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ABSTRACT: Six methods are descr ibed for detec t ing mortali ty due to parasi t ic  infections in na tura l  
fish populations.  They are: (a) th rough autopsies;  (b) by de te rmin ing  the f requency of infections 
known to be eventual ly  lethal; (c) by observing a decrease  in the prevalence  of a long-l ived parasi te  
(or pe rmanen t  scar from a parasite) with  host age; (d) by observ ing  a decrease  in the va r i ance /mean  
ratio for the parasi tes with  host age; (e) by compar ing  the  observed f requency of a combinat ion  of 
two independen t  events  with  the calculated probabi l i ty  of their  occurrence;  and  finally {f) by 
comparing the observed frequency distr ibut ion of the parasite,  wi th  a projected f requency based  on 
data from lightly infected fish. In this technique,  nega t ive  b inomials  are fitted to the data and  
t runcated at various points. Some advan tages  and  d i sadvan tages  of the different methods are given, 
together with examples.  The methods do not necessari ly provide definit ive answers,  but  they are 
indicative of whe ther  or not significant  paras i te- re la ted  mortal i ty may be  occurring, and  in some 
cases provide an est imate of its p robable  magn i tude  in terms of the  total  host mortali ty rate. 

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

T h e  ro le  of p a r a s i t i c  d i s e a s e  i n  t h e  e c o l o g y  of n a t u r a l  p o p u l a t i o n s  of a n i m a l s  is no t  

w e l l  u n d e r s t o o d .  In t heo r y ,  p a r a s i t i c  d i s e a s e  h a s  t h e  p o t e n t i a l  to  b e  a m a j o r  c o n t r i b u t o r  to  

hos t  m o r t a l i t y  r a t e s  a n d  e v e n  to r e g u l a t e  h o s t  p o p u l a t i o n  s ize .  Its t h e o r e t i c a l  i m p o r t a n c e  

h a s  b e e n  r e c o g n i s e d  for m a n y  y e a r s  a n d  h a s  b e e n  r e s t a t e d  r e c e n t l y  b y  A n d e r s o n  (1979, 

1982) a n d  A n d e r s o n  & M a y  (1979, 1981). 

In p r a c t i c e  t h e  i m p o r t a n c e  of p a r a s i t i c  i n f e c t i o n s  in  h o s t  p o p u l a t i o n  b i o l o g y  is 

e q u i v o c a l  ( H o l m e s ,  1982).  W e  c a n  l o o k  a t  h i s t o l o g i c a l  s e c t i o n s  a n d  p r e d i c t  t h e  e x t e n t  of 

t h e  d a m a g e  in  i n d i v i d u a l  f i sh ;  w e  c a n  m e a s u r e  p h y s i o l o g i c a l  c h a n g e s  i n  f i sh  a s  a 

c o n s e q u e n c e  of i n f e c t i o n ;  w e  c a n  e v e n  o b s e r v e  f i sh  d e a t h  i n  t h e  l a b o r a t o r y  as  a r e s u l t  of 

a n  i n f e c t i o n ;  b u t  w e  c a n n o t  b e  s u r e  of t h e  r e l e v a n c e  of t h e s e  o b s e r v a t i o n s  i n  t h e  f ie ld .  

S e v e r a l  a p p r o a c h e s  h a v e  b e e n  u s e d  i n  r e c e n t  y e a r s  to d e t e r m i n e  w h e t h e r  a p a r a s i t i c  

i n f e c t i o n  is l i k e l y  to b e  a f f e c t i n g  t h e  h o s t  m o r t a l i t y  r a t e  i n  a n a t u r a l  p o p u l a t i o n .  O t h e r  

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

a n s w e r s  to w h a t  is a f u n d a m e n t a l  q u e s t i o n  in  e c o l o g i c a l  p a r a s i t o l o g y .  S ix  m e t h o d s  a r e  

d e s c r i b e d  b e l o w  t o g e t h e r  w i t h  a n  e x a m p l e  of e a c h .  T h i s  is n o t  a n  e x h a u s t i v e  list.  O t h e r  

t e c h n i q u e s  h a v e  b e e n  u s e d  in  s p e c i f i c  s i t u a t i o n s .  For  e x a m p l e ,  B u r r o u g h  & K e n n e d y  

