
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 26, 2023

Phytoplankton reduction in near-bottom water caused by filter-feeding Nereis
diversicolor - Implications for worm growth and population grazing impact

Larsen, Poul Scheel; Riisgård, H. U.; Poulsen, L.

Published in:
Marine Ecology - Progress Series

Link to article, DOI:
10.3354/meps141047

Publication date:
1996

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Larsen, P. S., Riisgård, H. U., & Poulsen, L. (1996). Phytoplankton reduction in near-bottom water caused by
filter-feeding Nereis diversicolor - Implications for worm growth and population grazing impact. Marine Ecology -
Progress Series, 141, 47-54. https://doi.org/10.3354/meps141047

https://doi.org/10.3354/meps141047
https://orbit.dtu.dk/en/publications/bf80566b-d0ed-48d1-b015-bc3cf121b179
https://doi.org/10.3354/meps141047


MARINE ECOLOGY PROGRESS SERIES 
Mar Ecol Prog Ser l Published October 3 

Phytoplankton reduction in near-bottom water 
caused by filter-feeding Nereis diversicolor- 

implications for worm growth and 
population grazing impact 

Hans Ulrik Riisgirdll*, Liselotte Poulsenl, Poul S. ~ a r s e n ~  

'Institute of Biology, Odense University, Campusvej 55, DK-5230 Odense M, Denmark 
' ~ e p a r t m e n t  of Energy Engineering, Technical University of Denmark, DK-2800 Lyngby, Denmark 

ABSTRACT: Studies of vertical profiles of phytoplankton in the field combined with laboratory experi- 
ments demonstrated that reduction in phytoplankton concentrations in the near-bottom water layer, 
5 to 10 cm in thickness on calm days, may play a significant role for the filter-feeding polychaete Nereis 
diversicolorin realizing its grazing capacity (estimated a t  13.8 m3 m-' d-l in the shallow bay of Kertinge 
Nor, Denmark, in July 1994). Field-growth experiments were performed with worms transferred to 
U-shaped glass tubes placed at  different heights (0, 4 ,  10 and 20 cm) above the seafloor. A considerably 
reduced specific growth rate of worms at the sea floor (0.2 * 1.1 'L d-l), compared to worms elevated 
just 10 cm above the sediment surface (2.5 k 0.8'Y" d.'), indicdtes that extremely meagre food cond~tions 
may be prevailing a t  the bottom. Experimental laboratory data on the development of vertical algal cell 
profiles were compared with predicted values obtained by means of a simple diffusion model. 

KEY WORDS: Grazing impact . Vertical phytoplankton profiles . Ingestion layer Specific growth rate 

INTRODUCTION 

Benthic filter-feeding macro-invertebrates may have 
a pronounced grazing impact on phytoplankton bio- 
mass in many shallow marine areas. A number of stud- 
ies have shown that densities of filter-feeding bivalves 
(Jsrgensen 1980, Cloern 1982, Officer et  al. 1982, 
Nichols 1985, Loo & Rosenberg 1989), ascidians 
(Petersen & Riisgard 1992) and different species of 
polychaetes (e.g. Davies et  al. 1989, Riisgard 1994) 
based on known filtration rates have the potential for 
filtering the total volunle of water of their environment 
several times per day. If the water column is well 
mixed the filter-feeding bottom fauna may thus theo- 
retically be able to control the pelagic primary produc- 
tion in many shallow and coastal waters. 

During recent years a number of studies have been 
carried out to address questions dealing with the facul- 
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tative filter-feeding polychaete Nereis diversicolor 
(RiisgArd 1991, Riisgdrd et al. 1992, Vedel & RiisgArd 
1993, Vedel et  al. 1994, Nielsen et  al. 1995; for an  
overview of recent findings see RiisgArd 1994). N. 
diversicolor may meet its food requirements on a pure 
diet of phytoplankton and may be an undervalued key 
organism in the control of phytoplankton in many shal- 
low brackish water areas. Because N. diversicolor may 
utilize different feeding methods depending on sea- 
son, phytoplankton biomass and local conditions, it is 
important to determine to what extent this polychaete 
filter-feeds. Such data were obtained by Vedel et al. 
(1994) using a refined monitoring system to obtain 
continuous, long term field measurements of the fllter- 
feeding activity of this worm. They found that filter- 
feeding was 'triggered' by the presence of phytoplank- 
ton in the water, and that N. divers~color utilized 
filter-feeding 50 to 100% of the time during the sum- 
mer period. The grazing impact of N. diversicolor was 
potentially 5.6 m3 m-2 d-' in May, representing a vol- 
ume 11 to 55 times greater than the overlying water 
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column in the field. However, there was not always a 
clear correlation between filtration activity and chloro- 
phyll a (chl a )  measured in surface water samples. This 
phenomenon was assumed to be due to a restriction of 
the filtration activity on calm days because of the 
development of phytoplankton-depleted bottom water. 
The frequency of such incidents was suggested to have 
an important effect on the filter-feeding potential of N. 
diversicolor. 

