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B eh av io u ra l a n d  m e ta b o lic  re a c tio n s  o f  P om atosch istu s  m in u tu s  (P allas) e x p o se d  to  v a rio u s  
degrees o f  h y p o x ia  w ere  s tu d ie d . A t 15” C  a n d  20%o m o rta lity  w as 5 0 %  a t 15-2%  oxygen 
s a tu r a t io n . A v o id a n ce  a n d  o x y g en  s a tu r a t io n  show ed  a  lin ea r in v e rse  re la tio n sh ip . A t levels low er 
th a n  60%  s a tu ra t io n  in c rea se d  ac tiv ity  o c cu rre d ; av o id a n ce  w as s ig n ifican t a t  3 0 %  s a tu ra t io n . 
A ctive , ro u tin e  a n d  s ta n d a rd  M  0 2 c o rre la te d  lin ea rly  w ith  w e ig h t a t  6  a n d  15 C  (sa lin ity  =  19%o). 
D u rin g  h y p o x ia  a t  15° C  ro u tin e  M 0 2 ro se  sign ifican tly  a t 6 0 -5 0 %  a n d  4 0 -3 0 %  s a tu ra t io n  
expressed  e ith e r  as  M 0 2 d u r in g  lo n g e r p e rio d s  a t  n ig h t o r M 0 2 a t  s h o r te r  in te rv a ls  d u r in g  th e  day . 
S ta n d a rd  M 0 2 w as  u n affec ted  b y  h y p o x ia  a t  15 ' C . H a em o g lo b in  c o n c e n tr a tio n  w as  sign ifican tly  
increased  w hen  P . m in u tu s  w as  acc lim a tiz ed  to  3 5 %  s a tu ra t io n .

K ey  w ords: P o m a to sch istu s  m in u tu s ; to le ra n c e ; a v o id an ce ; oxygen  c o n su m p tio n ; h y p o x ia .

I. INTRODUCTION

H ypoxia is know n to  occur locally in shallow  w aters (M uus, 1967) and  can occur 
noctu rnally  in  tida l pools (B ovbjerb  & G lynn, 1960). R ecently , an  increasing 
frequency and  d u ra tio n  o f  hypox ia  has been reported  in shallow  w aters a ro u n d  
S candinavia, and  severe oxygen depletion  fo r longer periods has been repo rted  for 
larger areas in the  K a tteg a t (M iljostyrelsen, 1984; K aas  et al., 1987; P ihl, 1989). 
C oncom itan t w ith  these occurrences incidences o f  large-scale escape o f  fishes have 
been repo rted  (Pihl, 1986; P etersen  & Petersen, 1986).

Besides dea th  caused  by severe hypox ia  o r anoxia , decreased oxygen availability  
m ay lim it the d is trib u tio n  o f  fish species by reducing  the energy availab le for 
locom otion, g row th  and  rep ro d u c tio n  (e.g. B rett & G roves, 1979). R ecognition  o f  
the subtle im pact o f  sub lethal hypox ia  has generated  num erous studies which relate 
resp iration  physiology to  dissolved oxygen. These studies m ay, how ever, be o f  
lim ited value in p red icting  effects on fish in situ  if  they are n o t com bined  w ith 
studies o f  h ab ita t shifts and  the possib le use o f  a lte rnative  b rea th in g  m odes such as 
aqua tic  surface b rea th ing  (K ram er, 1987). A  frequently  applied  m ode to evaluate 
the behavioural response to  hypoxia  has been to use avoidance as a m easure o f  the 
change o f  h ab ita t induced  by reduced oxygen availab ility  (D o u d o ro ff & Shum w ay, 
1970).

T he lack o f consistency regard ing  experim ental cond itions, insufficient acclim a­
tiza tion  tim es an d  the lack o f  ce rta in ty  ab o u t w hich m etabolic  level has been 
m easured, are p rob lem s th a t  em erge from  attem p tin g  to m ake com parative  studies 
involving d a ta  in  the lite ra tu re  (F ry , 1971). In  the p resen t w ork , the defin itions o f 
m etabolic levels p ro p o sed  by B rett ( 1972) have been used. Because the  sand  goby is
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a  sluggish species, the M 0 2 a t b u rst ac tiv ity  has been used to  represen t active 
m etabo lism  (V ahl & D avenport, 1979).

T he sand  goby, Pom atoschistus m inutus  (P allas), is an  im p o rtan t com ponen t o f 
the shallow  coastal w ater food  web. D u rin g  la te  sum m er and  au tu m n  it can 
becom e very ab u n d an t on  sandy  o r partly  m u d d y  bo ttom s, p a rticu la rly  in estuaries 
and  co asta l areas a t dep ths from  1-20 m. D u rin g  the w in ter it  m igrates to  deeper 
w a te r (M uus, 1967).

