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Abstract Survival o f  the bivalve M acoma balthica in 
(near) anoxic seaw ater was studied in a static system and 
a flow -through system  and  com pared with emersed ex­
posure to air and N 2. In  the static system, a decrease in 
pH  and exponential accum ulation o f  sulphide in the 
incubation m edium  were observed, indicating excessive 
grow th o f (sulphate-reducing) bacteria. These changes in 
the chem ical environm ent were prevented by the use o f  a 
flow -through system. However, this treatm ent hardly 
affected survival time. M edian m ortality  times were 8.3 
and  9.0 days for the static and flow -through incubation , 
respectively. A ddition  o f  the antib io tic  chloram phenicol 
strongly increased survival tim e in bo th  systems w ith 
corresponding values o f  17.9 and  23.0 days. A sim ilar 
value was obtained  fo r survival in air (L T 50 =  
21.7 days). In a second experim ent (1 year later), we 
obtained m uch low er values for anoxic survival in a 
static  system , a lthough laboratory  conditions, season 
and  tem perature were similar. The pH  values were 
adjusted to  6.5, 7.2 and  8.2 by buffering the m edia 
(25 m M  Tris-H C l), and  the corresponding L T 5o values 
were 5.5, 5.7 and 4.7 days, respectively. In the presence 
o f chloram phenicol the values were 10.8, 10.9 and
9.5 days, respectively. These values show th a t a slightly 
acidic m edium  increased survival time. Exposure to  an 
atm osphere o f N 2 resulted in a survival time close to  th a t 
in anoxic seaw ater w ithou t chloram phenicol (L T 50 — 
6.4 days). Overall the results indicate th a t pro liferation  
o f anaerobic bacteria  associated w ith the bivalves was 
the m ain cause o f  death. Since chloram phenicol also 
displayed a strong  positive effect in the flow -through 
system, which prevented  the accum ulation o f released
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w aste products and  a decrease o f  pH , bacterial dam age 
m ust have been by injury o f the tissues of the  clams and 
n o t by the release o f  noxious com pounds to  the  medium. 
Bacterial outbreaks are a p a rt o f every anoxic event 
(eutrophication), and  therefore, in their hab ita ts , direct 
bacterial infection m ay also be the cause o f  clam m or­
tality. It is concluded th a t laboratory  studies on anoxic 
tolerance, or im pact o f sulphide, may produce artefacts 
w hen no precautions are taken to suppress bacterial 
proliferation.

Introduction

K now ledge o f the tolerable duration  o f  exposure to 
anoxia is im portan t for modelling the im pact o f poo r 
w ater quality. W ithou t accurate estim ates o f  how long 
anoxia m ust persist to kill benthic prey organism s, the 
true im pact o f eu trophication  on fishery hab ita ts canno t 
be m odelled adequately and incorporated  in w ater 
quality  m anagem ent decisions.

A large num ber o f studies deal w ith anoxia tolerance 
o f aquatic  invertebrates (Theede et al. 1969; Rosenberg 
et al. 1991; D iaz and  Rosenberg 1995; de Z w aan and 
E ertm an 1996; M odig and Ólafsson 1998). These o r­
ganism s show very distinct capabilities to  survive anoxia 
even w ithin taxonom ically closely related  groups. 
H ow ever, tolerance values o f a single species also 
show ed large variance between studies, p robab ly  due to 
variations in experim ental conditions. M ost studies were 
carried  ou t in closed incubation devices w ithou t w ater 
renew al (static system) (Theede et al. 1969; Dries and 
Theede 1974), som e with regular w ater renewal (semi­
static  system) (Jahn  and Theede 1997) and  a few in flow­
th rough  systems (Putzer et al. 1990; L evitt and A rp 
1991). U nderstanding  o f the actual m echanism s causing 
death  m ay help to explain the inconsistency in such lit­
e ra tu re  data.

In  a closed system w ithout w ater renew al, prolifera­
tion  o f anaerobic bacteria in the incubation  m edium
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may occur w ith adverse effects on anoxic survival (Fel­
der 1979; G roenendaal 1980; Llansó and D iaz 1994). 
The general opinion is th a t bacterial interference is 
caused by the release o f  noxious com pounds. In  that 
case, the use o f a flow -through incubation device should 
counteract the negative effects caused by accum ulation 
o f these com pounds. In  fact, in such a set-up Putzer 
et al. (1.990) obtained a good balance between glycogen 
stored, anaerobic u tilisation  ra te  and survival tim e for 
the oligochaete Lumbriculus variegatus. A  com plication 
with larger m acrofaunal species is the high am ount of 
anoxic m edium  needed in a  flow-through system, and 
this p robably  explains the general preference for static 
systems. How ever, w hen studying four bivalve species 
from the M editerranean  zone in closed systems, we ob­
served th a t the experim ental set-up had a great im pact 
on survival time (de Z w aan et al. 2001a).

