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Abstract There is a growing understanding that population models describing
trophic interactions should benefit from the increasing knowledge of the complex
foraging behavior of individuals constituting those populations. A notable example
is the modelling of planktonic food chains where the foraging behavior of herbivorous zooplankton is often complicated and involves active vertical displacement
(migration) in the water column with the aim of optimizing the fitness under
constantly varying environmental conditions such as distribution of predators,
location of food, temperature gradient, oxygen concentration, etc. Vertical migration
of zooplankton takes place on different time and space scales ranging from seconds
and centimeters to months and the size of the whole euphotic zone. Taking into
account active foraging behavior of zooplankton would alter theoretical predictions obtained with earlier plankton models where such behavior has often been
ignored—especially in the mean-field models which operate with integrated species
biomasses/densities. In this paper, I revisit two important aspects of incorporating
patterns of active zooplankton feeding in models, based on recent progress in
field observations and experiments. Firstly, I investigate how complex foraging
movement of herbivores in the column can alter the shape of the zooplankton
functional response on different spatial and temporal scales—in particular, I scale
up the local functional response to macroscales (the whole euphotic zone) and show
the emergence of a sigmoid functional response (Holling type III) on the macroscale
based on a non-sigmoid local response on microscales. Secondly, I theoretically
investigate the role of intra-population variability of the feeding behavior of
grazers (implying physiological and behavioral structuring of a population) in the
persistence of the whole population under predation pressure. I show that structuring
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of the population according to feeding behavior would enhance the population
persistence in a eutrophic environment thus preventing species extinction.

1 Introduction
It has been well recognized in ecology that spatial heterogeneity is a crucial factor
shaping population dynamics and affecting species persistence ([8, 51, 66, 88]). The
growth of a population often takes place in a highly heterogeneous environment
characterized by a pronounced variation in the species fitness. In the case organisms
have the ability to actively move within a large part of the habitat they can adjust
their spatial location to improve their living conditions by acquiring more food,
escaping from natural enemies, etc. An important ecological example of such
behaviour is the active vertical migration of herbivorous zooplankton in the water
column in lakes and the ocean. Although in the horizontal direction the active displacement of plankters is seriously impeded by a pronounced turbulence ([1,36,68]),
mesozoopolankton such as copepods can quickly adjust their vertical location and
find the optimal depth within the entire euphotic zone (i.e. the zone where the light
intensity is enough to make possible photosynthesis of phytoplankton) depending
on the given distribution of predators and food conditions, as well as abiotic factors
as temperature, salinity, etc. [10, 37, 53, 60, 65, 90]. Since copepods constitute the
main source of food for small pelagic fish (the upper trophic level) and can also
control the primary production via intensive grazing, their correct description in
models is becoming of crucial importance when simulating the biochemical cycles,
sustainable fishery management, toxic plankton blooms, marine biodiversity, etc.
Moreover, excluding patterns of active foraging behavior of grazers can be somewhat of a bottleneck in improving the predictive power of plankton models [14, 65].
Active vertical displacement of herbivorous zooplankton in the column takes
place on different time and space scales (see Fig. 1). On microscales (seconds and
dozens of centimeters, up to 1–2 m) zooplankton show active foraging behaviour by
performing small foraging jumps and accumulating in micropatches of high food
density [30,70,113]. On the intermediate time and space scales (1–3 h and dozens of
meters), organisms perform short-term exchanges between surface layers which are
rich in food (phytoplankton) and deeper layers, which contain less food but are safer
from predators [65, 77, 95]. On a daily time scale zooplankton can show regular diel
vertical migration where the organisms ascend to upper (surface) layers for feeding
at night and stay in deep layers during the day time. It is believed that this strategy
allows herbivores to escape from visual predators [10, 60, 90] and/or because of the
energy gain in deeper waters due to low temperature [49, 72]. Finally, zooplankton
exhibit variations in movement behavior on a longer time scale (varying from
several weeks to months) which is related to the ontogenetic plankton cycles where
zooplankters can even leave the limits of the euphotic zone and descend to deeper
layers [91, 117].

Incorporating Complex Zooplankton Foraging in Models

225

150-300m

Euphotic zone (large)
scale

50-100m

Intermediate scales

5m-30m

microscales

1cm-1m

SPATIAL (VERTICAL) SCALE

Larger spatial scales

t
weeks and months

t
1 day

t

t

(ontogenetic cycles)

(DVM patterns)

Several hours
seconds and minutes

TIME SCALE

Fig. 1 Active foraging behavior of herbivorous zooplankton in the ocean and deep lakes over
different spatial and temporal scales. For details and the literature references see the text