T h e  pu rpose  o f  this investigation w as to  study  the behav iou ra l and  m etabolic 
reactions o f  P. m inutus  w hen exposed to  v a rio u s degrees o f  hypoxia . E m phasis was 
focused on reactions a t the rou tine  level o f  m etabo lism . C o n cen tra tio n s o f  haem o­
globin  in the b lood  o f  fish acclim ated to  hy p o x ia  have been investigated  to  establish 
possib le acclim ation  effects a t p ro longed  hypox ia .

II. MATERIALS AND  METHODS

S an d  gobies, P. m inutus, (0-41-2-24 g) w ere c a u g h t w ith  beam  traw l (traw ling  fo r m ax 20 
m in) a t  th e  b o u n d a ry  betw een the  Isefjo rd  an d  th e  K a tteg a t, N . S ealand , D en m ark . The 
fish w ere cau g h t a t  dep th s o f  2 -10  m , in J a n u a ry  fo r  the 6 5 C  experim en ts and  du rin g  spring 
an d  su m m er fo r th e  15° C  an d  hypox ia  experim ents.

T h e  fish w ere p laced  in large tan k s a t the  sam e tem p era tu re  and  salin ity  as th a t o f  the 
ca tch  locality . T he fish w ere acclim atized to  la b o ra to ry  co nd itions fo r a t least 2 -3  weeks. 
D u rin g  acclim atiza tion  the gobies w ere fed w ith  fish food  pellets.

R E S IS T A N C E  A N D  T O L E R A N C E
Five g ro u p s  o f  (« = 1 0 )  fish w ere k ep t in  se p a ra te  glass tan k s w ith  a n  a rea  o f  27 x  30-5 cm 

an d  a vo lum e o f  25 1 (salin ity  (S): 18%0; tem p e ra tu re  (T): 15° C; L :D =  16:8). T he bo ttom s 
w ere covered  w ith  a th in  layer o f  sterilized sand.

A fte r 24 h the fish w ere tran sfe rred  to  id en tica l tan k s  w ith  oxygen sa tu ra tio n s  o f  5% 
(range  4 -6 % ), 10%  (9 -1 1 % ), 15% (13-5 -16-5% ), 20%  (18-24-5% ) a n d  100%  satu ra tion . 
E very 24 h  surv iv ing  fish w ere tran sfe rred  to  id en tica l tan k s  w ith  new w ater o f  th e  desired 
oxygen sa tu ra tio n . T he oxygen sa tu ra tio n  w as low ered by pu rg in g  w ith  n itrogen  gas 
and  checked  w ith  an  Y SI 58 oxygen p robe . I f  th e  oxygen sa tu ra tio n  h a d  changed  from 
th e  s tip u la ted  percen tage , th is w as co rrec ted  fo u r  tim es an  h o u r in the 5 an d  10%  satu­
ra tio n  experim en t, once every h o u r  in  the  15%  experim en t an d  every fo u rth  h o u r in 
th e  20%  experim en t by e ither N 2- o r a ir-b u b b lin g . T h e  tem p era tu re  w as checked daily. 
C o n tro ls  w ere k ep t sim ultaneously  u n d er full oxygen  sa tu ra tio n  and  o therw ise identical 
con d itio n s . A verage  size o f  th e  fish used w as 1 -38 w et w t +  0-08 g ( s .e . ) ,  w hich gave a load  o f 
0-55 g fish 1“ 1 w ater. T he fish w ere sta rved  fo r 96 h befo re  th e  s ta r t o f  th e  experim ent.

M o rta lity , defined as n o  reaction  w hen to u ch ed  w ith  a  p a ir  o f  fo rceps, w as reco rded  fo u r 
tim es an  h o u r  in th e  5 and  10% sa tu ra tio n  experim en t, every h o u r in the  15% sa tu ra tion  
experim en t an d  a fte r  3, 6, 24, 48, 72 an d  96 h  in th e  20%  sa tu ra tio n  experim en t. D ead fish 
w ere rem oved .

