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Successful adaptation to the environment by Zooplankton is constrained by the agents of mortality 
(starvation, predation) and losses due to advection. A fitness measure which explicitly includes risk 
of advective loss is presented. The authors show that as horizontal current speeds and vertical shear 
increase, the behavioral strategies that maximize fitness of Zooplankton possessing different life 
history strategies are affected. For a Calanus finmarchicus-Xype life history, fitness is maximized by 
diel vertical migrations when advection risk in surface waters is low and by spending less time in the 
surface layers as flow rate increases. For a Paracalanus parvus-type life history, vertical migration 
is postulated to occur as advective loss increases. The geographic length scale of the habitat of 
residence also affects the optimal mode of habitat selection. In the Calanus case an abrupt change in 
the optimal vertical migration pattern is postulated as a function of length scale of habitat and rate of 
advection.
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INTRODUCTION

H o u s t o n  & al. ( 1 9 9 3 )  pointed out that when animals 
can choose from a range of feeding options, often those 
options with a higher energetic gain carry a higher risk 
o f predation. This seems to be particularly true for the 
herbivorous Zooplankton. The bulk o f their potential 
food is produced in a narrow layer close to the surface 
which they have to approach in order to meet their 
energetic dem ands. T heir predators, how ever, are 
adapted to the obvious need for their prey to concentrate 
in this layer and thereby turn the energy-rich productive 
layer into a risky habitat for the herbivores. Deeper in 
the water column darkness reduces the effectiveness of 
visually searching predators ( L a m p e r t  1 9 8 9 ;  A k s n e s  &  

U t n e  1 9 9 7 ) ,  and offers space for dilution making non­
visual predators less effective ( O h m a n  & al. 1 9 8 3 ;  E i a n e  

& al. 1 9 9 7 ) .  Thus, the deeper habitat is generally much 
safer, but represents an energetic disaster in the long 
run. For the herbivore, there are basically two ways of 
adapting to this situation ( M c L a r e n  1 9 6 3 ;  A k s n e s  &  

G i s k e  1 9 9 0 ;  H o u s t o n  & al. 1 9 9 3 ) .  The first is to stay in 
the productive layer by utilizing the energy surplus in a 
way that produces offspring at a higher rate than (or 
equal to) the predation rate. The second is to make

excursions to the deep habitat, preferably at times when 
predation risk in the productive layer is at the highest, 
in order to increase survival.

It is widely recognized that the principal benefit of 
downward migration is to reduce the risk o f predation 
( S t ic h  &  L a m p e r t  1 9 8 1 ; L a m p e r t  1 9 8 9 ;  O h m a n  1 9 9 0 ) .  

However, some authors have also addressed the effect 
o f advection combined with vertical migratory behavior 
on the distribution (dispersal or retention) o f planktonic 
organisms ( H a r d y  &  G u n t h e r  1 9 3 5 ;  H a r d y  1 9 3 6 ,  

1 9 3 8 ;  F r a s e t t o  & al. 1 9 6 2 ;  B o s c h  &  R o w l a n d  T a y l o r  

1 9 7 3 ;  W r o b l e w s k i  1 9 8 2 ) .  Retention in a population's 
habitat (i.e. avoiding transport losses) is crucial for 
contributing to the next generation ( I l e s  &  S in c l a ir  

1 9 8 2 ;  S in c l a ir  1 9 8 8 ) .  Optimality theory in ecology 
sometimes gives the impression that individuals are able 
to trade-off several opposing forces to make optimal 
decisions, resulting in the highest possible fitness. In 
this view, it may seem irrelevant whether a copepod is 
transported out o f a given habitat, as long as it remains 
alive and reproductive. However, organisms are not 
‘fitness m axim izers', but ‘adaptation executioners' 
( W r ig h t  1 9 9 4 ) :  A  population's gene pool will consist 
o f  the con tribu tions from  those  ind iv iduals tha t 
rep roduced  w ith in  the spatia l boundaries o f  the
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population. Thus any strategy resulting in its bearers 
reproducing after they have been transported out o f the 
populations spatial range, will not contribute to the gene 
pool o f the population they left. Rather, a strategy that 
makes an individual stay -  even at some reproductive 
cost -  m ay spread in the gene pool. Thus, for a 
Zooplankton population to persist w ithin a certain 
habitat, adaptation both to the risk o f being killed and 
to the risk o f being transported out o f the habitat is 
essential. In the present study we combine advective 
influence and predation risk into a common fitness 
measure in order to evaluate the adaptive significance 
of vertical migratory behavior. Assuming one predatory 
regime, but different advective regimes, we make a 
quantitative analysis showing that vertical migration 
behavior should, under certain circumstances, represent 
a behavioral adaptation to the risk of being lost from a 
habitat.

