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ABSTRACT: In two laboratory experiments, the effects of temperature and food availability on the 
growth of 10- to 23-mm high specimens of the bivalve Arctica islrmdica were estimated. Each 
experimental set-up consisted of 5 treatments in which either the food supply or the temperature 
differed. It was demonslrated that Arctica is able to grow at temperatures as low as 1 ~ A tenfold 
incredse of shell growth was observed at temperatures between 1 ~ and 12 :C. The greatest change 
in growth rate took place between 1 ~ and 6 ~ Average instantaneous shell growth varies 
between 0.00t)3 at I ~ to 0.0032/day at 12 ~C'. The results suggest that temperature hardly alfects 
the time spent in filtration, whereas particle density strongly influences that response. Starved am- 
reals at 9 ~ have their siphons open durmg only 12% of the time, whereas the siphons ol opti- 
mally fed animals were open on average during 76% of the observations. Increased siphon activity 
corresponded to high shell and tissue growth. At 9 ~ average shell growth at the optimum cell 
density o[ 20xlO" cell/1 was 3 I mm corresponding to an instantaneous rate of 0.0026/day. An algal 
cell density (Lsochry.sis gulbanu, Dunuliella marina) ranging between 5 and 7x10" cell/l is just 
enough to keep shells alive at 9 ~ (.'arbon conversion efticiency at 9 ~ is estimated to vary 
between 11 and 14 %. 

I N T R O D U C T I O N  

In r e c e n t  years ,  a t t en t ion  has  f ocused  on the  g r o w t h  of Arctica islandica b e c a u s e  of 

its c o m m e r c i a l  i m p o r t a n c e  a long  the  A m e r i c a n  eas t  coas t  (Kenn i sh  et  al., 1994). Knowl -  

e d g e  a b o u t  shel l  g r o w t h  was  o b t a i n e d  by a p p l y i n g  the  a c e t a t e  pee l  m e t h o d  (Ropes,  

1985; Ropes ,  1988) w h i c h  r e su l t ed  in re l i ab le  e s t i m a t e s  a b o u t  longev i ty  a n d  a n n u a l  

g r o w t h  rates.  M u r a w s k i  et al. (1982) e s t i m a t e d  shel l  g r o w t h  of 10-year  old Arctica at 

6.3% w h e r e a s  in o lde r  an ima l s  g r o w t h  ra tes  as low as 0.2% w e r e  found.  This  low va lue  

for l a rge  a n i m a l s  c o r r e s p o n d s  to the  resul ts  o b t a i n e d  by Fors te r  (1981). He  m e a s u r e d  

0.1 m m  g r o w t h  (in-situ) over  a one  yea r  pe r iod  in Arctica with  shel l  l e n g t h s  b e t w e e n  

82-108  mm.  E s t i m a t e s  of g r o w t h  ra tes  for y o u n g  Arctica w e r e  r e p o r t e d  by K e n n i s h  

et  al. (1994). T h e y  t r a n s p l a n t e d  art if icially r e a r e d  s p e c i m e n s  wi th  shel l  l e n g t h s  b e t w e e n  

9 a n d  20 m m  to an of fshore  locat ion in the  Gulf  of M a i n e  (USA). R e p e a t e d  m e a s u r e -  

m e n t s  d u r i n g  the  two  fo l lowing yea rs  d e m o n s t r a t e d  an  e n o r m o u s  var iabi l i ty  in shel l  

g r o w t h .  In s o m e  per iods ,  a v e r a g e  g r o w t h  was  +1 IJm/day, w h i l e  in o t h e r  p e r i o d s  the  

a v e r a g e  g r o w t h  was  25 Bm/day.  Kraus  et  al. (1992) t r a n s p l a n t e d  s p e c i m e n s  f rom an  off- 
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shore location to an estuarine location and demonst ra ted  that growth can be increased 

considerably. In two years time, the exper imenta l  shells attained a size which would 

have taken 28 to 35 years in their natural  off-shore habitat. 
Quant i ta t ive  relationships be tween  growth and environmental  factors are poorly 

known or speculat ive.  Kraus et al. (1992), for instance, at tr ibuted the low growth rates 

in the offshore shells to dis turbance or competi t ion for food, but that supposit ion has 
never  been  substant iated by facts. While filtration rates in conjunction with tempera-  

ture, animal size, or food concentrat ion have  been  de te rmined  exper imenta l ly  (Moh- 

lenberg  & Riisg~rd, 1979; Winter, 1969, 1978) virtually nothing is known about shell 

growth under  controlled laboratory conditions. 

The present  paper  describes the results of two growth exper iments  with juveni le  

Arctica. In the first experiment ,  the animals were  kept under 5 di tferent  feeding 

regimes  at a constant temperature.  In the second experiment ,  the spec imens  were kept 

at 5 different tempera ture  levels while food concentrat ion was kept near  opt imum 
(Winter, 1969). The aim was to measure  tempera ture  dependen t  growth and to estab- 

lish a relation be tween  growth and food availability. 

