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Abstract

Although pelagic ecosystem models, coupled with ocean circulation models, are being widely used to quan-

tify fluxes of nutrients and carbon in the ocean at regional and basin scales, relatively little work has been

done on understanding their intrinsic dynamics independently of physical forcing. In this study, the dy-

namics of three common formulations for the NPZD class of models (nutrient, phytoplankton, zooplankton

and detritus) using two different types of predation functional response are analyzed and compared. Our

goal is to characterize the stability properties of this class of models with respect to variations in light and

total nutrient concentrations. Despite important structural differences, the different model formulations all

show asymptotic stable equilibria at low total nutrient concentrations and high to moderate light intensities

and limit cycle oscillations at low light intensities and high total nitrogen concentrations. Limit cycles are

formed through a Hopf bifurcation, as a phase lag develops between predator (Z i) and prey (Pi or Zi � 1)

due to a relatively sharp increase in the growth rate of the prey in relation to that of the predator. The use

of variable preferences in the functional response provides a density-dependent mechanism that allows the

system to self-regulate, increasing system stability considerably, but do not eliminate the instabilities com-

pletely. Instabilities occur at light and nutrient levels that correspond to those observed on the bottom of

the euphotic zone near the nutricline, where the deep chlorophyll maximum is usually located. This sug-

gests that the deep chlorophyll maximum might be dynamically unstable. This dynamical disequilibrium

in species composition and the characteristically long transient times would allow species persistence in

the presence of seasonal and mesoscale variations and provide a mechanism for species coexistence in the

relatively homogeneous open ocean environment, thereby providing a potential solution for the “paradox

of plankton”. In the multi-species models, the higher diversity of species (wider range of values for the

biological parameters) allows biological activity (photosynthesis, grazing and predation) to occur under a
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wider range of light and nutrient conditions resulting in higher primary and secondary production and lower

nutrient concentrations at light intensities equivalent to those in the upper part of the euphotic zone, than in

the single-species model.

Introduction

In the past decade, there has been renewed interest in marine ecosystem models (Fasham et al., 1990; Es-

linger, 1990; Moloney and Field, 1991; Olson and Hood, 1994; Doney et al., 1996; Doney, 1999) due to the

need to understand the effect of anthropogenic perturbations on the ocean carbon cycle. These models are

now being coupled with ocean circulation models to quantify fluxes of nutrients and carbon in the ocean at

regional and basin scales (Orr and Sarmiento, 1992; Sarmiento et al., 1993; Fasham et al., 1993; Fasham,

1995; McCreary et al., 1996; Oschlies and Garçon, 1998, 1999). In most implementations, the coupling

of physical and biological models presupposes relatively simple biological equations that are general and

robust across seasons and biogeographical regimes (Fasham et al., 1993). Most commonly used biogeo-

chemical models adopt nitrogen or phosphorus as a natural “currency” under the assumption that NO3 or

PO4 is the limiting nutrient in marine systems. Model compartments are then expressed as equivalent scalar

concentrations of nitrogen (Fasham et al., 1990) or phosphorus (Doveri et al., 1993) (But note recent work

on other limiting nutrients such as iron; Moore et al., 2000). These models are based on a pragmatic ap-

proach to the functional categorization of organisms and largely ignore taxonomic hierarchies and food web

complexities common to such systems (Pomeroy, 1974). Nevertheless, this class of models provides a use-

ful and relatively simple general framework to describe and analyze ecosystem functioning. In addition, the

use of bulk variables facilitates the evaluation of such models against in-situ chlorophyll and primary pro-

ductivity measurements as well as satellite data. The overall test of these models is whether they skillfully
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reproduce field observations, challenge conventional wisdom and create new hypotheses.

Although these food web models are being widely used in combination with general circulation models,

relatively little work has been done on understanding their intrinsic dynamics independently of physical

forcing (e.g., Busenberg et al., 1990; Doveri et al., 1993; Edwards and Brindley, 1996)). Due to their

nonlinear nature, these models can display a wide range of dynamical behaviors. Asymptotically stable

equilibrium points transition to limit cycles and to chaotic oscillations as parameters or forcing variables are

changed (Hastings and Powell, 1991; Ascioti et al., 1993; Doveri et al., 1993; McCann and Yodzis, 1994;

Edwards and Brindley, 1996; Edwards et al., 2000). These qualitative changes in the model dynamics have

important implications for the interpretation and fit to observations of coupled physical-biological models.

