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ABSTRACT: The activity of microorganisms was investigated in sediment samples of the Norwegian 
Sognefjord at a 1260 m depth. The enzymatic potential (measured, using the cleavage of fluorescein- 
diacetate FDA) ranged between 11 and 29 nmol FDA cm -:~ h ~. Labeled Anacystis sp. (Cyanobac- 
teria) were degraded (measured as liberation of ~4C-labeled CO=) at a rate of 0.67-1.24 % day 1. The 
assays were run at 1 atm and at 126 atm pressure. In both cases, activity was higher when samples 
were incubated under 1 atm than under simulated in-situ conditions. This indicates that the 
sediment community of the fjord is adapted only to a limited extent to the elevated pressure at the 
bottom. The results are compared and discussed with data from other deep marine environments. 

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

Fjords are  a charac te r i s t ic  s ign  of the  l a n d - f o r m i n g  p o w e r  of glaciers ,  w h i c h  c o v e r e d  
m o u n t a i n o u s  coas t l ines  in h igh - l a t i t ude  a reas  du r ing  the  last  i c e - age  10 000 yea r s  ago.  

O n  its w a y  d o w n  to the  sea, the  g l id ing  ice  c a r v e d  the  unde r ly ing  g r o u n d  and  left  
e longa t ed ,  e x t r e m e l y  deep ,  s teep,  and  n a r r o w  canyons .  At  the  s e a w a r d  e n d  the  d e c r e a s -  

ing  e ros ive  s t r eng th  of the  g lac ie r  p r o d u c e d  a sha l l ow  sill that  of ten  l imits the  e x c h a n g e  of 

w a t e r  masses  in and  outs ide  t he  fjord a n d  c rea tes  a m o r e  or less dist inct  m a r i n e  b io tope .  
For  example ,  a v e r y  sha l low sill ly ing  ove r  t he  ha loc l ine  m a y  p r e v e n t  the  ve r t i ca l  w a t e r  

e x c h a n g e ,  a n d  the  s t rong s t ra t i f icat ion can  i n d u c e  o x y g e n  def ic iency  at the  bo t tom 
m a k i n g  it h a b i t a b l e  only for spec ia l ly  a d a p t e d  o rgan isms .  This  and  seve ra l  o the r  aspec t s  

m a k e  fjords an  in t e re s t ing  ob jec t  of scient i f ic  s tud ies  (for a compr i s ing  o v e r v i e w  on fjord- 
r e l a t ed  studies,  see  F r e e l a n d  et al. [1980]). 

The  N o r w e g i a n  Sognef jo rd  is the  wor ld ' s  d e e p e s t  fjord, w i th  a l e n g t h  of 180 k m  and  a 
d e p t h  of up to 1300 m. Also the  sma l l e r  s ide- f jords  l e a d i n g  into the  m a i n  f jord possess  

cons ide r ab l e  dep ths  of seve ra l  h u n d r e d  m e t e r s  (Fig. 1). The  s e a w a r d  sill of Sogne f jo rd  

r e a c h e s  up to 200 m b e l o w  NN,  so the  w a t e r  inf lux  is h i n d e r e d  espec ia l ly  d u r i n g  w i n t e r  
and  spring,  a n d  the  w a t e r  c o l u m n  is stratif ied.  O x y g e n  unde r sa tu ra t i ons  in the  i n n e r  fjord 

occur  f requen t ly ,  bu t  no  anae rob ios i s  has  b e e n  r e p o r t e d  (Salen, pers. comm.) .  
D u e  to its low c o m m e r c i a l  impor t ance ,  bu t  also as a resul t  of logis t ical  a n d  t echn ica l  

difficulties,  the  exp lo ra t ion  of the  Sogne f jo rd  s e d i m e n t  is still at  a ve ry  ea r ly  s tage ,  and  

p a p e r s  on its b io logy  are  f ew  and  far b e t w e e n .  H e r e  w e  p r e s e n t  resul ts  of t he  mic rob ia l  
ac t iv i ty  of the  ben th i c  sys tem at a s ta t ion l o c a t e d  in nea r ly  the  d e e p e s t  pa r t  of the  

Sognef jo rd .  T h e  po ten t ia l  of the  e n z y m a t i c  ac t iv i ty  and  the  ra te  of resp i ra to ry  d e g r a d a -  

t ion was  s tudied ,  and  it was  tes ted,  w h e t h e r  or not  t h e  b e n t h i c  popu la t ion  w a s  phys io log i -  
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Fig. 1. Map of the area of investigation 

cally adapted to the high pressure in these depths, To our knowledge ,  these  are the first 

microbiological  benthic  data recorded for the Sognefjord. 