In order to gain m ore insight into how bacteria cause 
negative effects, we com pared  in the present study sur­
vival tim e in a static system  w ith th a t in a flow -through 
system in the presence and  absence o f chloram phenicol. 
The flow was adjusted to a ra te  sufficient to  remove 
toxins and m etabolites by recording pH  and sulphide 
concentrations, param eters established as indicators of 
bacterial grow th in the static  system. In a recent study 
we m ade estim ations o f the num ber o f bacteria growing 
in anoxic semi-closed systems containing M acom a  
balthica. H igh num bers were counted in the controls and 
very low num bers in the presence o f chloram phenicol. In 
the la tter case there was v irtually  no biotic form ation  of 
sulphide, while pH  decrease was diminished (de Zw aan 
et al. 2001b). To discrim inate between a direct effect o f 
pH  on the bivalve and on bacterial growth, anoxic sur­
vival tim e was determ ined in static systems filled with 
seaw ater containing a buffer (Tris-HCl) adjusted to 
different pH  values in the presence and absence o f chl­
oram phenicol. A noxic survival in seawater was further 
com pared w ith exposure to air and  an atm osphere o f  N 2.

F o r practical reasons, we selected a relatively small 
bivalve species fo r this study, the Baltic clam  M . balth­
ica, which is generally presen t in the m udflats o f D utch 
coastal w aters (Tem perate Zone). This bivalve is often a 
biomass dom inan t in estuaries on both sides o f  the 
A tlantic and  is very im p o rtan t trophically as prey for 
dem ersal fishes and som e waterfow l (Bachelet 1980; 
Beukem a and M eehan 1985).

M aterials and m ethods

In d iv id u a ls

In fa u n a l sp ec im en s o f  M a c o m a  ba lth ica  w ere  sam pled  fro m  m u d d y  
sed im en ts  b e tw een  m e a n  tid a l level a n d  low  w ater level a t  P au lin - 
a p o ld e r , a  tid a l f la t o f  th e  w e s te rn  S che ld t es tu a ry  in  th e  s o u th ­
w este rn  p a r t  o f  T h e  N e th e r la n d s . C la m s w ere d u g  u p  a n d  sifted 
o u t. A v erag e  shell leng ths o f  th e  c lam s w ere 16.1 ±  1.9 m m  (av ­
e rag e  an d  s ta n d a rd  d ev ia tio n ; n  =  50). T h e  av erag e  to ta l  w et 
w eigh t w a s  0.41 g, a n d  th e  sh e ll v o lu m e  0.35 ml. S a lin ity  a t  the 
sa m p lin g  s ite  w as 27 ±  2 p su , a n d  te m p e ra tu re  betw een  17 °C  and

19 °C . T h e  c lam s w ere k e p t in a n  a q u a r iu m  w ith  s te rilised  san d y  
se d im e n t a n d  w e ll-a e ra te d  unfiltered  ru n n in g  se aw a te r  o f  17 °C  an d  
31 p su , p u m p e d  i n  fro m  a n  in let in  th e  e a s te rn  S ch e ld t in  f ro n t  o f  
th e  in s titu te  a t  Y e rse k e . O n  d ay  4 filtered  se a w a te r  w as used  to  
p u rg e  th e  a n im a ls . T h e  n ex t d ay  th e  c lam s w ere u se d  in th e  ex ­
p e rim en ts . M o r ta l i ty  w as assessed  b y  fa ilu re  o f  co n s tr ic tio n  w hen  
to u c h in g  th e  m a n t le  edge o f  g ap in g  an im a ls  w ith  a n  iro n  ro d . D ead  
a n im a ls  w ere re m o v e d  f ro m  th e  in c u b a tio n  c o n ta in e rs . N o  food  
w as a d d e d  d u r in g  an o x ic  in cu b a tio n s .

T h ro u g h o u t  t h e  m a n u sc rip t th e  te rm s su lp h id e  a n d  H 2S refer to 
to ta l  su lp h id e , a n d  th e  term  T ris  to  T ris  (h y d ro x y m eth y l)- 
a m in o m e th a n e .

Specific d e te rm in a tio n s  a n d  sta tis tics

S u lp h id e  w as d e te rm in e d  a f te r  S v en so n  (1980). T h e  p H  w as m e a ­
su re d  u sin g  a  R a d io m e te r  P H M  82 p H  m e te r  w ith  a  su lph ide- 
in sen sitiv e  e le c tro d e .

T h e  n o n -p a ra m e tr ic  K a p la n -M e ie r  tes t w as u sed  to  estim ate  
lo g -ra n k  an d  W ilc o x o n  values fo r  c o m p a rin g  th e  su rv ival cu rves 
(K a p la n  a n d  M e ie r  1958). A  con fidence  lim it o f  9 5 %  w as used to 
te s t th e  sig n if ican ce  o f  d ifferences betw 'een g ro u p s . L T 50 values 
(m e d ia n  su rv iv a l tim es) w ere  e s tim a te d  using  th e  tr im m ed  S pear- 
m a n -K a rb e r  m e th o d  (a  =  10% ) (H a m ilto n  e t al. 1977).

