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15. A revised model o f  visual range in fish.

M odels o f  visual range and location distances are crucial for quantification o f  vision based 
feeding opportunities and predation risk in the pelagic habitat. We compare an earlier pub­
lished model with measurements o f  the reactive distance o f Gobiusculus flavescens  relative to 
two species o f  copepods. Although this model gave reasonable predictions at low light intensities, 
the m easurem ents o f  reactive distance at higher intensities were m uch low er than those  
predicted by the model. We modified the model to account for saturation at high light intensities. 
With this additional feature, the correspondence with the G. fla v e s c e n s  observations was 
significantly improved. Furthermore, the revised model is consistent with earlier published  
data on fish contrast thresholds obtained over a wide range o f target sizes and irradiance levels. 
Given the values o f  only two parameters, one sensitivity threshold and one saturation parameter, 
the model is capable o f  predicting visual ranges for relatively large intervals o f  light intensity, 
prey size and turbidity. Other published visual range models are briefly reviewed and compared 
with our model.
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INTRODUCTION

In the aquatic environment visual predation is strongly 
affected by absorption and scattering processes giving 
rise to poor image transmission and low levels of light 
intensity. Poor visibility limits the pelagic visual predator 
in their search for food, but enhances the opportunities 
for finding refuges for the prey. Because foraging rate 
and predation risk have great impact on habitat choice, 
growth and survival ( M a n g e l  &  C l a r k  1986; 1988; 
H o u s to n  & al. 1993; A k sn e s  1996), visual foraging has 
become an important element of spatial explicit models 
of fish and plankton ( C l a r k  &  L ev y  1988; M a so n  &  
P a t r ic k  1993; R o s la n d  &  G isk e  1994; T y le r  &  R o se  
1994; F ik sen  & al. 1995; G isk e  &  S a lv a n e s  1995; G iske 
& al. 1997; R o s l a n d  in press). The com petitive 
relationship between tactile and visual pelagic predators 
is severely affected by optical properties of the water 
column (E ia n e  & al. in press). The study by K a a r t v e d t  
& al. (1996) demonstrates how horizontal gradients in 
optical properties can influence distribution and 
predator-prey interactions of krill and fish.

The vision based encounter process is very sensitive 
to the visual range of the predator. This range is a com­
plex variable depending on the prey attributes (such as 
size, contrast and mobility), the visual system of the

predator, as well as on irradiance level, depth and the 
optical properties of the water (absorption and scat­
tering as related to turbidity and dissolved compounds). 
A purely empirical approach requires considerable ex­
perimentation in order to relate visual range to the rel­
evant factors, and no simple functional relationship 
seems to fit observations (V in y a rd  &  O ’B r ie n  1976). 
By making assumptions about the functioning of the 
visual system, mechanistic models of visual range can 
be formulated ( D u n t l e y  1960; 1962; E g g e r s  1977; 
A k sn e s  &  G isk e  1993). Such models encompass two 
main elements, one stating the criterion necessary for 
recognition of an object and the other describing the 
transmission o f the image of the object over the sight­
ing distance. One simple recognition criterion says that 
the apparent contrast of an object has to exceed a con­
trast threshold in order for the object to be recognised 
( D u n t le y  1960; E g g e rs  1977). Experimentation on both 
human and fish vision shows that the use of a constant 
contrast threshold may be reasonable at high light 
intensities (C o rn s w e e t  1970; N ic o l  1989), but that the 
contrast threshold is a variable at lower intensities. Ad­
ditionally, the contrast threshold also depends on the 
size of the object. Rather than using the non-dimen­
sional contrast threshold, A k sn e s  &  G isk e  (1993) sug­
gested a criterion where contrast, light intensity and
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im age area all are part o f  the ob ject recogn ition  crite- M ETHODS
rion. This model, however, was primarily formulated
for large depths where the light intensity is low. We will The model
show that the criterion proposed by A ksnes & Giske In an earUer paper (Aksnes & Giske 1993)> we assumed that
(1993) are reasonable at lo w  ligh t in ten sities , but n ot at a retinal prey image can only be recognized if  the num ber
h igh  in tensities. By in clu sio n  o f  a saturation term  ae- o f  photons entering the retina w ith (Ej) and w ithout (F2)
counting for characteristics o f  signal processing and light the image is above a threshold value (AS).
adaptation  p ro cesses , h o w ev er , w e  w ill  sh o w  that a AF = |f  - f |> A S  (1)
rev ised  v ersion  o f  the m o d e l o f  A ksnes & G iske ( 1993)

. , , . , 1 1  , • ^ , • j . , It was shown that this is equivalent to the criterion that a preyseems consistent with observations ot reactive distance , , - ,  A, , .  ̂ , .can only be recognized it the product ot retinal prey image 
m Gobiusculus flavescens (Utne 1997) and contrast contrast ^  retinal background irradiance (Ej ,  and area o f
th resh o ld s in  Carassius auratus ( H e s t e r  1 9 6 8 ) and the retinal prey image (zU) exceeds the threshold value:
Gadus morhua (A n th o n y  1 9 8 1 ) for a rela tively  large
range o f  ligh t in ten sities , ob ject s iz e s  and turbidities. |Cr|4 ,rAbr>ASr (2)

Table 1. Notation used in the development o f  the visual range model. Dimensionless quantities are 
indicated by d.l.