METHODS 

Optimal behavior

We provide a general analysis o f how advection may 
influence Zooplankton behavior by applying static 
optimization. We will base our fitness measure on the 
realized instantaneous rate o f increase (r), assuming that 
the populations can choose between two habitats (h 
and h ,), and that each o f these habitats offer different 
possibilities in terms o f fecundity (m), probability o f 
survival (7), generation time (T) and advective rates ( v). 
As H o u s t o n  & al. (1993) we will use a variable u that 
characterizes the anim al's behavior, where 0 < u<  1. A 
value of 1 corresponds to the case where the individual 
spends all its time in h (which denotes our surface 
habitat), while u = 0 corresponds to the case where all 
the tim e is spent in h , (deep habitat). H ence, the

fecundity, probability  o f survival, generation time, 
advective rates, and thereby the fitness o f a strategy (p) 
w ill depend on the actual time allocation between the 
two habitats (i.e. the value o f u):

1=  ] l j u ) m j u ) e - ^ d x  ( 1)
Tia )

( see Table 1 for explanation of symbols). The optimal 
behavior ( u*) is found by maximizing p. For analytical 
tractability we will assume time-invariant Iju ), m ju ), 
T(u), and p(u) functions (see below).

Predation and advection

We will consider a Zooplankton population to be confined 
to a certain part o f the ocean (H) in the sense that if 
ind iv iduals are lost (due to  advection) from  this 
geographical area, fiirther contributions to the local gene 
pool are not possible (i.e. the population is isolated in 
the sense that immigration to H  does not occur). The 
two habitats h and h , are vertical subhabitats o f H. The 
horizontal extension of H  will be characterized with a 
length scale, i  (m), and the advective loss rate from H  is 
different for h, and h , and is denoted v ,, and v ,, (m s_1),1 2  hi  h2 v ' 7
respectively (Fig. 1). Thus the rate o f advective loss is a 
function of behavior:

a(u) = v(u)Ll (2)

Specifically, we will assume that the horizontal velocity 
o f the surface habitat (v;iJ) is greater than that o f the 
deep habitat (v;¡,). Thus individuals spending time in h1 
are lost more rapidly from H  than if  the same time is 
spent in h,. We will consider the case where vhl and vh, 
are characterized by different speeds only, as well as 
the case where the two have opposite directions.

Table 1. Symbol explanations.

Unit

a(u) Advective loss rate s"1
d (it) Predation rate as a function of u s"1
h, Surface habitat -

K Deep habitat -

tx Expected survival to time x -

L The length scale of the habitats m
m Fecundity ind. indu1
M Predation risk -

T(u) Generation time as a function of u s
u Proportion of time allocated in (relative to (u-1) in h,) -

v(u) Transport rate out of the habitats as a function of u m s-1
p(u) Advection-corrected per capita rate of increase as a function of u s-1
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The daytime and nighttim e predation risks o f the 
surface habitat are defined M  and M  respectively. 
The deep habitat is characterized by a single risk M  . 
We will assume that the daytime risk o f the surface 
habitat is higher than the nighttime risk, and that the 
surface nighttime risk is higher than the risk o f the deep 
habitat (M  > M  > M  ). In our simulations night 
and day are both 12 h periods. H ence, an anim al 
spending all its time in the surface layer w ill face a 
realized predation rate equal to the average o f the 
daytime and nighttime risks, d(u =  1 ) = 0.5 (M  + M  ). 
For an animal switching between the two habitats we 
will assume that the deep habitat is occupied only during 
daytime in order to minimize the all-over predation risk 
(as long as u > 0.5). If  u drops below 0.5, however, 
nighttime also has to be spent in the deep habitat, and 
no time has to be spent in the surface layer at daytime. 
M athematically this is expressed:

d(u)=(u-0.5)M hli+0.5Mhln+ (l-u )M ^  fo r  u > 0.5

d(u) = uMh l+ (l-u )M h2 fo r  u < 0.5 (3)

T hus w e can describe  to ta l loss (p red a tio n  and 
advection) from El as functions o f behavior and define 
the survival probability to any given time x  by:

I ju ) = e-idi“)+lUVL)I (4)

h2

Fig. 1. The habitat (H) as described in the model. The habitat 
is characterized by a length scale (L), and the water column is 
divided into two regimes (surface subhabitat h¡ and deeper 
subhabitat h ,) of different advective rates (vlt] and vltl) which 
may differ in strength and direction.