(1979) f o u n d  t h a t  s t u n t i n g  in  r o a c h  as  a r e s u l t  of h i g h  p o p u l a t i o n  d e n s i t y  w a s  a l l e v i a t e d  

f o l l o w i n g  a n  e p i d e m i c  of Ligula intestinalis. M a n y  i n f e c t e d  f i sh  a p p a r e n t l y  d i e d  a n d  t h i s  
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r e l i eved  the  pressure  of over -popula t ion  that  was  affect ing the roach, l ead ing  to an 
inc reased  growth rate the fo l lowing year  among  the survivors. Another  method  not 

discussed be low but one which  shows par t icular  p romise  is the compar ison of recovery 

rates of t a g g e d  d iseased  and hea l thy  fish (Munro et al., 1983). As far as I am aware  this 

has not yet  b e e n  used. 
No method  by itself  can provide  a def in i t ive  answer.  In most cases an observed  

posi t ive  result  can arise from condit ions other  than inc reased  host mortality. In each case 

the a l te rna t ive  exp lana t ions  n e e d  to be ru led  out before we  can be reasonably  sure we 
are moni tor ing  paras i te -assoc ia ted  losses. This usual ly  requi res  further work such as 

addi t iona l  sampl ing,  or laboratory exper iments .  Kennedy  (1983) has caut ioned that even  

if there  is a corre la t ion b e t w e e n  fish dea th  and paras i te  bu rden  it should not necessar i ly  

be t aken  as ev idence  of cause and effect. Cor re la ted  but i n d e p e n d e n t  events  may be 
caus ing  the change .  Tak ing  all  these  reservat ions  into account,  the methods  descr ibed 

below, par t icular ly  the statistical methods,  can be  ex t remely  useful  for, at the very least, 
they can  tell  us wh ich  host-parasi te  systems we  should look at more  closely. 

The  methods  w h e n  correctly in te rpre ted  can indica te  whe the r  fish carrying a 
par t icular  parasi te  load are l ike ly  to have  a h ighe r  mortal i ty  rate than less heavi ly  

infec ted  or un infec ted  fish. Whe the r  this is of s igni f icance  to the fish popula t ion  as a 
whole  is a separa te  ques t ion  that  is not specif ical ly  deal t  wi th  here. It was addressed  by 

Munro  at this sympos ium in connec t ion  with  lchthyophonus in pla ice  (see Sindermann,  
1984), and  is cons idered  in genera l  terms in the sect ion "Discussion".  

M E T H O D S  USED FOR ESTIMATING MORTALITY 

M e t h o d  1: T h r o u g h  a u t o p s i e s  

In h u m a n  and ve te r ina ry  med ic ine  the ma in  means  of de te rmin ing  the cause of 

dea th  is th rough a pos t -mor tem examinat ion .  Though  this may  seem ideal,  its f indings 

may  be  mis lead ing .  Cons ider  the case of a person who  breaks  a leg and as a result  of his 

inact ivi ty  catches  p n e u m o n i a  from which  he dies. De te rmin ing  the factor that  sets in 
mot ion  a chain  of even ts  that  result  in dea th  is difficult  e v e n  w h e n  autopsies  are possible.  

However ,  one rare ly  finds dead  or mor ibund  fish. This is p resumably  because  predators  

and scavengers  take  sick fish before  they  die. Thus, if we  were  able  to comple te  

autopsies  on all dead  fish, the i m m e d i a t e  cause of death  in most species  is l ikely  to be 
" b e i n g  ea ten"!  A further  d i sadvan tage  of this method  is that autopsies  usual ly  do not 

p rov ide  us wi th  much  idea  of the proport ion of the popula t ion  affected,  at least  in wild 
populat ions.  

Dead  fish are usual ly  seen  dur ing  epizoot ics  w h e n  la rge  number s  are dying at one 
time. Annua l  mass mortal i t ies  of the mul le t  Liza carinata have  b e e n  r epea ted ly  observed 

in pos t spawning  agg rega t ions  in a lagoon off the Gulf of Suez (Paperna & Diamant,  
1984). Large number s  of the m o n o g e n e a n  Benedenia monticelli were  found on dying 

and dead  fish. The  severe  dermal  erosion p roduced  by h e a v y  infestat ions of this parasi te  
was  thought  to be  a major  contr ibutor  to the cause  of dea th  in these fish. Burreson (1981} 

found that 39 of 48 juven i l e  summer  f lounders  t r awled  in late January  from the lower  
York River, U.S.A., were  dead.  All fish from which  blood could still be  col lected were  
infec ted  with  Trypanoplasma bullocki and most  of the fish had  severe  ascites. The 
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deaths coincided with a heavy mortal i ty in  exper imenta l  fish that had earl ier  been  
inoculated with T. bullocki. There were no deaths  in  the control (uninfected) group. He 
suggested that all year l ing  summer  f lounder  that r ema ined  in  Lower Chesapeake  Bay 
during January  1981 died as a result  of T. bullocki infections. 