Symbol Explanation U nit

A
p

area o f  the prey m2

\ area o f  the prey image at retina m 2

inherent contrast o f  prey d.i.

c apparent contrast o f  prey at retina d.i.

c , retinal contrast threshold d.i.

c apparent contrast o f  prey at the eye lens d.i.

c beam attenuation coeffic ient nr1

A F = 1F  - F  I1 2 ll |iE S' 1

a  y sensitivity threshold o f  eye for detection o f changes in irradiance ¡i E m'2 s'1

ASn sensitivity threshold for the neural activity

A S t sensitivity threshold for detection o f changes in radiant flux on retina ¡i E S' 1

E ' = E  i A S^  parameter characterising visual capacity d.i.

b bx environmental background irradiance o f  environmental ¡iE m'2 s'1

Kbr background irradiance at retina ¡i E m'2 s'1

E
pr

apparent radiance o f  prey at retina ¡i E m'2 s'1

E px apparent radiance o f  prey on eye lens (at distance x) ¡i E m'2 s'1

E mm maximal retinal irradiance that can be processed |tE m'2 s'1

y radiant flux on retina according to background radiance |tE S' 1

F i radiant flux on retina according to background and prey radiance |tE s-1

A focal length o f  eye lens m

K ' com posite saturation parameter reflecting adaptational processes and 
light /neural activity transformation |iE m'2 s'1

K i maximal neural activity

K saturation parameter reflecting the transformation  
o f light energy to neural energy |tE m'2 s'1

K coefficient that converts radiant energy into neural activity

N neural activity

r visual range m

X distance between prey and predator eye lens m
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The subscripts b and p denote the two radiant sources; the 
background and the prey respectively. The index r refers to 
the position at the retina (later on, x will refer to the position 
at the eye lens). By inclusion of eye lens and image transmis­
sion characteristics o f water, A k s n e s  &  G is k e  ( 1 9 9 3 )  arrived 
at the following non-linear model for the visual range (r):

r 2 exp(cr) = Ab|C0|ApM e_1 (3)

w here  c is the  beam  a tten u a tio n  co e ffic ie n t, C 0 is the 
inherent contrast o f the prey, Eb is the background irradiance 
(as it appears on the eye lens), A p is the area o f the prey and 
AS, i s a se n sitiv ity  th re sh o ld  for the  eye (a com posite  
param eter including several eye-specific characteristics as 
explained in A k s n e s  &  G is k e  1993). This model was prima­
rily formulated for fish occupying the less illuminated part 
o f  the w ater column. Specifically, this visual range model 
has been applied in a foraging model o f  the m esopelagic 
fish Maurolicus muelleri ( G is k e  & A k s n e s  1992; R o s l a n d  &  

G i s k e  1994), typically experiencing irradiance levels in the 
range 0.006-0.2 |iE  m 'V 1 ( B a l i ñ o  &  A k s n e s  1993).

Although not explicitly stated, Eq. (1) assumes that the pho­
tons entering the retina give rise to a perceptive neural re­
sponse that is proportional to the intensity o f the incoming 
light. While this may be an appropriate assumption for the low 
irradiance levels M  muelleri experiences, the neural response 
becomes weaker as light intensity increases ( C o r n s w e e t  1970). 
Several processes are likely to contribute to a non-linear trans­
formation of the radiant flux entering the eye. First, theories 
involving chem ical processes, electrical properties o f  the 
receptor, and about the effects o f various kinds of neural feedback 
all lead to the prediction that the relationship between the 
intensity o f illumination and the resulting neural activity have 
the general form ( C o r n s w e e t  1970):

N  = K 1
Eu.

K ? + E ht (4)

Ar = t„|CI| ^  = *i|cr|y\,

\c,K

> A Sn

K, + EU
> AS =  A Sn /  kn

Eq. 5b corresponds to Eq. 2, but now a saturation term ac­
counting for non-linear transformation o f the light energy is 
included. kn is a coefficient converting radiant energy units 
into neural energy units and £ max represents a maximal retinal 
irradiance level that can be processed at high ambient irradi­
ance levels (i.e. when Eh »  K f  Omitting several details (see 
Appendix) that are described in A k s n e s  &  G is k e  (1993), we 
transform  this retinal prey detection criterion to a criterion 
valid for the irradiance at the eye lens:

V 2 exp(-cx)|C 0U  A Eu
K + E h

- > AS,. (6 )

where v is the distance between prey and eyelens, c is the 
beam attenuation coefficient o f the water between eye and 
prey, CQ is the inherent contrast o f the prey, A p is the size o f 
the prey (measured as an area), and AS is a species specific 
sensitivity parameter including lens properties as well as the 
retinal sensitivity (see A k s n e s  &  G is k e  1993). Now, the visual 
range (r) is defined by equating left and right hand side o f 
Eq. 6 and setting x  = r. Rearrangement then gives:

r 2 exp(cr) = |C0U Eu
K + E h (7)

