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Abstract Volatile infochemicals including climati-

cally relevant dimethylsulphide (DMS) have been

suggested to play important roles in the structuring

and functioning of marine food webs. Experimenting

with complex natural plankton communities or several

trophic levels in laboratory microcosms is challenging

and, as a result, empirical data confirming the role of

DMS in trophic interactions is lacking. Models are a

suitable tool to provide insight into such complex

interactions. Here we consider a model of the interac-

tions between three trophic levels of plankton: phyto-

plankton, grazing microzooplankton and predatory

mesozooplankton. We show that the inclusion of a

grazing-induced DMS production term has a stabilizing

effect on the system dynamics under the assumption that

DMS acts as an info-chemical and increases the rate of

mesozooplankton predation on grazing microzooplank-

ton. We further demonstrate how this feedback between

trophic levels can potentially lead to the formation of a

phytoplankton bloom. The model provides a suitable

framework for further study into the possible role of

DMS in the ecology of marine food webs beyond its

recognised role as a climate-cooling gas.
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Introduction

Dimethylsulphide (DMS) is a biogenic trace gas

derived from the algal secondary metabolite dimethyl-

sulphoniopropionate (DMSP). DMS has been pro-

posed to play a role in climate regulation by

contributing to the formation of aerosols and cloud

condensation nuclei (CCN) in the atmosphere (Charl-

son et al. 1987), although uncertainty remains regard-

ing the sensitivity of CCN formation to changes in

DMS concentrations and how climate change may

alter DMS emissions (Ayers and Cainey 2007).

In marine systems ‘‘chemically mediated interac-

tions strongly affect population structure, community
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organization, and ecosystem function’’ (Hay 2009). In

many cases, the infochemicals that elicit responses

within a population are poorly characterized (Pohnert

et al. 2007) but DMSP and DMS are known to affect

the behavior of marine organisms. Examples include

the utility of airborne DMS as directional foraging

cues for seabirds (e.g., Nevitt et al. 1995) and marine

mammals (Kowalewsky et al. 2006), which use the

olfactory landscape to locate patches with high

biological productivity (Nevitt 2000). Similarly, there

have been numerous examples of behavioral changes

in copepods in response to chemical stimulation by

prey-related cues (e.g., Buskey 1984; Gill and Poulet

1988). In particular, DMS has been shown to elicit a

behavioral response in the copepod Temora longicor-

nis (Steinke et al. 2006) suggesting that copepods may

use DMS when searching for prey.

Microzooplankton protists are considered to form

an important trophic link between phytoplankton and

copepods (Sherr and Sherr 1988) and grazing by

microzooplankton rapidly accelerates the cleavage of

phytoplankton DMSP into DMS in both laboratory

(Wolfe and Steinke 1996) and field studies (e.g.,

Archer et al. 2001). In aquatic environments the

physical properties of the viscous medium allow for

the spatial persistence of chemical gradients and the

reliable transmission of chemical cues. Consequently,

chemosensory systems have evolved in many aquatic

taxa allowing the exploitation of a broad range of

ecological niches (Vos et al. 2006; Pohnert et al.

2007).

Copepods are important in the regulation of phy-

toplankton and microzooplankton populations in

pelagic ecosystems (Yang et al. 2009; Fileman et al.

2010). Grazing studies suggest that copepods, when

provided with a choice, may selectively feed on

heterotrophic protists rather than small phytoplankton

(Hansen et al. 1993; Tang et al. 2001). For example,

heterotrophic dinoflagellates are thought to act as the

‘middle men’ in pelagic food webs and are important

for the necessary ‘trophic upgrading’ of nutritionally

poor phytoplankton (Klein Breteler et al. 1999).

Hence, it has been suggested that copepod predation

on microzooplankton could facilitate Phaeocystis

blooming by relieving microzooplankton grazing

pressure (Hansen et al. 1993). The ability to detect

and react to DMS suggests that this trace gas may act

as an infochemical cue used by copepods to find

individual prey in an otherwise nutritionally sparse

three-dimensional environment, or to assist with

locating prey-rich patches. Hence DMS can in prin-

ciple promote multitrophic interactions between phy-

toplankton, microzooplankton and copepods (Steinke

et al. 2002a).