Because phytoplankton growth rates depend on light and nutrients, model dynamics should be expected to

vary seasonally, geographically and with depth, even in the absence of physical processes (e.g., advection

and diffusion). In more complex biogeochemical models, with a higher number of species or functional

groups, this temporal and spatial variation in model dynamics, combined with advection and diffusion, will

also have important consequences for species persistence/coexistence and pelagic biogeography (Olson and

Hood, 1994).

In this study, the intrinsic dynamics of three common formulations for the NPZD class of models using

two different types of predation functional response are analyzed and compared. Our goal is to characterize

the changes in the dynamical behavior of this class of models with respect to variations in light and total

nutrient concentrations. The results are discussed in terms of model stability and its implications for species

persistence/coexistence and the dynamics of the chlorophyll maximum layer. A basic understanding of

the steady state intrinsic dynamics of this class of biological models is a necessary first step in the study

of the impact of physical processes and variability on biological production in the oceans using coupled

physical-biogeochemical models and the development of more realistic and robust ecosystem models.

3



Methods

General Model Form

Currently, many large-scale coupled physical-biological models are based on comparatively simple trophic

interaction models with few basic compartments, nutrients, phytoplankton, zooplankton and detritus (so

called NPZD class of models) (Fasham et al., 1990; Eslinger, 1990; Sarmiento et al., 1993; Fasham et al.,

1993; Doney et al., 1996). Because plankton communities are composed of many taxonomically and biogeo-

chemically distinct species with a wide range of size classes, this model form is often adapted by including

more than one compartment at each trophic level and incorporating size structure (Banse, 1994).

The three model formulations analyzed are part of this NPZD class of models in which model compart-

ments are expressed as their equivalent scalar concentrations of nitrogen. The structural relationship among

the different compartments in each model is outlined in Figure 1. The model series starts with the simplest

case of a single species or size class in each trophic level (NPZD) and then successively adds one size class

for the phytoplankton (NPPZD) and then for both phytoplankton and zooplankton (NPPZZD). The general

form of the time rate of change equations are:

Ṗi
� Ui

�
I � N � Pi � gi Gi

�
Pi � Zi � si Pi (1)

Żi
� ai mi gi Gi

�
Pi � Z j � D � Zi � di Z2

i (2)

Ḋ � ∑
i

� �
1 � ai � gi Gi

�
Pi � Z j � D � Zi � gi Gi

�
D � Zi � si Pi � di Z

2
i � � eD (3)
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Ṅ � ∑
i

�
ai

�
1 � mi � gi Gi

�
Pi � Z j � D � Zi � Ui

�
I � N � Pi � � eD (4)

N0
� N � D � ∑

i

Pi � ∑
i

Zi (5)

for i � 1 � 2 refering to the number of species or size classes (small and large, respectively) in the phyto-

plankton and zooplankton compartments. In the zooplankton compartment, Z j refers to zooplankton species

or size class i � 1, when i � 2. N0 is the total amount of nitrogen in the system, and the dot (̇ ) denotes the

time derivative.

[Figure 1 about here.]

Phytoplankton growth is controlled by light (I) and nutrient concentration (N) and losses through graz-

ing and senescence (mortality). The relationship between photosynthesis and light is given by a standard

exponential P � I curve (Cullen, 1990):

PB
� PBmax

�
1 � e

� α Ipar � PBmax � (6)

where PB (mMol N (mg Chl
� 1) day

� 1) is the assimilation rate of N normalized to chlorophyll, PBmax is the

maximum assimilation rate, α is the initial slope of the curve, and Ipar is the photosynthetically available

radiation (PAR). The use of a single P � I curve is acceptable if we assume that the phytoplankton are

adapted to the irradiance level at which they are growing (Cullen, 1990). The assimilation rate can be

converted into specific growth rates u (day
� 1) by multiplying it by the chlorophyll/nitrogen ratio � chl : N �

(mg Chl (mMol N)
� 1), which is assumed to be constant:

u � � chl : N � PB ; umax
� � chl : N � PBmax (7)
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Substituting (7) into (6) and adding the effect of nutrients in the form of a Michaelis-Menten term we

arrive at a phytoplankton growth function of the form:

U
�
Ipar � N � � umax

�
1 � e

� α Ipar
�
chl:N � � umax � �

N
KP � N � (8)

where KP is the nutrient half saturation concentration.