There exist a large number of publications concerning the modelling of active
vertical migration of zooplankton. Most of these publications, however, provide
models of the regular diel vertical migration (DVMs) taking place on the scale
of the whole euphotic zone. In particular, it has been shown that such migrations
can be an optimal strategy for the persistence of a population under the threat of
predation by visual predators [39, 49, 57, 67, 107]. On the other hand, there also
exist a high number of theoretical works on zooplankton movement on microscales
([3, 33, 45, 105, 106, 114]). Such works usually model the movement of zooplankton
on microscales as a fractional random walk ([9, 23, 105, 106]) and even as a
Levy flight ([3, 120]) and are justified by experimental material on zooplankton
movement recorded by cameras [30,70,113]. Regrettably though, foraging behavior
of zooplankton herbivores on the intermediate time and space scales is studied much
less both regarding observation/experimental and modelling works.
An important reason for the lack of studies on intermediate time and space
scales is that the active vertical movement of grazers at intermediate scales is
often non-synchronized: in other words, exchange of the individuals between the
horizontal layers in the column can take places without alteration of the profile of
the population as a whole [21, 65, 77]. Such non-synchronized vertical migration is
rather hard to investigate in vivo since this would require labelling and tracking a
large number of small-size organisms in a highly turbulent environment. Another
important reason for the mentioned lack of knowledge is rather coarse methods of
sampling. As a result, the existence of any fine structure of plankton layers is often
overlooked. This concerns, for example, the so-called thin plankton layers with a
characteristic vertical width up to few meters but having plankton densities several
orders higher than outside the layers [22, 52]. There is an opinion that foraging of
zooplankton in these high density food patches can be crucial for the survival of
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grazers [13, 64, 82] since the food density outside the patches is often below the
feeding threshold of zooplankton (i.e. the minimal concentration of food required
below which grazing does not occur). Interestingly, the thin layers of zooplankton
and these of algae sometimes do not overlap, resulting in complex foraging jumps
of zooplankters into the food layer and back [54, 64, 65].
There is a growing body of evidence that the active foraging of zooplankton
on different scales should be incorporated into plankton models (e.g. [14, 65]).
However, each ecological model is a simplification of reality and it is impossible for
it to encompass all details on the movement of individuals. On the other hand, quite
often we simply do not need to describe the individual behavior on a microscale,
when, for example, we are interested in the functioning of the whole plankton
community. As such, the problem of transition between the modelling scales arises:
processes taking place on a finer scale should be implicitly incorporated into a model
operating on a larger scale [2,17,32,59]. As a result, the model on a larger scale can
be considered as a mean-field model operating with the average characteristics (e.g.
the mean species densities, food concentration, etc.). An interesting and practically
relevant problem is how to implicitly include active foraging behavior of individual
zooplankters on a smaller time and spatial scale (i.e. without using a fine spatial and
time resolution as well as a detailed description of interaction between organisms)
into a coarse-scale plankton model.
In this paper, I shall address two issues related to including active foraging
behavior of zooplankton in models and scaling them up. Firstly, I will consider the
zooplankton functional response on different spatial and temporal scales and I will
show that the shape of the emerging global functional response of a community can
be substantially altered from to the local response of a single individual. Secondly,
I shall model the role of intra-population variability in the feeding behavior of
grazers in the persistence of the whole population under predation pressure. I find
that structuring of the population according to feeding behavior can enhance the
population persistence in eutrophic environments (characterized by a high nutrient
load) thus preventing species extinction.
The paper is organized as follows. In Sect. 2, I compare the Eulerian and the
Lagrangian approaches in the modelling of herbivorous zooplankton. In Sect. 3,
I provide two general definitions of the zooplankton functional response based
on the Eulerian and the Lagrangian frameworks, and discuss their applicability.
Then I demonstrate the emergence of Holling type III (sigmoid) global functional
response from a non-sigmoid local response. Section 4 is devoted to the modelling of
the role of behavioral structuring on the survival of a population of grazers. Finally,
in Sect. 5, I provide a general discussion on the incorporation of foraging behavior
in plankton models and consider possible applications of our results for some other
(non-planktonic) ecosystems.
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2 The Lagrangian vs. the Eulerian Approach
in the Modelling of Zooplankton Dynamics
When modelling zooplankton dynamics in the water column, a critical issue is to
choose an adequate modelling framework. In ecological modelling there exist the
two main approaches: the Eulerian and the Lagrangian frameworks. According
to the Eulerian approach, the distribution of organisms in space is regarded as
continuous and is described in terms of the population density. The Lagrangian
models are known as well as individual-based models (IBMs) where each individual
(or a homogeneous group of individuals or super-individual) is explicitly modelled
as a discrete entity [46, 47, 104]. Thus each individual/group is described by a
set of variables (e.g. age, filtration rate, size, nutrition condition, etc.), and the
behavior of an organism/group is governed by a set of prescribed rules. The
dynamics at the population level emerges as a result of interactions of a huge
number of individuals and their environment [4,15,63,65]. Note that currently there
is a tendency in the literature to implement the IBM framework when modelling
zooplankton.
Each of the two modelling approaches has its advantages and disadvantages.
A general discussion and comparison between the two approaches in theoretical
ecology and, in particular, in plankton modelling, should be a matter of separate
discussion (e.g. [46, 121]). An advantage of IBMs is the possibility of a more
detailed description of the behavioral aspects of organisms as well as heterogeneity
of physiological traits within populations. Thus, the central idea is obtaining the
population dynamics from the first principals, i.e., by describing the life and feeding
cycles in all possible mechanical details. The Lagrangian approach allows us to
include complex movement of animals more easily than the Eulerian approach,
especially when the movement of each individual is not synchronized in space and
time. An important example is the unsynchronized vertical migration of zooplankton
characterized by a constant short-term exchange of organisms between the surface
and deeper layers, with only little change in the vertical profile of zooplankton
as a whole [21, 65, 77]—the Lagrangian-based framework allows us to model the
situation when the grazing of a zooplankter is not just a function of the ambient food
any more, but is a reflection of the physiological condition of the organism [65].
Implementation of the Lagrangian approach has some disadvantages, however.
An important shortcoming of IBMs is that we are not able to describe the behavior
of a zooplankter on the individual level in full detail—this behaviour is still poorly
understood. A typical IBM depends on a large number of un-measurable parameters,
and in such a situation, including or omitting some features in feeding strategy
on a microscale (individual level) can result in a large error on a macroscale
(population level). As a result, the central idea of IBMs—to obtain emergent
population dynamics from first principles—becomes seriously undermined. It is to
be noted that the number of herbivorous zooplankters in the water column is usually
rather large (>103–104 inds. per square meter) and this would require a large number
of state variables describing all the organisms, incoming a large computational cost.
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The problem becomes practically unsolvable when we are interested in modelling
the dynamics of a planktonic metapopulation inhabiting an area with a horizontal
dimension of dozens of kilometers (or considering the regional scale). In this case,
the classical density-based approach can be more natural.
Interestingly, as it has been shown in theoretical ecology, the complex behaviour
of animals on an individual level can be included on the population level via density
dependant models based on the Fokker-Planck formalism [18, 40, 44, 119]. Note
however, that the resultant equations can differ from the classical reaction-diffusionadvection type equations (e.g. [119]). On the other hand, there also exist standard
techniques for incorporating a non-heterogeneous life trait distribution within a
population of grazers, as well as the age structure of the population in density-based
models ([69], see also Sect. 4 of this paper). In particular, complex interactions
between Daphnia spp. and phytoplankton can be successfully described based on
physiologically structured models ([29] and the references therein). Finally, the
feeding cycles of zooplankton, including periods of active grazing and digestion, can
be incorporated into simple density-based models ([76,77]). In this paper, I shall use
the density-based (Eulerian) approach when modelling interactions in planktonic
communities; however, when suggesting a general definition of the zooplankton
functional response (Sect. 3.1), I shall discuss implementation of both the Eulerianbased and the Lagrangian-based frameworks.

3 Modelling and Scaling the Zooplankton Functional
Response
In theoretical ecology the functional response of a predator/grazer was initially
defined as the specific consumption rate of food by an individual per unit of time
[56, 110]. Later on, it was well recognized that such a definition depends on the
time and space scales under consideration [20, 32, 75, 99]. In plankton ecology
the importance of spatial and temporal scales in feeding is less well recognized,
for instance, than in terrestrial ecology. Conventionally, a zooplankton functional
response is determined based on experimental feeding of organisms in microcosms.
Tremendous amounts of literature exist on this topic showing that the feeding rate
of a zooplankter in laboratory settings can be well described by a certain function of
food which is referred to as a functional response ([38, 101] for a review). However,
the direct interpretation of microcosm plankton experiments in ecosystem models
on a larger scale is tricky and not always possible (e.g. [79]). This is mostly related
to the two following aspects. Firstly, the environment in which species interactions
take place is highly heterogeneous, thus the question of correct averaging arises.
Secondly, the foraging cycles of grazers imply periods of active consumption and
periods of rest (digestion) and those periods are often characterized by different food
densities [21,65]. As a result, grazing and digestion can be separated in space. Thus,
the conventional definition of the functional response, based on the assumption of a
homogeneous small-sized (laboratory) environment needs to be refined.

Incorporating Complex Zooplankton Foraging in Models

229

3.1 Defining the Zooplankton Functional Response
in Real Ecosystems
The existence of the zooplankton functional response on different temporal and
spatial scales is a fundamental issue for modelling and to address this issue one
should provide a rigorous definition of such a response. Below I suggest two
definitions based on the Eulerian and Lagrangian frameworks.
(i) The Eulerian-based definition. Consider a certain domain  which is a part
of an n-dimensional habitat (n D 1; 2; 3). We are interested in the amount of
food ET; that individuals belonging to the given species consumed within this
domain during the observation time T . The ET; quantity can be re-written as
ET; D hE.t/iT; D

hE.t/iT;
hZiT; D F hZiT; ;
hZiT;

(1)

where E.t/ is the instantaneous rate of food consumption and Z.t/ is the
instantaneous biomass of predators in the domain  . Thus, to compute the total
consumption of food in  over time T by the predators one needs to multiply
the biomass hZT; i the predators and the quantity F , which is mathematically
a functional (i.e. a function of functions) since its value depends on the spatial
distributions of species. The hi symbol denotes averaging
We shall define F as a functional response of predators in the case where the
consumption of food can be described as
ET; D F .hP iT; ; hZiT; / hZiT; ;

(2)

up to the necessary degree of accuracy required for a given model. In other words,
we require that F should be a function of the total amount of food hP iT; ; h in the
domain. The size of the domain  and the period of time T in the above definitions
depend on the modelling purposes. In the limiting case, when the volume of 
r /; !
r /,
and T tend to zero, we obtain the “local” functional response F D F .P .!
i.e. consumption of grazers in a given space point at a given moment time. The
concept of the local functional response is implemented in most PDE-based models
in oceanography [48,89]. In the other limiting case  represents the whole euphotic
water column and T is approximately equal to one day and the conventional
modelling framework at those scales is the “classical” mean field plankton models
([31, 34]).
(ii) The Lagrangian-based definition. According to the Lagrangian framework, we
do not consider a fixed spatial domain. Instead, we follow the trajectories of the
individuals though their paths. Thus, for the consumption rate of N individuals
we obtain
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EN;T D

