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Primary production of benthic microalgae in an 
intertidal sand flat of the Ria de Arosar NW Spain

Manuel Varela & Ernesto Penas

Instituto Español de O ceanografía, Apartado N o. 130, La Coruña, Spain

ABSTRACT: Primary production  of ben th ic  m icroalgae  w as s tud ied  in an in ter t ida l  sa n d  flat in the  Ria 
de Arosa (NW Spain), w h e re  an  in tensive  bivalve aq u acu ltu re  takes  place.  Active a n d  d e g ra d e d  
p igm ents ,  organ ic  matter,  a n d  vertical m igra t ion  of a lg a e  w ere  also s tudied . Tota l a n n u a l  production , 
com bin ing  h igh  and  low tide values, reach ed  79 gC  m " 2, w hile  w a te r  colum n p roduc tion  in the sam e 
place  was only 6 gC  m -2 , w hich  suggests  that  re su sp e n d ed  b en th ic  m ic roa lgae  can  be a major food 
source for bivalves. Y ear-round production  show ed no c lear seasonal  peaks ,  p robab ly  d u e  to in tense  
s ed im en t  d is tu rbance  by culturing  m anipulat ions,  a n d  to h igh  detr i tal  supply: 94 to 98 % of o rgan ic  
m atter  in the sed im en t  is a llochtonous non-l iv ing  material.

INTRODUCTION

The Ria de Arosa (Fig. 1) is a fjord-like bay in north­
western Spain, where intense multidisciplinary 
research has been carried out in the past 5 yr, due to its 
high ecological interest (Tenore & Gonzalez 1975, 
Tenore et al. 1982, Penas 1984) as well as its impor­
tance in shellfishing, especially bivalve cultures. 
Clams (Venerupis pullastra  Montagu, V. decussata 
Linné) and cockles (Cerastoderma edule  Linné) are 
cultivated in extensive intertidal and subtidal sand 
flats. These cultures (bivalve seeds are spread on the 
sediment each winter, after the autumn harvest) reach 
very high densities (up to 10 kg total weight m -2 for C. 
edule, 350 g organic matter m ~2) and this suggests the 
need of a large food supply for filter feeders in those 
areas. While phytoplankton production has been 
investigated (Nunes et al. 1984, Varela et al. 1984) no 
attention at all has been  paid to the benthic microflora 
production in the sand flats, nor to its importance as 
food source for bivalves. As can be expected from 
evidence found elsewhere (Wetzel 1964, Hargrave 
1969, Leach 1970, Cadee & Hegeman 1974, Matheke & 
Horner 1974, Joint 1978) microbenthic primary produc­
tion can be several times higher than that of phyto­
plankton, and the microbenthic cells can be, by resus­
pension, a major food source for bivalves.

We have focused our work on the study of primary 
production of benthic microalgae in an intertidal sand 
flat near Carril (Fig. 1), an area cultivated for cockles,

during a complete year cycle. The study comprised in 
situ  primary production measurements in different 
conditions (high tide and exposed conditions), as well 
as biomass measurements, spatial heterogeneity and 
vertical migration of microalgae. Various factors 
related to primary production were also measured. 
Phytoplankton primary production was measured 
simultaneously with benthic incubations, so that 
planktonic and benthic productions could be com­
pared.

MATERIALS AND METHODS

The area sampled (Fig. 1) is an intertidal sand flat, 
where an extensive culture of cockles (Cerastoderma 
edule  Linné) takes place. Samples were taken, and in 
situ  incubations carried out, monthly over 14 mo from 
October 1980 to November 1981.

A wide range of sample sizes and incubation times 
have been used by different authors to measure micro­
benthic primary production: 2 to 50 cm2 and 2 to 6 h 
respectively (Leach 1970, Stanley 1971, Marshall et al.
1973, Cadee & Hegeman 1974, M atheke & Horner
1974, Van Raalte et al. 1974, Joint 1978, Riznyk et al. 
1978). The results obtained are very variable, and no 
attempt has been made, to our knowledge, to standar­
dize methods. Thus, we have attempted to find the 
minimal sample size and incubation time appropriate 
to our case, in order to minimize experimental errors 
and time waste. According to our results, the incuba­
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tions should take around 2 h and the 13 cm2 corer area 
is the most suitable in this case.