MATERIAL AND METHODS 

Living spec imens  of luveni le  Arctica were  collected from the Sfiderfahrt  site (see 

Brey et al., 1990) in Kie[ Bay in the western  Baltic Sea. Within 24 hours these animals 
were  transferred under  refrigeration to the Nether lands  Institute at Sea Research 

(NIOZ). There  they were  placed in sand filled containers in a basin with aera ted  sea- 

water  until used. During the first four weeks,  the animals  were gradual ly accl imated to 

the exper imenta l  conditions. From this collection, a selection of animals to be used in 
the exper iments  was made on the basis of shell size. 

E x p e r i m e n t  I: food  a v a i l a b i l i t y  

The  exper imenta l  set-up was comprised of 5 t reatments  (I-V) each with four repli- 

cates. Each replicate consisted of a container  with a water  volume of 10 I. These  con- 

tainers were  placed in a thermostatically controlled basin in which the t empera tu re  was 
kept at 9.2 • 1 ~ Two days a week  the water  in the replicates was f lushed to avoid 

harmful concentrat ions o[ metabolites.  Except  for the replicates in t rea tment  I, all repli- 

cates in the other t reatments  were  continuously suppl ied with differing quanti t ies of 
the same suspension of Isochrysis galbana and Dunaliella marina by a peristalt ic pump. 

The ratio of food added  to the t reatments  II :III : IV : V was 1 : 2.4 : 5.8 : 8.8 respectively. 

The spec imens  in t reatment  I rece ived  no food. In each replicate, the a lgae  were  held 

in suspension by gent le  aeration. The  evolving food conditions in each of the replicates 

was monitored twice a week  by cell counts on an Elzone particle counter, and once a 
week  by chlorophyll measurements  on a Hitachi F2000 f luorescence me te r  following 

standard methods.  

Chlorophyll  concentrat ion of the food source was regularly de te rmined  as 

descr ibed abow;. Carbon content  of these suspensions was de te rmined  after wet oxida- 
tion on an Oceanography  International  MSA infrared analyser. Mult iplying the aver-  
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Table 1. Overview of experimental conditions and main results per treatment in the food experi- 
ment at 9 ~ The values between parentheses indicate average when the deviant replicate is 

omitted 

Treat. Cell density Chloro- Siphon a~ Height ~ I.ength .'~ Width A Weight A Index 
(10" cell/l) phyll activity (mm) (mm) (mm) (mg) 

In!V1) (%) 

I 0.49 004 12.6 0.06 0.03 -0.03 -5.59 -1.10 
II 7.40 1.25 43.0 0.21 0.22 0.20 2.07 0.23 
Ill 5.41 102 64.5 1.26 1.41. 0.71 18.96 2.40 
IV 14.74 2.66 64.1 2.05 2.34 1.11 42.78 4.74 

[9.80) (188) (73) (2.25) 12.58) (1.22) (42.831 (4 6.'-)) 
V 21.35 4.53 76.3 3.(}6 3.57 1.58 66.86 6.91 

a g e  ca rbon  c o n t e n t / m l  suspens ion  with  the  quan t i ty  a d d e d  per  day to e a c h  c o n t a i n e r  

y i e lded  an a v e r a g e  supp ly  of 62 big P O C / d a y  per  r ep l i ca t e  in t r e a t m e n t  II to 550 lag 
P O C / d a y  in the  best  fed rep l ica tes  of t r e a t m e n t  V. 

N i n e  n u m b e r e d  glass jars w e r e  p l aced  in each  of the  repl icates ,  wi th  one  s p e c i m e n  

in ectch jar. The  a v e r a g e  of t r ipl icate  m e a s u r e m e n t s  of shel! height ,  shel l  l eng th  and 
shell  width  was used  to desc r ibe  ac tua l  shel l  size. T h e s e  m e a s u r e m e n t s  w e r e  m a d e  

with e lec t ron ic  cal l ipers .  A v e r a g e  s t a n d a r d  dev ia t ion  at the  t r ipl icate  m e a s u r e m e n t s  
was 0.06 mm. The  size r a n g e  of shel ls  was  kep t  as smal l  as poss ible  and  va r i ed  

b e t w e e n  12 and  20.5 m m  (height).  T h e  s p e c i m e n s  w e r e  d iv ided  a m o n g  the r ep l i ca t e s  in 

such  a way  that  at the start  of the e x p e r i m e n t  a v e r a g e  he igh t  and  s t anda rd  dev i a t i on  in 
e a c h  of the rep l ica tes  was  a p p r o x i m a t e l y  equa l .  

The  re la t ionsh ip  b e t w e e n  size and  a sh - f r ee  di2r w e i g h t  (AFDW) was  d e t e r m i n e d  

us ing  7l  an ima l s  not  i nvo lved  in the  e x p e r i m e n t a l  p rocedu re .  The  shel ls  w e r e  m e a -  
su red  and  soft t issue was  r e m o v e d  and  dr ied  al 60 ~ until  cons tan t  w e i g h t  was 

r eached .  Af ter  p r e - w e i g h i n g ,  the d r ied  f lesh was  inc ine ra t ed  at 540 ~ for th ree  hours  
y ie ld ing  the AFDW. T h e  re la t ion b e t w e e n  shel l  h e i g h t  and  w e i g h t  was used  to e s t ima te  

the condi t ion  index  (weight/height:~• of e a c h  e x p e r i m e n t a l  Arc t ica  at the  start  of 
the e x p e r i m e n t .  