P ro to c o l o f  e x p e r im e n ts

F low -through  versus s ta tic  incubation a n d  exposure  to  air

F ig u re  1 gives a  sch em a tic  d raw in g  o f  th e  flo w -th ro u g h  se t-up . 
F ilte re d  an o x ic  in c u b a t io n  m ed iu m  w as p u m p ed  fro m  a  60 1 re s­
e rv o ir  th ro u g h  th e  an im a l c o n ta in e r  (13 cm  in n e r  d ia m e te r , 26 cm  
h e ig h t, —1200 m l v o lu m e) w ith  a  flow' o f  9 m l m in -1 , re su ltin g  in 
ex ch an g e s  o f  - 1 0  vol d a y -1 . T h ree  re se rv o irs  c o n ta in e d  d ifferen t 
m ed ia : (a) f ilte re d  a n o x ic  se aw a te r  o f  p H  8.2; (b) filte red  an o x ic  
se a w a te r  w ith  th e  a d d itio n  o f  25 m m o l T ris  I-1 , ad ju s te d  w ith  HC1 
to  p H  8.2; (c) f ilte red  an o x ic  se aw ate r w ith  th e  a d d itio n  o f  3 m g 
c h lo ra m p h e n ic o l I-1 , ad ju s te d  to  p H  8.2. T h e  m e d ia  w ere  c o n ­
s ta n tly  b u b b le d  w ith  N 2, a n d  a  tu b e  o u tle t w ith  sm a ll d iam ete r 
m a in ta in e d  excess p re ssu re  in  o rd e r  to  en su re  th a t  n o  a ir  cou ld  
e n te r  th e  sy stem . E v e ry  th ird  d ay  th e  rese rv o irs  w ere  refilled, w hile 
th e  p u m p  w as s to p p e d  fo r  2 h  to  a llo w  rem o v al o f  oxygen  by 
v ig o ro u sly  b u b b lin g  w ith  N 2. A t a  sm a ll d is ta n c e  f ro m  th e  to p  o f  
th e  in c u b a tio n  c o n ta in e r s ,  a  rack  w as m o u n te d  to  su p p o r t  50 a n i­
m als . T w o  h o le s in  the to p  o f  th e  c o n ta in e rs , w h ich  n o rm a lly  w ere 
c lo sed  by  ru b b e r  s to p s , se rved  to  rem o v e  d e a d  an im a ls  a n d  to  
m e a su re  c o n c e n tra t io n  o f  oxygen  (B eck m an  oxygen  analyser). 
O x y g en  c o n c e n tra t io n  n ever exceeded  0.20  m g  I-1 .

F o r  s ta tic  in c u b a tio n s , id en tica l in c u b a tio n  c o n ta in e rs  w ere 
filled a t  th e  s a m e  tim e wdth m ed iu m  a  o r  m ed iu m  c, a n d  sub se­
q u e n tly  th e  in le t a n d  o u tle t holes w ere  b lock ed  w ith  ru b b e r  s to p ­
p ers . I n  these  c o n ta in e r s , th e  m ed ia  w ere  n o t  ex ch an g e d , b u t, to  the 
c o n ta in e r  filled w ith  m ed iu m  c, c h lo ra m p h e n ic o l (6 m g  I-1 ) w as 
a d d e d  as dry p o w d e r  every  fifth  d ay . In  a  se m i-s ta tic  an o x ic  in cu ­
b a tio n  in  w h ich  th e  m ed iu m  w as e x ch an g e d  every  3 d ay s sim ilar 
effects o n  su rv iv a l w ere o b ta in e d  w ith  3 a n d  6 m g  c h lo ram p h en ico l 
I-1 (p ilo t-e x p e r im e n t). T h e  first dose  w as u sed  in  th e  flo w -th ro u g h  
sy s tem s a n d  th e  la t t e r  (repe titively ) in  th e  s ta tic  system s in  o rd e r  to  
c o m p e n sa te  fo r  p o ss ib le  d e co m p o s itio n  o f  th e  c o m p o u n d . O xygen 
c o n c e n tra tio n s  n e v e r  exceeded  0.15 m g  I-1 (W in k le r  m e th o d ). A t 
th e  s ta r t  o f  th e  e x p e r im e n t, an d  d a ily  on ce  an im a ls  s ta r te d  to  die, 
p H  a n d  su lp h id e  c o n c e n tra t io n  o f  th e  m ed iu m  w ere m easu red .

T o  e s tim a te  to le ra n c e  a t  ae ria l ex p o su re  in th e  sam e experim en t, 
th ree  in c u b a tio n  c o n ta in e rs  w ere p a r t ly  filled w ith  se aw a te r  u n til 
th e  su rface  w a s  j u s t  be low  th e  rack  w ith  c lam s. T h e  h o les in  th e  to p  
w ere n o t  c lo sed , a n d  th e  a ir  s a tu ra te d  by  w a te r  v a p o u r  w as flushed 
th ro u g h  th e  u p p e r  p a r t  o f  th e  vessel (aeria l ex p o su re). T h e  ex p e r­
im e n t w as s ta r te d  by  p lac in g  50 an im a ls  in o n e  la y e r  o n  th e  rack .

