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biomass is subject to an ingestion efficiency that takes
into account sloppy feeding (leading to release of
organic matter) and growth efficiency (biomass allo-
cated to growth vs respiration).

Zooplankton respiration
Total respiration consists of a basal component
proportional to the biomass of zooplankton and an
active component proportional to ingestion.

Zooplankton removal
Zooplankton biomass is ‘removed’ from the system at
a rate proportional to the squared density of zooplank-
ton. This nonlinear removal rate implicitly models the
effect of predation on zooplankton, assuming that
the number of these unresolved predators scales with
the number of the zooplankton prey (Stock et al.,
2014). A fraction of the removed zooplankton biomass
is exported from the system (for example, as pellets or
other sinking material) and a fraction is considered to
have been transferred to higher trophic levels.

Inorganic nutrient exchange
Exchange of water between the surface and subsur-
face leads to a change in inorganic matter

concentration proportional to the difference
between the surface concentration and subsurface
concentration. Although the surface concentration
of inorganic matter varies dynamically in the model,
the subsurface concentration is held fixed.

Results and discussion

Virus–host interactions permit multitrophic
coexistence
We derived the expected steady state including the
coexistence of all biological populations. Such
coexistence occurs for a wide range of parameters
(see Supplementary Appendix for conditions), that
is, coexistence does not require fine-tuning of
parameters. Hence, we predict that the three func-
tional types of viruses can persist and indeed (as we
later show) promote coexistence in this multitrophic
system. The key insight that enables the present
derivation is that viruses, in this model, are assumed
to exclusively lyse hosts. In the initial formulation,
lysis of hosts is modeled as a type-I functional
response, that is, proportional to the product of host
and virus densities (Murray and Jackson, 1992). The
burst size is equivalent to the total number of
released viruses minus the virus necessary to
initiate the infection. Virus population densities

Figure 1 Schematic of the NPHZ-V model. (a) Interactions between populations and nutrients where arrows denote the flow of
materials in the system. Note that decay processes are not depicted and the secondary effects on nutrients are depicted in (b). (b) Nutrient
cycling in the system. Each of the different processes affect the levels of dissolved organic nitrogen (DON) and dissolved inorganic
nitrogen (DIN), where the symbols m or a k denote whether a given process increases or decreases that particular pool, respectively.
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Consider a simple system

v Phytoplankton eat nutrients

v Zooplankton eat phytoplankton

v Zooplankton die





Diffusion alone





Reactive waves:  c~(β*κ)1/2



Stirring





Filament width:  wf~(β*κ)1/2/λ



One million viral particles 
can be found in a teardrop 
of seawater … (A. Culley)

The estimated 1030 viruses 
in the ocean, if stretched end 
to end, would span farther 
than the nearest 60 galaxies 
… (Curtis Suttle)



Lytic Cycle



Including marine viruses
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β=0.02

Co-existence through temporal variability of forcing
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Spatial variability: diffusion
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52% P>.5
11% V>.5
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Varying stirring strength
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v Time to reach equilibrium solution can be 
very long 

v Co-existence of virus and zooplankton can 
occur with time varying forcing (nutrient/light 
input)

v Fluid flow acts as a transmission “vehicle” 
enhancing the spread of the epidemic

v Stirring and mixing reduces the duration of 
the bloom and can prolong the bloom of the 
virus …

v … and under certain circumstances can 
prevent the bloom from occurring

Richards (2017) J. Theoretical Biology



v Resistance and immunity 

v Viral attacks on bacteria

v Ecosystem complexity

v Viruses in a submesoscale world?

v Does the presence of viruses affect 
the response of the system to 
environmental change?




