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Abstract. Highly intermittent phytoplankton is ubiquitously observed when

measurements are performed at micro-scale (< 1mm). The conventional way

of plankton modelling is based on the mean-field approach in which only the

first central-moment approximations is retained and ignored higher central mo-

ments). The conventional modeling approach may be suitable for meso- or

bigger scale (km) but it is inappropriate for micro-scale (< 1mm) where ob-

served overlap in the intermittent spatial distributions of predators and prey be-

come more important for determining the flow of nutrients and energy up the

food chain. A new modelling approach called closure modelling is developed

to account intermittent phytoplankton using Reynold’s decomposition from tur-

bulence theory and retaining higher central moment approximations in Taylor

series. In this study, we developed a NPZD compartmental model to describe

the interactions of nutrient (N), phytoplankton (P), zooplankton (Z) and detritus

(D) using closure modelling which accounts mean and fluctuating parts of these

plankton variables. The results obtained in NPZD compartmental model con-

firm that perturbation / heterogeneity supports higher trophic levels involved in

the model. This reassured the earlier results observed in case of NP and NPZ

models in which perturbations enhances P-biomass and Z-biomass respectively.

It is observed that perturbation / heterogeneity and a statistical quantity called

coefficient of variations of phytoplankton (CVp) (ratio of standard deviation and

mean) are positively associated in plankton ecosystems. The perturbations / het-

erogeneity leads to higher transfer efficiency (Z-biomass/P-biomass) in plank-

ton ecosystems. These results are robust i.e. independent of parameters choices.

Perturbation / heterogeneity effects on community structure, species richness

and may quantify the energy transfer along trophic levels through biological

process from primary production to higher trophic levels. Based on our study,

we hypothesize that the locations with high (CVp) are highly heterogeneous and

have high transfer efficiency, while low (CVp) locations are less heterogeneous

around Tokyo Bay.

1 Introduction

Plankton are the productive base of the aquatic ecosystem and assumed to control climate

change globally as they build up organic compounds directly from carbon dioxide CO2 and

∗e-mail: anupam240@gmail.com
∗∗e-mail: rchandrabhu25@gmail.com

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons 
Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).

ITM Web of Conferences 34, 02009 (2020)
Third ICAMNM 2020

https://doi.org/10.1051/itmconf/20203402009



dissolved nutrient in waters. The competition, excretion, respiration and mineralization are

the potentially effective processes which may induced global changes in plankton communi-

ties and their complex interactions between biotic and abiotic components. Such interactions

ensure the progress in plankton communities through processes photosynthesis, predation,

excretion, respiration and remineralization under which dynamics of marine systems can be

estimated. The evolution of these interactions may bring changes in management of marine

systems and global impact of ecological consequences. Several experimental studies con-

firmed the variation in phytoplankton biomass with abiotic components such as nutrient and

light, across the distribution scale micro- to meso- to kilometre ([1], [2], [3], [4], [5], [6],[7],

[8]). Based on experimental and observational studies on plankton systems, theoretical frame-

work of plankton modelling are developed to validate observed data and to predict ecological

processes. From nutrient-phytoplankton (NP) interaction models to NPZDF compartmental

models are developed based on mean-field approach, which may be appropriate for meso-

or bigger scale plankton distribution but not suitable where fluctuations against mean dom-

inate. Recent measurements perform at micro-scale confirmed the ubiquitous presence of

intermittent phytoplankton distributions at micro-scale (< 1mm) ([4],[9], [10], [11], [12],

[13]). Detritus in plankton ecosystems play a vital role in energy dissipation and remineral-

ization process through microbial activities. Recycling of minerals through microbial activity

enhances primary productions and supports as trophic resource for higher trophic levels. The

loss of phytoplankton and zooplankton sinks the biomass which become resource of nutrients

and detritus. The detritus breaks dead organic materials into utilizable nutrients in plankton

system. Being explicitly added detritus into NPZ system, increases compartments and hence,

complexity of the model which may potentially affect the earlier studies results on NP and

NPZ models. We are interested to observe the NPZD plankton dynamics when complexity

increase in models by adding detritus explicitly into NPZ models.