METHODS 

S a m p l i n g  s i te  a n d  s h i p b o a r d  h a n d h n g  

Samples  were  collected on cruise Nr. 22 of R.V. Alkor from 22nd. Oct . -4th.  Nov. 1991 

at 61 ~ 09' N / 06 ~ 00' E, which is s i tuated near  the deepes t  part of the Sognef jord  (1260 m). 

The water  column was stratified; in the surface layer (0-50 m) about  11~ and 32%0 S 

were  measured,  and in the deep  layer {50-1260 m) about  7 ~ and 35 %o S. 
Sediment  samples were  collected using a mult iple corer (Barnett et al.. 1984), 

equ ipped  with 12 plastic tubes (5.5 cm diameter ,  50 cm length), The inject ion of the tubes 
provided a sampling of undis turbed sed iment  cores. On board, the cores were  transferred 
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immediate ly  into a 7 ~ cooled experimental  container and processed for experiments,  
thus minimizing the temperature shift of the probes. 

P r e p a r a t i o n s  for ac t iv i ty  m e a s u r e m e n t s  

The enzymatic  activity was followed using fiuoresceindiacetate (FDA, stock solution: 
9.6 mM in acetone, Serva Chemical Co.) as substrate for hydrolytic cleavages. The 0-2, 
2-4, 4-6, 6-8, and 8-10 cm horizons of different cores were pooled (about 300 ml per 
horizon), diluted in an equal  amount  of deep sea water, and  dispensed in aliquots of 10 ml 
in sterilized polyethylene bags. FDA up to a final concentrat ion of 96 ~tM (saturation 
concentrat ion as concluded from a previous experiment) was pipetted into the bags. 
Incubat ion followed at 7 ~ and 1 or 126 atm pressure, respectively. The high-pressure 
incubat ion was main ta ined  in pressure vessels according to the method of Yayanos 
(1969). Pressurization and depressurization rates were ca 100 atm rain-1. The incubat ion 
was terminated after 0 (control), 2, 4, and 6 h taking 1-ml sub samples (3 replicates) from 
each bag and diluting them with 6ml  ice-cooled sea water. The sediment  was cen- 
trifuged (5 min, 2 ~ 5000 rpm) and the superna tan t  was read in a spectrofluorometer 
(Jaspo FP-550) at 470 nm excitation and 510 nm emission against  an appropriate s tandard 
solution. Abiotic control series were run with sediment  from individual  horizons previ- 
ously sterilized by autoclaving. The specific FDA-hydrolysis of each horizon was calcu- 
lated by l inear regression of fluorescein-release versus incubat ion time. Correlation 
coefficients were over 0.95. In order to relate the measurements  obtained from the slurry 
back to the undi lu ted  sediment,  dry weights of slurry and original sediment  were 
determined.  Here we present  the data of hydrolysis rate per h and c m  3 of original 
sediment.  

The respiratoric remineralization of 14C-labeled Anacystis sp. (Cyanobacteria, pur- 
chased from Amersham-Buchler,  1.96 GBq mmo1-1 C) was studied according to the 
method of Lochte (1992). From the 0-2 cm and the 4-6 cm horizon, respectively, 200 c m  3 

sediment  were pooled and diluted in an equal  amount  of sea water. After dispensing 
aliquots of 10 c m  3 in pre-sterilized polyethylene bags, the slurry was supplemented  with 
1 ~tCi (-- 18.88 nmol C) cyanobacteria and incubated  (7 ~ 1 and  126 atm pressure). The 
incubat ion was terminated by shock-freezing after 0 (control), 1, 2, 3, or 5 days. Two 
subsamples  of 3ml  were taken from each bag, supplied with 6ml  0.5N NaOH, and 
centrifuged (2 ~ 5000 rpm, l0 min). From the supernatant .  7 ml were transferred in glass 
bottles containing CO2-vials (a mini-vial with a paper  and 250 ul ethanolamine).  Then 
l m l  5 N HC1 was rejected into the bottles dosed  by a septum. The CO2 that was then 
bound by ethanolamine.  After 24 h shaking, the CO2-vials were removed; 250 ~tl ethanol 
and 5 ml scintillation cocktail (Ultima Gold, Packard) was supplied, and the vials were 
measured on a Packard liquid scintillation counter. Recovery efficiency was 60.9 %. The 
respiration activity was calculated from the CO2-release versus incubat ion time. The data 
were based on activity per h and c m  3 of original sediment  (see FDA-method). 