A ll ab o v e  in c u b a tio n s  w ere c a rr ie d  o u t  as o n e  experim en t, 
c o n d u c te d  in a u tu m n  1998 a t  17 °C.
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F ig . 1 D ia g ra m  sh o w in g  the 
f lo w -th ro u g h  se t-u p . T h e  in cu ­
b a tio n  m e d ia  in th e  s to ra g e  
c o n ta in e rs  w ere  c o n s ta n tly  
b u b b le d  w ith  N 2 an d  p assed  by  
a p e r is ta ltic  p u m p  th ro u g h  th e  
in c u b a tio n  c h a m b e rs  h o ld in g  50 
c lam s each . M ed iu m  c o n s u m p ­
tio n  w as c o m p e n sa te d  by  a  refill 
every  3 d ay s . F o r  d e ta ils  see 
“ M a te ria ls  a n d  m e th o d s”

SW-HN-

60 LSW +

Oxygen C o n tro l  

meter
TRIS: 25 mmol/L CA: 3mg/L

in flow

E ffec t o f  p H  on an o x ic  surv iva l in a  s ta tic  sy stem  
a n d  exp o su re  to  n itrogen

T w o  se ts o f  th re e  co n ica l flasks w ere filled w ith  1 1 a n o x ic  s e a w a te r  
c o n ta in in g  25 m M  T ris  a d ju s te d  w ith  HC1 to  p H  6.5, 7.2  a n d  8.2. 
In  o n e  se t a lso , 6 m g  ch lo ra m p h e n ic o l I-1 w as ad d ed  to  each  flask . 
A t th e  s ta r t ,  50 sp ec im en s w ere  in tro d u c e d  to  each  flask , w h ich  
cov ered  p a r t  o f  th e  b o tto m . M o rta lity  an d  p H  w ere ch eck ed  d a ily , 
a n d  su lp h id e  reg u la rly .

A n o x ic  su rv iv a l in  a w a te r -sa tu ra te d  n itro g e n  a tm o sp h e re  w as 
d e te rm in e d  by p la c in g  50 c lam s on  a  rack  ju s t  ab o v e  th e  w a te r  in an  
in c u b a tio n  c o n ta in e r  (as describ ed  a b o \e ) ,  a  c o n s ta n t  s tre a m  o f  N 2 
b e in g  b u b b le d  th ro u g h  th e  w a te r . M o rta lity  w as ch eck ed  d a ily . 
T h is  e x p e r im e n t w as c a rr ie d  o u t  in a u tu m n  1999 a t  17 °C.
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Results
Fig. 2  M a com a balthica. Survival in w a te r-sa tu ra ted  air. P rofiles are  
show n o f  th ree  replicates ( A - Q  w ith  50 clam s each

Figure 2 shows the survival o f three replicates o f  50 
clam s exposed to air. M ean (± S D )  m edian m ortality  
value (L T 50) was 21.65 ±  0.21 days. N o significant 
differences were found  between the replicates (P > 0.05 
for all com parisons), showing that a group size o f  50 
clam s gave reproducible results.

In  Fig. 3 the survival o f  clams in static incubations 
was com pared to th a t in flow -through incubations and  
during  aerial exposure. A  possible effect o f  T ris at 
25 m m ol 1“ ' was exam ined in the flow -through system . 
The curves can be roughly divided into two groups o f 
low and high survival time. Low survival times were 
observed in the static system and flow -through system 
(with and w ithout Tris). H igh survival time was ob ­
served in anoxic seaw ater containing chloram phenicol 
(static and  flow -through system) and  during exposure 
to  air. The first group  has an average L T 50 value o f
8.6 days, the values being w ithin a narrow  range o f 
8 .3 -9 .0  days. The second group  shows a 2.4-fold

50
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0 5 10 15 20 25 30 35 40

days
— ■-----Control F.T. - - O - - Control ST  X TRIS F T.
- - O  - - CA ST_________-  •  CA F.T.________ aerial exposure

Fig. 3  M a com a balthica. Survival o f  clam s exposed  to  a ir  (average o f  
the th ree  replicates in Fig. 2) an d  anoxic se aw ate r in sta tic  system s 
(S T )  an d  flow -th rough  system s (F .T .). T h e  a q u a tic  incubations were 
carried  o u t in th e  absence an d  presence o f  ch lo ram phen ico l (C A). O ne 
flow -through  in cu b a tio n  w as carried  o u t w ith  25 m M  T ris (T R IS ).  In 
all cases p H  w as ad jus ted  to  8.2
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increase in survival time (average L T 50 val­
ue =  20.9 days), values ranging  from  17.9 to 23.0 days 
(Table 1). Surprisingly, life prolongation by exposure 
to  air was sim ilar to the effect o f the an tib io tic to 
anoxic w ater in the flow -through system (P  > 0.05; 
T able 2).

In  the static contro l, sulphide accum ulated to 
400 pmol P 1 during the period o f m ortality. This was 
blocked (sulphide concentration  <3 pmol P 1) by the 
presence o f  chloram phenicol (Fig. 4A). Also the pH  
dropped  in 12 days from  8.2 to  6.7 in the static incu­
bation. T o ta l pH  decrease in the presence o f  ch loram ­
phenicol w as dim inished and  delayed (from 8.2 to 7.0 in 
24 days; Fig. 4B).