Here we present a simple exploratory food chain

model that attempts to capture the key interactions

between small phytoplankton, microzooplankton and

copepods under the effect of a DMS infochemical cue

produced through microzooplankton grazing. We

show that the production of DMS in the model

releases grazing pressure on the phytoplankton and

can lead to a stabilizing of the food-web dynamics and/

or allow the phytoplankton to reach densities equiv-

alent to the formation of a phytoplankton bloom. As

far as we know, this work presents the first attempt

to model the role of DMS in the multitrophic

interactions between phytoplankton, microzooplank-

ton and copepods.

Methods

We present a simple population-level (meso-scale)

food chain model with an additional chemical com-

ponent. Small DMS-producing phytoplankton that can

grow to high abundance such as Phaeocystis sp. or

Emiliania huxleyi represent the first trophic level.

These are grazed by microzooplankton (second trophic

level), which are in turn consumed by mesozooplank-

ton such as copepods. Although some copepod species

feed on small phytoplankton, studies on the grazing

rates of Calanus helgolandicus and C. finmarchicus

have shown that E. huxleyi is a suboptimal food source

on which these copepods feed inefficiently (Nejstgaard

et al. 1995; Levasseur et al. 1996). Furthermore,

microzooplankton grazing has been shown to account

for around 90% of the loss of particulate DMSP during

a northern North Sea phytoplankton bloom (Archer

et al. 2002), indicating the importance of microzoo-

plankton grazers in regulating small DMSP producing

phytoplankton. Hence, one of the key assumptions in

our initial model is that microzooplankton provide the

essential trophic link between phytoplankton and

copepods. In principle, a more complex model could

be developed to also include a direct link between

copepods and phytoplankton but this is beyond the

scope of this paper where we concentrate on a simple

exploratory model.
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We make two further important simplifying

assumptions about the time scales and ecological

processes in the model:

(i) We assume that any changes in the population

density of copepods are negligible over the short

time-scale under consideration (i.e., a time-scale

in the order of a few days).

(ii) We assume that DMS acts as an infochemical in

the system; DMS is released when phytoplankton

are consumed by microzooplankton, causing an

instantaneous proportional increase in the micro-

zooplankton mortality rate due to increased graz-

ing by copepods.

The model is given by:

dP

dt
¼ rP 1� P

K

� �
� aPM

1þ bP
ð1Þ

dM

dt
¼ caPM

1þ bP
� mM � kaPM2

1þ bP
ð2Þ

where P and M are the densities of phytoplankton and

microzooplankton in this closed homogeneous sys-

tem. The derivation of this model is omitted here, but

further mathematical details can be found in the

Appendix. A key point to highlight is that although we

do not directly include a copepod term in the above

equations, the effect of copepod predation is

accounted for in the mortality terms in Eq. 2.

In the model, phytoplankton are assumed to grow

logistically with intrinsic rate of growth r and carrying

capacity K, where the carrying capacity corresponds to

nutrient limitation and self shading (representing the

simplest realistic model for growth in a resource-

limited environment). The microzooplankton graze on

phytoplankton according to a type II functional

response (Holling 1959) where the rate of grazing

saturates at high densities of phytoplankton (again, the

simplest biologically realistic functional form for this

model) and convert phytoplankton biomass to micro-

zooplankton biomass with efficiency c. The parameter

m corresponds to the total microzooplankton mortality

that would occur in the absence of DMS; microzoo-

plankton mortality is assumed to be mainly caused by

copepods (here this predation is not mediated by DMS

but is assumed to occur through other mechanisms or

random encounters) but this term also accounts for a

background mortality. This background mortality is

assumed to be due to processes such as sinking and

additional predation by other zooplankton or by higher

trophic levels.

We assume the increased production of DMS leads

to an increase in the microzooplankton mortality

(encapsulated by the parameter k) caused exclusively

by the infochemical effect of DMS increasing copepod

predation. The parameter k corresponds to an increase

in the background concentration of DMS thus allow-

ing copepods to improve the efficiency of their search

through chemodetection. However, we can account for

various possible model factors within this parameter.