N
N
X
NB X
hei .t/iT D
hei .t/iT D F1  Z ;
NB i D1
i D1

(3)

where B is the average biomass of an individual; Z is the total biomass of N
zooplankters; ei is the instantaneous consumption rate of individual i and the symbol
hi now denotes averaging of the consumption rate along the path of a zooplankter.
We can define the functional response F1 in the case the consumption rate of
the whole population can be computed (up to the necessary degree of accuracy) as
the product between zooplankton biomass and the average food concentration in the
habitat, i.e.
EN;T D F1 .hP iT ; hZiT /  Z ;
(4)
Unlike the Eulerian approach, the Lagrangian-based functional response is a
function of the food density averaged over the layers where organisms mostly graze.
The use of (4) requires the knowledge of individual paths of zooplankters and their
grazing rates along those paths. One of the techniques for computing foraging paths
uses individual-based modelling (IBM).
The question of applicability of the above definitions (2) and (4) is a matter of
much discussion in the literature. For instance, it has been frequently observed that
the local Eulerian-based functional response does not exist at all in natural plankton
communities. In other words, very often there is no apparent correlation between the
ambient food density and the ingestion rate of copepods [11, 25, 77, 112, 116]. This
is not only the result of pronounced environmental noise but is due to the fact that
the locations of the active food consumption and those of the rest can be different.
For instance, a large density of zooplankton in layers with poor nutrition conditions
can be explained by the fact that organisms migrate to those layers for digestion or
to avoid predators [25, 65].
Note that the Lagrangian-based definition (4) can provide a better fit to the
field data than the Euler-based definition, which can be seen from the following
illustrative example based on feeding data on Calanus spp. in situ (the Central
Barents Sea, 2003–2005). All details regarding the collection of material and
methods can be found in [79]. Figure 2a shows the local functional response based
on the Eulerian framework (the ingestion rates are plotted against the ambient food
density), whereas Fig. 2b represents the functional response based on the Lagrangian
definition constructed using the same data set.
To construct the Lagrangian-based response, we need to know the exact depths
where the organisms are grazing for food before collection. Although we normally
ignore those depths, we can try to reconstruct Lagrangian-based response by
proceeding in the following way. Zooplankton samples were collected in three
separate layers (0–20; 20–50; 50–100 m) and at each depth we considered the
ingestion rate averaged over all individuals. I used the assumption that the ingestion
rate of an individual is an increasing function of food density. Based on this
assumption, I compared ingestion rates Ii and Ii C1 (i D 1, 2) in each pair of
adjacent layers with the average chlorophyll densities Pi and Pi C1 , respectively.
In the case where Ii  Ii C1 , but Pi  Pi C1 I suggested that organisms caught in
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Fig. 2 Functional responses of herbivorous copepods (Calanus Finmarchicus, CIV, Central
Barents Sea, 2003–2005) measured in situ. (a) Local functional response constructed based on the
Eulerian framework, i.e. ingestion rates are plotted against the ambient food density. (b) Local
functional response constructed based on the Lagrangian framework, i.e., ingestion rates are
plotted against the food densities, where organisms were feeding the last time before capture.
(c) Local functional response constructed considering only the actively feeding zooplankton. The
fitting curves are obtained based on nonlinear regression (LSM), using the Monod curve as fitting
functions. For details on constructing the functional responses see the text
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layer i C 1, in fact, consumed their food in layer i . In this case, I considered that
Ii C1 corresponds to the density Pi . Alternatively, for Ii  Ii C1 , but Pi  Pi C1
I suggested that the actual consumption by organisms caught in layer i was in layer
i C 1, i.e. that Ii corresponds to Pi C1 . Moreover, in the case where the ratio Ii C1 =Ii
was close to unity, but Pi was substantially larger than Pi C1 , I considered that the
actual grazing of the organisms caught in layer i C 1 took place in layer i . The field
observation shows (see [79] for details) that P2 > P3 for each station and, thus it
is easy to prove that the above described algorithm allows to assign Ii to Pj in a
unique way. In other words, we assumed that the rate of food consumption was close
to linear at low chlorophyll densities (up to P D 4–5 mg/m3 Chl a). The biological
justification for the above assumptions is to avoid anomalously large ingestion rates
in layers with small food density. Overall, I should emphasize that such a simplified
method can give us only estimates of the actual 12 locations (stations) of grazing.
We performed the statistical treatment of both functional responses in Fig. 2 based
on the least square method (LSM) using the Monod curve as a fitting function, which
gives R2 D 0:46 for Fig. 1a and R2 D 0:78 for Fig. 2b. Based on the comparison of
R2 as well on the fact Fig. 2b shows less scattering of points from the fitting curve,
one can conclude that the Lagragian framework would provide a better description
of zooplankton functional response than the Euler framework.
Finally, when constructing the zooplankton functional response one can take into
account only those consumers which are currently grazing the food and exclude
those ones which are digesting food at the moment. I shall refer to those grazing
individual as the actively feeding zooplankton. When computing the grazing impact
of a zooplankton population, one needs to take into account the contribution of
only those feeders. A major problem, however, is that it is almost impossible to
distinguish between actively feeding and resting animals when collecting samples
[21]. Despite this fact, we can try to reconstruct such a response based on the data
set from Fig. 2a. Here I used the hypothesis that in the case where Ii  Ii C1 ,
but Pi  Pi C1 or Ii  Ii C1 , but Pi  Pi C1 I ignored those points. In other
words, I ignored anomalously large ingestion rates in layers with small food density
suggesting that those organisms do not feed in those layers but digest food. The
resultant graph is presented in Fig. 2c showing a local functional response of with
less scattering of points than Fig. 2a with R2 D 0:80 (the fitting curve was the
Monod function). The approach using the functional response based on the actively
feeding zooplankton can be considered as a mixture of the Euler-based and the
Lagrangian-based approaches and will be used in the next section.

3.2 Emergence of a Sigmoid (Holling Type III) Overall
Zooplankton Functional Response
A number of plankton models ignore the explicit vertical resolution and consider the
species densities averaged over the column. To describe the grazing of herbivorous,
one needs to consider an overall/global functional response in the entire euphotic
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zone, i.e. to scale up the local/microscale functional response. Interestingly, the
overall functional response can be of different Holling classification type compared
to the local response and this is a result of the active foraging behavior of
zooplankton (I show this below). In particular, an accelerating overall functional
response (Holling type III) can emerge from a non-sigmoid (Holling type I or II)
local responses.
The overall functional response of zooplankton in the column can be constructed
based on the definition (2), where the domain  includes the whole euphotic
zone. However, to avoid the situation shown in Fig. 2a, I shall take into account
only the actively feeding zooplankton and denote the vertical distribution of such
zooplankters by Za .h/, where h is the depth. Note that the profile of Za .h/ can be
rather different from that of Z.h/ which is the total (bulk) zooplankton density since
the latter includes also individuals which are currently not feeding (e.g. digesting)
[25, 76, 77]. Let us suppose that the instantaneous consumption of the actively
feeding zooplankton can be described via the local functional response f .P /, where
P is the local density of food (phytoplankton). The overall functional response will
be defined as
Z H
1
f .P .h/; h/Za .h/dh ;
(5)
F D
Z0 H 0
where Z0 is the total amount of zooplankton, H is the total depth of the euphotic
zone where phytoplankton can grow.
The actual distribution of the actively grazing feeders in the column is a matter
of much discussion in the literature [11, 25, 77, 116]. In this work, I shall assume
that the distribution of the actively feeding zooplankton in the water column is an
ideal free distribution. Some field evidence of an ideal free distribution of grazing
zooplankton can be found in [43, 61, 80]. In the simplest case, one can suggest that
the distribution of feeders follows the distribution of food
Za .h/ D

P .h/
 Z0 a ;
hP i

(6)

where hP i is the spatial mean density of the phytoplankton; Z0 a gives the total
amount of actively foraging animals. Note that one can also take into account
possible interference between grazers in the column which can be parameterized by
Za .h/ D

P  .h/
 Z0 a ;
hP  i

(7)

where  is a parameter describing the strength of interference of grazers. Some
theoretical background for parameterization (7) can be found in [83] (see also
[62, 111] for other possible parameterizations). In particular,  > 1 means a
larger degree of interference of predators compared to the “classical” ideal free
distribution; the situation with  < 1 would signify a lesser degree of competition
among the foragers in patches with high food density. Note that some field
observations and experimental studies in plankton towers show that the ideal free
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distribution provides a suitable approximation of real profile patterns of the actively
feeding zooplankton [26, 53, 61, 80]. I do not take into account a possible time lag
between the changes in profile of chlorophyll and the response of zooplankton to
such changes. A large delay in response of zooplankton to changes of chlorophyll
profiles would not be realistic in real ecosystems since changing in the vertical
profile of phytoplankton takes from some days to a week while the active vertical
displacement of zooplankton within a 100 m layer takes 6–10 h [10, 21, 90].
The dynamics of phytoplankton in the water column is described by the following
partial differential equation
@P
@2 P
D D 2 C r0  exp h  
@t
@t

Z

h
0

!