The light intensity available for photosynthesis (Ipar) at depth (z) is given by:

Ipar
� I0 θe

� λz (9)

where I0 is the total irradiance at the surface, θ is the fraction of total irradiance that is available for photo-

synthesis (PAR) and λ is the light attenuation coefficient. The diurnal cycle of light intensity is ignored, and

I0 is set to the annual mean for 30o N (List, 1971). The reader should note that one could add explicit wave-

length dependence and phytoplankton self-shading to the model formulation. While those are important for

simulationg specific conditions, they do not change the conclusions here and therefore, are not considered.

Zooplankton growth is a function of total food availability (Gi
�
Pi � Z j � D � ) - phytoplankton, detritus and,

in the NPPZZD model, zooplankton. In the multi-species cases (NPPZD and NPPZZD), zooplankton feeds

on phytoplankton of the same size index i. Two different forms of zooplankton predation functional re-

sponse, based on the Michaelis-Menten equation, are used in each of the three model formulations. The first

form (fixed preferences) is given by:

G
�
S � � ∑ φSn Sn

KZ � ∑ φFn Fn
(10)

where Sn represent the food sources being consumed and Fn represent all the different food sources available

(including S), φFn is the preference for food source Fn when all food sources have equal concentration, and
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KZ is the half-saturation constant for zooplankton grazing. Here a common index convention is being used

when the sum is over all i components. For example:

G
�
P � � φP P

KZ � �
φP P � φZ Z � φD D � ; G

�
P� Z � D � � φP P � φZ Z � φD D

KZ � �
φP P � φZ Z � φD D �

In the second form of predation functional response, the preference terms for the different food sources

change as a function of the relative proportion of the available food. This change is implemented by defining

weighted preferences (φ
�

n) as in Fasham et al. (1990):

φ
�

n
� φn Sn

∑ j φn Sn
(11)

Thus, for example, the preference of large zooplankton for large phytoplankton is defined as:

φ
�

P2
� φP2 P2

φP2 P2 � φZ1 Z1 � φD D
(12)

where φP2 , φZ1 and φD are the nominal preferences for large phytoplankton, small zooplankton and detritus

when these food sources have equal concentration. The use of weighted preferences is equivalent to the

“distributed grazing model” of Armstrong (1999), in which the zooplankton compartment is assumed to

represent a diverse grazing community, and can actively select the most abundant food item (see Appendix

A in Fasham et al., 1990). Substituting the expression for the weighted preferences (φ
�

n) for the φn values in

Equation 10 we obtain predation functional responses for the zooplankton (Ĝ) of the form:

NPZD model:

Ĝ
�
P� D � � φP P2 � φD D2

KZ
�
φP P � φD D � � �

φP P2 � φD D2 � (13)
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NPPZD model:

Ĝ
�
P1 � P2 � D � � φP1 P2

1 � φP2 P2
2 � φD D2

KZ
�
φP1 P1 � φP2 P2 � φD D � � �

φP1 P2
1 � φP2 P2

2 � φD D2 � (14)

NPPZZD model:

Ĝ1
�
P1 � D � � φP1 P2

1 � φD D2

KZ1

�
φP1 P1 � φD D � � �

φP1 P2
1 � φD D2 � (15)

Ĝ2
�
P2 � Z1 � D � � φP2 P2

2 � φZ1 Z2
1 � φD D2

KZ2

�
φP2 P2 � φZ1 Z1 � φD D � � �

φP2 P2
2 � φZ1 Z2

1 � φD D2 � (16)

All losses in the zooplankton compartments occur through predation by a higher trophic level. This is

represented by the nonlinear term � di Z2
i , which implies that the predator biomass increases in proportion

to the zooplankton abundance. A quadratic closure was chosen because it stabilizes the model at extreme

zooplankton concentrations (Steele and Henderson, 1992; McCreary et al., 1996).

The contribution of fecal pellets (produced by grazing) to the detritus compartment is represented in the

model by the parameterization of assimilation efficiencies (ai). Other sources of detritus are phytoplankton

senescence (si Pi) and zooplankton mortality (di Z2
i ). Losses in this compartment occur through remineral-

ization (eD) and consumption by zooplankton.