Closure modelling is developed using Reynolds decomposition and truncated Taylors se-

ries (retaining up to second order terms) to account fluctuation in observed plankton data. A

statistical quantity called coefficient of variation of phytoplankton (CVp) (standard against

plankton mean) at several locations of Tokyo Bay is calculated from observed data which is

measured using TurboMap Laser ([4], [6], [12]) at micro-scale (mm-scale). The measured

quantity CVp is used to calculate (estimate) perturbation / heterogeneity β at those locations

which is ratio of total fluctuation strength to total mean square i.e.,

perturbation/heterogeneity(β) =
Total Flctuations

(mean)2

β =
Σ variances + 2Σ covarinces

(ΣMean)2

(1)

Perturbations /Heterogeneity is known to increase richness ([10], [14]) and sustain higher

diversity ([15], [16],[17]). Our observations in this study hypothesized that in the plankton

ecosystems, perturbation / heterogeneity positively associated with higher overdiversity and

higher transfer efficiency. Transfer efficiency (TE) plays important roles in management of

organic substance and to change the rate of functioning processes between producers and

consumers which affect community structure and biomass productivity within the ecosystems.

Transfer efficiency is a way to measure the energy transfer within trophic level and defined

as the ratio of production of zooplankton biomass to the phytoplankton production biomass

( [15], [16], [18]). TE may influence the trophic interactions from resource to consumer and

generally, high TE regarded to have higher influence on trophic interactions. The extensive

simulations are carried out to address the following pertinent questions:

1. How perturbations affect trophic levels, in particular higher trophic level?
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2. How perturbations associated with observed CVp across the gradient of Tokyo Bay?

3. How perturbation affect Transfer efficiency in plankton ecosystems?

2 Model Formulation

2.1 Conventional NPZD model

Assuming N as a nutrient, P as phytoplankton biomass, Z as zooplankton biomass and D as

detritus biomasses are available in plankton ecosystem. A conventional NPZD model based

on mean-field approach is developed below:

dN
dt
= − νmax

N
K + N

P + MZNZ + γMD

dP
dt
=νmax

N
K + N

P − MPP − RP2

K2
P + P2

Z

dZ
dt
=(1 − γ) RP2

K2
P + P2

Z − MZNZ − MZDD

dD
dt
=γ

RP2

K2
P + P2

Z + MPP + MZDD − γMD

Here, phytoplankton biomass depends on

(i) nutrient uptake by phytoplankton νmax
N

K+N P , where νmax is phytoplankton response

to light and N
K+N is Monod function (K is half-saturation constant) used for nutrient

uptake by phytoplankton.

(ii) consumption of microalgae by zooplankton according to Holling type III RP2

K2
P+P2 grazing

functional response where is specific grazing rate and KP is half-saturation constant.

(iii) phytoplankton natural mortality except for small assimilation which assimilated into

detritus. Zooplankton grow by grazing phytoplankton while linear mortality is transfer

to nutrient and detritus respectively.

Detritus remineralized by microbes with fraction γMD into nutrient compartment. The NPZD

model have been developed conventionally (Fig. 1) by retaining only first central moments

ignoring higher central moments ([19], [20], [21], [22]).

2.2 Closure Model

Using the Reynolds decomposition and Taylor series around the mean values as

N(s, t) = N0(s, t) + N′(s, t) P(s, t) = P0(s, t) + P′(s, t)

Z(s, t) =Z0(s, t) + Z′(s, t) D(s, t) = D0(s, t) + D′(s, t)
(2)

Where N0, P0,Z0 and D0 are the spatial means of biomasses and N′, P′,Z′ and D′ are their

respective fluctuating components. Assuming at a particular time, the spatial average of the

fluctuating parts is zero i.e. mean value equals to spatial average of each variables and taking

Taylors series expansion up to second order only, the temporal equations of mean, variance
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Figure 1. Schematic diagram of energy flow-up in the NPZD system

and covariance are derived. Using the following scaled variables and parameters, the devel-

oped NPZD closure model transformed into the dimensionless form (reduced parameters and

equations):

n0 =
N0

A
, p0 =

P0

A
, z0 =

Z0

A
, d0 =

D0

A
(3)

〈n′2〉 = 〈N
′2〉

B
, 〈p′2〉 = 〈P

′2〉
B
, 〈z′2〉 = 〈Z

′2〉
B
, 〈d′2〉 = 〈D

′2〉
B

(4)