Separate measurements of carbon assimilation were 
made each month under high (flooded) and low 
(exposed) tide conditions, in order to investigate the 
influence of tidal level on primary production, and to 
have better estimates of integrated production over 
daily periods.

Samples for low-tide incubations were taken just 
after the sediment was exposed to the air by the ebb 
tide. Intact sediment samples were obtained by acrylic 
plastic corers (4 cm I.D., 8 cm high, 13 cm2 area) gently 
pushed 3 cm into the sediment. After removal, the 
corers were stopped at the bottom, leaving the top 3 cm 
of sediment enclosed in the corer. These were incu­
bated with 2.5 pCi of 14C (as N a H C 0 3) diluted in 20 ml 
of seawater, previously filtered in situ  by the method 
devised by Maciolek (1963). The water was added 
gently, to avoid disturbance of the sample. Three repli­
cate light samples and 1 dark control were incubated 
for 2 h, from 1100 h to 1300 h approximately, choosing 
for sampling those days in which low tide occurred at 
noon, in order to standardize the incubations for the 
yearly sampling.

Samples were fixed after incubation, using Lugol's 
solution since this causes less damage to the microal­
gae than other usual preservatives (Silver & Davoll 
1978). The top 1 cm of sediment and the overlying 
water were removed from the corers, and kept in cold 
(4 °C) and darkness in 50 ml centrifuge plastic tubes, to 
be processed by radioassay. The samples were washed 
4 times with 2 % HC1, and centrifuged for 10 min at 
2000 g after each wash (Matheke & Horner 1974). They 
were then prepared for counting by the technique 
developed by Van Raalte et al. (1974).

One light and 1 dark corer were also used to separate 
the 2 fractions of the benthic microflora: epipelic (free- 
living) and epipsammic (attached to sand grains). Sep­

aration took place after incubation of the intact corers, 
following Hickman’s (1969) procedure, by successive 
swirling and décantation. Microscopical checking 
showed small epipsammic diatoms attached to very 
fine sediment particles, remaining m suspension fora 
long time, thus their separation from the non-attached 
fraction was incomplete, and this may have led to a 
significant overestimation of the epipelic production.

Intact sediment samples for high tide production 
were taken just before the sediment was covered by 
the flood tide. Each corer was used as an incubation 
chamber, and the incubation followed the process 
described for low-tide samples. The corers were placed 
on a tray, submerged to approximately 1 m depth. 
During incubation, the depth of the samples increased 
to 2 m, representing average high tide conditions since 
mean tidal range at the sampling site is around 3 m. 
The incubations took place from 1300 h to 1500 h. After 
incubation, the tray with the samples was retrieved by 
a rope from land, and the samples were processed as 
for those of low tide.

Primary production in the water column was m ea­
sured using 2 pairs of light and dark bottles, hung at 
the surface and at 0.5 m depth respectively. The bottles 
were incubated with 1 pCi of 14C -N aH C 03 for 2 h. The 
samples were then filtered through 0.45 pm Millipore 
filters, which were not dried since desiccation causes 
loss of radioactivity (Wallen & Geen 1968). A scintilla­
tion cocktail specific for aqueous samples was used. 
All countings for 14C uptake measurements were made 
by a Packard Tri-Carb Model 2009 liquid scintillation 
spectrometer.

Five replicate sediment cores (4 cm I.D.) per sample 
were taken for pigment analysis. This number of repli­
cates accounts for the 'area minima’ and was a result of 
our preliminary study on spatial heterogeneity (Fig. 2).

The top centimeter of each core was kept for quan­
titative analysis, since most of the total pigments in the