RESULTS AND DISCUSSION 

The sediment  collected in Sognefjord was f ine-gra ined and of high water content  
(ranging be tween  600 mg cm -3 in the 0-1 cm and 350 mg  cm -3 in the 9-10 cm horizonL 
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The colour of the cores was bright brown in the upper  20 cm and  dark b rown in deeper  
horizons. No smell of H2S was detected, which would indicate anaerobiosis,  so we 
concluded that the sediment  from 0-10 cm - the range of our exper iments  - was 
oxygenated. Signs of terrestrial input  and  a rich benthic  populat ion were observed: small 
pieces of twigs sporadically within the sediment,  burrows of unident i f ied infauna,  
macroscopic l ebensspuren  (traces of life), and several living megabenth ic  organisms 
(crustaceans, holothurians) were detected (Christiansen, 1994). 

To assess the microbial activity in the sediment  of the Sognefjord, the determinat ion 
of cleavage-rate of fhioresceindiacetate (FDA) was used. FDA is a model substrate for the 
measurement  of hydrolytic activity. The method has limitations, because  an artificial 
substrate is used at a high, saturat ing concentration, thus measur ing a potent ial  activity 
rate and not an actual one. Nevertheless,  FDA-cleavage is expected to de termine  the 
"key step in degrading  organic material" (Hoppe, 1983; Meyer-Reil & K6ster, 1992). 
Since most of the organic material  in sediments  is h igh-molecular-weight  material, 
need ing  an initial enzymatic pre-degradat ion,  hydrolytic activity should be the rate- 
l imiting step in organic carbon utilization (Billen, 1982; Meyer-Reil, 1990) and  a prere- 
quisite to unders tand ing  the microbial loop in aquatic ecosystems (Chrost, 1990; Hoppe, 
1983). 

In the sediment  of the Sognefjord we found FDA degradation rates in  the range  of 
11-29 nmol h-1 cm-3. Since no other FDA-assays have been  performed in this fjord, the 
present  results are compared with those of other marine  sediments.  Lower values  are 
reported from the deep Atlantic ocean at 4000-5000 m depth (0.5-3 nmol  h -1 cm-3; 
Boetius, 1995; K6ster, 1992); similar values were found in the shallow Atlantic ocean at 
1200m depth (Meyer-Reil & K6ster, 1992), and higher rates are reported from shallow 
sediments of the North Sea (K6ster, 1992). This comparison might indicate  that the 
magni tude  of FDA-cleavage potential  is correlated with the depth of the env i ronment  
measured.  However it is more likely that the l imiting factor for the potent ial  FDA-activity 
is not pressure but  the input  of organic nut r ien ts /carbon into the biotope. Terrestrial  input  
should induce the synthesis of enzymes  for the degradat ion of high-molecular*weight  
molecules, furthering a greater amount  of metabolizing cells and enzymes,  and  subse- 
quent ly  raising the amount  of enzyme activity potential. Our data confirm this hypothesis 
and it appears  that similar values could be expected in other fjords. 

A lower FDA activity was found on the surface of the sediment  than a few cm deeper  
(Fig. 2). Such vertical profiles are reported from stations where infauna  organisms le.g. 
enteropneusts,  echiurans, anthozoansl  t ransported material  into deeper  layers (Kbster et 
a].  19911. In other cases, sub-surface peaks of FDA activity have been  found close to the 
interface of the redox-discontinue-layer.  There may have been both events  in the 
Sognefjord. Infaunal  organisms and  signs of bioturbat ion have been  found, bu t  unfortu- 
nately neither a quantification of higher organisms nor any redox measu remen t s  have 
been  performed. Further  studies should take into account  such determinations,  enab l ing  
a better unde r s t and ing  of the vertical FDA-activity profile in the Sognefjord. 

Additional experiments on microbial  respiratoric activity were processed with 14C- 
labeled cyanobacter ia  as food for the benthic orgamsms. The liberation of l abe led  CO2, 
formed dur ing biological oxidat ion/degradat ion,  was measured, The amoun t  of the 
supplemented  carbon was low (1.89 nmol  C cm-3), and the natura l  concent ra t ion  of 
substrate had been  altered to a smaller extent  than in the FDA-assay, descr ibed before. 