This model corresponds to the visual range model o f A k s n e s  

&  G i s k e  (1 9 9 3 ). Two n ew  p a ra m e te rs  (Amax and  K e), 
how ever, have been introduced to account for non-linear 
transform ations o f  light energy into the neural response. 
It is convenient to reduce the num ber o f  param eters by 
defining E ' = E  /A S  Then Eq. 7 becomes:

r 2 exp(cr) = |C0U  A ' Eu
K + E h ( 8 )

w here N  is som e m easure o f  neural activ ity , E hi is the 
intensity  o f  the incident light at the visual pigm ents and 
K l and K 2 are constants. D ifferent kinds o f signal processing, 
such as lateral inhibition, are important in the visual system 
( C o r n s w e e t  1970). We do not suggest an explicit represen­
tation o f  such phenom ena, but ju st think o f  A  as a signal 
that has been m odified by different kinds o f  processing.

In addition to the non-linear transform ation o f light into 
neural energy, adaptive processes (such as pigment migration) 
also contribute to non-linear transformation of the light entering 
the eye lens. Such adaptational processes reduce the fraction of 
the ambient light that actually enter the visual pigments. We 
will assume that the over-all effect of the signal processing and 
adaptive processes can be described by a relationship similar to 
that in Eq. (4). Analogous to the criterion (see Eq. 2) used in 
A k s n e s  &  G isk e  (1993), we then formulate:

( 5 a )

5b)

Note that E ' is a dim ensionless variable characterising the 
visual capacity o f the organism in question.

I f  the two sensitivity param eters K e and E ' are known, 
this m odel predicts the visual range (r) for a given target 
(C0,Ap) and given environmental conditions (Eb,c). Similarly, 
i f  m easu rem en ts  o f  r  are o b ta in ed  from  co n tro lle d  
experiments, estimates o f K e and E ' can be obtained.

Comparison o f the model with measurements o f reac­
tive distance
Reactive distance (R ) is frequently used to characterise the 
visual ability o f a predator relative to a prey. U t n e  (1997) 
measured the reactive distance o f Gobiusculus flavescens rela­
tive to the copepods A cartia  longirem is  and C alanus  
finm archicus  at different irradiance and turbidity levels. To 
compare our model (Eq. 8) with the reactive distance measure­
ments made by U t n e  (1997), we assumed that the reactive 
distance is an indirect measure of the visual range so that r>  R. 
The maximal A is a likely estimator for the visual range. How­
ever, in order not to depend on a single measurement o f r, we 
defined the ‘observed’ visual range (rQ) for one experimental 
set-up as rQ = R + 2s, where R  and 5 are the mean and the standard 
deviation o f the observed reactive distance distribution respec­
tively. Hence, the ‘observed’ visual range is defined to be a value 
exceeding about 98 % of the reactive distance observations (see 
Fig. 1). To compare the model with the observations, the number 
of parameters in our model had to be reduced. We lumped A
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1 25  T

- 2 - 1 0  1 2

STANDARIZED REACTIVE DISTANCE (Z)

Fig. 1. The standardised distribution o f  480 reactive d is­
ta n c e  m e a su re m e n ts  in  G o b iu sc u lu s  f la v e s c e n s  w ith  
C a la n u s f in m a rc h ic u s  as p rey  item  ( U t n e  1997) The 
individual reactive distance measurements were standardised 
according to z=  (x -  R) / s where x  is the reactive distance, 
R  is the m ean reactive distance for one experim ental set­
up and 5 is the standard deviation. The visual range (rQ) 
was defined as R + 2s, which corresponds to a standardised 
reactive distance, z  =2.

(prey size), |CJ (inherent contrast o f prey) and E ' into a 
combined parameter, 1\ = 4JU J E'. Because we consider prey 
size and inherent contrast of prey to be constant within each of 
the two copepod prey experiments, this lumping is appropriate. 
i \ can then be interpreted as a prey specific sensitivity parameter. 
By substitution, Eq. 8 becomes:

/ ; 2 exp(cTo) = 7| ^  ^  (9)

Measurements of rw ere  carried out at known light intensities 
(Eh) and at known beam attenuations (c). Hence, estimates of 
7) and K e could be obtained by fitting Eq. (9) to the observa­
tions of ro. The ability o f the model to explain the outcome of 
the different experiments was visualised by plotting the model 
predictions together with the measurements (Figs 2; 3).