P
 Za  f .P / ; (8)
P .h/dh P 1 
K

where the first term in (8) gives the random vertical displacement of phytoplankton
due to turbulent diffusion in the column; the second describes the algal growth and
the last term stands for the local grazing. The coefficient r0 is the maximal per
capita algal growth, which depends on the availability of nutrients; the exponential
multiplier describes the light attenuation due to absorption by water and because of
self-shading; f .P / is the local functional response of herbivores, K is the carrying
capacity taking into account mutual interference of algae. To parameterize the local
functional response, I use the “classical” hyperbolic (Monod) parametrization [42]
f .P / D

aP
;
1 C bP

(9)

where a and b are the coefficients with an obvious meaning. Note that this
type of response has been found for most herbivorous zooplankton in laboratory
experiments ([27, 50, 55, 58] see also Fig. 2b,c). I assume that the total amount of
zooplankton in the water column Z0 D const on the considered time scale. I also
neglect the diel regular vertical migrations which would highly affect the ideal free
distributions (6) and (7). I consider (8) with the zero-flux boundary conditions. To
obtain a continuous range of hP i, one needs to vary a control model parameter.
I have chosen r0 as the control parameter. This would allow the modelling of
the occurrence of an algal bloom arising as a response to an increase of water
temperature, light intensity, etc. [115].
Figure 3 shows the overall functional responses as functions of the average
amount of phytoplankton hP i calculated for the local response of Holling type
II with a large half-saturation constant (1=b  1) (a) and with a small halfsaturation constant (b). The functional responses are constructed for different
intensities of interference of grazers . I consider realistic model parameters
from the literature [7, 31, 50, 101] giving 0:5 < r < 2 1=d I 0:01 < a <
0:3 d=.g Cl1 /I 0:005 < b < 0:2 g Cl1 I 0:005 <  < 0:15 1=mI 0:0005 <
 < 0:0051=.m g Cl1 /I D D 1m2 =d . The local responses are shown by dashed
lines. One can clearly see from the graphs the emergence of a sigmoid overall
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Fig. 3 Overall/global zooplankton functional responses of the zooplankton population in the
entire euphotic zone constructed for varying degree of strength  of grazer interference. The curves
1–4 correspond to  D 0:8;  D 1;  D 1:2;  D 1:35, respectively. (a) Overall functional
responses obtained for Holling type I (linear) local response; (b) Overall functional responses
obtained for Holling type II local response (b D 0:06). In both figures the overall response is shown
by bold curves; local functional responses are depicted by dashed lines. The other parameters are
D D 1 m2 =d; a D 0:1 d=g Cl1 I H D 100 mI Z0a D 1 g Cl1

functional response (Holling type III) from the local non-sigmoid (Holling type
II or I) response having a concave downward part. Such an alteration of types
of responses requires a small saturation in the grazing rate and a small degree of
grazers’ interference (1  ).
The self-accelerating behavior of the overall functional response shown in Fig. 3
can be proven analytically as well. In Appendix A I demonstrate that in the case
the diffusion term is small compared to the local growth rate and the grazing
term, the overall functional response can be approximated by (21), which, however,
results in a rather cumbersome explicit expression (21) is obtained for the a linear
local functional response). This expression can be simplified depending on the
magnitudes of ;  (see Appendix A). In the simplest case (no interference of
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grazers,  D 1) the overall functional response is given by (26)–(28). By taking
into account the first three terms in the Taylor expansion for F .hP i/ and obtain

F .hP i/  ˛


H 2 hP i2
1 C exp.H / 3 2
1 C exp.H /
hP i C
C
H  hP i3 ;
2.exp.H /  1/
6
24 exp.H /1
(10)

Based on (10) one can prove that F 0 .P /  PF .P / > 0, which is the stability
condition for predator-prey interactions in a eutrophic environment [87].
It is possible to come up with a simple (but not mathematically strict) explanation
of the observed emergence of Holling type III functional response. Figure 4a shows
the vertical distribution profiles of distribution of actively feeding zooplankton
(plotting the ratio Za .h/=Z0a ; the vertical distribution of phytoplankton is the same)
constructed, for the sake of simplicity, for  D 1 (no interference of grazers). An
increase in the total amount of phytoplankton hP i leads to a sharper gradient of
algal distribution (because of algal self-shading). The distribution of grazers Za .h/
follows that of the food and it results in a larger proportion of zooplankton feeding in
food-rich layers, thus increasing the total consumption rate. Note that the emergence
of an overall sigmoid functional response due to the above mechanism is possible in
the case of a pronounced depth (deep waters), but is impossible for small H since
the distribution of plankton becomes more homogeneous and, thus, closer to the
local response.
The interference between the grazers (increase in ) would impede the above
alteration between the types of responses. This can be obtained directly from
expression (27) for F .hP i/ found in Appendix A for  D 0. Differentiation of
those expressions shows that F 0 .P /  PF .P / < 0 for large , thus not satisfying
the stability condition [87]. However, the impact of interference of the grazers can
be better understood directly from Fig. 4b where the distribution of actively feeding
grazers (the ratio Za .h/=Z0a is shown for the same total amount of phytoplankton
in the system (hP i D 4 gC l 1 ). One can see that the competition between the
grazers results in homogenization of the vertical distribution of active grazers, thus
the local functional response is approached. Interestingly, the overall functional
response can be even slightly smaller than the local one (see Fig. 3b) despite the fact
that a substantial part of the active feeders are located in food-rich surface layers.
It is important to stress here that the emergence of a Holling type III overall
response due to active food searching behaviour of grazers has observational
background. In particular, it was found that zooplankton species which exhibit nonsigmoid functional response under laboratory conditions show a different overall
functional response in real ecosystems [76, 79]. In particular, increasing the total
amount of phytoplankton in the system can result in displacement of zooplankton
towards surface layers of high food concentration, with feeding taking place mostly
in those layers (see [5, 79].
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Fig. 4 (a) Mechanism of emergence of a sigmoid zooplankton functional response. Stationary
vertical distributions of actively feeding grazers (Za .h/=Z0a ) are shown for different total amounts
of food hP i ( D 1, no interference of grazers). An increase in hP i results in a sharper gradient
of food distribution, the feeders follow the distribution of food and move for feeding to food-rich
surface layers. The spatial distribution of phytoplankton is proportional to that of zooplankton and
is not shown in the figure. (b) The influence of interference of grazers on the consumption rate.
Vertical profiles of actively feeding grazers are shown for the same total amount of phytoplankton
(hP i D 4 g Cl1 ) for different . Enhancing the competition of grazing (increasing ) results in
a more pronounced homogeneity in vertical distribution