For example, an increase in k could also correspond to

an increase in the sensitivity of copepods to DMS (e.g.,

if a different species of copepod was being consid-

ered), or an increase in the net predation by copepods

(e.g., if the total number of copepods increased, or if

the predation rate increased). Although, it should be

noted here that an increase in copepod net predation

would also result in a corresponding increase in the

parameter m (see ‘‘Appendix’’). In the subsequent

analysis we consider k as an exploratory parameter

that we vary to consider different scenarios (such as

those described above) for the possible effects of DMS

on the food-chain dynamics. Table 1 summarises the

variables and parameters in this model.

It is worth pausing here to discuss the justification

and implications of assumptions (i) and (ii). By

assuming that our model time-scale is short relative

to the copepod dynamics we are effectively taking a

‘snap-shot’ of the longer-term dynamics of a more

complex system. We justify assumption (i) through the

argument that over a time scale of several days there

will be little change in copepod density (relative to

M and P) due to the longer and more complex copepod

life histories and the inefficiencies of converting

predated microzooplankton into new biomass (e.g.,

Truscott and Brindley 1994; Melle and Skjoldal 1998;

but see ‘‘Discussion’’). Assumption (ii) means that in

our model DMS is rapidly propagated through the

system to cause an instantaneous grazing response in

the copepods. We know that localised DMS produc-

tion has been shown to be rapid in experimental

studies (e.g., Wolfe and Steinke 1996), while it seems

reasonable to assume that localised peaks in DMS will

not persist for long relative to the DMS background

concentration and the movement/sensory abilities of

the predating copepods. These assumptions are used in

order to make analytic progress in this exploratory

model. Ideally, in future studies it should be possible
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to remove these assumptions and consider the dynam-

ics of more complex (and arguably more realistic)

systems which would be valid over a wider range of

time-scales, but it is likely that in this case analytic

progress will be much more difficult.

We note here that any increase in the density of

phytoplankton in this model is an indirect result of

increased copepod predation on microzooplankton

resulting in a top-down trophic cascade. Such an

interaction was first argued by Hairston et al. (1960) in

the ‘Green World hypothesis’. Since then such inter-

actions have been demonstrated and modelled in

numerous other systems (e.g., James et al. 2003).

We also note that when DMS is not present in the

model or its effects are negligible, i.e., k & 0, the final

term in Eq. 2 is negligible and the system reduces to

the standard Rosenzweig–MacArthur or ‘Paradox of

Enrichment’ predator–prey equations (Rosenzweig

and MacArthur 1963). Our approach is to consider

the role of grazing-induced DMS production as a

mathematical perturbation of this simpler system,

mirroring methods used to assess the role of mixotro-

phy in plankton systems (Hammer and Pitchford 2005,

2006). The parameter values used were taken from

parameter ranges found in the literature. This gives

biologically reasonable results, however, we empha-

size that it is the qualitative behaviour of the system

that we are interested in and that this study is only

meant as an initial exploratory attempt to consider this

type of trophic dynamics.

Results

A mathematical understanding of the behaviour of the

system described by Eqs. 1 and 2 is obtained by

carrying out a phase plane analysis of the model. This

is a standard technique used for determining the

behaviour of an ecological system and has been

employed by many authors (e.g., Hilbert et al. 2000;

Kot 2001) and hence we omit the full mathematical

details, while highlighting the key biologically rele-

vant results.

For all cases presented here (i.e., all values of k) the

trivial equilibrium points at the origin and at (K, 0) are

unstable saddle points, and both phytoplankton and

microzooplankton population persist indefinitely.

Analysis of the system given by Eqs. 1 and 2 with

k = 0 (i.e., where DMS does not mediate any trophic

interactions) shows that increasing the value of K, the

prey carrying capacity, acts to destabilize the system

via a Hopf bifurcation (Rosenzweig and MacArthur

1963; Kot 2001). Previous analyses of the Rosen-

zweig–MacArthur (1963) equations show that if the

predator nullcline lies to the right of the peak of

the prey nullcline then the system is stable, and if the

predator nullcline lies to the left of the peak of the prey

nullcline the system exhibits instability (Kot 2001). In

the analysis presented here, for k = 0, the microzoo-

plankton nullcline lies to the left of the peak of the

phytoplankton nullcline (Fig. 1a) suggesting that the

system is unstable in the absence of DMS. In this

Table 1 Variable and parameter definitions and the values used for the model given by Eqs. 1 and 2