A V O ID A N C E
A n experim en ta l se t-up  as show n in Fig. 1 (M iljosty relsen  e t al., 1986) w as used for 

av o idance  studies (T: 16° C; S: 20%o). A d d itio n  o f  dye to  one o f  th e  reservo irs confirm ed 
th a t th e  tw o flows in  section  C  w ere ac tua lly  sep a ra ted . A fter reg u la tion  o f  th e  p u m p s to  a 
s tab le  flow  ra te  o f  6 1 m in -1 , 15 fish w ere p laced  in  section  C. T he fish w ere acclim atized to 
the se t-up  fo r  app ro x im ate ly  1 h. A vo idance  reac tio n s  w ere tested  a t oxygen sa tu ra tio n s 
( ±  2 % ) o f  60, 50 ,40 , 35, 3 0 ,2 5 ,2 0  an d  12% . T h e  desired  oxygen sa tu ra tio n  w as a tta in ed  by 
pu rg in g  w ith  n itrogen  gas in the reservo irs an d  co n tin u o u sly  checked w ith  an  Y SI 58 oxygen 
p robe . O xygen sa tu ra tio n  in  the reservo ir d id  n o t  differ from  th a t o f  th e  o b serva tion  area. 
E ach test p rocedu re  s ta rted  w ith  a 10 m in o b se rv a tio n  period  w ith  n o rm ox ic  w ate r on  both  
sides to  estab lish  an  even d is trib u tio n  o f  fish. F ive  m inu tes a fte r  in tro d u c tio n  o f  hypoxic
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F ig . 1. E x p e rim en ta l se t-u p  fo r  av o id a n ce  tests.

w ater to  one o f  the  sides a  20-m in o b serva tion  period  fo llow ed , a fte r  w hich th e  flow was 
reversed via th e  connec ting  tubes so  th a t the side th a t p rev io u sly  had  been hypoxic  becam e 
norm ox ic  an d  vice versa. T h is w as follow ed by 5 m in  reversa l tim e an d  a new  20-m in 
o b serva tion  period . D u rin g  each  o b serva tion  period  th e  n u m b e r o f  fish in b o th  p a rts  o f  the 
section  w ere c o u n ted  every 30 sec from  the  5th m in. A  c o n tro l experim en t w as m ade  w ith 
fully aera ted  w ater in  b o th  sides o f  section  C.

T he relative density  (D ) o f  fish in  no rm ox ic  w ater a t a  given sa tu ra tio n  (s) is

D s =  'Ln (M ¡N )  X 100%

w here n  is th e  to ta l n u m b er o f  observa tions , M  is the n u m b e r o f  fish in  no rm ox ic  w ater 
an d  N  is the to ta l n u m b e r o f  fish (15). F ro m  the  relative density , avo idance  ( A s) can  be 
ca lcu la ted  as:

T J =  (Z)J—50) X 2.

In the ca lcu la tions o f  avo idance  th e  theoretical value 50%  fo r D m  has been used; the ac tua l 
value m easu red  w as 50-8% . A t t e s t  w as used to  determ ine w h e th e r a given av o idance  was 
significant.

O X Y G E N  C O N S U M P T IO N
R esp ira tion  experim en ts w ere ca rried  o u t in w in ter (6e C) a n d  sum m er (15° C) o n  starved  

fish kep t in a sm all tan k  o f  a b o u t 61 supplied  w ith  run n in g  sea  w ater a t the experim en ta l 
tem p era tu re  an d  sa lin ity  (19%o) fo r 2 0 -24  h p rio r  to  the  experim en t. O xygen co n su m p tio n  
rates ( M 0 2) w ere m easu red  acco rd ing  to  H agerm an  & S zan iaw ska  (1986). A  relatively 
sm all resp ira tion  ch am b e r (35 m l), relatively h igh  flow ra te s  (0T 2-0-61  h ~ ')  an d  long 
acclim ation  tim e (see below ) w ere used in o rd e r to  avo id  so m e o f  the com m on  e rro rs  in 
resp irom etry  (Steffensen, 1989).

T o  m inim ize ex te rn a l stim uli th e  en tire  reservo ir w as covered  w ith  b lack  p lastic  shee t and  
noise was m in im ized . W hen th e  cover w as rem oved , fo r in s tance  w hen  b ubb ling  n itrogen , 
the fish reacted  instan tly . N o  d ie l rh y th m s o f  the fish co u ld  be observed  in th e  resp irom eter.
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E xperim en ts were s ta rted  by p lacing  a  single fish in th e  re sp iro m ete r in th e  m orn ing . The 
fish w ere th en  taken  o u t in the a f te rn o o n  th e  fo llow ing  day  so  th a t each experim en t had 
m ore  th a n  24 hou rs  o f  co n tin u o u s reco rd ing  o f  oxygen  co n su m p tio n . D u rin g  th e  end o f  the 
norm ox ic  experim ents a t 6 and  15“ C the  fish w ere ac tiva ted  by  rem oving  the cover and 
tu rn in g  the cham ber sidew ays in  th e  reservoir. H ypoxic  experim en ts w ere carried  ou t 
separa te ly . H ypoxia  w as g radua lly  induced  5 -6  h a fte r  th e  fish had  been placed in  the 
resp irom eter. A t each oxygen sa tu ra tio n  the  fish w ere allow ed to  settle  dow n so  th a t a stable 
M 0 2 w as reco rded  fo r som e ho u rs  befo re  th e  oxygen  sa tu ra tio n  w as fu r th e r low ered. F o r 
longer p eriods— usually  n igh t tim e— th e  oxygen sa tu ra tio n  w as k ep t a t a  fixed, low  level to 
fac ilita te  com parisons o f  the M 0 2 over a long hypox ic  period  w ith  th a t o f  sh o rte r  periods 
du rin g  the day . T he various m e tabo lic  levels w ere defined as