If parasite-affected fish are normal ly  t aken  by predators before they die, autopsies  
on predators can give us the proport ion of parasi t ized versus non-paras i t i zed  fish be i ng  
consumed. Dobben  (1952), for example,  found that  cormorants  in  the Nether lands  took 
roach parasit ized by  Ligula intestinalis more f requent ly  than  they took non-paras i t i zed  
roach. The predat ion rate on the infected fish was about  five t imes higher.  To de te rmine  
the significance of this differential  mortal i ty some measure  of the overall  mortal i ty rate 
due to cormorants is needed.  

M e t h o d  2: D e t e r m i n i n g  t h e  f r e q u e n c y  of l e t h a l  i n f e c t i o n s  

Though dead fish are rarely found, fish carrying infect ions that  u n d e r  laboratory 
condit ions are invar iab ly  terminal  are occasional ly encountered.  From the f requency of 
infection an est imate of the number s  of fish dy ing  from the disease can be  made.  An  
obvious difficulty lies in  the assumpt ion  that the laboratory results are directly applic-  
able to the field. Also, as ind iv idua l  fish will  vary in  their  resis tance to the disease, it may 
be difficult to decide which infections in  the field are going to lead to death, and  over 
what  t ime scale. A further complicat ion is that death  of larval  or juven i l e  fish may occur 
in such a short t ime that few parasi t ized juven i l e s  are ever  caught.  

Burreson (1984), in  an extens ion  of his work me n t i one d  above,  successfully app l ied  
this t echnique  to Trypanoplasma-infected f lounder  caught  a long  the Atlant ic  coast of 
North America. He es t imated that 10 to 20 % of the f lounder  off the coast of Virginia  died 
each winter. 

The fungus Ichthyophonus hoferi readi ly  causes death  in  several  mar ine  and  
freshwater species in  the laboratory and  is l ikely to have the same effect in  the field. 
Periodic epizootics off the North Amer ican  east coast were  be l i eved  to cause widespread  
mortality in herr ing and  may have had a role in de t e rmin ing  herr ing  a b u n d a n c e  
(Sindermann,  1970). McVicar (1981) looked at infect ions in  plaice in  Scottish waters. He 
considered that the disease was invar iab ly  terminal ,  and  es t imated that 55 % of the 
annua l  mortali ty in  plaice in  one area north of Scotland was a t t r ibutable  to the parasite.  
He went  on to de te rmine  the proport ion of infected fish p roduc ing  de tec table  an t ibody  to 
the parasite. Using this, together  with informat ion on the rate of an t ibody  product ion  and  
the form of the survivorship curve for infected fish, it is possible to calculate  the average 
survival t ime for an  infected fish, a s suming  rates of infect ion and  an t ibody  product ion  
are constant. 

M e t h o d  3: O b s e r v i n g  a d e c r e a s e  i n  t he  p r e v a l e n c e  of a l o n g - l i v e d  p a r a s i t e  w i t h  
hos t  a g e  

Many parasites, par t icular ly larval  helminths ,  are thought  to r ema in  al ive in the fish 
for extended periods, often for the life of the fish. Other  parasites,  though they die, leave 
a scar or a mass of amorphous  necrotic t issue ind ica t ing  their  former presence.  As a host 
cohort ages, the f requency of such parasi tes or scars will  in i t ia l ly  increase,  and  then  after 
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Fig. 1. Hypothetical example of a fish population in which the abundance of a long-lived parasite 
decreases with host age. The solid line represents the average number of parasites observed {or 
some other measure of degree of parasitaemia); the shaded area, the change in parasite abundance 

due to lost hosts 

r each ing  a peak  may  decrease  in the fish r ema in ing  al ive (Fig. 1). If this happens,  one 

possibi l i ty  is that  infected hosts are be ing  se lec t ive ly  r emoved  from the popula t ion  

sampled.  (Other possibi l i t ies  inc lude  poor sampl ing  technique,  and an erroneous 
assumpt ion that  the parasi te  or scar remains  vis ible  for life.) 