The present work describes a phytoplankton- 
reduced boundary layer over dense populations of 
Nereis diversicolor Data was obtained through studies 
of vertical profiles of phytoplankton in the field com- 
bined with laboratory simulation experlments carried 
out with algal cells over filter-feeding N. diversicolor 
Further, the presence of near-bottom reduced algal 
biomass was assessed through growth experiments in 
the field with worms placed in glass tubes at different 
heights above the bottom. These results show that 
phytoplankton-reduced boundary layers do occur and Fig. 1 Devices used for field sampling water at different 

heights above the sediment 
may significantly reduce the potential grazing impact 
and growth of N. diversicolor in nature 

MATERIALS AND METHODS 

Study areas. Field experiments were conducted in 2 
study areas during 1993 and 1994: the more eutrophic 
Odense Fjord (average water depth 0.3 m at sampling 
site, tidal amplitude -0.4 m, 10 to 18Ym S) and the less 
eutrophic Kertinge Nor (average water depth 0.4 m at 
sampling site, tidal amplitude -0.3 m, 13 to 24%" S) ,  
Denmark (for localities see Fig 1 of Vedel & RiisgArd 
1993). Both localities are characterized by dense popu- 
la t ion~ of Nereis diversicolor. 

Population investigations. Sampllng during this 
study was carried out at a site in the southern Kertinge 
Nor where previous sampling had shown high densi- 
ties of worms. Once a month during parts of 1993-94, 
10 or 15 randomly chosen sediment core samples (92 or 
143 cm2; 25 cm deep) were taken. Polychaetes that 
were retained by the sieve (1 mm mesh size) were 
individually weighed (mg wet wt) to determine popu- 
lation size distribution. These data were used to esti- 
mate population filtration rate using methods of Riis- 
gdrd (1991) and Riisgdrd et al. (1992) for combining 
field data with laboratory data on filtration rates. 

Field measurements. The importance of employing 
sampling protocols with realistic pumping rates and 
incurrent tube diameters (to mimic the pumping rate of 
filtering worms) has been emphasized by Judge et al. 
(1993). Therefore, th.e sampling tubes used in the pre- 
sent work had an inner diameter of 4 mm that matches 
the diameter of burrows of the 'standard' Nereis diver- 
sicolor (300 to 450 mg wet wt), and the sampling vol- 

ume rate did not exceed the pumping rate of the 
worms (i.e. < l 0  m1 min-l). The devices used for sam- 
pling water at different heights above the sediment are 
shown in Fig. 1. Water samples were collected simulta- 
neously either (Fig. 1A) by siphoning the samples into 
plastic bottles placed on the bottom in an empty barrel, 
or (Fig. 1B) by using an adjustable multiple-canal peri- 
staltic pump placed on a platform and powered by an 
electric generator ashore. A glass tube was fixed at the 
end of each sampling tube and positioned at a certaln 
height above bottom. The water sampling rate was 
adjusted to equal the pumping rate of a 'standard' N. 
diversicolor. 

Water samples for chl a measurement were immedi- 
ately filtered (Whatman GF/C, 0.3 bar) and the filters 
put in 10 m1 96% ethanol and placed on ice in the dark 
for 24 h. The extracted chl a content was measured 
according to standard procedures (Arvola 1981) by 
measuring the absorption at 665 nm on a Perkin-Elmer 
model 554 spectrophotometer. Water samples (50 ml) 
for fluorescence measurement were gently passed 
through GF/C filters and the extracted chl a was deter- 
mined fluorometrically (Sequoia-Turner model 450) 
the following day. 