The dissolved nutrient compartment receives input from remineralization of detritus and excretion pro-

portional to zooplankton grazing. The latter process is parameterized in the model in terms of metabolic

efficiencies (mi). Losses occur through uptake by the phytoplankton. Bacterial activity is included implic-

itly by assuming a rapid transformation of dissolved organic nitrogen into inorganic nitrogen (the nutrient

pool includes NO3, NO2, NH3 and labile dissolved organic nitrogen, DON) and in the parameterization of

the remineralization of detrital material. The “microbial loop” (DON - bacteria - microzooplankton) is also

represented implicitly by including bacteria in the detritus compartment and parameterizing the consumption

8



of some detritus by the zooplankton.

Model Parameterization

The three biological models were parameterized to represent the plankton communities in subtropical olig-

otrophic oceans. The parameter values and definitions for the general single-species (NPZD) model are

given in Table I. Estimates for phytoplankton maximum growth rates (umax) in warm subtropical waters

vary between 1.5 and 3.0 day
� 1 (Eppley, 1972, 1980; Prezelin et al., 1991; Fasham et al., 1990; McCreary

et al., 1996; Geider et al., 1997) and a value of 2.0 day
� 1 is chosen. KP and KZ are generally low for olig-

otrophic phytoplankton and zooplankton and are set to 0.6 and 1.0 mMol N m
� 3 respectively (Eppley et al.,

1969; Parsons et al., 1984). Measurements of α range from 0.01 to 0.08 mMol N (mg Chl)
� 1 day

� 1 m2 W
� 1

(Platt et al., 1983; Peterson et al., 1987; Platt et al., 1992; Cullen et al., 1992) (converted using C : N � 6 � 6),

and a value of 0.025 is used. The photosynthetically available radiation (PAR) corresponds to 0.40 to 0.50 of

the total incoming radiation at the surface (Parsons et al., 1984; Kirk, 1992), and a constant value of 0.45 is

used in the model. The light attenuation coefficient is set to 0.035 m
� 1 (Parsons et al., 1984). There are very

few observational data on the phytoplankton natural mortality rate (s) (e.g., Brussaard et al., 1995)) so its

value is chosen (0.01 day
� 1) to give a reasonable phytoplankton biomass and to be consistent with previous

studies (Franks et al., 1986; Wroblewski, 1989; Fasham et al., 1990). The � chl : N � ratio is taken as 1.0 mg

Chl (mMol N)
� 1 (Marra et al., 1990). Zooplankton growth rates (g) range from 0.5 to 2.0 day

� 1 (Evans

and Parslow, 1985; Franks et al., 1986; Hansen et al., 1997) and a value of 1.0 day
� 1 is used. In the model,

zooplankton consume phytoplankton and detritus. The food source preference terms are chosen to represent

a predominantly herbivorous zooplankton community. Assimilation efficiencies for zooplankton vary from

0.1 to 0.8 (Evans and Parslow, 1985; Fasham et al., 1990; McCreary et al., 1996). The somewhat high value

of 0.8 is used to account for the higher assimilation efficiencies of the microzooplankton, which tend to be
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more dominant in oligotrophic environments (Sorokin, 1981; Sieburth, 1982; Azam et al., 1994). Zooplank-

ton excretion accounts for 50 to 95 % of the nitrogen recycled in the euphotic zone in marine oligotrophic

environments (Eppley and Peterson, 1979; Harrison, 1980; Bidigare, 1983; Harrison, 1992) To achieve high

excretion rates, a relatively low metabolic efficiency (m) of 0.25 is used in the model. This choice results in

an overall growth efficiency of 0.2, which is within the range of values reported for zooplankton (Parsons

et al., 1984; Banse, 1994). Oligotrophic oceans are characterized by effective nutrient recycling (Eppley and

Peterson, 1979; Harrison, 1980; McCarthy and Carpenter, 1983; Harrison, 1992), and a value of 0.25 day
� 1

(Harrison, 1980) is used for the detritus remineralization rate.

[Table 1 about here.]