It is best  if one  cohort  can be  fo l lowed throughout  its life span or at least for a 

substant ia l  per iod of its life (the "p rospec t ive"  approach of Doll & Hill, 1954), as the bulk 
of the infect ion may be  p icked  up at one  age  and the avai labi l i ty  of infect ive  stages may  
vary from year  to year.  Unfor tunate ly  this can not often be  done with any degree  of 

cer tainty as the m o v e m e n t s  of natura l  fish popula t ions  are genera l ly  poorly understood. 

Thus, this po tent ia l ly  powerfu l  t echnique ,  or any method  that depends  on sequent ia l  
sampling,  may  be  difficult  to apply  in many  instances.  In addition, for the method to 

work, heav i ly  infec ted  ind iv idua ls  have  to survive  long enough  to appea r  in the peak  

sample.  
Henr icson  (1977) found that  the pterocercoids  of both Diphyllobothrium dendriticum 

and D. ditremum in two year  classes of char  Salvelinus alpinus increased  dur ing the first 

seven  and e ight  years, and then  dec reased  in 8 and 9 + fish. He conc luded  that  the lower 

in tensi ty  of paras i tes  in o lder  char  was  caused  by the death  of heav i ly  infected fish. (He 

did not de t e rmine  wha t  proport ion were  lost but  as both parasi tes  had  overdispersed 
distr ibut ions the absence  of just one or two heav i ly  infected fish from his samples  could 

have  accoun ted  for his results.) 
Probably the best  aqua t ic  example  of this technique ,  though not from a fish, is that of 

Perrin & Powers  (1980). They  counted  the lesions caused  by the nema tode  Crassicauda 
sp. in the skulls of dolphins  Delphinus delphis of different  ages.  Presence  or absence 

rather  than the n u m b e r  of paras i tes  was used  in their  calculat ions,  mak ing  the latter 
i n d e p e n d e n t  of the form of the paras i te ' s  distribution. They  es t imated  that 11 to 14 % of 

the total annual  natural  mortal i ty  was re la ted  to the parasi t ic  infection. 

Est imates  based  on this me thod  are l ike ly  to be  underes t ima tes  for if heavi ly  

infected indiv iduals  are d i sappea r ing  from the popula t ion  then  the observed  peak  in the 
l eve l  of pa ras i t aemia  is l ike ly  to be  too low. Perrin & Powers had to assume that there  
was  no mortal i ty  prior to the peak,  and no new lesions occurred after the peak.  
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M e t h o d  4: O b s e r v i n g  a d e c r e a s e  i n  t h e  v a r i a n c e / m e a n  r a t i o  for  t h e  p a r a s i t e s  

w i t h  h o s t  a g e  

Gordon & Rau (1982) proposed  an ingen ious  method  for de tec t ing  morta l i ty  associ- 

ated with h igh  levels  of paras i taemia  {Fig. 2). In their  system, the fish Culaea inconstans 
were  cont inual ly  acqu i r ing  me tace rca r i ae  of Apatemon gracilis. The m e a n  n u m b e r  of 
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Fig. 2. Hypothetical example of a parasitized fish population in which the degree of dispersion of 
the parasite decreases with respect to the mean number of parasites, due to the loss of heavily 
infected individuals (Method of Gordon & Rau), The vertical bars represent the dispersion observed; 
the horizontal bars, the observed means; the dotted curve connects the "true" means, i.e. if no 
mortality had occurred; the dotted vertical lines the "true" dispersion if no mortality had occurred 

parasites per fish, the var iance  and the v a r i a n c e / m e a n  ratio all increased  with  time, unti l  
at a certain point the var iance  s topped increas ing  and e v e n  b e g a n  to decrease ,  thus 

causing a decrease  in the v a r i a n c e / m e a n  ratio. They  conc luded  that  the decrease  was 

due to heavi ly  infected fish be ing  r emoved  from the populat ion.  
In a subsequent  paper,  Anderson  & Gordon (1982) used  s imula t ion  models  to explore  