W h e n  Arc t i ca  is bur ied  in s ed imen t ,  two m o d e s  of s iphon act ivi ty  w e r e  dist in-  

gu i shed .  In m o d e  I the va lves  are  c losed,  the  man t l e  e d g e  migh t  be visible,  bu t  the 
s iphons  are  closed.  In m o d e  II the m a n t l e  e d g e  is e x t e n d e d  and  the s iphons  are  fully 

open .  A c c o r d i n g  to M o h l e n b e r g  & Riisg~ird (1979) the  m o d e  with  fully o p e n  s iphons  is 

a s soc ia t ed  with  h igh  fil tration rates, wh i l e  d e c r e a s i n g  fi l tration rates a r e  a s soc ia t ed  

with par t ia l  c losure  of the  valves ,  s iphons ,  or m a n t l e  edges .  Thus,  the  m o d e  of s iphon  
dct ivi ty  is an  indica t ion  Jar the f i l t rat ion act iv i ty  and,  therefore ,  p r o b a b l y  for food 

up take ,  In acco rdance ,  we  r eco rded  m o d e  of s iphon  achv i ty  once  a day  for e a c h  indi-  
v idua l  s p e c i m e n .  At the end  of the e x p e r i m e n t ,  the  n u m b e r  of days  in wh ich  the spec i -  

m e n  d i s p l a y e d  o p e n  s iphons  (Mode  II) was  e x p r e s s e d  in p e r c e n t a g e  of the  total n u m b e r  

of obse rva t ions .  This  quan t i ty  is r e fe r red  to as dai ly  s iphon  activity. 

Shel ls  wh ich  d ied  du r ing  the e x p e r i m e n t  w e r e  r e p l a c e d  by similar  s ized s p e c i m e n s  
to min imise  the  effects  of d i f fe rences  in compe t i t i on  for food b e t w e e n  repl ica tes .  T h e s e  
shel ls  w e r e  not  used  in the  final ana lyses .  
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Af te r  68 days ,  t h e  she l l s  w e r e  r e m e a s u r e d ,  fo l lowed  by  t he  d e t e r m i n a t i o n  of the i r  

AFDW, as  d e s c r i b e d  a b o v e .  T h e  d i f f e r e n c e  b e t w e e n  the  she l l  m e a s u r e m e n t s  at  t h e  s ta r t  

a n d  e n d  of t h e  e x p e r i m e n t s  w a s  r e g a r d e d  as  g r o w t h .  I n s t a n t a n e o u s  g r o w t h  r a t e s  (a) 

h a v e  b e e n  c a l c u l a t e d  for all she l l s  as  a = (Ln (y,/y0)/t), w i th  y,  e q u a l  to t h e  in i t ia l  she l l  

s ize  at  t h e  s t a r t  of t h e  e x p e r i m e n t  a n d  y~ as  t he  she l l  s ize  at t i m e  t. 

T h e  d i f f e r e n c e s  b e t w e e n  t r e a t m e n t s  w e r e  t e s t e d  by  a n a l y s e s  of v a r i a n c e  (ANOVA) ,  

a n d  t he  r e s i d u a l s  w e r e  c h e c k e d  for n o r m a l  d i s t r i b u t i o n  a n d  d e p a r t u r e s  f rom 

h o m o s c e d a s t i c i t y  by  g r a p h i c a l  m e t h o d s .  In all cases ,  t he  d a t a  sa t i s f i ed  t h e  a s s u m p t i o n s  

to jus t i fy  A N O V A .  

E x p e r i m e n t  II: t e m p e r a t u r e  

In t he  s e c o n d  e x p e r i m e n t ,  a n  a t t e m p t  w as  m a d e  to a s s e s s  t he  e f fec t s  of t e m p e r a t u r e  

on  t h e  g r o w t h  of s i m i l a r  s ized  s p e c i m e n s  as  d e s c r i b e d  for e x p e r i m e n t  I. T h e  e x p e r i m e n -  

tal  s e t - u p  w a s  e s s e n t i a l l y  s n n i l a r  to t h a t  d e s c r i b e d  a b o v e ;  f ive t r e a t m e n t s  (A, B, C, D, E) 

w i th  four  r e p l i c a t e s  each .  E v e r y  r e p l i c a t e  c o n t a i n e d  6 l a b e l l e d  g lass  j a r s  w i t h  o n e  an i -  

ma l  in e a c h  jar. T h e  t r e a t m e n t s  d i f f e r e d  in t e m p e r a t u r e  w i th  l owes t  a v e r a g e  t e m p e r a -  

tu re  se t  a t  1.1 ~ • 0.2 ~ for t r e a t m e n t  A, a n d  the  h i g h e s t  a v e r a g e  t e m p e r a t u r e  se t  

a t  12 ~ _+ 0.8 ~ for t r e a t m e n t  E. T h e  t e m p e r a t u r e s  of t r e a t m e n t s  B, C a n d  D w e r e  3.2 ~ _+ 

0.4 ~ 6.2 ~ +_ 0.5 ~ a n d  9.2 ~ • 0.6 ~ r e spec t ive ly .  