The parameter values used in the NPPZD and NPPZZD models (Table II and III) were obtained from

the same range of reported estimates used for the single-species (NPZD) model. However, parameter values

were chosen to reflect the size-related differences in growth and mortality rates and metabolic efficien-

cies. The smaller phytoplankton and zooplankton size classes have higher growth and mortality rates and

metabolic efficiencies and lower half saturation constants in the nutrient uptake and grazing terms. The pa-

rameter values used in this study are well within the range of values used in most biogeochemical modeling

studies (e.g., Fasham et al., 1990; Moloney and Field, 1991; Doney et al., 1996; McGillicuddy et al., 1998;

Oschlies and Garçon, 1998)).

[Table 2 about here.]

[Table 3 about here.]
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Experiments and Analysis

The steady-state dynamics of the biological models were investigated with respect to variations in light and

the total amount of nitrogen, which are the primary factors controlling the biological systems. Because of

the nonlinear nature of the functional responses and closure terms for zooplankton, it is quite difficult to

compute solutions for the equilibrium points of the biological equations analytically. Thus, the computation

of equilibrium points and subsequent analysis of stability were done numerically. The numerics have been

checked against simplified models that allow analytical computation of fixed points (Olson et al., 2001).

The biological model equations were integrated using the 4th order Runge-Kutta method.

Results

NPZD Model

Fixed Preferences

As expected, equilibrium values of P, Z and D increase with total nitrogen and light (Figure 2) while N

increases with N0 and as light decreases. However, the increase in N equilibrium values along the N0

direction is not monotonic (Figure 2c). For values of N0 above 2.25 mMol N m
� 3, there is a range of light

intensities (Ipar) where the system becomes unstable (shaded gray area in Figure 2). In this area, N, P, Z

and D are nonzero and positive but oscillate in a limit cycle (Figure 3a). The variation in model equilibrium

values as a function of light (Ipar) are shown in Figure 4 for fixed amounts of total nitrogen (N0
� 2 � 0 and

N0
� 9 mMol N m

� 3). At moderate total nitrogen concentrations (Figure 4a), the system has one non-trivial

equilibrium state (N � 0, P � 0, Z � 0, D � 0). P, Z and D concentrations decrease and N increases as light

intensity decreases. Below Ipar � 1 W m
� 2, P, Z and D become extinct, and all the nitrogen in the system is
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in the N compartment (P � Z � D � 0 and N � N0). No limit cycles or orbits are observed and the single-

species model is stable over all the range of Ipar values. For N0
� 9 mMol N m

� 3, P, Z and D equilibrium

concentrations also decrease with light while N increases. However, for light intensities between 7 and 17 W

m
� 2 the system becomes unstable (Figure 4b). At this range of light intensities, which correspond to depths

between 59 and 85 m, the nonzero equilibrium point loses its stability, and a periodic orbit is formed through

a Hopf bifurcation. The Hopf bifurcation involves the creation or destruction of a periodic orbit through a

change in the stability of an equillibrium point (Hale and Koçak, 1991). As light levels drop below 7 W m
� 2

(depth � 85 m) the periodic orbit collapses back into a nonzero asymptotically stable equilibrium point.

And finally, when Ipar again reaches � 1 W m
� 2 (depth � 140 m), P, Z and D become extinct, and all the

nitrogen in the system is in the N compartment (Figure 4b).

[Figure 2 about here.]

[Figure 3 about here.]

[Figure 4 about here.]

Although the model is structurally stable for N0
� 2 � 25 mMol N m

� 3, the time it takes to reach equilib-

rium values increases significantly as light decreases with depth (Figure 5). Transient times are of the order

of 40 days for depths above 25 m (Figures 5a), 90 days at 50 m and several hundred days, i.e. seasonal time

scales, for depths below 75 m (Figures 5c,d). Transient times at a given depth (light intensity) also become

gradually longer as N0 increases, denoting the transition from a stable equilibrium to a limit cycle at depths

below 59 m. For high nutrient states, N0
� 2 � 25 mMol N m

� 3, transient times are infinite at depths between

59 and 85 m, and the system oscillates in a periodic orbit (Figure 3a). Variation in the transient times with

depth will have important consequences for the dynamics of the biological model in the presence of physical

perturbations.
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[Figure 5 about here.]

Variable Preferences

The use of weighted preferences (Equation 11) in the predation functional response increases the stability

of the model significantly. Limit cycle oscillations start at a higher value of total nitrogen (N0
� 3 � 3 mMol

N m
� 3) and occur at a narrower range of light intensities (Figure 6). For example, for N0

� 9 mMol N

m
� 3, the model is unstable for Ipar between 12 and 18 W m

� 2, which correspond to depths between 58 and

69 m (Figure 7b). Variable preferences in the functional response result in slightly lower P and higher D

equilibrium concentrations than in the previous case, as Z is able to switch to the most abundant food item

(Figure 7a).