S tan d a rd  M 0 2: the low est rep roduc ib le  va lue  du rin g  a  24-h period . In  the hypoxia 
experim en ts the s tan d a rd  M 0 2 w as de te rm ined  in  a sim ilar w ay , a lth o u g h  a t sh o rte r  in ter­
vals. I t  shou ld  be no ted  th a t it w as n o t a lw ays possib le  to  o b ta in  a value fo r the stan d ard  
M  02.

R o u tin e  M 0 2: an  average o f  8 h  o f  m easu rem en ts , reco rded  ap p rox im ate ly  12 h a fte r the 
fish h ad  been placed in the resp irom eter. N o rm ally  the M 0 2 had  fallen from  th e  high 
co n su m p tio n  rates follow ing in tro d u c tio n  o f  th e  fish in th e  resp irom eter, to  the ro u tin e  level 
w ith in  3 -4  h, sim ilar to findings o f  Jo b lin g  & D avies (1980). D u rin g  hypox ia  th e  rou tine 
M 0 2 w as determ ined  in tw o ways: as a m ean  o f  th e  n o c tu rn a l M 0 2 (ca . 8 h) a t a  co nstan t 
low  oxygen sa tu ra tio n ; o r  as averages o f  the sh o r te r  (ca. 2 h) s tab le  p eriods d u rin g  th e  day.

A ctive M 0 2: w as determ ined  as the  m ax im um  oxygen  u p tak e  fo llow ing in itia l stress due 
to  in tro d u c tio n  o f  the fish in  th e  resp irom eter o r by  tu rn in g  the ch am b e r sidew ays num erous 
tim es in the reservoir a t th e  end o f  each  experim en t. D u rin g  hypoxia th e  active M  0 2 could 
n o t be  determ ined .

L in ea r regressions (least squares o f  log re sp ira tio n  on  log w et w eight) w ere m ade  for 
n o rm ox ia  an d  hypoxia in th e  in tervals 6 0 -5 0 %  (P w0 2 =  90—75 to rr)  and  4 0 -3 0 %  sa tu ra tio n  
(RH,0 2 =  60-40  to rr). T he oxygen co n su m p tio n  ra te s  (M O ,) in no rm o x ia  w ere com pared  
using  analysis o f covariance  (S okah l &  R o h lf, 1981). A verages o f  th e  day  tim e M 0 2 were 
com pared  using  S tu d en t’s M est.

H A E M O G L O B IN  C O N C E N T R A T IO N
F ish  used fo r haem oglob in  analyses w ere k ep t in  sm all tan k s w ith  rec ircu la ting  sea w ater 

a t oxygen sa tu ra tio n s  o f  36-3 ( ± 8 T % ,  s.d .) an d  58-8 (± 6 -5 % ) fo r 8, 14 an d  26 days and 
w ere fed ad  libitum  daily . O xygen sa tu ra tio n  w as checked  daily  w ith an  Y SI 58 oxygen 
p robe . B lood  sam ples (4 pi) w ere ta k e n  from  th e  cau d a l vein and  analysed  accord ing  to 
A ssendelft (1970) on  an  U nicam  SP  1800 U V -sp ec tro p h o to m ete r. B lood tak en  from  fish 
acclim atized  to  full sa tu ra tio n  fo r 26 days w ere used  as con tro ls. S tu d e n t’s /-test w as used 
fo r co m p ariso n  o f  haem og lob in  c o n cen tra tio n s  ([H b], g H b  100 m l-  ').

III. RESULTS

T O L E R A N C E  A N D  R E S IS T A N C E

R esistance and to lerance to hypox ia  is show n in  Figs 2 and  3. In  the control 
g ro u p  no m ortalities occurred . T he oxygen sa tu ra tio n  in terval betw een no 
m o rta lity  and  full m orta lity  is very n a rro w  w ith  a m ean  m o rta lity  a t 15-2%. 
W hen exposed to severe hypox ia  the fish tried  to  reach  the surface and  if  this was 
unsuccessful they rem ained inactive at the  b o tto m . A  sim ilar hypoxic m ortality  
p a tte rn  has previously been noticed  (S hephard , 1955; H agerm an  & Szaniaw ska, 
1986).