At  t he  s ta r t  of t h e  e x p e r i m e n t ,  t he  a v e r a g e  she l l  h e i g h t  w a s  15.5 m m  a n d  r a n g e d  

b e t w e e n  10.1 a n d  23.1 m m .  Ini t ia l  w e i g h t  of t he  e x p e r i m e n t a l  s p e c i m e n s  w a s  e s t i m a t e d  

on  t he  bas i s  of a n  A F D W - h e i g h t  r e l a t i o n s h i p  d e t e r m i n e d  f rom a r e f e r e n c e  g r o u p  of 50 

a n i m a l s  at  t h e  s ta r t  of t he  e x p e r i m e n t .  

All r e p l i c a t e s  w e r e  fed w i th  a p h y t o - p l a n k t o n  m i x t u r e  as d e s c r i b e d  for  t h e  expe r i -  

m e n t  I. To e n s u r e  t h a t  g r o w t h  took  p l a c e  u n d e r  ad  l i b i l um food c o n d i t i o n s ,  t h e  ava i l -  

ab i l i ty  in e a c h  r e p l i c a t e  w a s  k e p t  in t he  o p t i m u m  r a n g e  of 10x10 ~; to 20x10"  ce l l / l t r  

(Winter ,  1969). To m a i n t a i n  t h e s e  levels ,  t he  pe r i s t a l t i c  p u m p s  w h i c h  s u p p l i e d  e a c h  

Table 2. The results of a multiple regression analysis describing height  growth (mm), being 
dependen t  on daily s iphon activity expressed as % and average  cell density in 10" cell/ltr. 2a: The 
regression coefficients, the s tandardised coefficients and their significance for the model, growth = 
constant + a. cel/ml + b. activity. 2b: ANOVA table describing the significance of the tested regres- 

sion model 

2a  

Variable Coeff Std Error Std Coeff Tolerance T P (2 Tail) 

Constant  -0.839 0.279 0.000 -3.004 0.008 
Cell density 0.0049 0.016 0.367 (a) 0.764 3.164 0.006 
Activity 0.032 0.006 0.672 (b) 0.764 5.797 0.000 

2b 

Source SS DF MS F P 

Regression 22. t 79 2 1 t .090 40.219 0.000 
Residual 4.687 17 0.276 
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replicate were adjusted when  necessary. Every day the siphon activity for each individ- 
ual animal  was recorded. Twice a week the cell density and  once a week  the chloro- 
phyll concentrat ion were measured  in each replicate. No POC measurements  of the 
stock cultures were made, nor was the capacity of the pumps  measured  exactly. The 
experiment  lasted 95 days and at the end  the shells were treated as described for 
experiment  I. 

RESULTS 

E x p e r i m e n t  I: food a v a i l a b i l i t y  

The average food conditions dur ing the exper iment  and results per t rea tment  are 
summarised in Table 1. Algal cell density ranged  be tween  virtually nothing (I) to 
21x106 cell/1 (V). As expected, the chlorophyll concentrat ion followed the t rend in cell 
density closely. One of the replicates in t reatment  IV strongly deviated from the norm in 
all measured  parameters  and we therefore recalculated the averages omitting these 
deviat ing values. The difference in siphon activity be tween  the t reatments  (Figure 1) 
was most obvious. The shells in the non-fed containers ( treatment I) had the lowest 
siphon activity with an average of 12.6% corresponding to 9 days. Shells in t rea tment  
V, which received the highest ration, were recorded with open siphons dur ing 52 days, 
which is 76% of the experimental  period. The shells in the replicates at in termediate  
food levels ( treatments II-IV) were found with open siphons be tween  43 and 64% of the 
observations. The absence of a difference be tween  t reatment  III and IV (Table 1) can be 
at tr ibuted to the deviat ing replicate of t reatment  IV. Shells in this replicate had open 
siphons dur ing only 34% of the observations. The siphon activity of the deviant  repli- 
cate differed significantly from the average values in the other replicates within the 
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Fig. 1. Box and Whiskerplot of average daily siphon activity per treatment in experiment I. Treat- 
ments I-V correspond to an average POC supply of 0, 62, 150, 362, and 550 pg/day. The deviating 

replicate in treatment IV (see text) is omitted from the graph 
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t reatment  IV (Tukey HSD, pairwise comparison p < 0.05). This deviant  replicate is 

therefore omit ted from Figure 1 resulting in an ave rage  of 73% of observat ions  at which 

the animals had open siphons. 
Figure 1 illustrates that, within the range of foodsupplies used, ave r age  daily 

siphon activity reaches a maximum value of approximately  80%. The observed  differ- 

ences  be tween  treatments  in average  siphon activity appeared  to be significant 

(Anova, p < 0.051. A Tukey HSD pairwise comparison demonst ra ted  that the differences 

be tween  the three best fed treatments  IIII to V) were  insignificant but they all differed 

significantly (p < 0.00l) from the starved and lowest fed treatment.  

Notwiths tanding the utmost precautions, the collection, transfer and adapta t ion of 
the animals caused the formation of a dis turbance mark which was external ly  visible as 

a shallow groove on the external  shell surface. In spec imens  which grew considerably, 

this mark was accompanied  by a shift in colour of the periostracum from a yellowish 

hue to a darker  brown colour. This mark facilitated the recognit ion of shell growth. 