Variable/parameter Definition Value Range/reference

P Phytoplankton density – –

M Microzooplankton density – –

r Phytoplankton intrinsic growth rate 1.5 days-1 0.1–2 days-1a

K Phytoplankton carrying capacity 120 lg C l-1 100–150 lg C l-1b

a Clearance rate of microzooplankton

at low food densities

0.3 lg C l-1 days-1 0.1–0.3 lg C l-1 days-1c,d

b Half saturation density 0.05 lg C l-1 0.01–0.05 lg C l-1c,d

c Microzooplankton grazing efficiency 0.5 0.1–1e

m Microzooplankton mortality in the

absence of DMS

0.3 days-1 0.2–1 days-1

k Additional microzooplankton mortality due

to the presence of DMS

Control parameter –

The parameter values used were chosen from parameter ranges found from previous experimental and modelling studies in the

literature (Edwards and Brindley 1999a; Franks 2001b; Saiz and Calbet 2007c; Hansen et al. 1990d; Edwards et al. 2000e). The

parameter m includes both natural microzooplankton mortality and copepod feeding on microzooplankton in the absence of DMS,

meaning this parameter can take a large range. The parameter k is a control parameter
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situation solutions will oscillate over time (the ampli-

tude of these oscillations growing with increasing

phytoplankton carrying capacity), not reaching a

stable steady state (Fig. 2a).

When the role of DMS is taken into account (i.e.,

k[ 0) a phase plane analysis of the system reveals

three possible situations. If k is below a certain

threshold value (k\ 0.034 using the parameter values

in Table 1) the net effects of DMS-mediated interac-

tions are negligible and the qualitative behaviour of

the system is similar to the case when k = 0.

When the net effect of DMS-mediated interactions

is low (0.034 B k\ 0.043), the phytoplankton and

microzooplankton nullclines intersect once in the

phase space, at a point corresponding to low densities

of phytoplankton (Fig. 1b). This point can be shown to

be a stable focus meaning that solutions that initially

oscillate will dampen and tend to a stable steady state.

In this situation copepods are inefficient at grazing the

microzooplankton which results in high phytoplank-

ton mortality due to microzooplankton grazing. How-

ever, the presence of DMS in the system has now acted

Fig. 1 Nullclines of the system corresponding to different k
(the effect of DMS on the predation of grazers). The solid lines
show the phytoplankton and microzooplankton nullclines while

the dashed lines are solution trajectories. The intersections of

the nullclines give the equilibrium points of the system; stable

equilibria are shown by closed circles and unstable equilibria are

shown by open circles. In all situations the points (0, 0) and

(120, 0) are saddle points a k = 0 (no DMS). The point (2.222,

5.453) is an unstable focus; solution trajectories are drawn to a

stable limit cycle around this point (Kot 2001). b k = 0.035.

The point (4.055, 5.810) is a stable focus; trajectories are drawn

to this point. c k = 0.045. The points (5.373, 6.127) and

(66.162, 9.664) are stable focus/node respectively (28.100,

9.209) is a saddle point; solutions will tend to either of the stable

equilibrium points depending on initial abundances of phyto-

plankton and microzooplankton. d k = 0.06. The point (87.305,

7.309) is a stable node; all solution trajectories tend towards this

point
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to stabilise what would otherwise be an unstable

system (Fig. 3). We note here that this stabilization

can take place even when an infinitely large carrying

capacity is used in the model.

When the net effect of DMS-mediated interactions

is medium (0.043 B k\ 0.052), the phytoplankton

and microzooplankton nullclines cross three times,

giving three equilibrium points in the phase space.