A V O ID A N C E

N o rm ally  the sand  goby is sluggish, rem ain ing  inactive except w hen feeding 
(F onds & V eldhuis, 1973). A t oxygen sa tu ra tio n s  below 40%  the gobies became
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F ig . 2. R es is tan ce  to  h y p o x ia . M o rta li ty  a t  5 ( • ) ,  10 ( A )  a n d  15 ( ■ )  %  o x y g e n  s a tu ra t io n  (T: 15° C , S: 18%o) 
p lo tte d  o n  lo g a rith m ic  p ro b a b il i ty  p a p e r  a cc o rd in g  to  L itchfield  (1949).
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F ig . 3. T o le ran c e  to  h y p o x ia . O xygen  c o n c e n tra tio n s  a n d  s a tu ra t io n s  (T : 15 C , S: 18%o) fo r  95, 50 a n d  5%  
m o rta lity  w ith in  96  h  c a lcu la te d  a cc o rd in g  to  L itchfield  & W ilc o x o n  (1949).

‘ restless ’ show ing obviously  increased ventila tion  and  ran d o m  sw im m ing activity, 
which could  lead  them  to  the norm oxic  section. A  linear re la tionsh ip  betw een 
avoidance and  oxygen co n cen tra tio n  was ob ta ined  (Fig. 4), as also show n by 
W hitm ore  et al. (1960). A vo idance  was significant a t 30%  an d  highest a t 20%
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F ig . 4. R e la tiv e  a b u n d a n c e  a n d  av o id an ce . V a lu es  a re  c a lc u la te d  as  d esc rib ed  in  th e  tex t a n d  given as  
m ean s ±  s.E . a t  d iffe ren t oxygen  s a tu ra t io n s  (T: 16-' C , S: 20%o). T h e  reg ressio n  line is given by 
A =  65-3%  — 9-1 X s a tu ra t io n  (r2 =  0-73) a n d  is c a lc u la te d  o n  all s a tu ra t io n s  excep t 12% , w here  th e  
fish  w ere  im m ob ilized  a n d  th e re fo re  d id  n o t  a v o id  th e  hy p o x ia .

sa tu ra tio n . A t 12% sa tu ra tio n  (i.e. below  the  to lerance lim it) the d a ta  were incon­
sisten t show ing great differences betw een the  separa te  runs; these d a ta  w ere no t 
included in  the linear regression. A t 12% sa tu ra tio n  the fish w ere im m obilized 
and  if  they did swim  th is was tow ards the  surface, possibly leading the fish to 
the norm oxic section. I f  failing to  reach  th e  norm oxic  section the fish rem ained 
inactive in the hypoxic section before  again  a ttem p ting  to  reach the surface. 
Schooling could n o t be observed a t all.

O X Y G E N  C O N S U M P T IO N  

T o  establish the m agn itude  o f  the  d ifferent m etabolic levels, a series o f  
experim ents were carried  ou t a t  6e C  (Fig. 5). M 0 2 varies linearly w ith w et weight 
and  the  slopes o f  the  regression lines (0-66-0-78) are no t significantly different. A  
sim ilar picture em erged a t 15° C  (Fig. 6). A t all th ree  levels the M 0 2 at 15° C  was 
significantly g reater (P <  0-005). A s a consequence the m etabolic  scope is greatest 
a t 15° C. T he gobies reacted to  hypox ia  by increasing their ro u tin e  M 0 2 (Table I). 
T h is is show n here e ither as a com parison  o f  regression on oxygen consum ption  
v. w et weight a t  the stab le n igh t levels o f  60 -5 0 %  and  40 -3 0 %  satu ra tio n ; o r 
by com parison  o f  averages o f  w eight stan d ard ized  M 0 2 ob ta ined  d u rin g  day 
tim e (P <  0-005 and  F  < 0 -01 , respectively). In  co n trast s tan d a rd  M 0 2 seemed 
unaffected  by oxygen depletion  (T able  I). F o r  technical reasons stan d ard  M 0 2 
cou ld  be ob tained  only du ring  the  stab le  hypoxic n igh t periods. This resulted in 
few d a ta  and  large regression variab ility . N o  valid  weight s tan d ard iza tio n  could
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F ig . 5. W eig h t d e p e n d e n t oxygen c o n su m p tio n  ra te  a t 6° C . A c tiv e  oxygen c o n su m p tio n : A  ( • )  =  
0 1 4 3  X IV0'66 ( r2 =  0-82, « =  21), ro u tin e  oxygen  co n su m p tio n : R  ( C )  =  0-076 x  W 0'* (r2 =  0-7, « = 1 9 ) ,  
s ta n d a rd  ox y g en  c o n su m p tio n : S ( A )  =  0 -0 2 7 x  W 0'5 (r2 =  0-88, «  =  16); a ll te s ts  w ere  p e rfo rm ed  
a t 19%o.