C a lc u la tio n  o f  beam  a ttenuation . U t n e  ( 1 9 9 7 )  used 
diatomaceous earth (DE) to generate turbidity in her experi­
m ents. The light transm ission  o f  the D E -concen trations 
(JTU) used in the different experiments was measured by a 
spectrophotometer. We approxim ated the beam attenuation 
co effic ie n t from  these  read ings o f  tran sm iss io n . The

spectrophotom eter had an acceptance half-angle o f  1.79° 
which means that any light that is scattered within 1.79° o f 
the main beam will be detected by the instrument and meas­
ured as unattenuated light. Accordingly, the measured trans­
m ission (7) is not a function o f beam attenuation alone (c, 
m '1). Forward scattering (7f , m '1) contributes according to:

T  = exp[(7f - c ) / ]  (10)

where I is the thickness o f  the cuvette (0.1 m). From  this 
expression, we see that increasing forward scattering gives 
rise to increased m easured transm ission. Z a n e v e l d  & al. 
(1979) gave a procedure for correcting observed attenuation 
for forw ard scattering. The total scattered light w ithin an 
angle a  (i.e. 1.79°) from the main beam is given by:

b{ = 2k j  ß(0)sin0d0 (11)
o

w here ß { 0 )  is the volum e scattering function that is ap­
p ro x im a te ly  co n s tan t in the  n e a r-fo rw a rd  reg ion . 
T herefore, by integration:

bt = 27iß(0)(l -  eos a )  (12)

Com bination o f Eq. (10) and (12) gives:

c  =  2 7 r / ? ( 0 ) ( l - c o s a ) - ln 7 7 /  (13)

Z a n e v e l d  & al. (1979) measured the near forward scattering 
function (ß(0)) for different turbidity in the range 0-12 JTU. 
Their values (Table II in Z a n e v e l d  & al. 1979) gave the regres­
sion line: ß (0 ) = 50.93JTU + 39 (r2= .98). By use o f this 
relationship and Eq. (13), we calculated beam attenuation on 
the basis of the measured transmissions given in U t n e  (1997).

Comparison o f the model with measurements o f con­
trast threshold
In the contrast threshold  m easurem ent experim ents made 
for the go ldfish  by H e s t e r  (1968) the sighting distance, 
the beam  a tten u a tio n  and the inheren t co n trast can be 
considered  constant, w hile the light intensity  and object 
size w ere altered  system atically . In term s o f  our m odel, 
the retinal con trast th resho ld  (C t) can be defined as the 
m inim al contrast necessary for detection. H ence, by use 
o f  Eq. (5b), we define the contrast threshold:

r  ASr (*e + £h)
' 0 4 )

H e s t e r  (1968) used radiance (Fb, m easured in |iW  cm’2 s r 1, 
w here sr m eans steradians) to express light intensity and 
minutes o f arc (mina) to express the diam eter o f the object 
(D ). By defining a com posite param eter we obtain:

where 7) = kASr / 7?max. Note that the coefficient k  appears to 
account for the different units o f our model and the measure­
ments made by H e s t e r  (1968), and for the use o f target dia­
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meter rather than retinal area in Eq. (15). Nevertheless, our 
model predicts that 7', should be invariant to the alterations 
H e s t e r  (1968) made in radiance level (spanning three orders 
o f magnitude) and object size (spanning two orders o f magni­
tude). Estimates o f T  and K  were obtained by fitting Eq. (15) 
to the C  observations made by H e s t e r  (1968). The ability o f 
the m odel to explain the outcom e o f  the different experi­
ments was visualised by plotting the m odel predictions to ­
gether with the contrast threshold measurements (Fig. 4).

Correspondingly, the C -m easurem ents made for cod by 
A n t h o n y  (1981) m ay also be in terpreted  in term s o f  our 
model. A n t h o n y  (1981) used only one object size (or rather 
a com bination o f  different object sizes characterised by a 
co n stan t to ta l area), and it is th e re fo re  ap p ro p ria te  to 
lum p the  ob jec t area and the  sen sitiv ity  p aram eters so 
that T3 = kASr I A  E ma¡.. Eq. (14) then yields (the coefficient 
k  accounts fo r differences in units):

O ur m odel p red ic ts  th a t T 3 shou ld  be in v arian t to  the 
alterations that A n t h o n y  (1981) m ade in rad iance level 
(spanning six orders o f  magnitude). Estimates o f  'I', and K  
w ere obtained by fitting  Eq. (16) to the  C  observations 
m ade by  A n t h o n y  (1981). The ab ility  o f  the  m odel to 
ex p la in  the  ou tcom e o f  th e  d iffe ren t ex p erim en ts  w as 
visualised by plotting the m odel predictions together with 
the contrast th resho ld  m easurem ents (Fig. 5).

RESULTS

Comparison with reactive distance measurements in 
Gobiusculus flavescens
K -  values of 4 and 5 pE nv2 s'1 were obtained for the A. 
longiremis and C. finmarchicus experiments respectively. 
This indicates that the light saturation of the visual re­
sponse was independent of the two different objects 
(see Fig. 2). The ^-values were different for the two 
prey species, 7.5 IO'2 (s.d.=4.0 IO'2) and 11.6 IO'2 
(s.d.=3.2 IO'2) for C. finmarchicus and A. longiremis 
respectively. According to the model, 7j is the product 
of the inherent contrast, the area of the prey and the 
sensitivity parameter (7j = .4JC0| E'). Hence, it is to be 
expected that differences in body size and inherent con­
trasts of the two prey items give different 7j-vahies.