Two of these equilibrium points (closed circles in

Fig. 1c) can be shown to be stable equilibria; a stable

focus (left closed circle in Fig. 1c) and a stable node

(right closed circle in Fig. 1c). The stable focus

corresponds to low densities of both phytoplankton

and microzooplankton. The stable node corresponds to

high densities of phytoplankton at similar microzoo-

plankton densities. These locally stable equilibria are

separated in the phase space by a saddle point (open

circle in Fig. 1c); solution trajectories that start near

this point will diverge towards either of the locally

stable equilibria. In other words for this range of k, the

system exhibits bistability; the equilibrium point the

solution ultimately reaches will depend on the initial

abundance of the phytoplankton and the microzoo-

plankton. Depending on the initial abundances, this

may permit the formation of a phytoplankton bloom

(right closed circle in Fig. 1c).

When the net effect of DMS-mediated interactions

is high (k C 0.052), the phytoplankton and microzoo-

plankton nullclines intersect once in the phase space

(Fig. 1d) at a point corresponding to high densities of

phytoplankton. This point can be shown to be a stable

node meaning that solution trajectories tend to a stable

steady state (Fig. 2b). This occurs when the presence

of DMS elicits a strong net feeding response in the

copepods, providing a decrease of grazing pressure on

Fig. 2 Time dependent behaviour of the model. The solid line
shows phytoplankton density over time and the dashed line
shows microzooplankton density over time. a k = 0 (no DMS).

Solutions oscillate over time not reaching a stable steady state.

b k = 0.06 (high DMS). Solutions tend to a globally stable

steady state

Fig. 3 Bifurcation diagram for variation of k (effect of DMS on

predation of grazers) constructed from the parameter values

given in Table 1. The dotted-solid line shows where the

equilibria occur as the value of k increases, with the dotted
sections representing unstable equilibria and the solid sections
representing stable equilibria. The stationary state is unstable for

a negligible DMS effect until the point H (where k = 0.034)

where a Hopf bifurcation occurs. From this point the system is

stable exhibiting multiple equilibria between the limit points LP

(where k = 0.043) and LP (where k = 0.052). The dot-dashed
line shows the magnitude of the limit cycle for a negligible DMS

effect (where k\ 0.034)
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phytoplankton and facilitating the formation of a

bloom. These results are summarised in the bifurcation

diagram presented in Fig. 3.

It should be noted that the solutions given in this

analysis are dependent on the parameter values used.

In the analysis presented here we have varied only the

parameter k to gain an insight into the potential effect

of DMS in multitrophic interactions; varying any of

the other parameters may produce other solutions not

covered here. However, a qualitatively similar situa-

tion to what is observed here is obtained across a large

range of the other parameter values. A type III

functional response (Holling 1959) was also consid-

ered for the microzooplankton grazing term, f(P), but

this yielded a qualitatively similar outcome to the

second main point highlighted in the above analysis

(i.e., for large values of k, the stable equilibrium point

corresponds to phytoplankton bloom formation).

In summary we have set up an exploratory model to

consider the potential role of DMS as an info-chemical

that mediates interactions between trophic levels in a

simple plankton food-chain. After making a number of

simplifying assumptions, we are able to make analytic

progress and demonstrate the qualitative system

dynamics for a range of values of the control parameter

k (which represents the net effect of DMS acting to

increase predation on microzooplankton by copepods).

The main findings from this initial exploratory model

are firstly that when DMS-mediated interactions are not

present (k = 0), the model system corresponds to the

well studied Rosenzweig–MacArthur (1963) equations;

the system is unstable with periodic cycles in the density

of microzooplankton, M, and phytoplankton, P. Sec-

ondly if the net effect of DMS-mediated interactions is

large enough (0.034 B k) then the system changes from

an unstable to a stable system through a Hopf bifurca-

tion. Hence the presence of DMS can act to stabilize an

otherwise unstable food-web (Fig. 3). Finally if the net

effect of DMS-mediated interactions is very large

(k C 0.052) then the system will also have an equilib-

rium point that corresponds to a plankton bloom.

Blooms may also form if 0.043 B k\ 0.052, depend-

ing on the initial population densities of P and M.