Inclusion o f  advection risk in the fitness measure

From  the above equations a m easure o f  behavior- 
specific expected fitness (p(u>) can be compiled as

Generation time and fecundity’

We will assume that the generation time equals Thl if 
all tim e is spent in the surface hab ita t ( h ) .  The 
generation time increases as more time is spent in the 
deep habitat according to:

T(u) = T J u  (5)

Thus the generation time doubles if  the time is divided 
equally between the two habitats (u = 0.5), and that 
generation time approaches infinity as u approaches 0 
(i.e. all tim e spent in the deep habitat). This is in 
accordance w ith the em pirical re la tions for adult 
C. finm archicus dividing its residence between two 
habitats differing by 9.5 ° C  ( C o r k e t t  & al. 1986).

Although body size and fecundity are often correlated 
with generation time, we will assume that fecundity is 
independent o f u:

m(u) = m(h ) = m fh fi (6)

Note, however, that birth rate is indeed influenced by u 
through the effect on generation time.

l = m (7)
TU, )

which integrates to:

I   ______ E ______ e - í p í u i + d í u i + v í u i r h T í u i  (g)
p (u) + d(u)+v(u)E[

Eq. 8 is solvable for the fitness o f a strategy (u) by 
iteration.

Initialization o f  life-history parameters

Values o f generation time, fecundity and mortality risk 
are set according to those given by A k s n e s  &  G is k e  

(1990) in th e ir  h a b ita t p ro f ita b ility  analyses o f 
Paracalanus parvus and Calanus finmarchicus. These 
were based partly on results reported in the literature 
(generation time and fecundity) and mortality estimates 
made by A k s n e s  &  M a g n e s e n  (1988). R ather than 
assum ing  tw o d isc re te  h a b ita ts  they  assum ed a 
continuous shift in habitat characteristics along the depth 
axis and th is requ ires som e m odifications in the
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Fig. 2. Fitness (p) as related to behavior (u) for the Calanus 
and the Paracalanus cases modeled without advection.

ad a p ta tio n  o f  th e ir  p a ram e te r v a lu es : F o r  the 
Paracalanus case we initialize Eq. 8 with a fecundity 
corresponding to 16 eggs d_1 and Thl = 12 days which 
correspond to  the values A k s n e s  &  G i s k e  (1990) 
assumed for the upper five meters. F or the Calanus case, 
A k s n e s  &  G i s k e  (1990) varied the lifetime fecundity 
from 300-3000 eggs, while we will assume a fecundity 
corresponding to 20 eggs dA Rather than assuming a 
fixed generation time as A k s n e s  &  G is k e  (1990) did in 
the Calanus case we set the T  - parameter three times 
higher than for the Paracalanus case, i.e. T]ü = 36 days. 
This generation time may seem short. Flowever, ThI is 
no t the realized generation tim e, but a theoretical 
minimum time Calanus has to spend feeding in the 
surface habitat h1 in order to mature. According to Eq. 
5, if  Calanus spends 10 % or 50 % o f its lifetime in h1 
(u = 0.1 or u =  0.5), then the realized generation times 
become 360 and 72 days respectively. We apply the 
predation risks: M hld =  0.3 d '1, M hln =  0.1 d '1 and 
M;¡, = 0.01 dA These correspond to the values 0.2 d_1 
and 0.01 d_1 A k s n e s  & G is k e  (1990) calculated for the 
upper five meters and 70 m respectively.

RESULTS 

No advection

First we re-investigate the Calanus and Paracalanus 
cases made by A k s n e s  &  G is k e  (1990). Their analyses 
w ere  m ade fo r p o p u la tio n s  sup p o sed  n o t to  be 
influenced by advection, and we therefore set the 
advective impact term (v(u)L 1 ) o f Eq. 8 equal to zero. 
As can be seen from Fig. 2 fitness is maximized with 
0.5 < u < 1 for Paracalanus. This means that the optimal 
behavior is to spend most time in the surface layer. For 
the Calanus case, however, the optimal behavior is given 
by u close to  0.5. In our idealized  analysis, this 
corresponds to diel vertical migration. Flence, the result
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Fig. 3. Fitness (p) in relation to behavior for different advective 
regimes for the Paracalanus case. A. vlt] differs from vh, in 
speed only. B. The two advective regimes also differ in 
direction.

that C alanus should and P aracalanus  should not 
migrate is common for the present approach and that 
used by A k s n e s  &  G i s k e  (1990).