In the flow -through incubations sulphide accum u­
lation  rem ained virtually absent ( < 4 p m o l F 1; 
Fig. 5A), and  the pH  close to  8.2 (Fig. 5B). This means 
th a t the flow rate  was sufficient to flush aw ay (noxious) 
products released by the clam s and m icroorganism s. As 
for the static  incubations, the presence o f  ch loram ­
phenicol substantially  increased survival tim e (Fig. 5; 
Table 1).

T he flow -through m edium  containing the Tris-H Cl 
buffer was adjusted  to pH  8.2, the same pH  as m easured 
for natural anoxic seaw ater (controls). D ue to the con­
tinuous flow o f bo th  m edia, the pH  rem ained a t this 
level th ro ughou t the experim ent (Fig. 5B). L T 50 values 
were 9.0 and  8.5 days fo r the control and  the  m edium 
contain ing Tris (Table 1), respectively, and the survival 
curves were no t significantly different (P  > 0.05; 
Table 2).

As T ris in the concentration  used (25 m m ol F 1) had 
no apparen t toxic effect in the flow -through system,

T a b le  1 M a c o m a  balth ica . M e d ia n  su rv ival tim es (L T 50 values) 
ca lc u la te d  w ith  th e  tr im m ed  S p e a rm a n -K ra b e r  m e th o d  fo r  aeria l 
em ersio n  a n d  fo r  in c u b a tio n  u n d e r  a q u a tic  an o x ia  in s ta tic  an d  
f lo w -th ro u g h  sys tem s in th e  ab sen ce  an d  p resen c e  o f  
ch lo ra m p h e n ic o l (C A ) (see a lso  F ig . 3)

F lo w -th ro u g h S ta tic A ir

C o n tro l  T ris C A C o n tro l C A

D ay s 9 .0  8.5 23.0 8.3 17.9 21.7

T a b le  2 M a c o m a  balth ica . C o m p a r iso n  o f  th e  su rv iv a l cu rves in 
Fig. 3 (c o rre sp o n d in g  a b b re v ia tio n s )  w ith  th e  n o n -p a ra m e tr ic  
K a p la n -M e ie r  tes t (* * * P  <  0.001; **P  <  0.01; * P  <  0 .05; N S  
n o t  sig n ifican t a t  P  >  0.05)

F lo w -th ro u g h  (F .T .)  S ta tic  (ST) E m e rsed

C o n tro l T ris C A C o n tro l C A  A ir

C o n tro l F .T .
T ris  F .T . N S
C A  F .T . *** ***

C o n tro l S T ** N S ***

C A  ST *** *** *** ***

A eria l ex p o su re *** *** N S sfc % r}: * * *
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C ontro l S T
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- 207 .0  -

6 .5  -
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0  4  8  12 16  20  2 4  2 8  32

days

■ ■ p H  C ontro l S T  I---------1 pH  C. A ST —« — C ontro l ST —o — C A S T

Fig. 4A, B M a c o m a  balthica. Survival o f  clam s a n d  changes in the 
co n cen tra tio n  o f  su lp h id e  (A) and  p H  (B) in  s ta tic  incubations {ST) 
w ith o u t (C ontrol; closed  sym bols) an d  w ith  ch lo ram phen ico l (CA; open  
sym bols). Survival is  show n by curves, su lph ide an d  p H  values by bars. 
(The bars fo r p H  a t  d ay  0 represents b o th  c o n tro l an d  C A )

1 year later we exam ined survival o f  clams in a static 
system at d ifferent pH  levels, by incubating in media 
adjusted w ith T ris-H C l buffer to  pH  6.5, 7.2 and 8.2. 
Survival tim es were m uch lower as com pared to the 
static incubations in the initial experim ent, although 
tem perature a n d  season were the same.

In Fig. 6A th e  survival curves a t the three pH  values 
are shown. T h e  m edian m ortality  tim e was 5.5, 5.7 and
4.7 days, respectively (Table 3). Survival tim e at pH  8.2 
was significantly lower than  a t bo th  lower pH  values 
(P  < 0.001, T ab le  4). Once m ortality  o f  the clams 
started , an increase in sulphide levels was observed, in ­
dicating g row th  o f  sulphate-reducing bacteria  (Fig. 6B). 
This was m ost pronounced a t pH  8.2. W hen chloram ­
phenicol was ad d ed , survival a t pH  8.2 was also signif­
icantly lower th an  at lower pH  values (P  < 0.05, 
T able 4), a lth o u g h  the difference was smaller. In this 
case bacterial g row th , as judged from  sulphide concen­
trations, was v irtually  absent (Fig. 6B). The corre­
sponding L T 50 values were 10.8, 10.9 and  9.5 days, 
respectively (T able  3).