the theoret ical  aspects  of this t echnique .  Essent ia l ly  their  results  conf i rmed its validity,  

but  in addi t ion they  showed  that  chance  effects b e c o m e  cri t ical ly impor tant  w h e n  host  
sample  sizes are small,  and they  poin ted  out that  a dec l ine  in the deg ree  of paras i te  
dispersion in the o lder  age  classes may  be  g e n e r a t e d  by factors other  than  paras i te-  

induced  mortality. The  same effect could be  caused  by a reduc t ion  in the d e g r e e  of 

he te rogene i ty  in the infect ion rate of older  fish, or by acqu i red  immuni ty .  The re  was  no 

ev idence  that e i ther  of these  was ac t ing  in the Culaea/Apatemon system. Gordon & Rau 
(1982) did not try to es t imate  wha t  proport ion of the fish popula t ion  was  be ing  removed.  

It may be easiest  to do us ing a s imula t ion  model .  Like the prev ious  method,  this me thod  

requires  sequent ia l  sampl ing  and thus is subject  to the hazards  that  that  entails.  

M e t h o d  5: C o m p a r i s o n  of  t h e  o b s e r v e d  f r e q u e n c y  of  a c o m b i n a t i o n  of t w o  

i n d e p e n d e n t  e v e n t s  w i t h  t h e  c a l c u l a t e d  p r o b a b i l i t y  of t h e i r  o c c u r r e n c e  

In a few cases parasi t ic  infect ion may  occur i n d e p e n d e n t l y  in two or more different  

organs. Consider  a s imple  ins tance of this where  only two organs are invo lved  but the 

probabi l i ty  of the organs be ing  infected is not necessar i ly  the same. By the mul t ip l ica t ive  
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law for gene ra t i ng  the probabi l i t ies  of combina t ions  of i n d e p e n d e n t  events,  the proba- 
bi l i ty  of both organs  b e i n g  infected is the product  of the probabi l i t ies  of each  one be ing  

infec ted  i r respect ive  of the condi t ion of the other. Suppose we  are able  to assess these 

probabi l i t ies ;  for e x a m p l e  of left  and r ight  organs  becoming  infected;  the product  of 

these  should g ive  us some idea  of the expec ta t ion  of f inding a fish with both sides 
infected,  if all  fish have  the same risk of na tura l  mortali ty.  If mortal i ty  is greates t  in the 

most  heav i ly  infec ted  fish a smal ler  proport ion of fish with both sides infected will  be 

obse rved  than  p red ic ted  from the above  calculat ion.  
To ca lcula te  the probabi l i t ies  of infect ion we  cannot  use the totals, as they are to 

some extent  d e p e n d e n t  on the n u m b e r  of double  infect ions observed.  Instead, they are 

ca lcu la ted  us ing a 2 x 2 table,  r ight - infec ted  and r igh t -uninfec ted  on one axis and left- 
infec ted  and  le f t -uninfec ted  on the other  axis. 

For example ,  f lounder  Atherestes stomias off British Co lumbia  are occasionally 

paras i t ized  by the copepod  Phrixocephalus cincinnatus. This deve lops  in the eye  of the 

fish. Of a sample  of 64 fish, Kabata (1969) found that 50 had the right eye infected, and 18 
the left eye. Of these,  15 w e r e  double  infections.  From the 2 x 2 table  above  and 
assuming  no fish die wi th  s ingle  infections,  the probabi l i ty  of ge t t ing  an infect ion in the 

r ight  eye  was  35/46 = 0.76, and in the left eye  3/14 = 0.21. Thus, the probabi l i ty  of 

hav ing  both eyes infec ted  was 0.76 x 0.21 = 0.16, i.e. 10 fish. This is less than the actual 

n u m b e r  obse rved  wi th  double  infections,  so the  data  sugges t  that  there  is no mortal i ty 
associa ted with  the infection. 