Laboratory experiments. The experimental aquar- 
ium (50 X 50 X 100 cm) was first filled with 20 cm of low 
organic sediment stripped of macrofauna, and Nereis 
diversicolor (individual biomass of 300 to 600 mg wet 
wt) was added to obtain the desirable density. In the 
laboratory sampling device, thin tubes (inner diameter 
= 1.19 mm) were employed to minimize unwanted mix- 
ing in the aquarium. The tube entrances were project- 
ing at differen.t heights from a vertically placed pipe- 
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Table l .  Nereis dlversicolor Population density, biomass and estimated population filtration capacities at actual field tempera- 
tures (cf Riisgerd et al. 1992) of worms in Kertinge Nor (1993-94) and in Odense Fjord (June 1993') 

1993 March April May June June '  August October 

Population density (ind. m-2) 273 434 986 1091 1427' 1179 1845 
Biomass (g m-') 29 124 1 06 163 68' 136 215 

at:  4.8"C 7.5"C 14.5"C 1 8.0°C 1 7.0°C 17. l "C 12.9"C 
Filtration capacity (m? m-2 d-') 0.2 3.5 3.1 5.1 2.4' 2.3 4.6 

1994 February March May June July August September 
- 

Population dens~ ty  (ind. m-') 1223 1397 1405 1303 1550 1376 1252 
Biomass (g  m-?) 145 222 297 273 328 255 219 

at:  3.8"C 4.6"C 17.7"C 19.1 "C 23.6OC 25.5"C I5.7"C 
Filtration capacity (m3 m-' d-l) 0.9 1.7 9.3 9.1 13.8 11.1 5.8 

rack. At the start of an experiment the through-flowing 
seawater was cut off and a kno.wn concentration of the 
flagellate Rhodomonas sp. (mean diameter 5 to 7 pm) 
was added. Water samples were collected at appropri- 
ate time intervals and the algal concentration was 
either measured on an  electronic particle counter 
(Elzone 180xy) or with a fluorometer. In a number of 
cases the population filtration rate of worms held in the 
aquarium was measured previous to a profile experi- 
ment (in still water after cutting off mixing with alr 
bubbles) by means of the clearance method (i.e. vol- 
ume of water cleared of algal cells per unit of time) 
according to Riisg5rd (1991). 

Growth experiments. Worms (307 to 429 mg wet wt, 
n = 48) were placed in U-shaped, black-painted, glass 
tubes (4.0 mm inner diameter) and buried on the study 
location in Kertinge Nor with the tube entrances at 0, 4 
and 10 cm above the bottom. The sediment surface 
was covered with plastic to prevent the worms from 
deposit-feeding. Another 12 tubes were placed on a 
rack 20 cm above the bottom. Inltial and final wet wts 
after a 14 d growth period were determined (after 24 h 

Table 2. Nereis diversicolor. Density, estimated population 
filtration capacity (F,,,) and lndlvidual filtration rate (F,,,) 

at  different temperatures In laboratory experiments 

Expt Density F ~ c ~ , ~  F,;,,,,, Temperature 
(ind. m-') (m3 m-' d- ')  (m1 min-') ('C) 
P- -- 

Fig. 2A 120 1.3 7.4 8.5 
Fig. 2B 120 1.3 7.5 10.2 
Fig. 3A 160 1.8 8.1 10.1 
Fig. 3B 160 1.3 6.0 15.0 
Fig. 4 186 1.3 4.9 4.4 
Fig. SA 186 2.1 7.7 10.2 
Fig. 5B 186 2.1 7.7 10.7 

starvation to empty the gut and 2 min drainage on filter 
paper). The specific growth rate (p, d-') was calculated 
according to the equation: p = ln(W,/W,)t-', where W, 
and W, are  the individual body wet wt of polychaetes 
on Days t and 0, respectively. 

Growth experiments in the laboratory were per- 
formed using ad  libitum feeding of shrimp meat or 2 to 
3 X 104 Rhodomonas sp. cells ml-' The specific growth 
rates were determined after 14 d .  

RESULTS 

Grazing impact 

Population densities, biomass, and estimated popu- 
lation filtration capacities of Nereis diversicolor in Ker- 
tinge Nor during 1993 and 1994 are shown in Table 1. 
The grazing capacity reached a maximum level during 
summer due to a combination of high population bio- 
mass and high temperatures. In July 1994 the esti- 
mated population filtration rate was 13.8 m3 m-' d-l, 
corresponding to a volume 35 times that of the over- 
lying water column. In Odense Fjord the number was 
2.4 m3 m-' d-'  in June 1993 (Table l ) ,  corresponding to 
5 to 24 times that of the water column. 