Advection in the Paracalanus case

At low advective loss (v/L =  0.01 d_1, Fig. 3A), the 
fitness consequence  o f  depth  se lec tion  behav io r 
corresponds to the case without advective loss (Fig. 2), 
which means that most time should be spent in the 
surface layer. As the advective loss increases the optimal 
strategy shifts towards diel vertical migration. In the 
interm ediate case (v/L  =  0.1 d_1, Fig. 3A) fitness is 
maximized forw = 0.5 although all behaviors at the range 
0.5 to 1 are approximately equally fit (this means that 
factors not accounted for in this analysis are likely to 
impact optimal behavior). Although positive fitness is 
not achieved at the highest advective loss level (v/L = 
0.3 d_1, Fig. 3A), it is demonstrated that the behavior 
given by u = 1 now has become the least fit.

The effect o f an advective regime where the direction 
o f the current o f the deep habitat is opposite, although 
weaker to that o f the shallow habitat (v;i, = -0 .1  m  s-1 
versus vhl =  0.5 m  s-1) is demonstrated in Fig. 3B. As 
should be expected, the adaptive significance of vertical 
migration is increased compared to the case where the 
flow  direction was no t considered. A t the highest 
advective loss level (v/L = 0.3 d_1, Fig. 3B) the optimal 
behavior is given by u = 0.2, which corresponds to the 
time allocation that enables the organism to maintain a
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Big. 4. Fitness in relation to behavior tor dillerent advective 
regimes for theCalanus case. A. vlt] differs fromi'(i, by strength 
only. B. The two advective regimes differ in direction.

fixed geographical position . C ontrary to  the non- 
directional case (Fig. 3A), it should now be noted that 
the fitness is positive for the high advective regime. At 
the intermediate level o f flow (v/L = 0.1 d_1, Fig. 3B) 
the optimal behavior is given by diel vertical migration 
(u =  0.5).

Advection in the Calanus case

The fitness o f the slower growing Calanus is more 
sensitive to horizontal transport than Paracalanus ( Fig. 
4A). The shift towards migrational behavior as advective 
impact increases is also demonstrated in the Calanus 
case. At the intermediate advective impact level (v/L = 
0.1 d_1, Fig. 4A), the optimal behavior is still given by 
diel vertical migration, as in the non-advective (Fig. 2) 
and in the low advective (v/L =  0.1 d_1, Fig. 4A) case. 
At the highest advective impact level (v/L =  0.3 d_1, 
Fig. 4A) the fitness is highly negative ( i.e. the population 
can not be sustained in the environment, and strategies 
can not adapt to it), but it is indicated that the optimal 
behavior is shifted towards a low u.

The effect o f opposite directed currents to the fitness 
function is shown in Fig. 4B. Again, at low advective 
impact level (v/L =  0.01 d_1, Fig. 4B) the fitness function 
is unaltered compared to the case without advection 
(Fig. 2). At the intermediate advective impact level 
(v/L = 0.1 dA  Fig. 4B) fitness is maximized for a rather
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Fig. 5. Optimal behavior (u*) for the Calanus case as a 
function of the relation between length scale (L) of the habitat 
and the magnitude of advection (y).

broad behavioral range ( 0.2 < z/ <  0.5). This is contrasted 
by the results for the highest advective impact level 
(v/L = 0.3 d~\ Fig. 4B). Tiere, the fitness function is 
characterized by a rather narrow positive peak. Such 
peaks indicate little room  for individual variation in 
te rm s o f  m ig ra tio n a l b eh a v io r  and th a t h ig h ly  
synchronized behavior is to be expected.

Influence o f  habitat length scale on behavior 

In previous analyses the advective impact was given by 
the ratio v/L. Now, we will see how changes in the 
absolute length scale o f  the habitat influences the 
optimal behavior being defined as the u giving the 
highest fitness (u*. Fig. 5). To demonstrate this we have 
assumed the Calanus case and applied two advective 
regimes (low: v = 0.1, v = -0 .02 , and high: v = 0.5, 
v = -0 .1 ) . As can be seen from Fig. 5 an increase in the 
habitat length scale results in a shift in the optimal behavior 
from the high advective strategy to the low advective 
strategy. With the low advective rate (0.1 m  sA  this shift 
occurs at about L =  85 km, while the higher advective 
rate (0.5 m  s-1) gives a shift at a length scale that is five 
times higher (L = 425 km). Thus, the critical length scale 
for shift in the optimal behavior is proportional to the 
strength of the flow. A lthough the shift in optimal 
behavior is abrupt as illustrated in Fig. 5, it should be 
noted that around the critical L, there exists a zone where 
a wide range o f suboptimal behavioral strategies exist 
(see Fig. 4B, v/L =  0.1).