It appeared  that high siphon activity corresponded to fast growth IFigure 2a). Not 

only did the differences be tween  treatments  show this relationship, but the same rela- 

tionship exists for individual shells within t reatments  (Figure 2b), and it was absent  in 

the food depr ived  t reatment  (I). 
Animals with a siphon activity below 40% hardly grew, irrespective of the amount  

of food provided [Figure 2a). The ave rage  change  for all shell d imensions  is given in 

Table 1. The observed increase of 0.06 mm in the nonfed t reatment  [I) equals  the mea- 

surement  error and is therefore d e e m e d  insignilicant. Maximum change  in shell height 
was 4.7 mm for one shell in the best fed t reatment  IV). The ave rage  instantaneous 
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Fig. 2. Relationship between average siphon activity and average shell growth. 2a" The depen- 
dence of average height growth per replicate in experiment I. Each symbol indicates a replicate 
average. 2b: Similar relationship as in Figure 2a for the siphon activitv of individual specimens 

within treatment III of the food experiment 
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growth rates ranged be tween  0.0002 and 0.0026/day. Analyses of var iance showed that 

shell growth rates differed significantly be tween  treatments  (p < 0.05). Growth in all 

three dimensions, as well as growth of soft tissue, were  strongly related with correlation 
coefficients ranging be tween  0.88 and 0.99 (Figure 3a/b). 

The ash-free dry weight  of the nonfed t reatment  (I) showed an ave rage  decrease  of 

5.6 mg (Table 1). Tissue weight  in t reatment  lI remained almost equal  over  the sample  
period with an average  increase of only 2 mg. Although cell densitv in t rea tment  fit was 

lower than the density in t rea tment  lI, the average  weight  increase in t rea tment  III 

(42.8 mg) was 2.3 times higher  (Table 1). The shells in the best fed t reatment  increased 

67 mg on average,  but for some individual  shells, growth of the soft tissue exceeded  
100 mg (Figure 3b). 

The combined etlect  of tissue growth and shell growth is given as the ave rage  con- 

dition index (weight/height~xl000).  For the reference group it was est imated to be 6.19 

_-z- 0.05 at the start of the experiment .  Compared  to this value, the average  index of the 
non-fed shells in t reatment  I decreased  to 5.11. The average  index values in all other 

t reatments  increased be tween  2 to 111% (Figure 4). 

Except for t reatment  [ and II, the changes  in the condition index be tween  all treat- 

ments were significant (Tukey I-ISD test, P < 0.05). The index changed  at high food con- 
centrations more rapidly than the corresponding siphon activity, suggest ing that at high 

particle concentrations,  minor increases in siphon activity lead to disproport ionately 
high increases in tissue growth. 

A mulliple regression model  describing shell growth (heightl as being dependen t  

on average  cell density and filtration activity, has been fitted to the data. The regression 
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was highly significant (Table 2b) with a coefficient of determinat ion of 0.68. The stan- 
dardised regression coefficients (Table 2a) illustrate the great importance of filtration 
activity (0.672), compared to the effect of algal density (0.367) (Table 2). 

E x p e r i m e n t  II: T e m p e r a t u r e  

In exper iment  [I it was essential  to ensure  that growth was not limited by a short- 
age of food, but rather that it was entirely controlled by temperature.  Thus, all treat- 
ments  received differing quanti t ies  of food to compensate  for the observed differences 
be tween  treatments  in the loss of particles. This implied that the supply rates of the 
peristaltic pumps needed  to be regularly adjusted, in an at tempt to keep cell density as 
close as possible to the opt imum value as reported by Winter (1969). 

Nevertheless,  significant differences in algal cell density were observed be tween  
the treatments  (Figure 5). Cell density at 12 ~ was significantly lower when  compared 
to 3 ~ 6 ~ or 9 ~ while the cell densi ty in t reatment  A (1 ~ was significantly higher 
(Tukey HSD pairwise comparison, p < 0.01). The differences in the average chlorophyll 
concentrat ions shows the same trend since both are closely related. 

The greatest  possible effects of tempera ture  on shell growth are best i l lustrated 
when  the average maximum height  growth per t reatment  is studied (Figure 6a). A 
Tukey HSD test showed that two groups could be dist inguished which differed signifi- 
cantly (p < 0.01). The first group consisted of the replicates at the two lowest tempera-  
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tures  a n d  the  o t h e r  g r o u p  cons i s t ed  of the  t r e a t m e n t s  at the t h r e e  h i g h e s t  t e m p e r a t u r e s .  

It a p p e a r e d  that  the  effect  of i n c r e a s i n g  t e m p e r a t u r e  on the  c h a n g e  of the  shel l  h e i g h t  

is g r e a t e s t  b e l o w  6.2 ~ B e t w e e n  1.1 ~ a n d  3.2 ~ h e i g h t  i n c r e a s e s  wi th  0.58 m m / ~  

a n d  b e t w e e n  3.2 ~ a n d  6.2 ~ m a x i m m n  h e i g h t  i n c r e a s e s  wi th  0.87 m m / ~  A b o v e  

6.2 ~ the  i n c r e a s e  is half  to one  third  of that ,  i.e. 0 .2-0.3 m m / ~  
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a slight increase in siphon activity is visible between 1 ~ and 12 ~C 
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Whi le  in e x p e r i m e n t  [, g r e a t  d i f f e r e n c e s  in s i p h o n  act ivi ty w e r e  o b s e r v e d  b e t w e e n  

the  poor ly  fed  a n d  bes t  fed t r e a t m e n t s ,  the  c h a n g e  in s i p h o n  act ivi ty w i th  i n c r e a s i n g  

t e m p e r a t u r e  w a s  marg ina l l y  s ign i f i can t  (p = 0.0461 IFigure  7). 