0 - 5

0 - 3

0-2

.2  0 -

5  0 - 0 5

0 - 0 3

0 -3  0 - 5  I 2  3  5  IO
W e ig h t  ( g )

F ig . 6. W eig h t d e p e n d e n t ox y g en  c o n su m p tio n  ra te  a t 15J C . A ctive  o x y g en  c o n su m p tio n : A  ( • )  =  
0-476 x  W 065 (r2 =  0-73, « =  29), ro u tin e  oxygen  co n su m p tio n : R ( O )  =  0T 51  x  fF061 (r2 =  0 -7 9 ,«  =  16), 
s ta n d a rd  oxygen  c o n su m p tio n : S ( A )  =  0-071 x  W 0’72 ( r2 =  0-82, «  =  19); all te s ts  w ere  p e rfo rm ed  
a t 19% .

be established. S tan d a rd  M 0 2 show ed no differences betw een no rm ox ic  and  
hypoxic co n d itions, ind icating  no  significant ex tra  cost o f  ventila ting  a t increased 
ven tila tion  volum es.
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T a b le  II. H aem o g lo b in  co n cen tra tio n . [Hb] is given as m e a n s  ±  s .e . in  g H b  100 m l 1 a fte r 
8, 14 a n d  26 days o f  acclim ation  to  d ifferent oxygen  sa tu ra tio n s

S a tu ra tio n
(% )

8 d a y s 14 d a y s 26 d a y s

35
4-87 +  0-24 

« =  6 / >< 0  01
4-12 +  0-38
n =  10 NS

4-72 +  0-55 
« = 1 7  P c O -0 5

60
3.44 ± 0 -4 0  

n =  6 ns
3-64 +  0-30

« =  8 NS
3-76 +  0-25 
n =  12 n s

100
3-53± 0-13  

« =  45

H A E M O G L O B IN  C O N C E N T R A T IO N

P. m inutus  is ab le  to  increase the haem oglobin  co n cen tra tio n  w hen acclim atized 
to  35%  sa tu ra tio n  (T able II). A t this oxygen sa tu ra tio n  the rise in [Hb] is signifi­
can t afte r 8 an d  26 days o f  acclim ation  (14 days n o t significant). N o significant 
effect o f  m o d era te  hypox ia  (60%  satu ra tio n ) could be detected .

IV. DISCUSSION

T he estim ated  weight-specific oxygen consum ption  ra tes  o f  P. m inutus a t  6° C  is 
m uch low er th a n  tho se  rep o rted  fo r Gobiusculus flavescens  (Fabric ius) (H anson , 
1985) an d  low er th a n  values fo r very young Zoarces viviparus (L innaeus) (B roberg  
& K ristoffersen , 1983). T he estim ates a t 15° C a re  generally  in agreem ent w ith  
o th e r findings in ecologically, closely related  gobies (H ealey, 1972; F o n d s & 
V eldhuis, 1973; C ong le ton , 1974; T o lksdorf, 1978; von  O ertzen , 1983). O ur 
findings on  s ta n d a rd  and  ro u tin e  M 0 2 are generally low er and  on active M 0 2 
generally  h igher th a n  those fo u n d  in the studies m en tioned  above. A t b o th  tem ­
pera tu res fo r P. m inutus, active M 0 2 is five to  six tim es and  ro u tin e  M 0 2 tw o to 
th ree tim es s ta n d a rd  M 0 2; th is is a no rm al difference betw een m etabolic  levels (see 
e.g. B rett, 1972). W h a t com prises ‘ ro u tin e  ’ M 0 2 in the  various studies quo ted  
above is n o t alw ays easy to  deduce. F o r  the presen t studies we have elected to  use 
the m ean  ra te  derived  from  8 h o f  con tinuous record ing  w hich included periods o f  
active m ovem ent a n d  period  o f  quiescence. In  the  hypoxic ‘ day  ’ experim ents we 
derived the m ean  values fro m  2 h  o f  co n tinuous recordings.