This ca lcula t ion  is based  on a re la t ive ly  small  n u m b e r  of fish. To carry out a formal 
test to de te rmine  whe the r  the observed  data are consistent  with the hypotheses  that fish 
survival  is i n d e p e n d e n t  of infection,  and left  and r ight  eye  infect ions occur indepen-  

dent ly  of one another,  X 2 va lues  can be  ca lcu la ted  from the 2 x 2 table  descr ibed above. 
In this example ,  the sum of the ch i - squared  va lues  is 0.4 ind ica t ing  that the observed and 

expec ted  va lues  are not  s ignif icant ly  different. In fact, wi th  a sample  of only 64 fish, 
there  wou ld  have  to be  a morta l i ty  of over  50 % in the double  eye  infections before it 

could be  de tec ted  at the 95 % leve l  of confidence.  
Other  observat ions  on P. cincinnatus sugges t  that  the parasi te  is qui te  pa thogenic ;  

fish wi th  both eyes  paras i t ized  even tua l ly  b e c o m e  bl ind and probably  die from starva- 

t ion (Kabata, 1970). The  fai lure of the statistical analysis  to detect  any increase  in 

mortal i ty  perhaps  reflects the small  size of the sample  (Fisher's Exact  Test  may  help  
here), or an er roneous  assumpt ion that the left and right eye  infect ions are  i n d e p e n d e n t  
events.  It wou ld  be  va luab le  to col lect  more data on this in teres t ing parasi te .  

M e t h o d  6: C o m p a r i s o n  of  t h e  o b s e r v e d  f r e q u e n c y  of  t h e  p a r a s i t e  w i t h  a 
p r o j e c t e d  f r e q u e n c y  b a s e d  on  d a t a  f r o m  t h e  l i g h t l y - i n f e c t e d  f i sh  

In most  cases infect ion is not a r andom process  and we  h a v e  to resort to other  means  

to predic t  the f requency  of mul t ip le  infections.  This requi res  mak ing  an assumption 

about  the form of the paras i te ' s  d is t r ibut ion a m o n g  the hosts at the t ime of infection. 
Parasi te  distr ibut ions are almost  invar iab ly  overd i spe r sed  and usual ly  follow a nega t ive  

b inomia l  type of distribution. This is the case cons idered  here,  though  in some circum- 
stances a different  distr ibut ion may be more  appropria te ,  such as a Poisson or N e y m a n  A, 

in wh ich  case this would  be  used  in p lace  of the nega t i ve  binomial .  
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The method,  first proposed  by Crofton (1971), r equ i res  that  morta l i ty  increases  wi th  

the number  of parasi tes  present.  Thus, the observed  f requency  distr ibut ion of the 

parasi te  (Fig. 3; histogram) wil l  lack fish par t icular ly  in the tail  of the distr ibution.  In 
reali ty we do not know the va lues  for the or iginal  dis t r ibut ion ( represented  by dots in the 
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Fig. 3. Hypothetical example of the frequency distribution of a parasite in a fish population. The 
circles represent the original distribution at the time of infection, and the histogram the distribution 
observed after some of the more heavily infected fish had died. Theoretical distributions fitted to the 
observed data truncated at progressively fewer parasites will approach the original distribution 

figure). However ,  we make  the assumpt ion  that  l ike the major i ty  of paras i tes  it fo l lowed 

some form of nega t ive  b inomia l  reasonab ly  closely. Values  can be  es t imated  for the 
nega t ive  b inomia l  pa ramete rs  p, k, and N (the total  n u m b e r  in the sample)  by fi t t ing the 

distr ibution to the observed  data by one  statistical means  or another.  The  extent  to which  
the distr ibution fits the data  can be  assessed by a X 2 statistic. 

If we now omit the last observed  point  in the figure, and fit a nega t ive  b inomia l  

distr ibution to the f requenc ies  of fish wi th  0 to 9 parasites,  and subsequen t ly  0 to 8, 0 to 7, 

etc., an increas ing  es t imated  va lue  of N w i l l  sugges t  that  there  are fewer  heav i ly  infec ted  
fish than one wou ld  expec t  from the f r equency  dis t r ibut ion of the l ight ly  in fec ted  fish. 
The indiv idual  expec ted  f requenc ies  can be ca lcu la ted  for direct compar ison  with 
observed frequencies .  

The method  used by the author is an i tera t ive  technique ,  min imiz ing  X 2 to de te rmine  

the best  fit (Lester, 1977). Local m i n i m a  in the X 2 va lues  can occur, so it is best  to start 
with the full dis tr ibut ion and work  back, t runca t ing  in small  steps. 