N o n e  of the  t r e a t m e n t s  differect from e a c h  o t h e r  in the i r  a v e r a g e  da i ly  s i p h o n  

activity, a l t h o u g h  a w e a k  re la t ion  b e t w e e n  shel l  g r o w t h  a n d  s i p h o n  ac t iv i ty  ex i s t ed  

(Figure  8a). 

Shel l  g r o w t h  occurs  at all t e r n p e r a t u r e s ,  e v e n  at 1"(-:, a l t h o u g h  the  a v e r a g e  i n c r e a s e  

at  this t e m p e r a t u r e  was  srnall (0.40 ram). T h e  a v e r a g e  g r o w t h  b e t w e e n  3 ~ a n d  12 ~ 

r a n g e d  b e t w e e n  1.34 to 5.4 m m  {Table 3}. T h e  d i f t e r e n c e  in g r o w t h  b e t w e e n  6 ~ a n d  

9 ~ w a s  small ,  w h e r e a s ,  the  i n c r e a s e  w a s  re la t ive ly  g r e a t  b e t w e e n  9 ~ a n d  12 ~ Cor-  

r e s p o n d i n g  i n s t a n t a n e o u s  dal ly  g r o w t h  ra tes  r a n g e  from 0 .0003 /day  to 0 .0032/day ,  thus  

a t enfo ld  i n c r e a s e  in shel l  g r o w t h  t a k e s  p l a c e  b e t w e e n  l . l  ~ a n d  1.2 ~ 

Table 3. Ove.~v:ew of the results per treatment obtained in experiment !I. Growth measurements  
in mm or mg • standard deviation. A to E refer to treatments of which the average conditmns are 

given in the three columns on the lett 

Treatment Temp. [chl a] cell/ltr ~ Height ~ Weight max ", height Activity 
(~ (pg/ltr) • (mm) (rag) (ram) (%) 

A 1.1 7.9 26.2 0.40_+0.36 21.7=20.1 0.68-,-0.16 55__. 6 
B 3.2 5.! 16.5 1.34 • 0.75 37.3 • 26.8 2.09 • 0.07 57 • 13 
C 6.2 4.9 18.0 3.2 • 95.3• 4.69• 67•  8 
D 9.2 4.2 15.1 3.43• 1.8 75.5• 5.3 • 58•  15 
E 12 3.5 11.9 5.44 • 106.1 • 6.18• 68 • 9 
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Fig. 9 Box and Whisker plot of the change in condition index I.'~ Wmght/heioht'xl000) of the 
animals at live different temperdlures; * indicates outlier (1.5xIl) 

In all treatments,  the ave rage  weights  increased. As with shell growth, ave rage  tis- 

sue growth at 1.1 ~ and 3.2 ~C was significantly different Irom tissue growth at 6.2 ~ 9.2 ~ , 
or 12 ~ The greatest  increase {207 mg) for an individual animal was found at a tem- 

perature of 6.2 ~C. Average values for all t reatments  are given in Table 3. Height  and 

weight  growth were  strongly correlated (Figure 3) but the greatest  change  in condition 
index took place at 6.2 ~ (Figure 9), indicating that the tissue weight  increased more 

rapidly than shell volume during the exper imental  period at that temperature .  

DISCUSSION 

In short-term experiments ,  Winter (1969) determined the effects of tempera ture  
and particle density of filtration rate and food utilisation by Arct ica .  Between 4 ~ and 

14 ~ both the filtration rate and phagocytosis  increased by a factor ~2. Winter (1969) 

observed that at increasing particle densities, the filtration rate decreases  but differ- 
ences  in the utilisation of the inges ted  food keeps assimilation ef[iciency at approxi- 

mately 67%. Based on this, h igher  growth rates can be expected  at h igher  tempera-  

tures. Because growth is d e p e n d e n t  on the equil ibr ium of food uptake and the amount  
needed  for maintenance ,  growth tends to increase at h igher  temperatures ,  g iven the 

premise that food availability is high enough.  The direct effect of tempera ture  itself on 

the metabolic rate may limit growth as well, even  when food availability is high 
enough. The border-l ine conditions at which Arc t i ca  ceases to grow are poorly known, 

but because  the (shell) growth record of Arc t i ca  is seen as a valuable  tool to reconstruct 

envi ronmenta l  change  (Witbaard & Duineveld,  1990; Witbaard, 1996), a good under-  
standing of such conditions would be of high value. 
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Mortality of experimental  animals  gives the first indication to marginal  conditions 
for growth. In experiment  [I, 19% of the experimental  animals died. They were equally 
divided over all temperatures  and replicates. Thus, none of the tempera tures  caused 
higher mortality, which is in accordance with the natural  temperature  range  of 0 ~ and 
19 ~ as reported by Merrill et al. (1969). Although total mortality (17%) in the food 
exper iment  (I} was similar, most animals  died in treatments It and [I[. In the non-fed 
t reatment  (I) only 8% died. These starved animals  became quiescent  for long periods 
and were found only now and then with open siphons to "sample" the food conditions. 
Besides the fact that the animals in t reatments  II and IIl were more f requent ly  active, 
the cont inuous low cell densities in these treatments  promoted high filtration rates 
(Winter, 1969). Their energy expendi ture  would have been  higher than that of the 
starved Arct ica .  The increased energy need  was not covered by the energy  uptake 
from the amount  of ingested food. As a consequence,  the animals died. We therefore 
assume that the food conditions in t reatments  II and 111 were marginal  for survival and 
growth. At 9 ~C this corresponds to an algal cell density of 5 to 7• '~ cell/ltr or a supply 
rate of 6.2-15.0 tJg POC/day �9 ltr. 