Fig. 1. M ap  of Ria de Arosa, NW Spain. Circle 
indica tes  the sam pling  site
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Fig. 2. (A) Spatial  h e te ro g en e i ty  of chlorophyll  in the top 
cen t im ete r  of sediment.  Circles show sam pling  points. (B) 
Relation b e tw ee n  n u m b er  of cores and  es t im ated  chloro­
phyll a concentra t ion  m - 2 . Derived from (A) by random  com ­
bination  of increas ing  n u m b e r  of cores. Five cores seem s to be 
the m in im um  to smooth out ind iv idual  core variation, g iv ing  a 

consis tent  average

sediment are usually here (Leach 1970, Cadee & H ege­
man 1974, Riznyk et al. 1978). The pigments were 
extracted with 90 % acetone in cold (4 °C) and dark­
ness for 24 h, and subsequently centrifuged for 10 min. 
The quantitative analysis followed the methods of 
Lorenzen (1967) and Whitney & Darley (1979). The 
combination of both methods allowed differentiation of 
chlorophyll a from chlorophyllide a as well as 
phaeophytine a from phaeophorbide a. The use of 
M g C 0 3 was avoided, since it may prevent the com­
plete phaeophytinization of the acidified extracts 
(Moed & Hallegraeff 1978) and tends to absorb sig­
nificant quantities of chlorophyllide a and phaeophor­
bide a.

Pigment analysis of the water column was carried 
out by filtering 0.5 to 1.5 1 samples of seawater through 
Whatman GF/C glass-fiber filters. These filters were 
processed as for sediment samples.

Organic matter content of the top centimeter of sedi­
ment was measured as weight loss by ignition, by

ashing (550 °C, 5 to 6 h) the oven-dried sediment. 
Three replicates per sample were used.

Carbon and nitrogen contents of the top centimeter 
of sediment were measured with a Perkin Elmer 
240 CNH, at 740 °C, from 3 replicate cores per sample. 
The temperature used avoided carbonate interference 
(Telek & Marshall 1974) and was sufficient for quan ­
titative analysis (Gordon & Sutcliffe 1973). C and N 
measurements in the water column were made by 
filtering seawater through Whatman GF/C glass-fiber 
filters, and processing the filters by the method above.

Nitrate, nitrite, ammonium and orthophosphate con­
centrations in the water column and in the interstitial 
water of the sediment were measured by a Technicon 
autoanalyzer II.

Solar radiation during incubations was recorded at 
5 min intervals, using a Kahl Instruments photometer 
(Model 268 WA 310). Data on monthly solar radiation, 
for year-round production estimations, were provided 
by a nearby meteorological observatory.

Particle-size analysis of the sediments followed the 
method recommended by the International Biological 
Programme (Buchanan & Kain 1971).

RESULTS 

Primary production

The seasonal pattern of production was similar for 
flooded (high tide) and exposed (low tide) sediments 
(Fig. 3 B,C), but mean production was consistently 
higher under esposed conditions. Carbon uptake was 
low in winter, increased in spring (the increase being 
more pronounced in high tide samples), declined in 
July and August and rose to a high peak in September. 
From October, production decreased to winter values, 
except for a high value in November for exposed sedi­
ments. The average monthly production rates during 
1981 were 10.7 and 23.8 mg C m -2 h - ’ for flooded and 
exposed sediments respectively. Primary production in 
the water column (Fig. 3 A) showed a maximum value 
in June, and smaller peaks in September and 
November. The average monthly production was
2.6 g C m ' 2 h -1.

Monthly values of production showed no significant 
correlation with total solar radiation received during 
incubation: r =  0.36 for the water column, r =  0.47 for 
high tide and r =  0.14 for low tide (p >  0.05 in all 
cases). Production also showed no correlation with 
temperature during incubation: r =  0.22 for the water 
column, r =  0.4 for high tide and r =  0.03 for low tide.

Table 1 shows values of production rates and rad ia­
tion. Daily production rates were estimated by using 
the ratio (total daily radiation)/(radiation received du-
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duction was estimated to be 6 g C m -2 for the water 
column, 25 g C m -2 for flooded sediments and 54 g 
C m -2 for exposed sediments. This gives an estimate of 
79 g C m " 2 y r " 1 altogether in the sediments, and a 
total production for the intertidal area studied of 85 g 
C m " 2 y r " 1.

P ig m e n t  an a ly s is

Seasonal variation of the chlorophyll a and 
phaeophytine a content of the water column is shown 
in Fig. 4 A, C. Chlorophyll a reached 2 maximum val­
ues, in April and in November, following the charac­
teristic spring and fall blooms of phytoplankton. How­
ever, the seasonal variation of phaeophytine is more 
irregular and, in general, appears to be related to the 
abundance of this pigment in the sediment (Fig. 4 D).