An unexpec ted ly  in f requen t  occur rence  of heav i ly  infec ted  fish in the sample  may  

be the result  of several  factors other  than inc reased  host mortali ty,  such as sampl ing  

error, deve lopmen t  of avo idance  behav iour  or res is tance in the infec ted  fish, the loss of 

parasites from heavi ly  infected fish, or choos ing  an inappropr ia te  theore t ica l  distribu- 
tion. For the t echn ique  to work, small  numbers  of parasi tes  should have  lit t le effect on 

mortality. In addit ion,  the sample  should e i ther  be d rawn from fish of the same age,  or 
from age  classes after infect ion and morta l i ty  have  occurred.  

Adje i  (pers. comm.) counted  the numbers  of Caltitetrarhynchu$ gracili$ blastocysts in 

452 male  and 445 female  Saurida turnbH. In both sexes, as the fi t ted curve was 
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p rogress ive ly  t runcated,  the es t imated  total n u m b e r  in the sample  increased.  In the 
males,  a dis t r ibut ion fi t ted to the f requenc ies  of fish wi th  0 to 3 parasi tes  (Fig. 4) 

p red ic ted  that one would  have  expec ted  about  5 % more fish in the sample  than was 

observed.  From other  observat ions  it s e e m e d  l ike ly  that  this was  a result  of parasi te-  
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Fig. 4. The histogram represents the frequency distribution of blastocysts of Callitetrarhynchus 
gracilis in 452 male Saurida tumbil (from Adjei, pers. comm.). The circles are from the negative 

binomial distribution that best fits the first four points of the histogram 

re la ted  mortal i ty  affect ing the heav i ly - in fec ted  fish. In the females,  the fi t ted curve 
p red ic ted  2 to 3 % more  fish (Fig. 5). 

However ,  the shapes  of the curves were  very different. Though  the ratio of unin-  

fected fish to fish with one parasi te  was s imilar  in both sexes, re la t ive ly  fewer  fish with 2 

or more  parasi tes  were  observed  in males  than in females .  This  sugges t ed  that though 
the males  and females  were  p ick ing  up parasi tes  at much  the same rate, mul t ip le  

infect ions in the males  were  much  rarer. Thus the third and fourth points of the male  

curve  were  probably  not a re l iab le  indicator  of the or ig inal  distribution. 
Further  ev idence  that  the males  were  more affected by the parasi te  than the females  

comes  from the results  of the progress ive  t runcat ions  (Fig. 6). As the males  were  

t runcated,  the b igges t  increase  in the es t imated  total n u m b e r  occurred b e tw e e n  3 and 4 

parasi tes  per  fish. In the females  it was b e t w e e n  4 and  5 parasi tes  per  fish. Evident ly  four 
paras i tes  per  fish w e r e  more  harmful  to males  than to females .  



M e t h o d s  for  e s t i m a t i n g  m o r t a l i t y  61 

200 

ZZ 

"s 
,- 100 

E 
Z 

O O 
0 , t 1 

0 6 7+ 1 2 3 4 5 
Number of parasi tes 

Fig. 5. Frequency distr ibutions of C. gracilis blastocysts  in  445 females  S. tumbil. The circles 
represent  the negat ive  b inomia l  dis tr ibut ion that  bes t  fits the  first four values  
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Fig. 6. The differences be tween  the observed total n u m b e r  of fish and  the es t imated total n u m b e r  
from distributions fitted to progressively more of the his tograms in Figures 5 and  6. Solid lines, male  

fish; dotted lines, female  fish 

As  e v e n  t h e  f irst  f e w  p o i n t s  of t h e  m a l e  d i s t r i b u t i o n  w e r e  s u s p e c t ,  h o w  c o u l d  t h e  

s h a p e  of t h e  o r i g i n a l  d i s t r i b u t i o n  b e  d e t e r m i n e d ?  F o r t u n a t e l y ,  t h e y  h a d  t h e  d a t a  f r o m  t h e  

f ema les .  T h e  l a t t e r  w e r e  c a u g h t  a t  t h e  s a m e  t i m e ,  h a d  e v i d e n t l y  b e c o m e  i n f e c t e d  a t  
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about  the same size (100 to 140 mm}, w h e n  f eed ing  on the same food (Adjei, pers. 
comm.). Their  distribution, par t icular ly  w h e n  t runcated  at 3 parasi tes  per  fish, thus 

p rov ided  an es t imate  of the expec ted  paras i te  dis t r ibut ion in ma le  fish in the absence  of 