〈n′p′〉 = 〈N
′P′〉
B
, 〈n′z′〉 = 〈N

′Z′〉
B
, 〈p′z′〉 = 〈P

′Z′〉
B
, 〈p′d′〉 = 〈P

′D′〉
B
, 〈z′d′〉 = 〈Z

′D′〉
B

(5)

r =
R
νmax
, mp =

MP

νmax
, mzn =

MZN

νmax
, mzd =

MZD

νmax
, γm =

γM

νmax
, k =

K
A
, kp =

KP

A
(6)

β =
〈N′2〉 + 〈P′2〉 + 〈Z′2〉 + 〈D′2〉 + 2(〈N′P′〉 + 〈N′Z′〉 + 〈N′D′〉 + 〈P′Z′〉 + 〈P′D′〉 + 〈Z′D′〉)

(N0 + P0 + Z0 + D0)2

(7)

After introducing the scaled variables, scalar quantities and perturbation β (from 7) in the

closure NPZD model, the following relations hold:

n0 + p0 + z0 + d0 = 1 (8)

〈n′2〉 + 〈p′2〉 + 〈z′2〉 + 〈d′2〉 + 2(〈n′p′〉 + 〈n′z′〉 + 〈n′d′〉 + 〈p′z′〉 + 〈p′d′〉 + 〈z′d′〉) = 1 (9)

The temporal variations of mean in NPZD model are described below:
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dp0

dt
=

n0

k + n0

p0 − kp0

(k + n0)3
β〈n′2〉 + k

(k + n0)2
β〈n′p′〉 − mp p0

− r[
p2

0z0

k2
p + p2

0

+
k2

pz0(k2
p − 3p2

0)

(k2
p + p2

0
)3
β〈p′2〉 + 2k2

p p0

(k2
p + p2

0
)2
β〈p′z′〉]

dz0

dt
= (1 − γ)r[

p2
0z0

k2
p + p2

0

+
k2

pz0(k2
p − 3p2

0)

(k2
p + p2

0
)3
β〈p′2〉 + 2k2

p p0

(k2
p + p2

0
)2
β〈p′z′〉]

− (mzn + mzd)z0

dd0

dt
= γr[

p2
0z0

k2
p + p2

0

+
k2

pz0(k2
p − 3p2

0)

(k2
p + p2

0
)3
β〈p′2〉 + 2k2

p p0

(k2
p + p2

0
)2
β〈p′z′〉]

+ mzdz0 − γmd0 + mp p0

(10)

The variance equations of NPZD closure model are given below

〈n′2〉
dt
= − 2[

n0

k + n0

〈n′p′〉 − kp0

(k + n0)2
〈n′2〉] + 2mzn〈n′z′〉 + 2γm〈n′d′〉

〈p′2〉
dt
= 2[

n0

k + n0

〈p′2〉 − kp0

(k + n0)2
〈n′p′〉] − 2mp〈p′2〉

− 2r[
k2

p p0z0

(k2
p + p2

0
)2
〈p′2〉 + p2

0

k2
p + p2

0

〈p′z′〉]

〈z′2〉
dt
= 2(1 − γ)r[

k2
p p0z0

(k2
p + p2

0
)2
〈p′z′〉 + p2

0

k2
p + p2

0

〈z′2〉] − 2(mzn + mzd)〈z′2〉

〈d′2〉
dt
= 2γr[

k2
p p0z0

(k2
p + p2

0
)2
〈p′d′〉 + p2

0

k2
p + p2

0

〈z′d′〉]

− 2γm〈d′2〉 + 2mzd〈z′d′〉 + 2mp〈p′d′〉

(11)
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The covarinces equations of NPZD closure models are the following:

〈n′p′〉
dt

= − [
n0

k + n0

〈p′z′〉 + kp0

(k + n0)2
〈n′z′〉] + mzn[〈z′2〉 − 〈n′z′〉] − mzd〈n′z′〉

+ γm〈z′d′〉 + (1 − γ)r[
2k2

p p0z0

(k2
p + p2

0
)2
〈n′p′〉 + p2

0

k2
p + p2

0

〈n′z′〉]
〈n′d′〉

dt
= − [

n0

k + n0

〈p′d′〉 + kp0

(k + n0)2
〈n′d′〉] + mzn〈z′d′〉 + mzd〈n′z′〉

+ γr[
2k2

p p0z0

(k2
p + p2

0
)2
〈n′p′〉 + p2

0

k2
p + p2

0

〈n′z′〉] + mp〈n′p′〉 + γm[〈d′2〉 − 〈n′p′〉]
〈p′z′〉

dt
= − [

n0

k + n0

〈p′z′〉 + kp0

(k + n0)2
〈n′z′〉] − (mp + mzn + mzd)〈p′z′〉

+
2rk2

p p0z0

(k2
p + p2

0
)2

[(1 − γ)〈p′2〉 − 〈p′z′〉] + rp2
0

k2
p + p2

0

[(1 − γ)〈p′z′〉 − 〈z′2〉]