The chlorophyll a content of the sediment remained 
rather constant, with no clear pattern of seasonal varia­
tion, although higher values were found in December, 
March, July and October (Fig. 4 B). These variations 
are more than likely a result of no more than sampling 
or experimental errors.

The values shown are for total chlorophyll a, includ­
ing both active and degraded forms. In the sediments, 
the active form comprised 10 to 20 % of the total 
chlorophyll (with a mean value of 15 %), chlorophyl-

T ab le  1. M ean  m onth ly  p rimary  production  for w a te r  colum n a n d  sediment,  and  es t im ated  an n u a l  p roduction  of intertidal
area  at Carril
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Fig. 3. Prim ary  p roduc tion  of w a ter  co lum n (A), and  sed im en t  
at h igh  t ide  (B) an d  low t ide  (C), during  per iod  of sam pling

ring incubation) as a day-length factor (Leach 1970). 
Since production was different for flooded and exposed 
sediment incubations, an average tidal variation was 
considered in the computations. Total year-round pro-

M e a n  p roduction  rate 
(mgC m -2 h _1)

M onth  S ed im en t
W ater H igh Low

colum n tide t ide

Tota l daily  
radia tion

(cal cm -2 d_1)

Tota l daily  rad ia t io n /R ad ia ­
tion during  incubation

Sedim ent 
W ater High Low

colum n tide tide

M ean  calcu la ted  pr imary  p ro ­
duction (mgC m -2 m o-1)

Sed im en t  
W ater High Low

column tide tide

1980 Oct - - 20 - - - - -

Nov - - 25 - - - - -

Dec - 3 12 106 - 4.5 4.5 - 405 1620

1981 Ja n 0.16 5 18 121 5.7 5.7 3.9 27 852 2019
Feb 0.21 5 12 160 5.0 4.0 2.9 32 600 1066
M ar 0.94 9 11 236 3.4 3.0 2.9 97 806 985
Apr 2.48 6 15 327 4.1 3.6 3.9 308 646 1794
M ay 2.50 17 21 408 5.2 4.8 4.3 388 2448 2705
Ju n 6.60 17 20 502 6.1 5.1 4.9 1210 2586 2924
Ju l 2.88 10 5 554 7.8 7.6 6.4 675 2276 955
A ug 0.94 4 12 473 39.4 39.4 43.1 1121 4729 15840
Sep 5.10 44 16 354 5.4 5,0 5.1 834 6581 17853
Oct 2.00 5 9 235 14.7 14,7 9.4 882 2203 2538
Nov 4.56 3 35 169 4.2 3.8 3.6 578 345 3775

Annual production (g C m-2)
W ater  colum n 6
S ed im en t  at h igh  t ide  25
Se d im e n t  at low t ide  54
Total se d im e n t  79
Total in te r t ida l  zone 85
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Fig. 4. C oncen tra t ion  of chlorophyll  a and  p h a eo p ig m en ts  in 
the  w a te r  colum n (A and  C), a n d  top cen t im ete r  of sed im en t  
(B a n d  D). V alues of p ig m en t  in sed im en ts  are expressed  both 

as mg p ig m en t  m -2 and  as pg p ig m en t  g _1 dry sed im en t

lide comprised 5 to 22 % (mean 13 %), phaeophytine 
43 to 61 % (mean 54 %) and phaeophorbide 15 to 23 % 
(mean 19 %). Thus, 85 % of the chlorophyll a in the 
sediments corresponded to degraded forms. These val­
ues are close to those found in the water column, where 
active chlorophyll accounts for 4 to 36 % (mean 18 %) 
of the total chlorophyll.

The maximum chlorophyll content was found in the 
top 2 cm of the sediment (Fig. 5 A), although small 
amounts of active chlorophyll were found as deep as 
7 cm into the sediment.