pa ras i t e - re la ted  mortali ty.  F igure  7 shows the results of the s implest  appl icat ion of this 

data: the p red ic ted  or ig inal  numbers  of males  based  on a nega t i ve  b inomial  de r ived  
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Fig. 7. Frequency distribution of the parasite in male fish (from Fig. 4} with an estimate of the 
probable original distribution (shaded area} 

from the n u m b e r  of males  wi th  zero, and the  p and k pa ramete r s  es t imated  from the 

females .  It predicts  that  about  12 % of the males  are miss ing from the sample.  This is a 

m i n i m u m  es t imate  as we  h a v e  assumed that  females  wi th  low numbers  of parasi tes  are 
not  affected.  

A more  sophis t ica ted statistical analysis  of this data  is in preparat ion.  

DISCUSSION 

I have  a t t empted  to show in this pape r  that  there  are ways we can detect  the 

componen t  of natural  mortal i ty  that  is associa ted with  parasi t ic  d isease  in a wi ld  fish 

populat ion.  Animals  die from a combina t ion  of factors, their  posi t ion in t ime and place  
be ing  perhaps  as impor tant  as thei r  phys io log ica l  condit ion.  Perhaps the ques t ion  we 
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should ask is, if a parasi te  increased  the l ike l ihood  of death,  is this of any consequence  to 

the host populat ion? When  it occurs in re la t ive ly  old pos t reproduct ive  animals ,  the 
answer in genera l  may  be  no, excep t  if it a l lows more of a younge r  age  group to survive.  

Mortality in p r e -b reed ing  individuals ,  however ,  may  be  much  more  important .  

In practical  terms, we  need  to tackle  the quest ion,  if the parasi te  was  absent,  wou ld  

there be more fish? In many  cases the h ighe r  mortal i ty  rate of paras i t ized  fish compared  
to non-paras i t ized  may even tua l ly  be  shown to be  because  they are se lec t ive ly  r e m o v e d  
by predators (see for examp le  Dobben,  1952). Predators  take them p re su m a b ly  because  it 

requires  less ene rgy  to catch them compared  to non-paras i t i zed  fish. If a p reda tor  has  a 

fixed total amount  of ene rgy  for ca tching  prey, then  if the paras i te  were  absent,  the 

predator  would  take less prey, and therefore  one migh t  expec t  that  more  prey  would  
survive. 

However ,  the factors that  control popula t ion  size are va r i ed  and  f requen t ly  not  we l l  
understood. High ly  terri torial  species  may  be  restr ic ted by the avai labi l i ty  of territory, 

others by the avai labi l i ty  of shelter.  In these  cases, if the habi ta t  is near  its carrying 

capacity a decrease  in losses associated with  parasi tes  may not increase  total popula t ion  
size ( though it may  affect the age  structure). On  the o ther  hand,  w h e r e  the size of a year  

class is more or less de t e rmined  by say the ava i lab i l i ty  of food dur ing  the ear ly  larval  
stages, then any addi t ional  mortal i ty  that  occurs after that  s tage  wil l  p r e su m a b ly  affect 

the popula t ion  size. From a f isheries point  of view., the per iod  w h e n  d i sease-assoc ia ted  

mortali ty is hav ing  its greates t  effect may  be, as Munro  et  al. (1983) have  po in ted  out, 
after the fry s tage and before  the fish are recru i ted  to the fishery. This is a s tage  which  

should rece ive  more  attention. 

Where  there  is ev idence ,  perhaps  from one of the methods  above,  that  an infect ion is 

causing serious mortal i ty  among  adul t  fish, it may  be  possible  to compare  the age  
structure of two ad jacen t  popula t ions  or sub-popula t ions ,  one  heav i ly  paras i t ized  and 

one more or less free of the parasi te .  In the paras i t ized  popu la t ion  one  wou ld  expec t  to 
find a greater  proport ion of younge r  ind iv idua ls  than in the non-paras i t i zed  populat ion.  

Finally, in theory, parasi t ic  infect ions l ike other  diseases,  are able  to r egu la te  host 
populat ion size. For true regula t ion  to occur, losses associa ted wi th  parasi tes  should 

increase w h e n  the popula t ion  is la rge  and dec rease  w h e n  the popula t ion  is small.  Does  

this happen  in reali ty? Until  we  have  more  results  we  cannot  say. 
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