Exposure to  nitrogen atm osphere resulted in a su r­
vival time (L T 50 =  6.4 days) closer to those in anoxic 
seaw ater th an  in  anoxic seaw ater w ith chloram phenicol 
(Table 3; Fig. 6A).
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Fig. 5A , B M a com a balthica. Survit al o f  c lam s and  changes in the 
c o n cen tra tio n  o f  su lph ide (A) an d  p H  (B) in  flow -th rough  in cu b a tio n s 
(F .T .) w ith o u t (C ontrol; closed sym bols) a n d  w ith  ch lo ram phen ico l 
(CA; open sym bols). T R I S  s tan d s fo r co n tro l w ith  ad d itio n  o f  25 m M  
T ris , p H  8.2. Survival is show n  by curves, su lph ide and  p H  values by 
bars

Discussion

P ast reports  on the m ortality  ra te  o f  M acom a balthica 
show  wide variability  in anoxic survival. Brafield (1963) 
observed th a t this clam only tolerated  anoxia fo r 2 or
3 days (tem perature  no t given). D ries and  Theede (1974)
reported  L T 5q values o f  specimens collected in  the 
western Baltic Sea o f  22 and  20 days a t 10 °C and  15 °C,
respectively. M ore recently, Jahn  and  Theede (1997)
reported  m edian m ortality  values o f  8 to 12 days at 
10 °C for clam s from  the same location.

D ifferent studies on survival o f  M . balthica in drained 
sedim ent cores taken from  Balgzand, an in tertidal flat 
area in the north-w estern p a rt o f T he N etherlands, 
show ed strong  differences in survival times, ranging 
from  7 to  55 days. A m bient air tem peratures and  gly­
cogen contents were concluded to be im portan t factors 
in determ ining the m ortality  ra te  (H um m el et al. 1986a ,
b; F o rtu in  et al. 1989). Finally, in the current study, we 
have established survival times for M . balthica o f  8 .3 -
9 days in 1998 (Table 1, autum n 1998) and 4 .7-5 .7  days 
in 1999 (Table 3, au tum n 1999) at 17 °C. In  bo th  years

a -55 5 5 ~ S -

01 4 0
>

«  30 -atI 20
C I
<0 10

0 5 10 15 20

days

-p H  8.2 —
— pH 3.2 (+CA) - -
— N2

—  pH 7.2
—  pH 7 .2  (+CA)

- pH 6.5
- pH 6.5 t+CA)

b 210

180

5 1503.
IV 120XI

90CL
3ID 60

¿0

days

JB sulphide pH 8.2 □ sujphidepH  7.2 » su lph ide  pH 6 .5  ,

Fig. 6A, B M acom a balthica. Survival o f  c lam s (A ) a n d  su lph ide 
accum ulation  (B) in anox ic  seaw ater w ith  25 m M  T ris  ad jus ted  w ith 
HC1 to  p H  6.5, 7.2 an d  8.2. Survival rates in th e  absence (closed  
sym bols) an d  presence o f  ch lo ram phen ico l (C A ; open sym bols) as well 
as in a n  a tm osphe re  o f  n itro g e n  (crosses) a re  given. Sulphide 
accum ulation  up  to  th e  e igh th  d ay  o f  incu b a tio n  in  th e  absence o f  
cho ram phen ico l is show n by  bars. In  the presence o f  ch lo ram phen ico l 
su lph ide concen tra tio n s never exceeded 3 jxM (no t visible)

clams came from  the sam e collection site, and season 
and tem perature were similar. This illustrates th a t fac­
tors related to a (long) history o f events in the field m ust 
have had  an im pact on the outcom e o f  o u r studies.

The large variation  in da ta  for M . balthica  raises the 
question w hether the results obtained in closed systems 
indeed reflect tolerance to  anoxia, or artefacts. D uring 
incubation in the cu rren t study the shells gradually 
coloured from  grey to black, and tow ards the end o f  the 
experim ent even the incubation seaw ater tu rned  grey- 
black. Also in the field the num ber o f  bivalves with grey 
and black colour increases when oxygen becomes 
depleted (Oeschger and  Theede 1988). T his pointed to 
m icrobial fo rm ation  o f  sulphide which was confirm ed by 
m easurem ents (Fig. 4A). The pH  o f  the m edium  
decreased by about 1.5 units (Fig. 4B). O ther changes in 
anoxic incubation m edia have been reported , such as

T a b le  3  M a co m a  balth ica . M e d ian  su rv iv a l tim e s  (L T 50 \a lu e s )  
c a lcu la ted  w ith  th e  tr im m ed  S p e a rm a n -K ra b e r  m e th o d  fo r  
em ersio n  in n itro g e n  a tm o sp h e re  an d  a n o x ic  se a w a te r  buffered  w ith  
25 m M  T ris -H C l a t  p H  6.5, 7.2 a n d  8.2, in th e  absence  an d  
p resen c e  o f  ch lo ra m p h e n ic o l (see also  F ig . 6A )

C o n tro l C h lo ra m p h e n ic o l N 2

p H  6.5 p H  7.2 p H  8.2 p H  6.5 p H  7.2 p H  8.2

D ay s 5.5 5.7 4.7 10.8 10.9 9.5 6.4
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T ab le  4 M a co m a  balthica. 
C o m p a r iso n  o f  th e  su rv iv a l 
c u n  es in F ig . 6 (co rre sp o n d in g  
a b b re v ia tio n s)  w ith  th e  n o n - 
p a ra m e tr ic  K a p la n -M e ie r  te s t 
(***P  < 0 .001; **P < 0.01;
*P  < 0 .05; N S  n o t sig n ifican t 
a t  P  > 0.05)