V isual range versus lig h t in ten sity . As can been 
seen from Fig. 2 the visual range versus irradiance 
level are well reflected by the model when both C. 
finmarchicus and A  longiremis were objects. A rapid 
initial increase in visual range is followed by a prac­
tically constant visual range for further increase in 
light intensity. As expected, the model w ithout 
saturation (Eq. 3) corresponds with the measurements 
o f visual range at low light intensities, but becomes

D 3

0.1

q 10 30 t n 60 70
IRRADIANCE (jiE m-2i-I)

Fig. 2. O bserved (± 1 std. dev.) and m odelled visual range
in G obiusculus flavescens  as a function o f  light intensity 
and prey ( A :  Calanus finmarchicus, B: Acartia  longiremis). 
Solid line represents model w ith saturation (Eq. 8, 7) 7.5
IO"2 and 11.6 IO"2 for C. finm arch icus  and A. longirem is 
respectively, K  = 5 LL17 m"2 s"1 for both prey), while broken 
line represent the m odel o f  A k s n e s  and G i s k e  (1993) without 
sa turation  (Eq. 3).

increasingly biased as the light intensity increases. 
The retarding increase in visual range with increasing 
light intensity in this simpler model is caused by the 
non-linear decrease in retinal image size and appar­
ent contrast with increasing sighting distance. The 
relationship between visual range and light intensity 
in the revised model includes a combination o f these 
two effects together w ith  the satura tion  effect 
formulated in Eq. 5.

V i s u a l  r a n g e  v e r s u s  t u r b i d i t y . At the irradi­
ance level 12 pE nv2 s"1, the model reflects the observa­
tions of visual range versus turbidity well (Fig. 3a). It 
should be noted that this comparison was made with the 
same parameter values (i.e. 7j = 7.5 IO'2 and Kc = 5 pE 
nvV1) as in the irradiance experiments (Fig. 2). At the 
irradiance level 120 pE n r2 s"1 use of the same parameter 
set gave a poorer correspondence. The observed visual 
range was consistently higher than the modelled at low 
beam attenuations (Fig. 3b). This discrepancy may indi­
cate a bias in the model, but as discussed by U tn e  ( 1997) 
it may also be a result of possible contrast enhancement
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BEAM A TTENUATION (m  1|

Fig. 3. Observed (± 1 std. dev.) and modelled visual range in Gobiusculus flavescens as a function o f  beam attenuation 
with C. finm archicus as prey (A,C: at light intensity 12 J.IE m"2 s"1 B.D: at light intensity 120 J.IE m"2 s"1). Solid line 
represents the model with saturation (Eq. 8), while broken line represents the model o f  Aksnes &Giske (1993) without 
saturation (Eq. 3). In A and B we have used the same parameter set as in Fig. 2 ('/' = 7.5 IO"2 , K  = 5 (lE m"2 s"1), while 
C and D show the effect o f  increasing the inherent prey contrast with 50 % (see text for discussion). The different 
symbols in A and C represents results from two independent experiments.

due to the addition of diatomaceous earth. In Fig. 3c and 
3d we have simulated the possible effect of diatomaceous 
earth mediated increase in inherent contrast (5 0  %  
increase) and this resulted in better correspondence with 
the observations.

Comparison with contrast threshold measurements in 
Carassius auratus (H e st e r  1 9 6 8 )

H e s t e r ’s (1 9 6 8 )  measurements o f contrast threshold 
were made at four light intensities spanning three orders 
of magnitude and with five target areas spanning two 
orders of magnitude (fig. 7  in H e s te r  1968). By use of 
Eq. 15, we estimated T2 = 5 .8  IO2 andÄ'f = 2 .0  pW cnv 
2 s r 1. The ability of the model to describe the contrast 
threshold as a function of radiance and target size are 
demonstrated in Fig. 4. The effect target size makes 
upon the contrast threshold is well reflected. The rela­
tionship between threshold contrast and irradiance level, 
however, seems somewhat biased since the model con­
sistently underestimates the contrast threshold at the 
second radiance level. This indicates that a single set of

sensitivity parameters may be unrealistic (see next 
section).

Comparison with contrast threshold measurements in 
Gadus morhua (An t h o n y  1 9 8 1  )

The contrast thresholds measured by A n t h o n y  (1981) 
were obtained over an even larger span in light intensities 
than those made by H e s t e r  ( 1968). The background radi­
ance in tile experiments ranged from 10"7 to 10"1 W nv2 sr 
1. The measurements of Ct given in A n t h o n y  ( 1981, Fig. 
5 ) gave an average T, = 3.19 10"2 and K c = 2.9 10"6 W nv 
2 s r 1. As demonstrated in Fig. 5, use of a single param­
eter set seems inconsistent with the observations. 
A n t h o n y  (1981) noted that the contrast threshold curve 
showed a discontinuity at a light level of approximately 
8 IO"6 W nv2 s r 1. This was thought to be linked to the 
change from phototopic (eone based) to scotopic (rod 
based) vision. Hence, a single set of sensitivity param­
eters may be unrealistic for light intensities spanning 
several orders of magnitude. This is demonstrated in 
Fig. 5 where we included an additional parameter set 
reflecting improved vision at low light intensities (bro­
ken line).
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Fig. 4. The m odelled (solid line) versus the m easured (mean 
w ith  m ax. and m in. o b se rv a tio n ) con trast th re sh o ld  o f  
C arassius auratus as ( F I e s t e r  1968). (A: size groups 26 
(squares) and 92 (triangles) min. o f  arc, B: size groups 17 
(circles), 45 (triangles) and 194 (squares) min. o f  arc ). All 
m o d e lle d  lin e s  w ere  g e n e ra te d  by  T, = 5 .8  IO2 and  
K  = 2.0 LtW cm"2 sr '1. Observations are redraw n from  Fig. 
7 in F Ie s t e r  (1968). Ranges indicate maximal and minimal 
observation .