We have assumed a carbon to chlorophyll ratio of 
100 for standing crop estimations from chlorophyll 
data. This ratio gives microalgal standing crops corres­
ponding to 1.5 to 6 % of the total carbon in the top 
centimeter of the sediment. Thus, the remaining 94 to 
98 % of the organic carbon is detrital. In the water 
column, the microalgal carbon accounts for 6 to 19 % of 
the total carbon. The values of the ratios chlorophyll a/ 
total carbon, chlorophyll a/organic matter, and 6650/ 
665a (the ratio of unacidified to acidified pigment m ea­
sured at 665 nm) were very low for both water column 
and sediment: the ratio Chi a/C ranged from
1.5 X IO-4 to 6.2 X IO-4 in the sediment and from
5.6 X IO-4 to 1.89 X ICC3 in the water column. 
Clearly, most of the carbon is detrital.

O r g a n ic  m a t te r ,  c a r b o n  a n d  n i t r o g e n

Carbon and nitrogen content of the water column 
throughout the year averaged 2,000 ±  1,120 mg m -3 
and 210 ±  122 mg m -3 respectively. Seasonal patterns 
of variation were similar for C and N, with 2 maximum 
values, in April and November, and lowest values in 
summer. This variation is similar to that observed for 
chlorophyll a (Fig. 4 A). The C/N ratio ranged from 8 to 
10, with higher values in March, July and October,
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Fig. 5. Profiles of m ea n  functional chlorophyll  a and  organ ic  
m atter  in the u p p e r  10 cm of sed im en t

with no significative correlation (r =  0.38) with p e ­
riods of rapid algal growth, so the meaning of this 
variation remains rather obscure.

The organic matter (OM) content of the sediment 
varied between 250 and 400 g O M m ~ 2, with little 
seasonal variation except for a maximum value in 
November 1980 and a minimum value in January 1981, 
although these values are likely to be due to sampling 
error. The carbon and nitrogen content of sediment 
throughout the year averaged 150 ±  39 g C mC2 and 
15 ±  4 g N m -2 respectively. The C/N ratio varied 
betw een 5 and 15, and showed no clear relation with 
algal growth. The vertical profile of organic matter in 
the sediment (Fig. 5 B) shows that 60 % of the organic 
matter is concentrated in the top 3 cm.
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Nutrients

Fig. 6 shows orthophosphate, nitrate, and nitrite con­
centrations in the water column and in the interstitial 
water of the sediment. Amomum values, not plotted, 
remained consistently above 10 pg-at N-NHJ I-1. 
These values suggest that there should not be nutrient 
limitation for microalgal growth in the sediment.

Vertical m igration

Fig. 7 shows a small variation in the vertical distribu­
tion of chlorophyll as a function of tidal variation. This 
suggests a higher proportion of epipsammic (attached 
to sand grains) over epipelic (free-living) microflora, 
since the former cannot migrate vertically.

DISCUSSION

The estimated annual primary production of the 
benthic microalgae, 79 g C m ~2, is a moderate value 
compared to other areas (see Table 2). However, it has 
to be taken cautiously. The high value found in Sep­
tember (Fig. 3) appears to be abnormal, but careful 
examination of the solar radiation values suggest that 
September production is not abnormally high; rather 
that August and October productions are abnormally 
low. Total radiation received during incubation in 
August and October was only 11 and 25 cal cm~2 due 
to heavy cloud coverage, when the expected radiation
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Fig. 6. Monthly values of phosphate ,  n itra te  and  nitrite in 
w a te r  colum n (solid line) and intersti tia l  w a te r  of sed im ent 

(dashed line)

from monthly averaged radiation was 95 and 
47 cal c r r r 2 respectively. On the other hand, total radi­
ation received during incubation in September was 
69 cal cm-2, very close to the expected value of 71 cal 
cm -2. Thus, we can consider August and October val­
ues to be closer to that obtained for September and, 
consequently, a peak of production for these 3 mo 
could reasonably be expected. Comparison with other

T ab le  2. C om par ison  of an n u a l  in situ p roduction  values of e p iben th ic  m icroalgae

Source A nnua l  p roduction  
(gC r r r 2 y r 1)