C o n tro l C h lo ram p h en ico l n 2

P H  6.5 p H  7.2 p H  8 .2 p H  6.5 p H  7.2 p H  8.2

pF l 6.5
p H  7.2 N S
p H  8.2 ** ***

p H  6.5 ( +  C A ) *** ***

p H  7.2 ( +  C A ) *** * * *** N S
p H  8.2 ( +  C A ) *** *** *** * *

n 2 *** *** *** *** *** ***

increased concentrations o f C 0 2 and  am m onia (Llansó 
and  D iaz 1994). It is generally assum ed th a t the accu­
m ulation  o f m etabolic wastes will have an adverse effect 
on anoxic survival time (Felder 1979; G roenendaal 1980; 
Llansó and  D iaz 1994). F o r  sulphide the da ta  for biv­
alves are contradictory. F o r Verms gallina (de Zw aan 
et al. 2001a) and M . balthica (Jahn and Theede 1997) the 
addition  o f sulphide did no t reduce anoxic survival time, 
in con trast to Scapharca inaequivalvis (de Z w aan et al. 
1993, 2001a), M acom a secta  and  M . nasuta (Levitt and 
A rp 1991) and  M ulinia lateralis (Shumway et al. 1983).

In  the flow -through system the continuous flow of 
w ater appeared adequate to  eliminate accum ulation o f 
released m etabolites, as judged  from  the absence o f  a 
drop  o f pH  and sulphide in the incubation w ater 
(Fig. 5A, B). However, we observed that this had  only 
a sm all effect on anoxic survival time, L T 50 increasing 
from  8.3 to 9.0 days (P  < 0.01). This is in sharp 
con trast to the positive effect the addition  o f chl­
oram phenicol displayed, in bo th  the static  and  the 
flow -through systems. In  the static system, L T 50 in­
creased from  8.3 to 17.9 days, and in the flow -through 
system from  9.0 to 23.0 days. These da ta  are in ac­
cordance w ith our previous results in which survival of 
four bivalve species from  the A driatic Sea increased 
two- to fourfold by the add ition  o f chloram phenicol. 
Survival tim e was no t enhanced when the m edium  was 
exchanged daily (semi-static incubation). In  the latter 
experim ent, increasing levels o f sulphide w ere detected 
in the incubation  m edium , which indicated th a t the 
responsible m icroorganism s were attached to  the clams 
and no t introduced w ith the seaw ater (de Z w aan et al. 
2001a). T he same accum ulation pattern  was observed 
for M . balthica in the presen t experim ent, a lthough  the 
bivalve species came from  very different ecosystems. 
B oth studies indicate th a t anoxia induced the grow th 
o f  sulphate-reducing bacteria, which rem ain associated 
with the bivalves even when w ater was exchanged 
daily (semi-static) or continuously (flow -through). 
Overall, the evidence strongly  indicates th a t bacteria 
d isrupted  the biology o f  the bivalves, leading eventu­
ally to  death.

The fact th a t survival tim e in the static and  in the 
flow -through system was alm ost identical indicates that 
the noxious effect o f bacteria  is no t caused by the ac­
cum ulation o f volatile or soluble m etabolites bu t by 
pro liferation  o f bacteria, possibly inside the shells.

In  the presence o f chloram phenicol, the 28%  lower 
survival time in  the static as com pared to the flow­
through system m ig h t be caused by the release o f volatile 
fatty acids, w ell-docum ented ferm entation products of 
bivalves during long-term  anaerobiosis (de Zw aan and 
M athieu 1992). T h e  volatile acids (propionate  and ace­
tate) may have served as substrate  o f a small group of 
chloram phenicol-resistant bacteria  th a t appear after 
prolonged anaerob ic  incubation. Increased m ortality 
was no t due to th e  decrease in pH  caused by these acids 
(Fig. 4B). W hen the pH  was stabilised by Tris-H Cl 
buffer this p ro v ed  disadvantageous to the clams 
(Fig. 6A; Table 3). In the presence o f chloram phenicol, 
the pH  effect w as smaller. This indicates that slight 
acidification reduces proliferation  o f  bacteria, which is 
in accordance w ith lower biotic sulphide release 
(Fig. 6B).

