfere 
with the creation of alkaline conditions 
by photosynthetic activity. 

IIigh pH values may be considered a 
limiting factor confining a number of spe- 
cies to the lower, oligoxic or anoxic, lay- 
ers at times when high pH, Eh, p02, and 
high temperature prevail at the sediment 
surface (Wieser ct al. 1974; Wieser 1975). 

pH fluctuations as observed in our 
study may be of importance in under- 
standing sand beach energetics: “With 
increasing pH values, the concentration 
of free carbon dioxide an d of bicarbonate 
decreases, and at pH 9.4, photosynthesis 
of marine green plants ceases even in 
bright sunlight, because there is no more 
carbon dioxide or bicarbonate available” 
(Rheinheimer 1972, p. 1460). Since val- 
ucs as high as 9.5 were not exceptional 
at the beach we studied, inhibition of pri- 
mary production cannot bc excluded at 
times of highest radiant energy input into 
the ecosystem. A conventional method 
for studying the energy metabolism of 
benthic communities is the use of light 
and dark bell jars. As shown in our field 
experiments, pH drops significantly in 
the sediment under the dark bell jar and 
thus may influence community respira- 
tion. This effect must be considered in 
any investigation in which this method is 
used. 

References 

AKAIYAMA, T., T. SAGI, T. YUHA, ANT) K. KIMURA. 
1966. On the distribution of in situ pH in the 
adjacent seas of Japan. Oceanogr. Mag. 18: 83- 
90. 

AMANIEU, M. 1969. Rechcrchcs &cologiques sur 
les faunes des plages a&it&s de la rkgion 

d’Arcachon. Helgol. Wiss. Meeresuntcrs. 19: 
455-557. 

BAAS-BECKINC, L. G., I. R. KAPL,AN, AND D. 
MOORE. 1960. Limits of the natural cnviron- 
merit in terms of pH and oxidation-reduction 
potentials. J. Geol. 68: 243-284. 

BEN-YAAKOV, S. 1970. A method for calclllating the 
in situ pH of seawater. Limnol. Oceanogr. 15: 
326-328. 

-. 1973. pH buffering of pore water of recent 
anoxic marine sediments. 1,imnol. Oceanogr. 
18: 86-94. 

-9 AND I. R. KAPT,AN. 1968. pII-temperatllre 
profiles in ocean and lakes using an in situ 
probe. Limnol. Oceanogr. 13: 688-693. 

BERNEH, R. A., M. R. SCO’I’T, AND C. TEIOMLIN- 
SON. 1970. Carbonate alkalinity in the pore 
waters of anoxic marine sediments. Limnol. 
Oceanogr. 15: 544-549. 

BRUCE, J. R. 1928. Physical factors on the sandy 
beach. 2. Chemical changes, carbon dioxide 
concentration and sulphides. J. Mar. Biol. As- 
soc. U.K. 1.5: 553-565. 

CHAVE, K. IX., ANI) E. SEUSS. 1970. Calcium car- 
bonate saturation in seawater: Effects of dis- 
solved organic matter. Limnol. Oceanogr. 15: 
633-637. 

COULL, B. C. 1970. Shallow water meiobenthos of 
the Bermuda platform. Oecologia 4: 325-357. 

FANNING, K. A., ANI) M. E. PILSON. 1971. Intersti- 
tial silica and pII in marine sediments: Some 
effects of sampling procedures. Science 173: 
1228-1231. 

FAHKIS, R. A. 1976. Systcmatics and ecology of 
Gnathostomulida from North Carolina and Ber- 
muda. Ph.D. thesis, Univ. North Carolina. 

FENCXEL, T., AND B. 0. JANSSON. 1966. On the 
vertical distribution of the microfauna in the 
sediments of a brackish-water beach. Ophelia 
3: 161-177. 

-3 AND R. J. RIEDL. 1970. The sulfide system: 
A new biotic community underneath the oxi- 
dized layer of marine sand bottoms. Mar. Biol. 
7: 155-268. 