Discussion

We have used an exploratory model to examine the

potential effect of DMS liberated following

microzooplankton grazing in simple food chain inter-

actions between small phytoplankton, microzooplank-

ton and copepods. Here we have implicitly assumed in

our model that an increase in the background concen-

tration of DMS (or alternatively an increase in

sensitivity of predators to DMS info-chemical signals)

will result in enhanced grazing rates on microzoo-

plankton (encapsulated by the parameter k). Info-

chemicals released following microzooplankton

grazing may enhance copepod grazing in a number

of different ways and at different temporal and spatial

scales. Depth profiles from the ocean have shown that

DMS concentrations correspond well to the chloro-

phyll maxima (Steinke et al. 2002b), so that vertically

migrating copepods may be able to use these concen-

tration gradients to locate and remain within ephem-

eral prey-rich patches. Such dynamic behavior was not

the focus of the present study since our model assumes

that copepod density remains constant over short time-

scales but it does support our assumption that cope-

pods may respond to an underlying background

concentration of DMS as an info-chemical signal.

In the absence of DMS, Eqs. 1 and 2 reduce to the

Rosenzweig–MacArthur (1963) system of equations

and standard analysis of this model shows that

increasing the value of the prey carrying capacity acts

to destabilize what would otherwise be a stable system

via a Hopf bifurcation. Creation of a limit cycle results

in large oscillations in the system dynamics meaning

that both predator and prey may come close to local

extinction as their phase plane trajectories are drawn

close to the axes (Kot 2001). This is represented by the

dot-dashed line in Fig. 3 which shows that oscillations

in phytoplankton density are large, and the outer

values of the stable limit cycle reach close to zero for

very low values of k. This effect, where the stability of

a system is lost through the addition of extra resources,

is called the ‘Paradox of enrichment’ (Rosenzweig

1971). We used a value of 120 lg C l-1 for the

phytoplankton carrying capacity (Franks 2001) which

was shown here to result in unstable population

dynamics in the absence of DMS (Fig. 1). However,

our analysis has shown that increasing k can initially

have a stabilizing effect on this system (Fig. 3).

Further increasing k leads to multiple stable equilibria

and finally a stable peak in phytoplankton density. It is

worth noting that a number of theoretical studies have

identified mechanisms which act to enhance ecosys-

tem stability such as invulnerable or unpalatable prey

Biogeochemistry (2012) 110:303–313 309

123



(Abrams and Walters 1996; Genkai-Kato and Yamam-

ura 1999), mixotrophy (Hammer and Pitchford 2005),

omnivory (McCann and Hastings 1997), intratrophic

predation (Pitchford and Brindley 1998), inducible

defenses (Vos et al. 2004) and spatial heterogeneity

(Morozov et al. 2007). Therefore, the stabilizing effect

which we present here is but one of many mechanisms

which may act to promote system stability. It should

also be noted that different process representations of

DMS in the model may result in different model

properties or dynamical patterns; however such a

claim is true for all models in mathematical ecology.

The time scale required for the peak in phytoplankton

density to occur was on the order of 4–5 days (Fig. 2b)

highlighting the fact that this model applies only over

short time scales of a few days.

If DMS-release following microzooplankton graz-

ing enhances their susceptibility to copepod predation,

this may provide a ‘loophole’ in microzooplankton

grazing impact leading to the formation of a phyto-

plankton bloom, as described by Irigoien et al. (2005).

Our model assumes that the predominant route for

mortality of small phytoplankton is due to microzoo-

plankton grazing, and excludes grazing from cope-

pods. Although grazing behavior is typically highly

flexible and grazing by mesozooplankton such as

copepods can be responsible for losses of between 10

and 40% of primary productivity across a wide range

of marine ecosystems (Calbet 2001), several lines of

evidence suggest that some species of copepod select

nutritionally superior microzooplankton when pro-

vided with a choice. For example, during a 3-trophic

level grazing experiment, Hansen et al. (1993) showed

that the copepod T. longicornis was able to graze on

the haptophyte Phaeocystis globosa when no alterna-

tive prey were available. However, in the presence of

the microzooplankton Oxyrrhis marina and Strombi-

dinopsis acuminatum copepods grazed selectivity on

these microzooplankton and net grazing on P. globosa

was significantly reduced. Furthermore, Nejstgaard

et al. (1997) showed that the main impact of copepods

on phytoplankton development was induced indirectly

by selective feeding on microzooplankton. Incubation

experiments at a long-term monitoring station in the

Western English Channel showed that the phyto-

plankton size distribution is an important controlling

factor in determining copepod grazing selectivity;

where phytoplankton communities are dominated by

diatom cells[5 lm the majority of copepods’ dietary

carbon was obtained from phytoplankton. Conversely,

in oligotrophic waters, where the phytoplankton

populations are dominated by cells\5 lm, copepods

selectively grazed on microzooplankton (Fileman

et al. 2007). However, even small phytoplankton such

as E. huxleyi may become important components in

the diets of copepods when present at higher densities

(e.g., 1.2 9 107 cells l-1; Nejstgaard et al. 1997).