+ (mp + mzn + mzd)〈p′z′〉
〈p′d′〉

dt
= − [

n0

k + n0

〈p′d′〉 + kp0

(k + n0)2
〈n′d′〉] − mp[〈p′2〉 − 〈p′d′〉] + mzd〈p′z′〉

+ γm〈p′d′〉 +
2rk2

p p0z0

(k2
p + p2

0
)2

[γ〈p′2〉 − 〈p′d′〉] + rp2
0

k2
p + p2

0

[γ〈p′z′〉 − 〈z′d′〉]

〈z′d′〉
dt
=

2rk2
p p0z0

(k2
p + p2

0
)2

[(1 − γ)〈p′d′〉 + γ〈p′z′〉] + rp2
0

k2
p + p2

0

[(1 − γ)〈z′d′〉 + γ〈z′2〉]

+ mp〈p′z′〉 − (γm + mzn + mzd)〈z′d′〉

(12)

These equations of mean, variances and covariance are so complex even in dimensionless

form that analytic solutions are mathematically intractable. Hence, numerical simulations

are carried out to observe qualitative dynamics of NPZD closure model with the following

parameters choice:

r = 0.8, mp = 0.3, mzn = 0.01, mzd = 0.05, γ = 0.25, γm = 0.4, k = 0.8, kp = 0.5, β = 2.0
(13)

3 Results

3.1 Perturbations lead significant increase in higher trophic levels

To observe the deviation in biomasses of higher trophic levels due to perturbation / hetero-

geneity, four possible scenario are considered depending on their dominance in plankton

ecosystems.

1. P-dominating case where NPZD model has stable equilibrium as p0 = 0.4015, z0 =

0.2521, d0 = 0.1569, n0 = 0.1895

2. Z-dominating case where NPZD model has stable equilibrium as p0 = 0.3015, z0 =

0.3521, d0 = 0.1569, n0 = 0.1895

3. D-dominating case where NPZD model has stable equilibrium as p0 = 0.2015, z0 =

0.1521, d0 = 0.4356, n0 = 0.2108
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Figure 2. A significant enhancement in Z-biomass for P-dominating and Z-dominating cases. Pertur-

bations lead higher biomass in top trophic level of NPZD system
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Figure 3. A significant increase in Z-biomass for N-dominating and D-dominating cases. Perturbations

support higher trophic levels of NPZD system.

4. N-dominating case where NPZD model has stable equilibrium as p0 = 0.2515, z0 =

0.2021, d0 = 0.0569, n0 = 0.4889

These dominating cases are observed by tuning the parameter set (13) by deviating only

one parameter or maximum two parameters values. In each individuals dominating cases,

perturbation lead to higher biomass in zooplankton compartment (see Fig. 2 and Fig. 3). The

results are robust i.e. independent of parameter choices as the changes in biomass of each

plankton variables against the range of perturbations values also suggest the same (drawn in

the Fig. 4 for range of parameter r (0.2 − 2.0) and β (0 − 5). A significant increment in

Z-biomass is observed in closure NPZD model than conventional NPZD model. Hence, we

reached at the conclusion that perturbation enhances higher trophic biomass considered in

plankton models.
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Figure 4. Due to perturbations, biomass of each components of NPZD system changes, however, a

significant increase in Z-biomass is evident. Another bifurcation diagram with respect to parameter r (Z-

grazing rate) at different perturbations values showing variations in ecosystems components biomasses.