Area

Pomeroy (1959) ’ 200 Duplin  River Estuary, Georgia
Pomeroy (1960) ' 213 Boca C iega  Bay, Florida
G rontved  (1960) ' ‘ 116 Danish  fjords
Pam atm at  (1968) ' 143-226 Puget Sound, W ashington
Steele  & Baird (1968) 4 -9 Loch Ewe Bay, Scotland
H arg rave  (1969)' 40 M arion Lake, B. C. C a n ad a
Leach (1970) 31 Ythan Estuary,  Scotland
M arshall  et al. (1971) 81 New E ng land  estuaries
Bunt et al. (1972) 11-60 Florida a n d  Jam aica  estuaries
M ath ek e  & H orner  (1974) 5 C hukch i  Sea, Alaska
C a d ee  & H e g e m a n  (1974)' ' 101 Dutch W a d d e n  Sea
Van  Raalte et al. (1976) 105 M assachuse tts  salt marsh
C ad ee  & H e g e m a n  (1977) 85 Dutch W ad d e n  Sea
Riznyk et al, (1978) 115-246 Bolsa Bay, California
Jo in t  (1978) 143 Lynher Estuary, England
Presen t  study 79 Ria de  Arosa, NW Spain

' O xygen  m ethod
' ' A ltered  sam ples
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data is restricted by the wide variability of procedures 
used: different methods ( 0 2, 14C), treatments of sam­
ples (intact, altered) preservatives (buffered formalin, 
Lugol's solution, H3P 0 4), sample processing for UC 
uptake determinations (wet digestion, combustion), 
and measurements of radioactivity (Geiger-Muller, 
LSC). In some cases, only low-tide production values 
were used for day-long integrations, thus clearly over­
estimating total daily production.

An important part of the production was measured 
during high tide: around 30 % of total production in 
the sediment took place during high tide. This propor­
tion, however, can be very variable: Leach (1970) 
found similar results, whereas Joint (1978) found no 
production during high tide. Particle size of sediment, 
along with water turbulence, are considered the main 
factors controlling high-tide production. In sandy sedi­
ments, such as those studied here, an important frac­
tion of the cells are attached to the sand grains (epi­
psammic fraction). This non-motile flora does not 
migrate vertically in the sediment as a function of tidal 
variation (Leach 1970). Thus they remain at the surface 
of the sediment during flood tide, photosynthesizing. 
In our case, the coarse nature of the sediment sug­
gested a high proportion of epipsammic flora. This was 
confirmed by the small amount of vertical migration 
observed (Fig. 7), and supported by the production 
data mentioned. Microscopical observation also 
showed small diatoms attached to the sand grains. 
When the sediment is exposed, both fractions, attached 
(epipsammic) and free-living (epipelic), photosyn- 
thesize but, during flood tide, the epipelic flora moves 
down into the sediment and production is carried out 
only by the epipsammic fraction. In our case, 60 % of 
the low-tide production was due to the epipsammic 
fraction, but this percentage increased to 75 % during 
high tide. However, these proportions are probably

underestimates of the total production accounted for by 
epipsammic cells, due to the low accuracy of the sep­
aration methods available.

Epibenthic production m -2 was about 10-fold grea­
ter than that of phytoplankton in the water column. 
Cadee & Hegeman (1974) found similar results, while 
Matheke & Horner (1974) found epibenthic production 
to be only twice as high as that of phytoplankton. In 
any case, microscopical observation showed a gener­
ally important num ber of benthic cells resuspended in 
the water column, thus accounting for a significant 
proportion of the measured phytoplanktonic produc­
tion. This suggests that benthic microalgae can be a 
major food source for bivalves, although the proportion 
should be determined by gut-content analysis, since 
phytoplankton, although lower in production m -2, can 
be available to filter feeders in much higher amounts 
due to the continuous movement of the water masses.

The main factor controlling production and distribu­
tion of microbenthic algae is thought to be disturbance 
of the sediment. Human activity (culture and collection 
of clams and cockles) along with the combination of 
waves, wind and tides, cause an almost permanent 
disturbance of the upper layers of the sediment. This 
physical removal has been recognized as an important 
limiting factor for microalgal production (Riznyk et al. 
1978). In addition, sand extractions are made in a 
nearby area, thus resuspending amounts of fine m ate­
rial which is partially deposited on the sediment sur­
face, shadowing the microflora. This shadowing effect 
is thought to reduce production substantially, since a 
high proportion of the flora belongs to non-motile 
forms, incapable of moving upward through the newly 
deposited material. The resuspension of this fine mate­
rial can also limit production of the water column since 
it decreases penetration of light.