T h a t fish are  ab le  to  avoid hypoxic w ater is well know n (D o u d o ro ff & Shum w ay, 
1970; K ram er, 1987) b u t there  has been som e discussion w ith  reg ard  to the m ode o f 
the ir response. Jones (1952) an d  H öglund  (1961) concluded  th a t escape m ove­
m ents w ere acciden tal and  induced  by resp ira to ry  stress, thus they d id  n o t reflect an  
im m ediate  de tec tion  o f  hypoxic w ater. R esponses to  hypoxia  before  the in itia tio n  
o f  resp ira to ry  stress w ere no ted  by W hitm ore  et al. (1960), D eub ler & P osner 
(1963) an d  Ogilvie (1982). T h o u g h  the  presen t findings resem ble those o f  Jones 
(1952) it can n o t be concluded  th a t the  sand  goby responds ju s t as a consequence o f  
resp ira to ry  stress, since the  gobies often reacted  w ith in  a very sh o rt tim e afte r their 
in tro d u c tio n  in to  hypox ic  w ater. A  possib le m ode o f  reaction  could be th a t the



930 J.  K.  P E T E R S E N  A N D  G .  I. P E T E R S E N

changes in c ircu lation  and  ven tila tion  induced  by hypox ia  exert sw im m ing activity, 
here in terp reted  as escape m ovem ents.

R esp ira to ry  stress, as increased ro u tin e  M 0 2 w as found  at w ater oxygen 
sa tu ra tio n s th a t were m uch h igher th an  those  w hich induced  avoidance. In  the 
m ajo rity  o f  earlier investigations, ro u tin e  M 0 2 has been  reported  to decrease with 
progressive hypoxia. T hus K erstens et al. (1979) and  Jensen  & W eber (1985) both 
fo u n d  very reduced rou tine  M 0 2 on  exposure to  acu te  severe hypoxia, while 
W atte rs  & Sm ith (1973) found  only m in o r reductions in oxygen u p tak e  a t declining 
oxygen tension. L om holt & Jo h an sen  ( 1979) found  only  a slightly reduced routine 
M 0 2 w hen P n.0 2 was gradually  low ered to  40 to rr, b u t large reductions in  M 0 2 
a t P w0 2 below  that. Few  investigations have confirm ed the  opposite  trend. 
F o r  lingcod, Ophiodon elongatus, F arre ll & D axboeck  (1981) show ed increasing 
ro u tin e  M 0 2 w ith decreasing oxygen tension  to  c. P w0 2 =  60-50  to rr , a t lower 
P J 0 2 values the M 0 2 fell. Cech & W ohlslag  (1973) and  Cech et al. (1979) found  no 
consisten t response o f  M 0 2 a t m o d era te  hypoxia  b u t a t tem pera tu res o f  c. 15 ' C, 
the  rou tine  M 0 2 was generally fou n d  to  be elevated u n d er hypoxic conditions.

Besides varia tion  a ttrib u tab le  to  differences in definition o f  rou tine m etabolism , 
the opposing  trends m entioned  above can  be a  resu lt o f  different experim ental 
conditions. Thus H ughes e ta l. (1983) found  th a t carp , Cyprinus carpio (L innaeus), 
acclim atized to  the experim ental se tup  show ed increased  rou tine M 0 2 with 
progressive hypoxia, w hereas the  converse could  be seen fo r less acclim atized 
fish. L om holt & Johansen  (1979) sta ted  sim ilarly, th a t the decreasing M 0 2 at 
m odera te  hypoxia could reflect acclim ation  since the fish were in troduced  in to  the 
resp irom eter shortly  before the m easurem ents started . In  the presen t investigation 
the  gobies were allow ed to settle in the  resp irom eter un til a  stab le rou tine M 0 2 was 
o b ta in ed  and  this m ay be the reason  fo r the response observed.

R educed  oxygen availability  will affect m etabolism  broad ly , including both 
activities like ventila tion  and  sw im m ing an d  m ore subtle activities such as assim i­
la tio n  and  grow th. A tten tio n  has been paid  especially therefo re  to studies o f  effects 
o f  hypox ia  on the ‘ borders ’ o f  activ ity , nam ely  stan d ard  and  active m etabolism . 
F o r  b o th  it has been show n th a t hypox ia  will decrease the  m etabolic rate. F o r 
stan d a rd  M 0 2 it has been generally agreed th a t  the oxygen up take  is unaffected by 
hypoxia  until an  ‘ incip ient lethal level ’ (van D am , 1938; Shephard , 1955), as also 
show n here for sand  gobies.