Vertical profiles 

The laboratory experiments demonstrate the forma- 
tion of a water layer with reduced phytoplankton con- 
centrations over a population of filter-feeding Nereis 
diverslcolor (Figs. 2 to 5) with no advective flow. Worm 
densities, measured population filtration capacihes 
(F,,,), individual filtration rates (find), and water tem- 
peratures are glven in Table 2. 
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500 1000 0 500 

Fluorescence (arbitrary units) 

F I ~ .  2. Development of vertical fluorescence profiles In 2 laboratory experiments (A and B) w ~ t h  filter-feed~ng worms Nereis 
diversicolor- buried in sediment on the bottom of an  aquarium (see Table 2) .  T ~ m e  (min) after stoppage of m ~ x i n g  with air IS shown. 

Open circles In Expt A represent measurements of parallel samples taken at a d~fferent site In the aquarlum 

To examine the effect of these parameters on the 
thickness of the phytoplankton-reduced water layer it 
is convenient to introduce the concept of concentration 
displacement thckness,  referred to as the ingestion 

layer. It is defined by the integral jk[l - C(y)/C,]dy, 
where C, and C(y) ,  respectively, are the initial and 
instantaneous concentrations, the latter being a func- 
tlon of dlstance y above the bottom and L being a 

500 0 500 0 500 1000 0 10 0 10 20 

Fluorescence (arbirrary units) C o n c a n t r a t ~ o n  ( x l ~ ~ c e l l s  rnl-'1 

A 

Fig. 3.  Development of vertical profiles In (A) fluorescence and (B)  algal cell concentration In 2 laboratory experiments (see 
Fig. 2).  Insert shows the exponential reduction In algal concentration used to estimate Fpp (see Table 2) previous to stoppage of 

mlxing at time zero 
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Fig. 4.  Development of vertical fluorescence profiles in a lab- 
oratory experiment (see Fig. 2). Insert as in Fig. 3 

0 5 10 15 20 0 5 10 15 20 25 

Concentration (x10'cells m r l l  

Fig. 5. Development of vertical profiles of algal cell concen- 
tration in a laboratory experiment (see Fig. 2) 

sufficiently large dlstance so that C(L) = Co. The inges- 
tion layer has dimension of length and has a slmple 
physical meaning: it is the layer of initial concentra- 
tion, CO, holding as many algal cells as are actually 
ingested by the benthic filter-feeders up to a given 
time. Fig. 6 shows the ingestion layer versus time for 
the data of Figs. 2 to 5. Comparison with Table 2 shows 
that higher worm density causes higher growth rate of 
the ingestion layer (Fig. 5A, B compared to other fig- 
ures). Reducing the temperature from 10 to 4.4"C, at a 
given worm density, reduces both filtration capacity 
and ingestion layer growth (Figs. 4 & 5). Similarly, 
reducing temperature from 15 to 10°C (Fig. 3A,  B) 
reduces ingestion layer growth, despite increasing fil- 
tration rate. 

FIG 3 A  

- FlG.58 

o I r ( 8 r T , ~ ~ # 3 1 < . ! # , ~ 1 4 4 1  
0 50 100 150 200 

Time (min) 

Fig. 6 .  Growth of ingestion layer versus time for laboratory 
experiments in Figs. 2 to 5 At any time, the ingestion layer is 
the layer of initial concentration holding as many algal cells as 
are  actually ingested by benthic filter-feeders up to this time 

Phytoplankton densities measured as chl a on calm 
days in surface and near-bottom water of Odense Fjord 
show a reduction of about 2 times in the bottom water 
(Table 3). Other measurements performed in Kertinge 
Nor also demonstrate the presence of phytoplankton 
reduction in near-bottom water (Figs. 7 to 9). A pro- 
nounced phytoplankton-reduced bottom layer, corre- 
sponding to the profiles obtained in stagnant water in 
the laboratory experiments, is seen in Fig. 8, especially 