-3 AND B. J. STRAAUP. 1971. Vertical distri- 
bution of photosynthetic pigments and the pcn- 
etration of light in marine sediments. Oikos 22: 
172-182. 

GANAPATI, I?. N., AND G. C. RAO. 1962. Ecology of 
the interstitial fauna inhabiting the sandy 
beaches of Waltair coast. J. Mar. Biol. Assoc. 
India 4: 44-57. 

GARDNER, L. R. 1975. Runoff from an intertidal 
marsh during tidal exposure-recession curves 
and chemical characteristics. Limnol. Ocean- 
ogr. 20: 81-89. 

GIESKES, J. M. 1969. Effect of temperature on the 
pII of seawater. Limnol. Oceanogr. 14: 679- 
685. 

GOMOIU, M. T. 1967. Some quantitative data on 
light penetration in scdimcnts. Helgol. Wiss. 
Meereslmters. 15: 120-127. 

IIAR'I'WIG, E. 1973. Die Ciliaten des Gczeitcn- 
Strandcs dcr Nordsecinsel Sylt. 2. Okologie. 
Mikrofauna Meercsbodcns 21. 171 p. 



pll fluctuation 857 

-, G. GLUTII, AND W. WIESER. 1977, Inves- acteristics of two beaches of Anglesey. J. Exp. 
tigation on the ccophysiology of Geleiu nigri- Mar. Biol. Ecol. 15: 305-333. 
ceps Kahl (Ciliophora, Gymnostomata) inhab- PY’I’KOWICZ, R. M. 1967. Carbonate cycle and the 
iting a sandy beach in Bermuda. Occologia 3 1: buffer mechanism of recent oceans. Geochim. 
159-17s. Cosmochim. Acta 3 1: 63-73. 

HOPKINS, J. T. 1963. A study of the diatoms of the 
Ouse Estuary Sussex 1. The movement of the 
mudflat diatoms in response to some chemical 
and physical changes. J. Mar. Biol. Assoc. U.K. 
43: 653-663. 

-. 1971, Sand-seawater interactions in Bcr- 
muda beaches. Geochim. Cosmochim. Acta 35: 
509-515. 

JANSSON, B. 0. 1966. On the ecology of Dero- 
cheilocaris remnnei Delamare and Chappius 
(Crustacea, Mysticocarida). Vie Millieu 17: 
143-186. 

K~~III,, H. 1964. ober die Schwankurlgen dcr abi- 
otischen Faktorcn in der Elbmiindung bci Cux- 
haven. IIelgol. Wiss. Mecrcsunters. 10: 203- 
216. 

-9 AND E. A’IXAS. 1975. Buffer intensity of 
seawater. Limnol. Oceanogr. 20: 222-229. 

-, D. R. KESTER, AND B. C. BURCENER. 
1966. Reproducibility of pII measurements in 
seawater. Limnol. Oceanogr. 11: 417419. 

I~IIEINIIEIMER, G. 1972. Bacteria, flmgi and blue- 
green algae, p. 1459-1469. In 0. Kinne [cd.] 
Marine ecology, v. 1, Part 3. Wiley-Intcrsci- 
encc. 

-. 1971. On changes of the interstitial water 
after decomposition of organic matter. Smith- 
son. Contrib. Zool. 76: 171-205. 

RIEDI,, R. J., AND R. MACHAN. 1972. IIydrodynam- 
ic patterns in lotic intertidal sands and their 
bioclimatological implications. Mar. Biol. 13: 
179-209. 

-> AND II. MANN. 1966. linderungcn im 
Chcmismus dcs Interstitialwassers am Strand 
von Cuxhaven wzhrend ciner Tide. IIelgol. 
Wiss. Mecresuntcrs. 13: 238-245. 

LEPP,&KOSKI, E. 1968. Some effects of pollution on 
the benthic environment of the Gullmarsfjord. 
Helgol. Wiss. Meercsunters. 17: 291-301. 

MAKEMSON, J. C. 1973. Oxygen and carbon dioxide 
in interstitial water of two I,ebancse sand 
beaches. Neth. J. Sea Res. 7: 223-232. 