R ou tin e  m etabolic ra te  is vaguely defined and  poorly  established experim en­
tally. T hus, one can n o t expect th a t this m etabo lic  ra te  will show  the sam e course 
du rin g  progressive hypoxia as a t the m etabolic  lim its (i.e. s tan d ard  and  active 
m etabolism ). R ou tine  M 0 2 can  be considered  as a crude expression o f  the costs 
o f  ‘ no rm al a c tiv ity ’ (B rett, 1972) includ ing  spon taneous activity  and  feeding. 
C onsequently  th is gives m uch v a ria tion  w hich can com plicate com parisons. F o r 
th is reason  rou tine  M 0 2 shou ld  p erhaps be regarded  as a  w ider zone instead o f a 
fixed level, bu t is nevertheless still rep resen ta tive  o f  ‘ no rm al life ’ in the ecological 
sta te . U nder no rm al conditions, acu te  hypox ia  can  be seen as stress and  the 
ensuing elevation o f  the ro u tin e  M 0 2 as the  costs o f  a  stress-induced rise in (mainly 
locom otory) activity. O ther au th o rs  have described increased activity  during 
hypoxia. Jones (1952) found  increased  activ ity  before avoidance w as fulfilled, 
D an d y  (1970) show ed increased lo com oto ry  activity o f  Salvelinus fon tina lis  
a t  low er oxygen concen tra tions. W eber & K ram er (1983) no ted  th a t guppies,
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Poecilia reticulata , increase b o th  their ho rizon ta l and  vertica l activity  (swim m ing) 
du ring  progressive hypoxia. H agerm an  & S zan iaw ska  (1986) show ed fo r the 
brow n sh rim p , Crangon crangon, th a t increased ro u tin e  oxygen u p tak e  ra te  at 
4 0 -5 0 %  sa tu ra tio n  was due to  increased p leopod  b ea tin g . It thu s seems reasonable  
io conclude th a t  the  rou tine  m etabolism  is n o t stric tly  co m p arab le  to  the m etabolic 
lim its in  its response  to  hypox ia  and  th a t a t least som e aq u a tic  an im als will increase 
their ro u tin e  m etabo lism  w hen exposed to  hypoxia . P robab ly , the  increased 
activity  is m ain ly  o f  locom otory  n a tu re  and  m ay  be achieved by a llocation  o f 
energy from  feeding, digestion  and  grow th. T herefo re  this results in only m inor 
changes in  oxygen co nsum ption  rate. The gobies in th is stu d y  h ad  no t been fed 20 h 
before in tro d u c tio n  in to  the  resp irom eter, w hich renders a low  rou tine  M 0 2. This 
can be the  ex p lan a tio n  fo r the  ra th e r great elevation fo u n d  in the  ro u tin e  M 0 2.

Increased  ac tiv ity  was seen in  th ree different tests. B ursts  o f  activity  could  be 
no ted  a t  oxygen sa tu ra tio n s low er th an  those  tested  in  the oxygen consum ption  
experim ent. I t  is how ever obvious th a t du ring  hypox ia  ro u tin e  oxygen u p tak e  can 
rise only  to  a th resho ld . Low er oxygen co n cen tra tions will resu lt in redu c tio n  in 
oxygen u p take . T h e  k ind o f  activity  causing the  e levated  oxygen consum ption  
du ring  m o d era te  hypox ia  is n o t clear from  this study  since activity  sensors were no t 
used an d  visual observation  im possible.

In  sum m ary , P. m inutus  reacts to  acute, m o d era te  hypoxia by increasing 
its activity . A t sufficiently low  oxygen sa tu ra tio n  the  goby tries to  escape the 
hypoxic area o r  a ttem p ts  aq u a tic  surface resp ira tion  as also seen in o th e r species 
(C ongleton , 1980). The level w here active escape m ovem ents/sw im m ing are 
induced seem s to  be a t 30 -4 0 %  sa tu ra tio n  and  m ay  be this low  because o f  the 
hazards o f  escape (e.g. increased  risk o f  p red a tio n , changed  food  availability) 
an d /o r m ay  be seen as a consequence o f  the costs o f  active sw im m ing. A t 
norm oxia , active oxygen con su m p tio n  is substan tia lly  h igher th an  rou tine  oxygen 
consum ption . A t low er tem pera tu res w here the  m etabo lic  scope is sm aller, the 
response to  acu te  hypox ia  is som ew hat different. A t p ro lo n g ed  hypox ia  the stress 
elem ent will d im in ish  th ro u g h  acclim ation  an d  m etabo lic  activity  will be ch an ­
nelled in to  a d a p ta tio n s  like haem oglob in  synthesis o r o th e r  ways o f  increasing the 
carry ing  capacity  o f  the b lood  (Tetens & L ykkeboe, 1981). In  effect, less energy 
will be availab le  fo r g row th  and  reproduction .

W e are  in d eb ted  to  the s ta ff  o f  M arin e  B iological L a b o ra to ry , H elsingor fo r assistance 
d u rin g  th e  course  o f  th e  experim en ts, especially we th a n k  L isbeth  O lsen fo r h e r help. We 
th an k  D r  L ars H ag e rm an  an d  D r  Jo h n  F leng  Steffensen fo r  fru itfu l d iscussions and  
construc tive  critic ism  an d  D r  R o g er U glow  fo r im prov ing  the sty le o f  the m anuscrip t.
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