Table 3. Chl a concentrations measured in water samples col- 
lected in  calm weather near the surface and just above the 

bottom in Odense Fjord in June and July 1993 

Date Temperature Salinity Height above Chl a 
("c) (4,,,S) bottom (cm) (pg I-') 

29 June 18.4 

19.4 

24.1 

14 July 14.8 

15.5 

18.7 

15 July 19.5 

20.7 
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0 

0 1 2 3 4 5 6  

Chlorophyll a (pg  I-'] 

Fig 7. Chl a con- 
centration pro- 
file above the 
bottom in Ker- 
tlnge Nor In 

August 1993 

during the first 30 min with no current. However, this 
was subsequently changed when the tide (Fig. 8; 90 to 
180 min) caused a slow current to bring a new water 
mass with a higher algal content into the area (notice 
the new chlorophyll scale used to depict the 180 min 
profile). A similar situation is shown in Fig. 9A. 

Growth experiments 

The growth experiments (Table 4) suggest that 
reduced phytoplankton in near-bottom water is a fre- 
quently occurring phenomenon that restricts the 

growth of Nereis diversicolor. Specific growth rate, 
reflecting food supply, was about 10 times higher in 
worms raised 10 cm above the bottom. The maximum 
specific growth rates obtained in the field (2.5% d-') 
are considerably lower than growth rates measured on 
well-fed worms in the laboratory (4.9 to 5.6% d-l). 

DISCUSSION 

0 mln. : 30 min. 

Studies of vertical profiles of phytoplankton both in 
the field (Figs. 7 to 9) and in controlled laboratory 
experiments (Figs. 2 to 5) have demonstrated phyto- 
plankton reduction in a near-bottom water layer, 5 to 
10 cm in thickness on calm days, caused by filter-feed- 
ing Nereis diversicolor. Further, a considerably re- 
duced growth rate of N. diversicolor at the sediment 
surface compared to worms elevated just 10 cm above 
the bottom (Table 4) indicates that extremely meagre 
food conditions may be prevailing at the bottom. This 
hitherto unnoticed phenomenon may also explain the 
observed unexpectedly low in situ filter-feeding activ- 
ity of N. diversicolor (cf. Vedel et  al. 1994). 

The reduction of phytoplankton in the near-bottom 
water layer is a natural consequence of the activity of 
benthic filter-feeders. This is readily demonstrated in 
well-controlled laboratory experiments, involving no 

Fig. 8. Chl a concentra- 
tion profiles measured at 
different times in Ker- 
tinge Nor in October 
1993 (water temperature 
= 12.g°C, wind speed = 0 
to 3 m S-', current speed = 
2 to 3 cm S-'). Error bars: 

2 0 1 2 0 1 2 0 4 5 6  t SD ( n  = 2) 

Chlorophyll a ( p g  I - ' )  

: 180 min. : 60 min. 

Fig. 9. Fluorescence profiles mea- 
sured at d~fferent times in Kertinge 
Nor in (A) July and (B) September 
1993. (A) First profile (time = 0): 
temperature = 19.2"C, wind speed 
= 1 to 2 m S-' Second profile (time 
= 5.5 h): 23.0°C. 2 to 4 m S-', chl a 
in surface water = 11.0 i 1.5 uq I-' 

: 90 min. 

(* SD). (B) 17.6"C, 2 to 4 m S-',chl a 
0 1000 2000 3000 0 500 ' O o O  in surface water = 2.1 0.2 uq 1.' 
Fluorescence (arb~trary units) 
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Table 4. Nereis diversicolor Mean (z  SD) specific growth rate (p) of worms placed lnents, and it is expected to increase 
at different heights (0, 4. 10 and 20 cm) above the bottom in Kertinge Nor in July with both strength of exhalant cur- 
1994, and specific growth rates of worms fed algal cells (2 to 3 X 10'' Rhodornonas rents and population density of 
sp.  cells m l ' )  or shrimp meat (to excess). Number of worms on Days 0 and 14 are 
shown in brackets. Field: 24,4 i O.g°C, 16.9 i 0.6 ';Lo S. Laboratory 15"C, 17':'., S filter-feeders. Estimates of the magni- 

tude of the effective diffusivity and 

Location Food source Body wet weight (mg)  Growth, p 
Day 0 Day 14 ( % d  l )  

- - - p 

actual filtration rates, determined 
from the present experiments (Figs. 2 
to 5) ,  have been used to solve the dif- 