The above ment ioned cell-densities should be treated with some caution, because 
we observed an inverse relationship be tween  siphon activity and particle densi ty  (Fig- 
ure 8b). This suggests that the animals  controlled particle density, but also illustrates 
that siphon activity is related to food uptake.  This relation is substant ia ted by the posi- 
tive correlation be tween this activity and growth (Figure 2; Figure 8a). Thus,  al though 
the daily siphon activity is a rather crude measure,  it appears  to give a valid measure  of 
the feeding activity of each individual  animal.  

The control of particle density was not a problem in the food exper iment  I, because 
the aim was to limit the shell growth by the food availability. For the tempera ture  
experiment,  however, it could have implied food limitation. There were, however,  no 
indications that food-limited growth occurred since the highest rate was found at 
12 ~ al though particle density was lowest at that t empera tu re  

The inverse relationship be tween temperature  and particle concentra t ion (Figure 
5) agrees with the results of Winter (1969) who found a doubling of filtration rate 
be tween  4 ~ and 14 ~ While tempera ture  hardly affects the daily siphon activity, the 
results of the food experiments  do suggest  that Arc t i ca  adjusts decreas ing filtration 
rates at increasing cell densities by increasing the time spent  in filtration. This result 
does not contradict Winter's (1969} findings of decreasing filtration rates with increas- 
ing cell densities, because daily siphon activity says nothing about the filtration rate. It 
should be seen as a measure  for the time spent  in filtration. The results, therefore, sug- 
gest that within the range of particle densit ies used, the uptake of food is optimised by 
maximisation of the food uptake by prolonged periods of filtration at low rates. 

This means  that the rapid change  in shell growth be tween  1 ~ and 12 ~ under  opti- 
mum food conditions results from the combinat ion of changing  filtration rates (Q,,~ = 
2.05; Winter, 1969) and increased phagocytes  (Q ,o = 2.15; Winter, 1969). The results of 
this study suggest  that the greatest change  in the growth rate takes place in the lower 
temperature  range ( l -6  ~ This implies that small differences in the bottom water 
temperature  during spring may have a rather large impact on shell growth. The results 
obtained in the food exper iment  furthermore suggest  that at high particle densities, 
minimal  changes in the time spent in filtration, may lead to a disproportionately large 
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change  in shell growth. The combinat ion of these results, therefore, suggest  that the 
bottom water temperature  at which the sediment ing  spring bloom reaches the bottom 
is a main de terminant  of shell growth. 

A quanti tat ive interrelationship be tween  temperature  and food availabili ty and 
growth cannot,  however, be de termined on the basis of the data presented in this study. 
The comparison of growth rates of field populations (Witbaard, in prep.) indicate that 
the effect of temperature  on in-s i tu  growth is small and is easily overruled by other fac- 
tors. The spatial differences in growth rates of natural  North Sea populat ions could not 
be explained by temperature.  Neither could temperature  explain the huge temporal 
variation in shell growth of specimens from the Fladen Ground (Witbaard, 1996; Wit- 
baard & Duineveld, 1990). While the growth rate itself might be limited by tempera-  
ture, the results of the temperature exper iment  demonstrate  that growth is possible at 
temperatures below 6 ~ These results therefore contradict the conclusion of Weidman 
et al. (1994) who proposed the existence of a shutdown temperature  at -+6 ~ under  
which growth stops (Witbaard et al., i994). The absence  of such a lower temperature  
limit is also suggested by field data on growth of shells which stinted as early as March 
(Witbaard et al., 1994) or the extremely high growth rates of shells from north-west Ice- 
land (Witbaard, in prep.). Many authors indeed point to the uncoupl ing  be tween  the 
onset of growth and temperature (Broom & Mason, 1978; Chris tensen & Kanneworff, 
1985), and their results as such confirm the idea that food availability triggers the start 
of growth. Although Arc l i ca  can survive temperatures  of +_20 ~ the distributional bor- 
der in many populations is set by the 16 ~ isotherm (Mann, 1982). Because larvae tend 
to grow optimally between 13 and 15 ~ (Mann & Wolf, 1983) that tempera ture  range 
might be the optimum for post larval specimens as well. Indeed, pre!imindry growth 
rate estimates at temperatures  above 12 ~ suggest  an opt imum temperature  some- 
where be tween  12 ~ and 18 ~ (Witbaard, 1995). 

Winter (1969) estimated the assimilation efficiency be tween  4 ~ and 12 ~ at 67%, 
but since the absorbed amount  is partly utilised for ma in tenance  it is hard to estimate 
tissue and shell growth from such a value. We therefore estimated the carbon conver- 
sion efficiency (ABiomass/Consumption; sensu Crisp, 1984) from the results of experi- 
ment  I. The lack of knowledge about  the effect of temperature  on filtration rates, 
impaired the estimation of a temperature  effect on assimilation efficiency. 