4 The Role of Intra-population Variability of Zooplankton
in Population Persistence
In this section I address another important issue related to the active feeding
behavior of zooplankton in the water column: the within-population variability of
grazers and its role in the population survival and persistence.
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4.1 Describing the Intra-population Variability
of Zooplankton Grazers
An important intrinsic property of any real population is that individuals forming
this population often differ from each other: organisms have various sizes, different
ability to move, and, finally, they can have different personal behaviour (e.g.
preference for staying in risky or safe environment, aggressiveness, etc.). There
exist a large number of theoretical works considering dynamics of such structured
populations ([24, 29, 69, 73, 74, 97, 118]). It has been shown that taking into
account intra-population difference would seriously alter modelling outcomes. A
proper review on models of structured populations and a comparison with their
unstructured analogues should be done elsewhere. In most previous publications,
however, the authors have considered population structuring with respect to the
age or size of individuals or due to some physiological traits. Less studied are
population which are structured according to different behavior of individuals (but
see [96]). In this section I shall construct a simple model combining physiological
and behavioural structuring of a population of grazers regulated by top predation
(carnivorous zooplankton or planktivorous fish).
Zooplankters are known to show a large interindividual variability in their
feeding patterns [92, 93, 108]. Figure 5 demonstrates a large variability in the
consumption rates of individual zooplankters (Calanus spp.) obtained in laboratory
(data provided by prof. E. Arashkevich and colleagues). In the figure, the individual
consumption rates of copepods are plotted for different temperatures but for the
same food density. One can see a large deviation in the consumption rates of
the grazers which can be as large as one order of magnitude. Another important
observation is that most of the individuals conserve their consumption characteristics/traits for different environmental conditions (various temperatures), i.e. their
ability of consuming food at high, intermediate or low rates (see Fig. 5b). Thus, the
whole population can be described as physiologically structured. Interestingly,
the pronounced difference in food consumption does not seem to be related to
the variation in the individual sizes of organisms which were close to each others
(not shown result). Note also that zooplankters also show a large interindividual
variability in their swimming rates which could result in a large variation in the rate
of food consumption [108].
The observed individual differences in the consumption and swimming rates
of grazers could eventually result in an intra-population difference in foraging
behaviour. Indeed, zooplankton herbivores often migrate to the upper layers with
higher food abundance despite the predation risk [10, 65, 90]. Often the grazers
implement the eat and run strategy which consists in quickly filling the gut and
leaving the risky environment [95]. Since the ability of filling guts can substantially
vary from individual to individual, the individuals with high ingestion rate can leave
the surface layers faster than the others, thus spending more time outside the risky
environment [26, 107]. As such, variation in physiological traits within a zooplankton population can translate itself into different foraging strategies/behaviour and,
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Fig. 5 Individual ingestion rates (mg Chl a/ind./day) of copepods Calanus spp. measured in the
laboratory under different feeding conditions (different temperatures). Each curve describes the
ingestion rate of a single individual. (a) The absolute values of ingestion rates. (b) Normalized
ingestion rates compared to the mean value for the given temperature. Red and blue curves
correspond to individuals with ingestion rates lying, respectively, above and below the population
mean value. Green curves describe individuals with highly variable ingestion rates which can be
both above and below the mean value. One curve crossing zero is depicted in red since it shows
a persistent behavior very close to the mean values. Absence of points for certain individuals can
be explained by the fact that the organisms are suggested to be depressed in those experiments and
simply did not consume food. The data have been obtained by Prof. E. Arashkevich and colleagues

as a result, into segregation of organisms in space. A similar scenario of segregation
of grazers within the same population has been found by Fossheim and Primicerio
[37], where different copepodite developmental stages were separated in the column
in the presence of top predators (fish). Note that similar differentiation in behaviour
due to differences in physiological traits has been found for other non-planktonic
species, such as fish [12,19], octopuses [71] and some mammals [100]. In particular,
it was reported in a population of salmon that the interindividual variability in
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Fig. 6 Schematic diagram explaining construction of physiologically structured model (11)–(12)
of trophic interactions between herbivorous zooplankton and their predator (carnivorous zooplankton and/or planktivourous fish). Predation on zooplankton by visual predators takes place mostly
in the surface layers (the risky environment) which is also characterized by high food abundance
(high density of phytoplankton P ). Deeper layers provide a better refuge from the predators but
are less abundant in phytoplankton. Zooplankton individuals within a population are divided into
cohorts Zi , which are characterized by different growth rates, location of feeding in the column
and the time spent in the risky environment

willingness to take predation risk near the surface could result in structuring of the
patterns of vertical migration behaviour in the water column [35].
In this paper, I suggest a generic model showing the potential role of intrapopulation variability in the life traits and behaviour of the herbivorous zooplankton
in persistence and stability. Schematically, the model is depicted in Fig. 6. The food
density (phytoplankton) increases in the layers towards the surface. At the same
time, the efficiency of visual predators is higher near the surface, thus there is a
trade-off between food density and the mortality due to predation risk. In the model,
the zooplankton population Z is divided into n cohorts/groups (Zi ) with different
behaviour. In particular, cohorts Zi vary with respect to the amount time spent
feeding in surface layers with high predation risk as well as in the depth of feeding.
Thus, the mortality rate of zooplankton, which in the model is due to predation,
becomes cohort-dependant. I consider that different cohorts can exhibit different
growth rates due to the variation of time spent in food-rich layers.
The trophic interactions between the grazers and their predator (carnivorous
zooplankton or planktivorous fish) are described via the following differential
equations
X
dZi
wij Rj Zj  gi .Zi /B ;
D
dt
j
!
X
dB
!gi .Zi /  ı ;
DB
dt
i

(11)

(12)
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where Zi and B are biomass of the zooplankton in cohort i (i D 1; n) and the
predator, respectively. The sum in (11) describes the growth rate of Zi due to the
reproduction of all cohorts; the contribution of cohort j to the growth rate of cohort
i is described by the weight wij . I further call coefficients wij the demographic
factors which I consider to be density independent. I require that the sum of the
demographic factors wij over all cohorts should be equal to unity.
One would expect that wi i  wij , i.e. the offspring of each cohort mostly
belong to the same cohort. However, I do not formally impose such a restriction
by considering as well the possibility of wi i  wij . In this paper, I assume that the
demographic factors are at genetic equilibrium, i.e. the demographic factors do not
change in time (cf. [16]). The coefficient Rj describes the overall per capita growth
rate of cohort j . For the sake of simplicity I consider that all Rj are constant, i.e. no
intraspecific competition. Such an assumption allows to model plankton dynamics
in euphotic environments.
The parameters describing the predators of zooplankton are: the functional
response gi .Zi /, which is different for different cohorts; ! is the food utilization
coefficient and  is the mortality rate of the predator. For the sake of simplicity, I
consider the functional response gi with saturation of Holling type II given by the
Monod parametrization
Zi
gi D ai
(13)
P aj Zj ;
1Cb j a
where b is the coefficient characterizing the saturation of predation at high densities
of Zi . The coefficients ai , which are proportional to the attack rates, are different for
different zooplankton cohorts. I suggest that ai are larger for those cohorts where the
individuals intentionally stay longer in more risky part of the habitat (surface layers)
with higher predation pressure. When including the effects of saturation, I take
into account the fact that the actual amount of zooplankton which is available for
predation in surface layers should be multiplied by certain weights. Those weights
would model the relative duration of the zooplankton cohorts stay in the more risky
environment, thus they should be a function of the predator attack rate. I suggest
that such weights are proportional to the attack rates, since the relative difference
in ai characterizes the relative time spent in surface layers; a denotes in (13) the
average values of ai . I should note that our findings remain qualitatively the same in
the case of the ‘classical’ Holling type II response with the same weights, i.e. when
removing aj and a in the denominator of (13).

4.2 Analysis of the Model of the Intra-population Variability
of Zooplankton
Model (12)–(13) has been intensively investigated both numerically and partially
analytically. In this paper, I focus mostly on the case where there are only two
zooplankton cohorts n D 2 and only briefly discuss how the patterns obtained for
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Fig. 7 Bifurcation diagrams in the a1  b plane constructed for system (11)–(12) for the number
of zooplankton cohorts n D 2. Dynamical regimes are described in the text. The system can
be regulated in domains 1 and 3 (the solutions are bounded). The solid curve is the Hopf
bifurcation curve. The dot-dashed curves represent limit cycle bifurcation curves. The points
GH denote general bifurcation points. (a), (b) Equal per capita growth rates R1 D R2 D 1;
(a) w11 D w22 D 0:5; (b) w11 D w22 D 0:8 (c), (d) Different per capita growth rates
R1 D 1I R2 D 2. (c) w11 D w22 D 0:5; (d) w11 D w22 D 0:8. The other parameters are
a2 D 0:5; ! D 0:25; ı D 0:1