Functional chlorophyll was found down to 7 cm into

mg Chi a r rr2

Time (h ) 10.30 11.00 11.30 12.00 13.30 13.45

25  Nov '8 0 Tide Curve

15 30 15 30 15 30 15 3015 30 15 30

Fig. 7. Vertical migrat ion  of b en th ic  microflora 
into the sed im en t  in re la tion  to t idal water
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the sediment. Similar depths were found in other 
studies (Meadows & Anderson 1968, Steele & Baird 
1968, Leach 1970, Joint 1978). This burial of active 
chlorophyll could be explained by the sediment dis­
turbance mentioned above, and also by the drainage of 
pore water through the sediment during low tide, 
which could drag down microalgal cells. Total 
chlorophyll values in the sediment were lower than 
those obtained by Leach (1970) and Joint (1978), and 
close to those of Cadee & Hegem an (1977). These 
relatively low values are probably a consequence of 
the sandy composition of the sediment, and of the 
method used in our case, which only measures func­
tional (active) chlorophyll.

The decrease of sediment carbon content during 
summer can be related to the increase of bacterial 
activity and subsequent decomposition of organic mat­
ter. The density of deposit-feeding worms (such as 
Arenicola, Hydrobia) also increases in summer (Gon­
zalez pers. comm.). However, grazing by these inverte­
brates does not usually cause an important variation in 
the carbon content of the sediment (Newell 1965). On 
the other hand, the feeding activity of filter-feeders 
(clams, cockles), very abundant during summer, might 
account for the decrease in carbon content, by filtering 
resuspended cells and detritus.

Nutrient concentrations in the interstitial water of 
the sediment were relatively low, compared to values 
reported in other areas (Riznyk et al. 1978), except for 
ammonium, which is very abundant throughout the 
year. Nutrient limitation may not occur due to the high 
ammonium concentration and the possibly high 
organic phosphorus concentration, that can readily 
produce assimilable phosphate (Wetzel 1975). The 
increase in the sediment nitrogen content during sum­
mer did not correspond to an increase in microalgal 
biomass. Joint (1978) found similar results, and 
explained this increase in N as a result of the develop­
ment of heterotrophic organisms since chlorophyll was 
used to estimate microalgal biomass. Nutrient concen­
trations showed no correlation with algal growth, and 
this supports the idea that there is no nutrient limita­
tion, and that autochthonous regeneration of nutrients 
is perhaps less important, as a nutrient source, than 
allochthonous supply from rivers, runoff from the land, 
and local upwellings (Riznyk et al. 1978). Similarly, 
this allochthonous supply obscures any correlation of 
C, N and C/N of the sediment with algal growth.

The occurrence of active chlorophyll a in deep layers 
of the sediment could be explained by admitting the 
capability of heterotrophic assimilation by these algae. 
Such capability has been reported by several authors: 
Lewin & Lewin (1960), Horner & Alexander (1972), 
Ukeles & Rose (1976), Darley et al. (1979) in different 
algae. The high detritial content of the sediment could

allow, and even enhance, heterotrophic metabolism. In 
fact, Hellebust & Lewin (1977) found an increase in the 
heterotrophic activity of diatoms when organic matter 
concentration was high. Moreover, bacteria in natural 
waters keep concentrations of solutes at a low level, 
thus limiting heterotrophy of algae (Hobbie & Wright 
1965). However, in sediments, the high amount of 
undegraded organic matter could allow unlimited 
heterotrophy. Clearly, the study of heterotrophy should 
be included in microbenthic surveys in the future.

There are no data yet available on microalgal respi­
ration. However, Pamatmat (1968) found sediment 
respiration values in the range 0.5 to 67 mg C m -2 h -1 
in intertidal areas. The rate of production in these 
sediments averaged 35 mg C m _2h _1. Clearly, the 
study of respiration is critical in microbenthic studies.

There are also no data available on secondary pro­
duction, but the large yield of clams and cockles, as 
well as the abundance of the rest of the infauna (Penas 
& Gonzalez 1983) allows us to assume a high second­
ary production. Thus, the question arises whether the 
microalgal production is sufficient as a food source for 
secondary producers, or whether an extra supply of 
food is necessary. The study of different sources of 
organic matter is of great importance to understand the 
dynamics of these intertidal sand flats.
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