The conversion efficiency was est imated from the change  in AFDW ol the animals 
and their estimated uptake of carbon. Gonadal  production, as a part of AB, could be 
omitted since all shells were below the size at which they become sexually mature 
(Rowell et al., 1990; Ropes et al., 1984: Thompson et ai., 1980). Because we did not 
quanti ty the carbon losses (Dissolved Organic Carbon, faeces, etc.) from our experi- 
mental  system, the carbon consumption for each specimen was est imated from their 
calculated filtration rate by subsequen t  multiplication with the average cell density, 
daily siphon activity, and average carbon content  per ml. This then yields an estimate 
for carbon consumption during the exper imental  period. Filtration rate (FR l/hr) was 
estimated from tissue dry weight. (W, g) by applying the equat ion derived from Mohlen- 
berg & Riisg~rd (1979) (FR = 5.55xW"0.62). This equat ion was preferred over that of 
Winter (1978), since Mohlenberg & Riisg~rd (1979) worked with shells very similar in 
size to those we used. AFDW is assumed to be 80% of the dry weight (Witbaard, 1995) 
and the carbon content  is assumed to be 40% of that. The retention efficiency at which 
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pa r t i c l e s  a re  w i t h h e l d  by the  gills of Arct ica var ies  b e t w e e n  75 a n d  90% ( M o h l e n b e r g  & 

Riisg~rd, 1979). T h e  evo lv ing  a v e r a g e  c o n v e r s i o n  e f f ic iency  for the  t h r e e  b e s t  fed  t reat -  

m e n t s  (III-V) t h e n  var ies  b e t w e e n  9.2 a n d  11.7% w h e n  90% of the  a lga l  ma t e r i a l  is 

r e t a ined ,  a n d  w h e n  75% of the  pa r t i c les  is r e t a ined ,  the a v e r a g e  c o n v e r s i o n  e f f i c i ency  

v a n e s  b e t w e e n  11.1 a n d  14.1%. If o n e  a c c o u n t s  for the  o rgan ic  m a t t e r  d e p o s i t e d  as 

p e r i o s t r a c u m  a n d  shel l  matr ix  the  e f f i c i enc ies  are  on a v e r a g e  2% h igher .  

To c o m p a r e  the  e x p e r i m e n t a l  g r o w t h  ra tes  wi th  ra tes  r e p o r t e d  in l i t e ra ture ,  we  

t r a n s f o r m e d  all va lues  to i n s t a n t a n e o u s  rates.  This  d e m o n s t r a t e s  tha t  t he  resu l t s  in 

e x p e r i m e n t  I a n d  lI yield s imilar  e s t ima tes .  At 9 ~ in the  t e m p e r a t u r e  e x p e r i m e n t  II the  

i n s t a n t a n e o u s  ra te  was  0 .0032/day  a n d  in t r e a t m e n t  V of the  food e x p e r i m e n t  it was  

0.0026/day.  T h e s e  e x p e r i m e n t a l l y  o b t a i n e d  ra tes  also c o m p a r e  well  to v a l u e s  r e p o r t e d  

for an ima l s  w h i c h  g r e w  u n d e r  na tu ra l  condi t ions .  The  a v e r a g e  i n s t a n t a n e o u s  dai ly  ra tes  

for 12- to 2 0 - m m  long shel ls  from Kiel Bay {Brey et at., 1990) r a n g e  b e t w e e n  0.0011 and  

0.0024 w h e n  an 8 - m o n t h  g r o w i n g  s e a s o n  is a s s u m e d  (star t ing wi th  the  s p r i n g  b l o o m  in 

M a r c h  and  e n d i n g  in Oc tobe r l  (Trutschler  & S a m t l e b e n ,  1988). The  s a m e  w a s  d o n e  wi th  

the  abso lu t e  ra tes  r e p o r t e d  by Kenn i sh  et al. (1995). They  r e - m e a s u r e d  t r a n s p l a n t e d  ani-  

mals  wi th  a shel l  l eng th  b e t w e e n  9.2 and  19.9 m m  5 t imes.  Abso lu t e  g r o w t h  r a n g e d  

b e t w e e n  0.16 a n d  5.28 ram. E x p r e s s e d  as dai ly i n s t a n t a n e o u s  ra tes  over  the  full 485 -day  

i ncuba t i on  pe r iod  it va r ied  b e t w e e n  0.0023 a n d  0.0013. T h e  m a x i m u m  in-situ i n s t an t a -  

n e o u s  g r o w t h  ra te  o b s e r v e d  in that  s tudy  is e s t i m a t e d  at 0 .002S/day for the  s ma l l e s t  ani-  

mals .  Thus  both  the  in-situ g r o w t h  ra tes  in the  Baltic and  Gulf of M a i n e  a re  ve ry  s imilar  

to the  a v e r a g e  ra tes  o b t a i n e d  in the  e x p e r i m e n t s ,  i l lustrat ing that  re l iab le  g r o w t h  rate 

e s t i m a t e s  for j uven i l e  Arclica can  be  o b t a i n e d  from labora tory  e x p e r i m e n t s .  
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