n D 2 will change with an increase in n. The stability of the stationary states of the
system for n D 2 is addressed in Appendix B (for small b). In particular, I show
that the system has a unique nontrivial stationary state which, depending on model
parameters, can be either stable or unstable. Note that the system (11)–(12) becomes
the classical predator-prey model in the case where all cohorts are equal. This system
is always globally unstable for b > 0 [6, 87] and is neutrally stable (Lotka-Volterra
model) for b D 0.
Figure 7 provides an insight into parametric portraits for n D 2. The diagrams
are obtained with the help of the software MATCONT [28]. The diagrams are
constructed in the (a1 ; b) plane, the other parameters being fixed. Figure 7a,b
describe the scenario when the two cohorts have equal per capita rates R1 D R2 but
different attack rates a1 ¤ a2 . Ecologically, it signifies that the larger mortality due
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to predation (consequently, a larger time spent in surface layers) has no influence on
the reproduction rate. In domain 1 the unique coexistence state (Z1 ; Z2 ; B) is locally
stable, thus small perturbations of the state will eventually vanish. This stationary
state, however, is not globally stable. It is surrounded by an unstable limit cycle:
for initial species densities located far away from the state, the trajectories would
go to infinity and other factors (lack of resources, competition) should limit the
population growth. In domain 2 the nontrivial stationary state is globally unstable:
all trajectories starting nearby will eventually go to infinity. In the rather narrow
domains 3, trajectories unwind from the unstable stationary state to a stable limit
cycle. This cycle is enclosed by an unstable outer cycle.
One can see from the Fig. 7a,b that the fact that the attack rates of predators
on different cohorts are different can provide the stability of the whole population
thus preventing it from extinction. Indeed, for equal attack rates by predators, the
population will exhibit oscillations with gradually increasing amplitude, with the
minimal species densities approaching zero. Thus producing individuals which
are subjected to more predation can be beneficial for the whole population.
Interestingly, even in the absence of saturation (b D 0), the Lotka-Volterra system
can become stable. This fact is analytically proven in Appendix B. Figure 7a is
constructed for the equal demographic factors (wij D 0:5). Taking into account
a more realistic scenario when wi i > wij —i.e. the offspring of each cohort mostly
belong to the same cohort- results in shrinking of the stability domains 1 (see Fig. 7b,
mind the difference between the scales on the b-axis).
I shall now consider a more realistic scenario, where increase/decrease in the
attack rate a results into a relative increase/decrease in the growth rate R. This
is shown in the diagrams in Fig. 7c,d constructed for R2 > R1 . One can see that
compared to the case with R2 D R1 , the size of domains of stabilization (1, 3)
have shrunk. Moreover, the diagrams predict that the stabilization will take place
when the cohorts with the larger growth rates should have a smaller mortality rate,
i.e. for Ri > Rj there should be ai < aj . This conclusion is analytically justified
in Appendix B (b D 0). On the contrary, for Ri > Rj and ai > aj and a small
absolute difference between ai and aj the system will be globally unstable. Thus,
the existence of a cohort with individuals dwelling more time in food rich (and
predation risky) layers and having larger reproduction rates would be destabilizing.
Finally, the stability of the system is restored for Ri > Rj and ai > aj in the case
where the difference between ai and aj is sufficiently large. This corresponds to the
lower stability domain 1.
It is natural to suggest that the parameters Ri and ai are not independent but
related via a certain trade-off function ai D ai .Ri / which has the same functional
from a D a.R/ for all cohorts. The parameters R and a are potentially related
since they both depend on the amount of time spent in food-rich but predator risky
environment. For the sake of simplicity consider first that b D 0. In the case a.R/
is a decreasing function, the coexistence stationary state in the model will always
be stable regardless of the shape of this function. On the other hand, an increasing
function a(R) may have a destabilizing effect. Interestingly enough, even if a.R/ is a
decreasing function, the system’s stabilization can be still possible provided the rate
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of decrease a.R/ is sufficiently large. This is related to the fact that for ai ! aj
and Ri ! Rj the size of the instability interval on the a-axis vanishes. This can
be seen from the comparison of the upper and the lower figures in Fig. 7 (see also
Appendix B). Let us vary the parameter a1 for a fixed a2 . I shall decrease R1 starting
from R1 D R2 ; it will result in an increase of a1 . It is shown that (Appendix B) in
the case where the gradient of the trade-off function is larger than that of (45), the
stability of the stationary state will be guaranteed. Taking into account the saturation
in predation b > 0 will result in some changes. In particular, the stability of the
stationary state will require a larger degree of scattering between a1 and a2 (larger
absolute values of ai ! aj ). Thus, even the existence of a fast decreasing tradeoff function a.R/ will not automatically signify the stabilization of the system (see
Fig. 7): a threshold value ofjiaa.should be exceeded in this case.
Note that the stabilization in the structured population of grazers requires that
the physiological traits and behavioral patterns within a cohort remain constant.
I shall refer to such structuring as the genetic structuring of a population. In
contrast, there can be a temporal structuring within a population where the traits
of each cohort vary in time due to some stochastic processes. As a result, the
splitting of a population into cohorts occurs for a short time period (which is
smaller than the individual lifespan time) after which the individuals swap between
different cohorts. Model (11)–(12) predicts that stabilization takes place only for
a genetically structured population. Figure 8a shows damped oscillations of a
genetically structured population of grazers consisting of two cohorts with different
attack rates of predator (a1 D 1, a2 D 0:6). The trajectory will tend to a
stable stationary state. The situation is different when the population is temporally
structured (Fig. 8b). In this case, instantaneously the population still consists of two
cohorts with the same vulnerabilities of predation (a1 D 1, a2 D 0:6), however,
every t time units there is a probability 1/2 of exchange between the cohorts:
individuals swap between the two cohorts. As a result, the oscillations of density
become constantly increasing (Fig. 8b) which would result in a population collapse.
In this case, the dynamics is equivalent to a non-structured predator-prey system
with a Holling type II functional response, which is globally unstable.
Considering a larger number n of cohorts does not qualitatively alter the previous
results on stabilization. In particular, bifurcation diagrams constructed for n D 3; 4
are qualitatively similar to those from Fig. 7. In general, stability of the coexistence
state requires the existence of a trade-off function a.R/ with a supercritical slope
at ai D aj and Ri D Rj . Finally, when n is large, the discrete framework
(11)–(12) based on the use of a system of ODEs should be replace by a continuous
distribution of the life traits in the population suggesting an infinitely large number
of cohorts and the model becomes transformed into a system of two integrodifferential equations. In this case, the shape of a.R/ will play a critical role in
the system stability along with the distribution of the demographic factors wij .
Investigation of such a model will be a part of future research.
One important question concerning this section is which trade-off functions
relating the predation risk and the growth rate of zooplankton will be realistic.
Although there exists a large amount literature on this topic, this issue is a matter of
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Fig. 8 Explaining the difference between the genetic structuring and the temporal structuring of a
population (n D 2). (a) Genetic structuring: the vulnerability to predation for each subpopulation
remain constant a1 D 1; a2 D 0:6. The total biomass of grazers Z exhibits damped oscillations
and the trajectories tend to a stable stationary state. (b) Temporal structuring: at each moment of
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w11 D w22 D 0:5; a2 D 0:5; ! D 0:25; ı D 0:1I b D 0:02. The population of grazers will
eventually attain very low densities and will collapse

much discussion [10,37,65,67]. Most of the conclusions are derived from modelling
results or simply based on common sense (!). For instance, there is an opinion that
those zooplankters which spend more time feeding in the risky surface layers should
be be compensated by an increase in growth rate [41, 57, 107]. Some grazers which
quickly fill their gut in the surface layer and run away to digest the consumed food
would need to spend large amounts of energy on vertical migration, thus this energy
will not be available for reproduction [65, 95]. This would imply that a.R/ should
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be an increasing function. An important point, however, is that the time spent by
zooplankters in the food-rich layer can be a poor indicator of the growth rate. Indeed,
individuals who need to stay in surface layers more may simply be poor feeders
with low growth rates. The major problem is that there is still a lack of data on the
individual variability of zooplankton behavior in situ.