MOOR, H. B. 1931. The ml& of the Clyde sea 
arca. 3. Chemical and physical conditions; rate 
and nature of sedimentation and fauna. J. Mar. 
Biol. Assoc. U.K. 17: 325-358. 

NEWELL, 1~. C. 1970. Biology of intertidal animals. 
Logos. 

SCIIMALZ, R. F., AND K. E. CIIAVE. 1963. Calcium 
carbonate: Factors affecting saturation in ocean 
waters off Bermuda. Science 139: 1206-1207. 

SIMPSON, G. G., A. ROE, AND R. C. LEWONTIN. 
1960. Quantitative zoology. Harcourt, Brace & 
World. 

SOURNIA, A. 1976. Primary production of sands in 
the lagoon of an atoll and the role of foraminif- 
cran symbionts. Mar. Biol. 37: 29-32. 

TALLING, J. F. 1976. The depletion of carbon diox- 
ide from lake water by phytoplankton. J. Ecol. 
64: 79-121. 

TAYLOR, W. R., AND C. D. GEBELEIN. 1966. Plant 
pigments and light penetration in intertidal 
sediments. IIelgol. Wiss Meeresunters. 13: 
229-237. 

OTT, J. A., AND R. MA<:HAN. 1971. Dynamics of 
climatic parameters in intertidal sediments. 
Thalassia Jugosl. 7: 219-229. 

PAMATMAT, M. M. 1968. Ecology and metabolism 
of a benthic community on an intertidal sand- 
flat. Int. Rev. Gesamten I-Iydrobiol. 53: 211- 
298. 

PATIIIQUIN, D. G., AND H. KNOWLES. 1975. Effects 
of oxygen, mannitol and ammonium concentra- 
tions on nitrogenasc (C,H,) activity in a marinc 
skeletal carbonate sand. Mar. Biol. 32: 49-62. 

PENNAK, R. W. 1951. Comparative ecology of the 
interstitial fauna of fresh-water and marine 
beaches. Ann. Biol. 27: 449479. 

PBANNKUCIE, O., H. JELINEK, ANL) E. IIAFV~WIG. 
1975. Zur Fauna eincs Siisswasserwattcs im 
Elbc-Aestuar. Arch. Hydrobiol. 76: 475498. 

POLT,OCK, L. W. 1971. Ecology of intertidal meio- 
benthos. Smithson. Contrib. Zool. 76: 141-148. 

AND W. D. HUMMON. 1971. Cyclic changes 
in’ interstitial water content, atmospheric cx- 
posure, and temperatlu-e in a marine beach. 
Limnol. Oceanogr. 16: 522-535. 

PUGH, K. B., A. R. ANI~REWS, C. F. GIBBS, S. J. 
DAVIS, AND G. D. FLOODGATE. 1974. Some 
physical, chemical, and microbiological char- 

TIIORSTENSON, D. C., ANL) F. T. MACKENZIE. 
1974. Time variability of pore water chemistry 
in recent carbonate sediments, Devil’s Hole, 
IIarrington Sound, Bermuda. Geochim. Cos- 
mochim. Acta 38: 1-19. 

TIUJEN, J. H. 1969. The ecology of shallow water 
meiofauna in two New England estuaries. 
Oecologia 2: 251-291. 

WIESER, W. 1975. The meiofauna as a tool in the 
study of habitat heterogeneity: Ecophysiologi- 
cal aspects. A review. Cah. Biol. Mar. 16: 647- 
670. 

- J. OTT, F. SCIIIEMER, AND E. GNAIGER. 
1674. An ccophysiological study of some mci- 
ofauna species inhabiting a sandy beach at Ber- 
muda. Mar. Biol. 26: 235-248. 

-> AND M. ZECH. 1976. Dchydrogcnases as 
tools in the study of marine sediments. Mar. 
Biol. 36: 113-122. 

ZOBELL, C. E. 1946. Studies on redox potential of 
marine sediments. Bull. Am. Assoc. Pet. Geol. 
30: 477-513. 

Submitted: 9 July 1976 
Accepted: 24 March 1978 