LOG R ADIANCE

Fig. 5. The m odelled versus the m easured contrast threshold 
o f  G adus m orhua  ( A n t h o n y  1981). The solid  line was 
o b ta ined  w ith  the  p aram eter va lues T  = 3 .19 IO"2 and 
K  = 2.9 IO"6 W m"2 sr"1. Broken line indicates the result o f 
increased contrast sensitiv ity  (by low ering 'I', and K J  at 
low irradiance levels. O bservations are redraw n from  Fig. 
5 in A n t h o n y  (1981).

DISCUSSION

As pointed out by W o lk e n  (1995) our understanding 
of how organisms utilise light energy and convert it to 
chemical, mechanical, and electrical energy is far from 
complete. The understanding of these processes remains 
one of Ute great challenges in biological research. The 
mechanisms included in models of visual range and reac­
tive distance relative to prey items ( D u n t l e y  1963, 
E g g e rs  1977, V in y a rd  &  O ’B r ie n  1976, W r ig h t  &  
O ’B r ie n  1984, M a so n  &  P a t r ic k  1993, A k sn e s  &  G iske 
1993 ) are fragmentary compared to the complexity char­
acterising vision and the optical aquatic environment. 
Rather than aiming for models covering every aspect of 
vision and aquatic image transfer, efforts have been di­
rected towards simple representation of some main vari­
ables important in the ecological situation, i.e. the prey 
size, contrast, turbidity and light intensity. The visual 
pigments and the neural system operate in terms of 
energy transfer and transformations. Accordingly, it 
seems appropriate to formulate a perceptual criterion 
in terms of energy units. Different kinds of light adapta­
tion, lateral retinal inhibition and signal processing 
diminish the role of light intensity as the signal pro­
ceeds through the visual system. Such modifications of 
tile original signal are, in our model, lumped into a single 
response that is termed light saturation. This is obvi­
ously an oversimplification. An central idea in the de­
velopment of our model, however, was to keep the

energetic currency of the signal throughout the visual 
system. This deviates from other approaches where the 
recognition criterion is based on the dimensionless con­
trast threshold.

D u n t l e y  (1962, 1963) showed that, for horizontal 
paths of sight, tile underwater sighting range of a target is 
determined by the exponential degradation of the inher­
ent target contrast along the path of sight,

Cx = C0 exp(-cv) (17)

where C0 and Cx are the inherent and apparent (at dis­
tance x) contrast of the target respectively, and is the 
beam attenuation constant. With a detailed elaboration 
of the radiant field distribution, D u n t le y  (1960) pro­
vided charts for predicting underwater sighting ranges 
for objects of different size, transmissions characteris­
tics and depth. It is predicted that not even the most 
visible object will be seen at distances greater than about 
70 ni. The recognition criterion was based on data on 
human visual contrast thresholds provided by T a y lo r  
(1961).

The focus on the relative difference between the light 
intensity of the target and the background (as expressed 
in tile contrast definition: C = (E -  E. ) / E. ), ratherx v px bx/  bx/5
than on tile absolute intensities of the object and the 
background, is reasonable because it has been known for 
a long time that human vision to a large extend is directed
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against the perception of the relative difference in 
intensities. This is expressed in Weber’s law stating that 
the detection threshold difference between the light in­
tensity of a target and the background is directly propor­
tional to the intensity (C o rn sw e e t 1970). A  consequence 
of this principle is that the absolute difference between 
the target and background intensities has to be larger at 
higher than at lower light intensities in order for a target 
to be recognized (i.e. be distinguished from the back­
ground). On the basis of Weber’s law, the idea that target 
recognition is facilitated if the apparent contrast exceeds 
a specific contrast threshold is appealing. This is in fact 
how visual range can be calculated for large targets at high 
(i.e. saturating) light intensities. Under these circum­
stances the contrast threshold is practically constant. By 
knowing the contrast threshold (Ct), and ignoring the 
complicating effect of the angular distribution of light, 
the visual range is given by Ct = C0 exp(-rc) or:

r  =  In Ç a
C,

l e (18)

K Eu
\ E hE ' AvEbE ' ApEbE '

ties. In theory, such changes should also be detected in 
observations of visual range versus light intensity, but 
have to our knowledge not been experimentally demon­
strated. By introducing two set of sensitivity parameters 
(E ' and Ke), one for the rod-based and one for the cone- 
based vision (see Fig. 5) this phenomenon is readily 
implemented into our model. On the basis of the 
comparisons with the experiments of U tn e  (1 9 9 7 ), 
H e s t e r  (1 9 6 8 ) and A n th o n y  (1 9 8 1 ), however, we be­
lieve that one parameter set will provide realistic pre­
dictions for visual range over relatively large span of 
light intensities.