Microbial activity in Sognefjord sediment  

DEPTH SUB-BOTTOM (cm) 

0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 - 

3 - 

4 - 

5 - 

6 - 

7 - 

8 " 

9 

10 

0 

173 

5 1 0  15  2 0  2 5  3 0  

F D A  / C L E A V A G E  ( n m o l  c m  -3 h -~ ) 

l a t m  - 1 2 6 a t m  

Fig. 2. Vert ical  profile of the  po ten t ia l  hydrolyt ic  e n z y m a t i c  activity ( m e a s u r e d  as nmo l  FDA 
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r e spec t ive ly  

The production of CO 2 increased in the first 2 days, declining, or remain ing  more or 
less constant later, as shown in Figure 3. Such a two-step kinetic of degradat ion  versus 

time was reported also by Lochte (1992) and was attr ibuted to the primary utilization of 
easily degradab le  material  and the successive shift in the consumption of less labile 
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organic mat ter  (Turley & Lochte, 1990). Only the first part of the time curves  was used for 

the calculat ion of degradat ion rates. 

Faster mineralization rates were  found in the top 0-2 cm surface layer  compared  to 

the deepe r  4-6  cm layer (Table 1). This was expected,  because  the sed iment  surface is 

the accumulat ion  zone of organic material,  especially settling detritus. The  same was 

reported by Lochte (1992), who tested the 0-1 and 6-7 cm layers of deep - sea  sediment  of 

two different sites in the NE Atlantic. The  absolute degradat ion rates found in the 

Sognefjord are not very different from those in the NE Atlantic, especially w h e n  the data 

of incubat ion series performed at l a t i n  pressure are compared  (Table 1). It has to be 

men t ioned  that all details of these exper iments  including the algae concentra t ion were  
identical. A possible explanation of the similarity of these values may be a dilution effect: 

the deep  sea is an extremely oligotrophic environment,  while the Sognef jord  is a 

(relatively) rich one, because  the input of terrestrial material  reaching the bot tom of the 

fjord is much  greater. Therefore,  the background  of un labe led  material  in the fjord was 

possibly grea ter  than in the deep sea. Most probably, the true substrate dilutions in both 
envi ronments  are not identical, and therefore a comparison of absolute data  is maybe  

misleading.  

Both the FDA-assay and the respirat ion-assay were  processed at 1 a tm and at 126 

atm pressure,  respectively. In both cases, h igher  activity was found at 1 atm and not in the 

series s imulat ing in situ conditions. This indicates that the benthic populat ions in the fjord 
were  not adapted  to pressure conditions. In contrast to this, barophilic response  was 

found in the pressure experiments  by Lochte (1992), shown in Table 1. This m a y  be due to 

the grea ter  depth  of the environment  tes ted there. All the barophiles known  today were  
found in biotopes of 4000 m depth or deeper  (Deming et al., 1981; Deming  & Colwell, 

1982, 1985; Jannasch  & Wirsen, 1982; Rowe & Deming,  1985; Turley et al., 1988; Yayanos 

et al., 1979, 1981). Meyer-Reil  & K6ster (1992) also missed barophile response  in their 
FDA-measurements  in the Norweg ian -Green land  Sea ~up to 2000 m deepJ. It is possible 

that in the Sognefjord no barophflic organisms occur, because  the fjord is too shallow to 

Table 1. Respiratoric degradation of cyanobacteria in sediment expressed as % CO2 that theoreti- 
cally could be formed through the total oxidation of the substrate added. During the experiments 1 
atm or the in situ pressure conditions were maintained (Sognefjord: 126 atm. NE Atlantic: 450/500 

atm}. Data from NE Atlantic were taken from Lochte 11992) 