3.2 Perturbations / heterogeneity (EH) and CVp

The statistical term coefficient of variation of phytoplanktopn CVp is defined as the ratio of

the standard deviation against the spatial mean of phytoplankton. Using NP closure model,

[6] Mandal et al. (2016) investigated that why the CVp varies (0.2 − 4) with seasons and

with different locations at Tokyo Bay from the observed florescence profile measured by

TurboMap Laser ([4], [23]). Based on such investigations, they claimed that higher CVp is

observed in Open Ocean than near to estuaries and lakes. Since NP model is quite simple and

a basic model, the impact of heterogeneity on CVp is not very clear even NPZ model studied

by Priyadarshi et al. 2017 only produce CVp > 1. Further, the closure NPZ model studied

by Priyadarshi et al. (2017) [12] obtained a robust result CVp increases with heterogeneity

in plankton ecosystems which is independent of parameter choices. We are interested to ob-

serve the effects of perturbations on CVp, complexity in model increased when number of

compartments in the plankton model is higher and nonlinear Holling type III grazing func-

tional response is applied. It is observed that the highly sensitive parameters for P- biomass

obtained in SA is more effective for measuring the quantity CVp as comparison to low sen-

sitive parameters (see Fig. 5 & Fig. 6 ). In the closure NPZD model at different parameter

values,CVp increases with EH for all different parameter combinations shown in the Fig. 7

and Fig. 8. Perturbations lead to trophic interactions and increase the Z-biomass (higher

trophic biomass). These results suggest that higher value of CVp indicates low production of

phytoplankton (Oligotrophic region) while lower value of CVp indicate higher production of

phytoplankton (eutrophic region). With the help of CVp as a measurable quantity, the highly

heterogeneous and low heterogeneous locations can be identified.

4 Discussion

The present study has been started for the following reasons: (i) since in NP-model, het-

erogeneity enhances P-biomass while in NPZ model heterogeneity enhances Z-biomass and

P-biomass substantially decreases with heterogeneity for some parameter sets. With these

findings, no certain conclusion are derived, hence study of a bigger system NPZD model

was necessary to reach at certain conclusion about impacts of heterogeneity. We were inter-

ested to know how perturbations impact on trophic interaction when complexity in plankton

models increased through additional planktonic variables and parameters. These complexity
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Figure 5. Perturbations in NPZD system lead higher coefficient of variation of phytoplankton CVp

drawn at different parameters (i) r and (ii) mp. In each case, with higher perturbations higher CVp is

quite evident.
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Figure 6. Perturbations in NPZD system lead higher coefficient of variation of phytoplankton CVp

drawn at different parameters (i) mzn and (ii) mzd. In each case, with higher perturbations higher CVp is

quite evident.
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Figure 7. Perturbations in NPZD system lead higher coefficient of variation of phytoplankton CVp

drawn at different parameters (i) γm and (ii) γ. In each case, with higher perturbations higher CVp is

quite evident.
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Figure 8. Perturbations in NPZD system lead higher coefficient of variation of phytoplankton CVp

drawn at different parameters (i) kp and (ii) k. In both cases, with higher perturbations higher CVp is

quite evident.

may affect dynamics and functioning processes of ecosystem. The NPZD model is typically

assumed to be minimum model to understand plankton dynamics. From the present findings

and previous findings on NP and NPZ models, we observed a robust result that heterogene-

ity supports higher trophic levels present in the model and may sustain bigger biodiversity.

From the extensive simulations, again a robust characteristics of heterogeneity is observed i.e.

Heterogeneity may increase TE and hence a positive correlation between CVp and TE along

the trophic gradient. At higher EH, the higher TE indicates lower phytoplankton productions

or higher zooplankton production while low TE indicates higher phytoplankton productions

at low EH. From these results, with measurable quantity CVp, locations can be indexed with

TE (high or low). These theoretical results may be useful for understanding the dynamics of

ecosystem.

5 Conclusions

The study suggest that perturbation may change qualitative behavior of plankton systems

significantly. Heterogeneity is essential for coexistence of bigger food chain / food web as

heterogeneity enhances the biomass of higher trophic levels and increase the possibility of

the coexistence. The observed coefficient of variation of phytoplankton CVp which is the

ratio of standard deviation to mean is positively associated with heterogeneity. These results

are robust and hence independent of parameter choice. Thus, heterogeneity supports higher

trophic levels. Based on our findings specifically for plankton systems, we conclude that The

locations with high CVp are highly heterogeneous and have high transfer efficiency, while

low CVp locations are less heterogeneous and have lower transfer efficiency.
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