[Figure 6 about here.]

[Figure 7 about here.]

Transient times are also shorter when variable preferences are used. At 25 m, transient times are of the

order of 30 days, 75 days at 50 m (Figure 8a,b). Below 75 m, transient times are of the order of several

hundred days. As in the model with fixed preferences, transient times at a given depth (light intensity) also

become gradually longer as N0 increases (not shown).

[Figure 8 about here.]

NPPZD Model

Fixed Preferences

In the NPPZD model, limit cycle oscillations are also present at low Ipar and moderate to high N0 (Figure 9).

For the range of parameter values used in this study (Table II), there is also competitive exclusion of species.
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With fixed preferences in the predation functional response, the inclusion of a faster growing phytoplankton

species (P1) results in the extinction of the slower growing species (P2).

[Figure 9 about here.]

The transition between the different equilibria as light (Ipar) varies but for fixed amounts of total nitrogen

(N0) is shown in Figure 10. For N0
� 2 � 5 mMol N m

� 3 (Figure 10a), the system has one non-trivial asymp-

totically stable equilibrium state at Ipar
� 0.4 W m

� 2 (depth � 160 m), where all compartments, except P2,

are nonzero and positive (N � 0, P1
� 0, P2

� 0, Z � 0, D � 0). As Ipar drops below 0.4 W m
� 2, P1, Z

and D become extinct and all nitrogen is in the N compartment (P1
� P2

� Z � D � 0 and N � N0). For

N0
� 9 mMol N m

� 3 (Figure 10b), the system has an asymptotically stable equilibrium point (N � 0, P1
� 0,

P2
� 0, Z

� 0, D
� 0) for Ipar

� 6 � 8 W m
� 2 (depth � 85 m) and a periodic orbit for Ipar between 6.8 and 4 W

m
� 2. At Ipar � 4 W m

� 2 (depth � 101 m), the orbit collapses into another asymptotically stable equilibrium

point (N � 0, P1
� 0, P2

� 0, Z � 0, D � 0). Finally, as Ipar drops below 0.4 W m
� 2 (depth � 166 m) P1, Z

and D become extinct and all the nitrogen in the system is in the N compartment (P1
� P2

� Z � D � 0 and

N � N0).

[Figure 10 about here.]

Within the stable range of N0 values (N0
� 7 � 8 mMol N m

� 3), the time it takes the system to reach

equilibrium is also considerably longer than in the previous NPZD formulation. Transient times are of the

order of 300 days at depths lower that 25 m and several hundred days below 50 m (not shown).

Variable Preferences

As in the previous NPZD model formulation, the use of variable preferences increases the overall stability

of the system (Figure 11). However, a small unstable area is still observed at N0
� 5 � 3 mMol N m

� 3 and low
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light intensities. For N0
� 5 � 3 mMol N m

� 3, the system oscillates in a limit cycle for Ipar values between

6.3 and 8.3 W m
� 2 (depths between 80 and 88 m) (Figure 12b). For N0

� 5 � 3 mMol N m
� 3, no oscillations

or limit cycles are observed (Figure 12a). The use of variable preferences also makes it possible for P1 and

P2 to coexist over most of the parameter space (N0
� 0 mMol N m

� 3 and Ipar
� 0 � 4 W m

� 2).

[Figure 11 about here.]

[Figure 12 about here.]

The time the system takes to reach equilibrium is considerably shorter than in the formulation with fixed

preferences but still longer than in the previous NPZD model with variable preferences. Transient times are

of the order of 50 days at depths lower than 50 m, 150 days at 75 m, and several hundred days at 100 m (not

shown).