Sediment Pressure conditions 
surface pressure 1 arm in situ 

Sognefjord, 61~176 1260 m deep 
0-2 cm 1.24 0.80 
4-6 cm 0.81 0.67 
NE Atlantic. 47~ 4500 m deep 
0-1 cm 1.4 2.3 
6-7 cm 1.2 1.4 
NE Atlantic 34~176 5000 m deep 
0-1 cm 1.5 1.4 
6-7 cm 0.6 0.3 
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f a v o u r  s u c h  spec ia l i s t s .  A l t h o u g h  h y d r o s t a t i c  p r e s s u r e  m a y  d a m a g e  h i g h e r  o r g a n i s m s ,  its 

i n f l u e n c e  o n  t h e  p h y s i o l o g y  of m i c r o o r g a n i s m s  is sma l l e r .  I n c r e a s e  of t e m p e r a t u r e  h a s  a 

m u c h  g r e a t e r  e f fec t  on  m i c r o b e s  t h a n  p r e s s u r e  shi f t s  ( C h a s t a i n  & Y a y a n o s ,  1991; 

J a e n e k e ,  1991). It is p o s s i b l e  t h a t  b a r o p h i l e s  o c c u r  on ly  in e n v i r o n m e n t s  t h a t  a re  d e e p  

e n o u g h  for a p h y s i o l o g i c a l  a d a p t a t i o n  to e l e v a t e d  p r e s s u r e  to b e  a n  a d v a n t a g e  for 

s u r v i v a l  in  t h e  e n v i r o n m e n t .  S u c h  e n v i r o n m e n t a l  n i c h e s  m a y  b e  g i v e n  in  d e p t h s  g r e a t e r  

t h a n  2000 m. O n  t h e  o t h e r  h a n d ,  t h e  q u a l i t y  a n d  q u a n t i t y  of l a b e l l e d  s u b s t r a t e s  in  a s s a y s  

a r e  k n o w n  to h a v e  a m a j o r  i n f l u e n c e  o n  t h e  d e g r e e  of b a r o p h i l y  m e a s u r e d  ( J a n n a s c h  & 

W i r s e n ,  1973, 1982, 1984). T h e  t r a d i t i o n a l  s i n g l e  s u b s t r a t e  m e t h o d  to d e t e r m i n e  u p t a k e  or 

i n c o r p o r a t i o n  k i n e t i c s  u s e s  r a d i o a c t i v e l y  l a b e l l e d  s u b s t r a t e s  s u c h  as g lucose ,  a c e t a t e ,  or 

g l u t a m a t e .  T h e  m e t h o d  u s e d  h e r e  w i t h  l a b e l l e d  Anacystis sp., a d d e d  in  a r e l a t i v e l y  low 

a m o u n t ,  m a y  a l t e r  in  s i tu  c o n d i t i o n s  for t h e  m i c r o b e s  to a less  e x t e n t  t h a n  t r a d i t i o n a l  

assays ,  b e c a u s e  c y a n o b a c t e r i a  a re  a m o r e  r e p r e s e n t a t i v e  food sou rce  in n a t u r e .  H o w e v e r ,  

w e  do  no t  k n o w  if t he  c y a n o b a c t e r i a  a re  a r e p r e s e n t a t i v e  food  a n d  a p p r o p r i a t e  for 

p h y s i o l o g i c a l  s t u d i e s  in  t he  Sogne f j o r d .  

O u r  d a t a  p r e s e n t  t he  first  r e p o r t  o n  m i c r o b i a l  ac t iv i ty  in  the  s e d i m e n t  of t he  

S o g n e f j o r d .  T h e  S o g n e f j o r d  is a r a t h e r  e x t r e m e  a n d  d i s t i nc t  e n v i r o n m e n t ,  t h e r e f o r e  our  

d a t a  c a n  no t  b e  c o m p a r e d  d i rec t ly  w i t h  t h o s e  of o t h e r  m a r i n e  b e n t h i c  e n v i r o n m e n t s .  

C o m p a r i s o n s  m a d e  h e r e  c a n  on ly  h e l p  to fit t h e  p r e s e n t e d  d a t a  in to  the  g e n e r a l  f r a m e  of 

i n f o r m a t i o n .  F u r t h e r  i n v e s t i g a t i o n s  a re  n e e d e d  w i t h  s imi l a r  e x p e r i m e n t s  at  o t h e r  s t a t i ons  

of t h e  fjord, or at  t he  s a m e  s ta t ion ,  b u t  in  o t h e r  s ea sons .  M o r e o v e r ,  s u c h  e x p e r i m e n t s  

s h o u l d  look  in m o r e  de ta i l  a t  t h e  k i n d s  of s u b s t r a t e s  a v a i l a b l e  in  the  S o g n e f j o r d  a n d  on  

t h e i r  n a t u r a l  c o n c e n t r a t i o n .  
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