DISCUSSION

The idea that differentiated currents in different layers 
o f the water column affect the distribution o f vertically 
migrating Zooplankton was first addressed in Flardy's
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hypothesis o f animal exclusion ( H a r d y  &  G u n t h e r  

1 9 3 5 ; H a r d y  1936,1938). Since then vertical migration 
between water bodies traveling at different speeds has 
been suggested as a mechanism retaining planktonic 
organisms within habitats from which they otherwise 
m ight be exported ( F r a s e t t o  & al. 1962; B o s h  &  

R o w l a n d  T a y l o r  1973; W r o b l e w s k i  1982). However, 
the principal effect o f vertical migration is believed not 
to reduce risk of advection, but risk o f predation ( S t ic h  

&  L a m p e r t  1981; O h m a n  & al. 1983). We postulate that 
the risk of being advected out o f the resident habitat 
adds to the restrictions o f expected survival ( Z^ofEq. 1) 
in that habitat much in the same way as probability of 
starvation and predation. Therefore strategies for vertical 
positioning must be tuned to fit the local advective 
regime for natural selection to result in adaptations to 
starvation and predation risks. Consider a Zooplankton 
population residing in a well defined habitat: a semi­
enclosed volume of water (e.g. a fjord), where the water 
column is divided in two flow regions. Above the sill 
depth the probability of being advected out of the system 
is high compared to the rather stable body of water below 
the sill depth ( G a d e  &  E d w a r d s  1980). But, food is 
encountered almost exclusively in the upper region, 
where predation risk from visually searching predators 
typically is higher than at depth. Furthermore, during 
the productive season, temperature in the upper region 
tends to be significantly higher than in the deep region. 
In  order to  co n trib u te  to  th e  gene p o o l o f  la ter 
generations o f  the popu la tion , vertica l m igration  
b eh av io r (F ig. 2) w ill be tu n ed  to  fit th e  local 
combination of advection rates and length scale (Figs 
3, 4 & 5). Otherwise the organism might be lost from 
the population ( S i n c l a i r  1988). In open waters the 
habitat o f residence is typically less well defined, and 
large scale advec tion  m ay d is trib u te  p lan k to n ic  
organisms over large areas resulting in extensive gene 
flow between populations ( B u c k l in  & al. 1996). While 
biological rates (births and deaths) are believed to 
predominate over advective rates in the Subpolar Gyre 
and in the Norwegian Sea ( A k s n e s  &  B l in d h e im  1996), 
advective loss due to freshwater outflow may have 
im portance for the local production in Vestfj orden 
( S k r e s l e t  &  R o d  1986). Species with their primary 
distribution along shelf breaks (e.g. Meganyctiphanes 
norvegica)  face strong selective p ressu re  against 
strategies failing to maintain position, since nocturnal 
drift into shallow er areas may increase the risk o f 
predation the following day ( K a a r t v e d t  1993). Others 
have focused on the ability o f Zooplankton populations 
or planktonic life history stages o f benthic species to 
persist in productive habitats such as estuaries ( B o s c h  

&  R o w l a n d  T a y l o r  1973; C r o n in  &  F o r w a r d  1982) 
or in upwelling areas ( W r o b l e w s k i  1982), claiming

vertical migrations between layers o f different speeds 
as the functional mechanism. Furtherm ore, Acartia  
tranteri migrate vertically in synchrony with the tides, 
and in a direction to reduce losses from a bay ( K im m e r e r  

&  M c K i n n o n  1987).
Increased risk of advective loss tends to reduce fitness 

and alter the shape of the fitness function ( Figs 3 & 4), 
thus advection affects the optim ality o f a strategy. 
Therefore strategies o f hab ita t selection  ( vertical 
positioning) in Zooplankton should be corrected for risk 
o f advective loss. The optimal adaptation to increasing 
levels o f this risk is to apply vertical migration (Figs 3 
& 4). In habitats where the loss rate is too high or the 
spatial scale is too small, populations o f Zooplankton 
cannot persist (Figs 3A & 4A) and adaptation to local 
regimes will not take place. The Zooplankton o f such a 
habitat would therefore be expected to consist of drifting 
individuals, lost from other habitats, or adapted to 
drifting ( K a a r t v e d t  1993).

This analysis is kept at an extremely simplistic level. 
Adding realism would help explain the great variety of 
patterns observed in nature. However, it suffices our 
purpose: To show the existence of situations where 
horizontal transport may be a major selective factor for 
behavioral strategies in Zooplankton.
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