5 Discussion and Conclusions
Taking into account complex foraging behavior of zooplankton in the water column
on different spatial and temporal scales is of vital importance for improving
plankton models. Very often, however, one needs to incorporate movements of
grazers implicitly, especially in models operating on large scales (e.g. the scale
of the whole euphotic zone). Scaling up the grazing rate of zooplankters from
microscales has its own particular features as compared to some other nonplanktonic ecosystems. Firstly, there is a pronounced heterogeneity of the aquatic
environment in the vertical direction due to the light attenuation with depth, water
stratification in the column resulting in sharp turbulence, temperature, salinity
gradients, patchy distribution of predators, etc. Secondly, the zooplankton grazers
are usually fast moving organisms, so they are able to cover the whole euphotic
zone in a short time period (hours) which is much smaller than the generation time
of the population varying from several months to years. Thirdly, the movement
of grazers is much faster than the characteristic rate of change of the spatial
food distribution (phytoplankton or microzooplankton). Finally, the behavior of
grazers depends on the part of the habitat where they are currently dwelling (e.g.
between the surface and deep layers). As such, the conventional techniques of
theoretical ecology of extrapolation of small-scale dynamics to larger scales (e.g.
the aggregation approach, the scale transition approach, the modified mean-field
approach) become inappropriate in this case (cf. [2, 17, 32, 94]). For instance, the
scale transition framework becomes inefficient in the case where the environmental
properties are substantially different [17]. Some other mathematical tools might be
needed in this case.
Interpretation of laboratory experiments on zooplankton foraging in modelling
can be tricky and should be done with care. For example, it has been nicely
demonstrated that in laboratory settings some copepods exhibit swimming behavior
which can be described as a fractal random walk (e.g. [105, 106, 108]). The scaling
exponent of the motion was estimated [108] which could, in principal, allow us
to extrapolate those results to larger scales. However, the characteristic size of the
laboratory settings, was rather small (up to 1–2 m) and potential extrapolation of
the results even to intermediate scales (10–30 m) looks problematic. In particular,
the fractal random walk behavior cannot describe the eat and run strategy of
copepods which is observed in reality on intermediate scales [65, 77, 95]. On
such scales movement of animals includes persistent ascending and descending
of grazers, i.e. a ballistic motion. Our general understanding is that the complex
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(multi) fractal food searchery observed on microscales would be only a part of the
zooplankton feeding cycle. This goes along with the current understanding of
movement in theoretical ecology. Indeed, it is now well recognized that patterns of
animal movement can be often considered as a sequence of different phases/modes
of movements [81, 86, 109], with each phase corresponding to a different type of
activity of the animal, and potentially having different statistical properties. The
sequential order of different phases on larger spatiotemporal scales gives the lifetime
patch of an individual [86]. Active foraging of zooplankton is a good example of
phase-based movement of animals.
In this paper I have considered two examples of the implicit incorporation of
active foraging of plankton grazers into models. First, I considered the implementation of the zooplankton functional response on different scales. I demonstrated
that scaling up the functional response to the size of the whole euphotic zone can
result in alteration of the type of response and, as a result, a sigmoid (Holling
type III) overall functional response can emerge from the local non-sigmoid local
response. This fact is of importance since investigation of trophic chain models
reveals that a Holling type III response usually enhances stability of eutrophic
ecosystems [6, 87]. Interestingly, there is a vivid discussion in the literature on
the adequacy of implementation of a sigmoid type of response in plankton models
[78, 84, 102, 103]. The point is that it has been observed in experimental studies that
for most herbivores the functional response is non-sigmoid, i.e. it is either of type I
or II ([27, 50, 55, 58]) and, as a result, a rather strong opinion in the literature is that
implementation of Holling type III in plankton models is biologically meaningless
[27, 84, 103]. The results of Sect. 3 somewhat challenge this opinion and consider
this problem from a different angle.
I suggest that the emergence of a sigmoid functional response when scaling up
to macroscopic level would be observed for the carnivorous zooplankton as well
due to a similar scenario/mechanism. Moreover, a similar alteration of the type
of functional response resulting in the emergence of a sigmoid overall response
from a local non-sigmoid response due to prey patchiness and predator aggregation
has been found in another predatorprey system [85]. The ecosystem under study
was an acarine predatorprey system involving the aggregation of predators in food
patches. I predict that such a scenario can be found in other non-planktonic systems
where there is a strong feedback between the spatial distribution of prey and its total
abundance in the system resulting in a sharper gradient of spatial prey distribution
(see Fig. 4a).
Another important result we have seen is that the interindividual structuring
of grazers according to their behavior can enhance the persistence of the whole
population and prevent the species from extinction (Sect. 4). Thus, variation in the
behavioral strategy, which translates itself into a variation of time spent in dangerous
parts of the environment, would be beneficial for the whole population. Stabilization
of the system consisting of grazers and their predators (fish) in an environment with
an unlimited carrying capacity requires two major conditions. Firstly, some life traits
(in particular, the vulnerability to predation) of individuals should be genetically
different, i.e. the mean values for a fixed individual should remain constant.
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Secondly, in the case of high variation in the growth rate R among the individuals,
there should be a certain trade-off between R and the vulnerability a. Stabilization
is guaranteed when a larger growth rate signifies less vulnerability. In the opposite
case, the stabilization can be still possible, but requires a supercritical value of
slope of the functional dependence a.R/. I should admit, however, that the reported
mechanism of the enhancement of persistence in plankton communities is still to be
tested. The major problem arising here is that the spatial structuring of zooplankton
(if it exists in reality) would take place on intermediate spatial scales and it is rather
hard or even impossible to follow the trajectory of each zooplankter in vivo or in
plankton towers. A possible method of experimental justification of the suggested
mechanism could be to search for correlation between the vertical location of
individual grazers in the column and certain physiological traits of those grazers
(e.g. swimming speed, feeding rate, etc.) which can be revealed after sampling.
Note that our results on the stability of the dynamics of structured populations can
be applied as well to some other non-planktonic predator-prey systems. Indeed, the
key-factor assuring the system stability is the genetic difference in the vulnerability
of individuals to predators. As such, in any population where individuals are
characterized by a substantially different vulnerability to predation, the above
stabilization mechanism could be realized. For instance, such a situation can be
possible in the case of the existence of refuges for prey and structuring of the
prey population according to the mean time spent in those refuges. Different
attack rates on different prey individuals can be due to high genetic variation in
physiological characteristics such as mobility, the ability of detecting the predator,
etc. Finally, I should note that our result that physiologically and/or behaviorally
structured populations are less prone to extinction is in a good agreement with
previous theoretical works [96, 98] providing a somewhat different mechanism of
stabilization based on intra-population competition.
Among the important challenges for further progress in understanding and
modelling patterns of active zooplankton foraging behaviour I would like to
highlight the investigation of intermediate scale processes. New studies should
include the collection of plankton samples on finer scales. On the other hand,
a proper mathematical framework for modelling the movement of plankton on
those scales is still lacking. I suggest that such a framework should be based on
a density-dependant (Eulerian) approach, but include complex behavioral aspects
of the animals. In the absence of such a framework, the current tendency in the
literature is the implementation of IBMs, and while I agree full-heartedly with the
need for development of such models in marine ecology, I do argue that the need
for implementation of IBMs still needs to be justified for herbivorous zooplankton
which are characterized by large population numbers and patchy spatial structure.
I strongly believe that the density-dependant framework can provide powerful
modelling tools capable of efficiently incorporating complex patterns of foraging
behavior and the variability of physiological traits within populations.
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Appendix 1
Here I derive the expression for the overall functional response of zooplankton. The
equation determining the vertical profile of phytoplankton is given by
@2 P
@P
D D 2 C r0  exp h  
@t
@t

Z

h
0

!

HP  f .P /
P .h/dh P  R H
Z0 ; (14)

0 P .h/dh

where D is the diffusion coefficient of vertical turbulence. I consider that the
ecosystem is eutrophic, thus r D const and K  1. We are interested in computing
the stationary vertical profile of zooplankton, which is determined by
@2 P
0 D D 2 C r0  exp h  
@t

Z

h

!
P .h/dh P  ˛

0

HP 
P
Z0 ;
RH
 .h/dh
1 C ˇP
P
0
(15)

To be able to provide an explicit analytical expression for the functional response
we need to do some simplifications. As such, I neglect the diffusion process which
are small terms compared to the local growth rate and the grazing. Also, I neglect
saturation in the local functional response. We obtain
Z
0 D r0  exp h  
0

!

h

P .h/dh P  ˛ R H
0

HP 

Z0 ;

(16)

;

(17)

P  .h/dh

One can simply re-write (16) in the following way
Z
h C 
0

h

"

P
˛H
P .h/dh D  ln
Z0
RH

r0
0 P .h/dh

#

After differentiating (17) with respect to h, we obtain the following differential
equation
P 0
;
(18)
P C  D 
P
Integration of (18) which is a Bernoulli equation gives the stationary profile of
phytoplankton:

P .h/ D
;
(19)
C exp.h=/  
where C is an integration constant. By integrating (19) over the whole water column,
we can express C as a function of the spatial average phytoplankton density hP i .
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hP i
exp H CH

1



;
 
C D
H
exp HhP i  1
exp 

(20)

Thus the vertical profile of phytoplankton becomes a function of hP i, i.e. P D
P .h; hP i/. The overall functional response of zooplankton in the water column is
obtained from (5), which gives
RH
˛H 0 P C1 .h/dh
F .hP i/ D
;
RH