Based on the theory of D u n t le y  (1 9 6 2 , 1963) 
and the experiments of H e s te r  (1 9 6 8 ), E g g e rs  (1 9 7 7 ) 
formulated a general model for the visual range in fish. 
He identified three cases for which different criteria for 
prey recognition should be applied. Case I applies to 
small prey objects, prey objects of high inherent con­
trast, and to situations of high levels of ambient illumi­
nation or low turbidity:

Basically, Eq. (1 8 ) gives the principle of how secchi- 
disk readings are related to light extinction properties 
(actually, in this particular application the beam attenu­
ation should be replaced by the sum of the diffuse and 
the beam attenuation coefficients) although several com­
plications arise by accurate inclusion of the angular dis­
tribution of light ( P r e is e n d o r f e r  1986). According to 
our model, the contrast threshold is given by:

r = (20)
V r min /

(19)

where / i s  the focal length of the eye, Ap is the prey size 
(area) and Armin is the minimum retinal image area that 
can be detected. In Case II that applies to large prey 
objects or situations of high turbidity or low levels of 
ambient illumination Eggers applied Eq. (18), but where 
Ct was a variable as given by the measurements for the 
Goldfish by H e s te r  (1 9 6 8 ). For situations other than 
the two above, E g g e rs  (1 9 7 7 ) expressed Case III:

It can be seen that when the background irradiance (Eb) 
increases, the contrast threshold approaches a constant 
value 1/E'A . Hence, at this point our model is consist­
ent with what is known about contrast thresholds at 
high light intensities. As shown by Eq. (1 9 ), however, 
our model predicts that the contrast threshold is a 
variable influenced by the target size as well as the light 
intensity. The fact that visual range (i.e. reactive distance) 
of fish increases with increased ambient light intensity 
is now well documented (O ’B r ie n  1987, D o u g la s  &  
H a w r y s h y n  1 9 9 0 ). As pointed out by D o u g la s  &  
H a w ry sh y n  (1 9 9 0 ) the light dependent increase in reac­
tive distance is inconsistent with Weber’s law. For fish 
with duplex retinas, plots of threshold contrast (i.e. the 
Weber fraction) as function of light intensity yield curves 
that are divisible into two different portions (N ic o l  
1989). This feature was also discussed by H e s te r  (1968) 
and A n th o n y  (1 9 8 1 ). This is believed to reflect the 
changeover from predominantly rod to predominantly 
eone vision being characterised by different sensitivi-

C0 exp(-cr) =
(A (21)

where <5, and S2 are constants determined from the ex­
periments of H e s te r  (19 6 8 ): C = S1 / A pf 2 where Apr is 
the size of the retinal image.

Our model (E q . 8) has much in common with 
the model of E g g e rs  (1 9 7 7 ). Rather than three different 
criteria, however, we use one criterion for prey recogni­
tion. The generality of E g g e rs  (1 9 7 7 ) approach suffers 
from the fact that the three cases are loosely defined and 
that the two coefficients and S2 are not easily 
interpreted physically or biologically. Under certain 
circumstances, the use of a single criterion for recogni­
tion, as in our model, may be flawed. Case-dependent 
criteria similar to those of E g g e rs  (1 9 7 7 ) may be more 
realistic under extreme circumstances. Specifically, 
consider the situation where the product \C^ApEu is 
just above the photon flux difference necessary for rec­
ognition (i.e. no saturation), and the retinal image size is 
just above the minimal size necessary for stimulation of
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the visual pigments. If  we now consider an enlargement 
of the image area and a simultaneous decrease in light 
intensity so that the above product remains the same, 
the model will indicate recognition while the irradiance 
has fell below the intensity necessary for activating the 
visual pigment. Hence, in this extreme case it would 
have been appropriate to carry out individual tests for 
the retinal resolution and absolute irradiance thresholds.

Much experimental knowledge about how reactive 
distance in fish is related to environmental variables 
have been provided by W.J. O’Brien and colleagues. 
Their research provided the Apparent Size Model 
(ASM) as an alternative to the widely used Optimal 
Foraging Theory (OFT) (O ’B r ie n  & al. 1976, W a l to n  
& al. 1992). V in y a rd  &  O ’B r ie n  (1976) formulated the 
following model for the reaction distance (RD, cm) of 
Bluegill (Lepomis macrochirus)'.

RD=PS (((Slope - MS)(l-(Turbidity/30)))+MS)

(22)
Slope = 5.89 - 0.29 Light+ 19.2 log1(1Light

where PS is prey size (mm), Turbidity is given as JTU, 
Light is the ambient given in lux and MS is a constant. 
Although this is a model of the reactive distance, rather 
than of the visual range, all variables accounted for are 
related to visibility (i.e. it is implicitly assumed that 
vision is the main variable affecting reactive distance). 
Similar empirical models have also been specified for 
the White Crappie ( W r ig h t  &  O ’B r ie n  1984) and for 
the alewife (M a so n  &  P a t r ic k  1993). Our model behave 
in many respect similarly to their models: A non-linear 
response to initial increases in light, linear response to 
increase in prey size (measured as length rather than 
area) and a decreasing effect o f turbidity as turbidity 
increases. The effect o f visual contrast is not explicitly 
represented in these models, but enters one or more of 
the coefficients that have to be experimentally deter­
mined.