In the blood clam Scapharca inaequivalvis chloram ­
phenicol was ab le  to decrease the accum ulation o f  sul­
phide considerably , bu t accum ulation finally took place 
in the presence o f  the antibiotic. Seemingly protected by 
the clam, a significant population  o f sulphate-reducing 
bacteria was ab le  to survive in the presence o f the an ti­
biotic (de Z w aan  et al. 2001a). Prelim inary studies by 
A. H ernandez P alom ino , in co llaboration  with the first 
au thor, show ed th a t sulphide-oxidising and sulphate- 
reducing bacteria  occur no t only externally associated 
with an apparen tly  healthy blood clam , bu t also appear 
to coinhabit different tissues, even in the blood system. 
In M . balthica v irtually  no sulphide accum ulated in the 
presence o f chloram phenicol (Fig. 4A). This indicates 
th a t the bacteria  were n o t protected  against the antibi­
otic by the bivalve. F o r the m ost p a rt, they probably 
were superficially a ttached  to  outer tissues, such as the 
shell and the tissues lining the extrapallial cavity (gills 
and m antle epithelium ). This m ay also explain why 
survival time in a ir  was substantially  longer as com pared 
to  in anoxic seaw ater (Fig. 3). In  air 0 2 m ight have 
prevented the g row th  o f  bacteria like the antibiotic did 
in anoxic w ater. This assum ption is fu rther supported  by 
the fact th a t survival tim e in an atm osphere o f  N 2 was 
com parable to th a t  in anoxic seaw ater (Fig. 6A). D uring 
em ersion, clam s apparen tly  kep t their shell valves closed 
until death. A erial oxygen consum ption, a well-known 
feature for som e bivalves (W iddows and  Shick 1985), 
probably  was o f  m inor im portance. Em ersion in air re­
duces or blocks the  u p tak e  and distribution o f oxygen by
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the gills and haem olym ph o f the bivalve, which switches 
to  anoxic m etabolism , whereas aerial oxygen has full 
access to the superficially attached bacteria. This con­
dition  resembles the oxic (seawater > 50% air satura- 
tion)-sulphidic incubations of populations o f M . balthica 
by Jahn  and Theede (1997). Sulphide may diffuse into 
the m itochondrion and evoke tissue anoxia by blocking 
cytochrom e aa3. N o differences were observed by the 
au tho rs in lethal times under anoxic o r anoxic-sulphidic 
conditions (they did not check fo r biotic sulphide fo r­
m ation  in the anoxic condition). In  the oxic-sulphidic 
incubations, populations from low -sulphide-contam i­
nated  environm ents survived the sam e period. However, 
clam s collected from  sulphidic h ab ita ts  survived under 
these conditions abou t two to five times longer. The 
au tho rs found  th a t the populations from  a high-sulphide 
h ab ita t apparently  had sulphide-diffusion coefficients 
which were roughly half those o f sulphide-sensitive 
specimens. In consequence, they assum ed th a t the lower 
m orta lity  rate o f  the form er population  was due to 
better p ro tection  o f cytochrom e c oxidase against sul­
phide toxication, thus resulting in their energy m etabo ­
lism  no t being entirely based on anaerobic m etabolism . 
U nfortunately , no determ inations o f ferm entative 
products in the clams were carried out. M oreover, the 
au tho rs also established that the inhibition co nstan t o f 
cytochrom e c oxidase for sulphide from  the sulphide- 
to leran t populations was about threefold low er than 
th a t o f  the o ther populations. C orresponding with the 
salinity at the collection site, the sulphide-adapted spe­
cies were incubated at 9%0 and  the in to leran t ones at 
22%0 salinity. The possibility th a t su lphide-tolerant 
popu la tions o f M . balthica survived two- to threefold 
longer under oxic-sulphuric conditions, because bacte­
rial grow th was prevented due to the oxygenated w ater 
in com bination w ith low salinity (9%0), needs to be 
considered as an alternative explanation.

In conclusion, our studies strongly indicate th a t 
bacterial a ttachm ent on bivalves interferes strongly w ith 
survival tim e under experim ental anoxic conditions. The 
adverse effects were to a m inor ex ten t caused by w ater 
quality  deterioration due to release and accum ulation 
(static system) o f noxious m etabolic wastes. The m ajor 
cause , however, appears to be th a t experim ental anoxia 
enabled bacteria to proliferate, likely causing direct 
bacterial infection o f  the bivalve. This explains why 
regular exchange (de Zw aan et al. 2001a), or the use o f a 
co nstan t flow o f  incubation m edium  (present study), 
hard ly  increased survival time. T he defence m echanism s 
o f the stressed bivalve probably could no t handle the 
situation  any longer, and eventually bacteria disinte­
grated  the body. In  accordance, the addition o f  chl­
oram phenicol strongly increased survival time, 
independent o f  the incubation system  employed.

Since bacterial outbreaks are a  p a rt o f every benthic 
anoxic event, the bacterial interference observed may 
also have great im pact on anoxic survival o f bivalves, 
and  o ther invertebrates, in their hab ita t. A num ber of 
biochem ical adaptations have been described that enable

survival o f bivalves u n d e r environm ental anoxia. These 
include, on the one hand , the  m aintenance o f  large stores 
of ferm entable fuels in all tissues and, on the o ther hand, 
mechanisms fo r m inim ising A TP utilisation rate (de 
Zw aan and  M ath ieu  1992). O ur findings th a t bacterial 
infection is likely the cause o f death  under severe hyp­
oxia challenge the im portance o f  biochem ical adap ta­
tions in the field. R ecently  we observed th a t 50% of 
cockles (Cerastoderma edule) incubated in anoxic sea­
water died after 3.5 days, still w ith half the initial gly­
cogen concentration  p resen t in the tissues. However, in 
the presence o f  chloram phenicol (LT50 7.9 days), the 
cockles utilised their endogenous fuel alm ost completely 
(Babarro and  de Z w aan 2001).
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a re  a lso  g ra te fu l to  A . E rn s t fo r  th e  c ritica l review  o f  th e  m a n u ­
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