0 P .h/dh

(21)

with P D P .h; hP i/ is given by (19) and (20). Note that by integrating (21)
one can obtain the explicit expression for the functional response which is rather
cumbersome. However, one can obtain tractable analytical expressions for F for
some limiting cases.
(i)  D 1,  D 0. This signifies that there zooplankton is distributed according to
the simplest ideal free distribution law and absorption of the light by water is
small compared to the self-shading. Integration and simplification of (21) gives
following the functional response
F .hP i/ D

exp .H hP i/ C exp .H hP i/  2
;
.H /2 hP i

(22)

It is easy to prove that the overall functional response (22) is of Holling type III
since the stability condition F 0 .hP i/  hP iF .hP i/ < 0 [87] is always satisfied for
hP i > 0. One can easily expand (22) into Taylor series:
F .hP i/ D ˛

1
X
.H /2n hP i2nC1
nD0

.2n C 2/Š

;

(23)

One can use few first terms of expansion when modelling consumption rates at
small and intermediate amounts of food.
(ii)  D 1,  ¤ 0. This signifies that there is no interference between the
grazers; however there is absorption of light by water along with algal selfshading. Integration of (21) after some simplification gives the following
Taylor expansion
1
X
F .hP i/ D ˛
cn hP in ;
(24)
nD0

where the coefficients cn are determined from
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(25)
(26)

(iii)  ¤ 1;  D 0. This signifies that there is some interference between the
grazers and the absorption of the light by water is still small compared to
the self-shading. Integrating of (21) gives the following explicit expression for
the functional response
F .hP i/ D

.  1/ .exp.hP iH=/  1/ .exp.hP iH /  1/
;
H  .exp.hP iH=/  exp.hP iH //

(27)

By considering the Taylor expansion of (27) we obtain
F .hP i/ D ˛

1
X

sn hP i2nC1 ;

(28)

nD0

It is impossible to obtain simple expressions for the coefficients sn . However, the
first three coefficients can be easily computed:
c1 D 1I c2 D

.H /2
.H /4 .2  4 C 1/
I c3 D
;
12
7203

(29)

Note that for the most general case ( ¤ 1;  ¤ 0), the expression for the overall
functional response becomes rather untractable and only numerical methods can be
used to reveal the shape of F .hP i/.
An important question is about the stability of the profiles obtained. Numerical
methods show that those profiles are stable; however, stability for an infinite carrying
capacity K ! 1 requires a certain threshold value of  > 0.

Appendix 2
Here I analytically address the stability property of the system (11)–(12) in the
case where there are two different zooplankton cohorts showing different behavior.
For the sake of simplicity I shall also consider that the functional response of the
predator is of Holling type I (b D 0). It is easy to prove the existence of a trivial
stationary state (0,0,0) as well as semitrivial stationary states where the density of
one of species is zero. Simple analysis shows that all those states are unstable. The
nontrivial stationary states are determined from
0 D w11 R1 Z1 C w12 R2 Z2  a1 Z1 B ;

(30)
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0 D w21 R1 Z1 C w22 R2 Z2  a2 Z2 B ;

(31)

0 D a1 Z1 C a2 Z2  ı=! ;

(32)

From (30)–(32) one can easily find the stationary density B from the evident
condition:
ˇ
ˇ
ˇw
ˇ
w12 R2
ˇ D 0:
(33)
 D ˇˇ 11R1 a1 B
w21 R1 w22 R2  a2 B ˇ
This gives the following “characteristic” equation for B
a1 a2 B 2  .w11 R1 a2 C w22 R2 a1 /B C .w11 w2 2  w12 w21 /R1 R2 D 0 ;

(34)

Note that a similar characteristic equation will provide the stationary B for in
the case the number of zooplankton cohorts is n. Formally, (34) may have up to
two positive solutions which are the roots of the quadratic equation. However, a
rigorous analysis (resulting into rather cumbersome expressions) shows that in the
case of two positive roots of (34), one of the roots always gives a negative stationary
density Zi . Thus, the nontrivial stationary state of (11)–(12) is unique provided it
exists. The stability of the nontrivial stationary state is determined by the Jacobian
matrix given by
0

1
R1 w11  a1 B
R2 w12
ıa1 Z1
J D@
R1 w21
R2 w22  a2 B ıa2 Z2 A :
!ıa1 B
!ıa2 B
0

(35)

However, a direct substitution of explicit expressions for the stationary states
results in an analytically intractable formula. To have an analytical insight into the
model properties, I shall consider the particular case, where the coefficients are
related by w11 w22 D 21 w12 , which is equivalent to w11 C w22 D 1. This happens,
for example, when each cohort produces equal percentage of offspring belonging to
it and to the other cohort w11 D w22 D 0:5. Under the above condition the stationary
density of species are given by
w11 R1 a2 C w22 R2 a1
ıw11
ıw21
I Z1 D
IB D
;
!a1 .w21 C w11 /
!a2 .w21 C w11 /
a1 a2
(36)
The Jacobian matrix (35) computed at the point (36) becomes

Z1 D

0

1
w11
B
!.w21 C w11 / C
B
C
B
C
w21
a
2
B
C
R1 w21
R1 w11
ı
J DB
:
a1
!.w21 C w11 / C
B
C
B
C
@ R1 w211 a2 C w12 w21 R2 a1 R1 w211 a2 C w12 w21 R2 a1
A
!
!
0
a2 w11
a2 w11
(37)
R2 aa12

w21 w12
w11

R2 w12

ı
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The characteristic equation for the eigenvalues of (35) is given by
 3 C ˝1  2 C ˝2  C ˝3 D 0 ;

(38)

where the coefficients ˝i are determined by
˝1 D Sp.J / D
˝2 D

a22 w211 R1 C a12 w12 w21 R2
;
w11 a1 a2

(39)

ı w311 R1 a1 a2 C w221 w12 R2 a1 a2 C w211 w21 R1 a22 C w11 w21 w12 R2 a12
; (40)
w11
a1 a2 .w11 C w22 //
 2
2
w11 R1 a2 C w12 w21 R2 a1
˝3 D det.J / D ı
;
(41)
a2 a1 w211

The Routh-Hurwitz stability criterion requires that ˝i > 0i D 1; 3 and ˝1 ˝2 
˝3 > 0, which can be rewritten in the following way
s
.a2  a1 / a2 C a1

R2 w12
R1 w11

s

!
a2  a1

R2 w12
R1 w11

!
>0;

(42)

which is equivalent to the following conditions (w12 D 1  w22 D w11 )
s
a1 2 0; a2

R1
R2

!

[

.a2 ; C1/ :

(43)

Here, for the sake of simplicity, I consider that R1 < R2 since one can easily derive
the stability conditions for the opposite sign of this inequality. The stability would
occur when the cohort of zooplankton having a larger per capita growth rate Ri has
a smaller per capita mortality rate ai due to predation i.e. for R2 > R1 we should
have a2 < a1 . On the contrary, for a2 slightly smaller than a1 (and R2 > R1 ) the
stability conditions are not satisfied resulting in destabilization of the equilibrium.
However, even in this case the stability can
p be still possible when the difference
between ai is supercritical, i.e. for a1 < a2 R1 =R2 .
Suppose that the coefficients a and R are not independent and related via a tradeoff function, i.e. a D a.R/. In the case where such a function is a decreasing
function of R, the stability conditions are satisfied (43) for any shape of a D a.R/.
In the opposite case a0 .R/ > 0, one can easily derive a criterion which guarantees
that the stability conditions are satisfied. One can fix a2 and vary the value of a1
starting from a1 D a2 (corresponding to R1 D R2 ). The stability condition (43)
requires that
r
R1
:
(44)
a1 .R1 / < a2
R2
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One can re-write (44) in terms of the difference between R1 and R2 , i.e. R D
R2  R1
s
!
R
a D a2  a1 < a2 1  1 
:
(45)
R2
For a small R we have the condition
s
a < a2 1 

R
1
R2

!
 a2

R
D AR:
2R2

(46)

Thus, in the case the slope of the trade-off relation a D a.R/ exceeds a certain
constant A, the stationary state (36) will be always locally stable provided it exists.
Note that one can analytically prove the same property for a more general case,
where wi i are arbitrary values (i D 1; 2). In other words, the unique non-trivial
stationary state of the system is (locally) stable at least in the parametric region near
a1 D a2 and R2 D R1 in the case the parameters a and R are related by a trade-off
function which can be a linear function. Finally, since the system with b D 0 (no
saturation in the functional response) is structurally stable, adding small saturation
b  1 will not violate the previously obtained results.
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