Future modelling studies to investigate the role of

DMS in these types of planktonic systems should aim

to include phytoplankton functional types and incor-

porate a trophic link between phytoplankton and

copepods that provides for a dynamic density-depen-

dent switch of copepod grazing between prey types

depending on size, nutritional quality and abundance.

The spatiotemporal distribution and abundance of

phytoplankton is highly heterogeneous in the marine

environments (e.g., Cowles et al. 1998) leading to the

formation of gradients and disparities in infochemical

concentration between areas of high and low biological

activity. Morozov et al. (2011) highlighted the impor-

tance of vertical heterogeneity in a recent modeling

study. By considering attenuation of light and the

movement of a zooplanktonic predator through the

water column they showed that the addition of vertical

heterogeneity to a planktonic predator–prey model

acted to stabilize the system even under unlimited

supply of nutrients. An important extension to the work

presented here would be to add a spatial component to

the model that allows copepods exhibiting diel vertical

migration to follow gradients of DMS and migrate into

the area in their search for microzooplankton prey.

The extent to which DMS, and other such info-

chemicals, influence trophic interactions in marine

food webs remains unresolved. Here we have shown

that, in principle, infochemicals such as DMS may

play an important role in influencing multitrophic

interactions between phytoplankton, microzooplank-

ton and copepods. DMS is ubiquitous in marine

environments and important for the global biogeo-

chemical cycling of carbon and sulphur. Only through

elucidating the function of DMS in the ecology of

marine organisms we will gain the necessary under-

standing of its production. Modelling studies such as

the one presented here will continue to complement

and inform experimental efforts to address the func-

tion of infochemicals in marine ecosystems.
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Appendix

Here we show the derivation of Eqs. 1–2 and param-

eters m and k. We start with a full model with

phytoplankton (P), microzooplankton (M), copepods

(Z, which we assume is constant due to the fact that we

only consider a short time-scale of a few days) and

DMS (C) are:

dP

dt
¼ rðPÞP� f ðPÞM ð3Þ

dM

dt
¼ cf ðPÞM � lM � bZMð1þ nCÞ ð4Þ

dC

dt
¼ gf ðPÞM � mC ð5Þ

where

rðPÞ ¼ r 1� P

K

� �

f ðPÞ ¼ aP

1þ bP

and

• l is the background mortality of microzooplankton

as described in the Methods section of the main

text.

• b and n correspond to copepod predation; cope-

pods consume microzooplankton at a linear rate b
in the absence of DMS (a linear rate is chosen for

simplicity because a type II response leads to

similar model results). In the presence of DMS, the

overall predation rate is increased by a multipli-

cative factor of 1 ? nC, where the parameter n
represents how much an increase in levels of DMS

leads to an increase in predation by copepods.

• DMS is produced in the system at a rate g
proportional to microzooplankton grazing and

leaves the system at a rate m (as a result of flux to

the atmosphere, bacterial consumption etc.).

C is a fast variable under assumption (ii) from the

methods; C will quickly return to the underlying

background concentration after any perturbation and

hence we assume that dC/dt & 0. Rearranging Eq. 5

for C under this assumption and substituting back into

Eq. 4 gives the following system:

dP

dt
¼ rðPÞP� f ðPÞM ð6Þ

dM

dt
¼ cf ðPÞM � mM � kf ðPÞM2 ð7Þ

where m ¼ ðlþ bZÞ and k ¼ gbZn
m :

Specifying that phytoplankton grow logistically,

r(P), and that microzooplankton follow a type II

functional response, f(P), gives Eqs. 1–2 in the main

text.
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