Field 0 cm Food source 371 r 37 (12) 385 r 56 (11) 0.2 i 1.1 
4 cm Phytoplankton 361 * 34 (12) 454 2 26 (8) 1.4 + 0.5 

l 0  cm - 342 * 36 (12) 475 * 69 (12) 2.5 + 0.6 
20 cm - 370 37 (12) 490 t 71 (10) 2.0 + 0.8 

fusion problem, assuming algal cells 
to be neutrally buoyant (P. S. Larsen 
unpubl.). The results are  expressed 
as the increase with time of the pre- 

Laboratory Rhodornonas sp.  367 t 41 (12) 728 t 33 (7) 4 9 i 0.8 
Shrimp meat 258 + 31 (9) 566 + 92 (9) 5.6 i 1.0 

- 471 + 84 (7) 942 r 149 (7) 5.0 + 0.7 

viously defined ingestion layer. In 
Fig. 10, theory is compared with ex- 
perimental data from the laboratory. 

For the second case in Fig. 10 (the 
case of Fig. 5) ,  diffusion theory gives 

global advection currents. Here the transient evolution a satisfactory prediction. For the first case (the case of 
of a concentration boundary layer can be modelled a s  a Fig. 3B), however, the data fall far below predictions. 
simple diffusion process, starting from an initially uni- One explanation for this difference is that organized 
form algal concentration and subjected to a flux convective currents still may have been present. It is 
boundary condition at  the bottom and an effective dif- more likely, however, that the population filtration 
fusivity in the agitated water. At the bottom, inhalant capacity measured previous to the algal depletion 
water, being filtered and subsequently exhaled, repre- experiment (Table 2) was not fully utilized during this 
sents a net drain of phytoplankton that can be ex- experiment-possibly due  to the disturbance of the 
pressed as a flux depending on the actual concentra- sensitive filter-feeding worms. The considerable ex- 
tion at  the bottom. In addition, inhalant and exhalant perimental uncertainty should also be noted. 
currents of the filter-feeders cause a mixing of the wa- More complicated and general cases of grazing 
ter in a region above the bottom. This mixing process impact by benthic filter-feeders involve turbulent 
involves up-currents of filtered water with a low (or and/or tidal water currents (e.g.  Wildish & Kristman- 
zero) phytoplankton concentration, and down-curren.ts son 1984, Frechette & Bourget 1985, O'Riordan et al. 
with a higher concentration. Over time the net result is 1993. Butman et al. 1994). Here, the distribution of 
a transport of phytoplankton in the direction of de- phytoplankton concentration may, in principle, be 
creasing concentration, a process that may be mod- modelled as a convection-diffusion process. The 
elled in the usual way by Fick's law. The effective effective diffusive transport through a horizontal cur- 
diffusivity in this law must be determined from experi- rent leads to a boundary layer whose spatial develop- 

ment is dependent on: (1) the extent of populated 
area of bottom, (2) the upstream concentration, and 
(3) the mixing due to turbulence of the flow and 
wind-driven circulation, in addition to that induced 
by the filter-feeders. A suitable model for this sltua- 
tion remains to be developed. 

C 
As suggested above, the strength of the exhalant 

currents created by filter-feeding Nereis diversicolor is 
expected to affect the development of concentration 
boundary layers. The velocity of exhalant currents 
(determined by the tube with inner diameter of 4 mm 

Time (min) Time (min) in the laboratory experiments) of N. diversicolorpump- 

Fig. 10. lngestlon layer versus time for 2 laboratory experi- ing  min-' (looC; see Riisgdrd et Igg2)l can be 

ments (# l  as  In Fig. 3B. #2 as  in Fig. 5). Experimental data estimated to be  0.7, 1.1 and 1.5 cm S-' at  5, 10 and  
(circles) and solutions to diffusion model (curves) a r e  shown. 15"C, respectively. Despite the considerable change of 
The l -D transient diffusion problem was solved uslng an temperature in the present the results do 
effectlve diffusivity of 0 3 X 10h m' S - '  (an average value esti- 
mated from flux and concentration gradient near bottom for not show a clear effect of i t  on the thickness of the mix- 

data of same experiments) a s  well as  F,,,,,, values from Table 2 ing layer or the deduced effective diffusivity used in 
and assuming 100 % retention the modelling shown in Fig. 10. 
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