Visual range, feeding and mortality in pelagic ecology
The present work was primarily motivated from the 
need for quantitative representation of visual feeding in 
spatial explicit models of plankton and fish. Tradition­
ally, other aspects of fish feeding, than vision and the 
optical environment, have received much more attention 
in the ecological literature. At the encounter level of the 
predation cycle, swimming speed ( G e r r i t s e n  &  
S t r i c k l e r  1977) and turbulence ( R o th s c h ild  &  O sb o rn  
1988, M a c K e n z ie  & al. 1994) are both important ele­
ments of the predation process. Analyses also point to

the reactive distance as a most, if not the most, influen­
tial parameter of the encounter process. In a sensitivity 
analysis relating feeding in fish larvae to turbulence, 
pursuit time and reactive distance, M a c K e n z ie  & al. 
( 1994) demonstrated a huge impact of alterations in the 
reactive distance on the encounter probability. In this 
context the findings of W a l to n  & al. (1992) that the 
visual volume increased by nearly three orders of mag­
nitude in sunfish between 8 and 50 mm is quite signifi­
cant for the possibility of accurately determination of 
potential encounter rates. The environmental impact on 
visibility makes it very erroneous to assume that the 
visual range of a predator is fixed over time and depth. 
Maximal vision based feeding rate (/) for a cruising preda­
tor can be expressed (A k sn e s  &  G isk e  1993):

h~lN

[A;r(rsin<9)2 vj + N

where h is the time needed for handling of a prey item, 
N  is the prey abundance, v is the cruising speed of the 
predator (turbulence and prey motility, however, will 
also enter this parameter), 0 is the reaction field half 
angle and r is the visual range given by Eq. 8 (or Eq. 3 if 
the model without saturation is considered). Although 
other aspects of the predation cycle such as pursuit, 
attack, retention and stochasticity should not be under­
rated, we will restrict ourselves to a discussion of fac­
tors affecting the maximal vision based feeding rate.

The light level at depth z can be expressed:

E z = E 0 exp(-Kz) (24)

where E 0 is the irradiance just below the surface, and K  
is the diffuse attenuation coefficient. By equating the 
background irradiance (Eb) in Eq. 8 withEz, visual range 
and maximal feeding rate can be represented as a func­
tion of depth (and surface irradiance). Such representa­
tion is primarily recommended for large depths where 
the radiance field is fairly uniform. A k sn e s  &  G isk e  
(1993) concluded that the vision based feeding rate of 
Maurolicus muelleri at 125 m depth could span several 
order of magnitude as a result of characteristic varia­
tions in the light regime (daytime E0 and K), while char­
acteristic variability in prey abundance had much lesser 
influence on the feeding rate.

The strong impact light conditions have on feeding, 
grow th, hab itat choice, and fitness o f fish and 
Zooplankton is demonstrated in the optimisation mod­
els of C l a r k  &  L e v y  (1988), R o s la n d  &  G isk e  (1994, 
1997) and F ik se n  &  G isk e  (1995). The realism of such 
models, and spatial explicit fish population model in 
general ( B r a n d t  &  K ir s c h  1993, T y le r  & R o se  1994,
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F ik s e n  & al. 1995), however, strongly depend on the 
parameterisation of the visual ability. On the basis of 
fitness maximisation one should expect that spatial gra­
dients in predation risk often make stronger impact on 
habitat choice and animal distribution than gradients in 
feeding opportunities ( A k s n e s  &  G is k e  1990, G is k e  &  

al. 1994). Hence, in an ecological context, modelling of 
visual range serve two purposes: Representation of vi­
sion based feeding and vision based predation risk, both 
central elements of unified foraging theory ( M a n g e l  &  

C l a r k  1986) as well as of the aquatic environment it­
self.
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A PPE N D IX
DERIVATION OF EQ. (6)

We assume that the retinal contrast (C ) is proportional 
(or equal) to the apparent contrast (Cx) at the eye lens:

Cr = kCx (Al)

The apparent contrast at the eye lens is related to the 
inherent contrast ( D u n t l e y , 1962):

Cx = C0exp(-cx) (A2)

where c is the beam attenuation coefficient, and C0 is 
the inherent contrast of the prey. The image area (A ) of 
the prey on retina is related to the real area (A )  of the 
prey by:

where x  is the distance between eye lens and prey, and 
ƒ  is focal length of the lens. In order to omit detailed 
parameterization of eye optics, we define:

Thus, three parameters concerning the eye are lumped 
into a single eye-specific sensitivity parameter (ASc) 
which has the unit of irradiance (at the eye). By use of 
Eqs. (A1-A4), Eq. 5b becomes:

x-2 exp(-cx)|C0 UpEmax - f f —  > ASc (A5)
A e + E b

which is identical to Eq. 6.
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