NPPZZD Model

Fixed Preferences

For the range of parameter values used in this modeling study (Table III), the addition of another zooplank-

ton species or size class to the previous NPPZD model, with fixed preferences in the predation functional

response, results in an unrealistically unstable model. There are limit cycles of various periods and several

different equilibrium states with one or more compartments extinct (not shown). Competitive exclusion of

species is also observed over large areas of the parameter space. Preliminary experiments show that in order

to achieve some degree of stability and species coexistence with this model formulation, the parameter val-

ues would have to be significantly different from those shown in Tables I, II and III. That, however, would

undermine the comparison of results from the different models formulations. Because of its varied behavior,

the detailed analysis of the dynamics of this model formulation is beyond the scope of this study.
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Variable Preferences

The use of variable preferences results in a significantly stabler model. Although the equilibrium concentra-

tion of P1 and P2 tend to be inversely correlated, the different species of phytoplankton and zooplankton are

able to coexist over most of the parameter space (Figure 13). For N0
� 4 mMol N m

� 3 and light intensities

approximately between 5 and 12 W m
� 2 (depths between 94 and 69 m), the system becomes unstable and

P1, P2, Z1, Z2, N and D equilibrium values oscillate in a limit cycle (shaded gray area in Figure 13).

[Figure 13 about here.]

For a fixed amount of total nitrogen (N0), the position of P1, P2, Z1, Z2, N and D equilibrium values as

light varies is shown in Figure 14. For N0
� 2 � 5 mMol N m

� 3, the system has one non-trivial equilibrium

state (N � 0, P1
� 0, P2

� 0, Z1
� 0, Z2

� 0, D
� 0) for Ipar

� 0.4 W m
� 2 (Figure 14a). As Ipar drops below

0.4 W m
� 2 (depth � 166 m), P1, P2, Z1, Z2, and D become extinct and all the nitrogen in the system is in

the N compartment. For N0
� 9 mMol N m

� 3, P2 (Figure 14b), the system has an asymptotically stable

equilibrium point (N � 0, P1
� 0, P2

� 0, Z1
� 0, Z2

� 0, D � 0) for Ipar
� 12 W m

� 2 (depth � 69 m) and a

periodic orbit for Ipar between 6 and 12 W m
� 2. In the unstable region, the range of variation of P1 and Z1

is much greater than that of P2 and Z2. At Ipar below 6 W m
� 2 (depth � 89 m), the periodic orbit collapses

back into an nonzero asymptotically stable equilibrium point, and when Ipar reaches approximately 0.4 W

m
� 2 (depth � 166 m), P1, P2, Z1, Z2 and D become extinct and all the nitrogen in the system is in the N

compartment.

[Figure 14 about here.]

Within the stable range of parameters (N0
� 4 mMol N m

� 3), transient times in the multi-species model

(Figure 15) are significantly longer compared to those in the NPZD and NPPZD models with variable
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preferences (Figure 8). Transient times are of the order of 300 days for depths above 75 m and several

hundred days below 100 m (Figure 15). However, total phytoplankton (P1 � P2) and zooplankton (Z1 � Z2)

reach relatively constant concentrations in considerably less time (Figure 16). Transient times for total

phytoplankton and zooplankton are of the order of 150 days at depths above 50 m, 200 days at 75 m but still

several hundred days at 100 m and below (Figure 16).

[Figure 15 about here.]

[Figure 16 about here.]

Discussion

Despite important structural differences, the various model formulations have similar dynamical responses

to variations in light intensity and total nutrient concentration. All models have asymptotically stable equi-

librium points at low total nitrogen concentrations and high to moderate light intensities, and oscillate in

a limit cycle at low light intensities and moderate to high total nitrogen concentrations. The potential for

phytoplankton–zooplankton systems to display oscillatory behavior has been demonstrated in field stud-

ies (McCauley and Murdoch, 1987; Williams, 1988; Ascioti et al., 1993) as well as in laboratory experi-

ments (Goulden and Hornig, 1980). Oscillations in chlorophyll concentrations have been observed at Ocean

Weather Station (OWS) I (Williams, 1988) and P (Figures 1 and 2 in Ryabchenko et al., 1997) associated

with high nitrogen concentrations in the pycnocline. In Bermuda, where surface conditions are oligotrophic

throughout most of the year, oscillations in chlorophyll concentrations have not been observed. At depth

near the nutricline, however, oscillations might be present but may not be captured by sampling due to

the temporal resolution of the observations and the added variablility driven by physical processes such as

mesoscale eddies and turbulent mixing events. The tendency of structured predator-prey models to become
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unstable with enrichment has also been documented by Rosenzeig (1971). These observations are consistent

with the dynamical behavior of the models described in this study. However, the oscillations observed at

OWS I and P have a period of the order of 40 days (Williams, 1988; Ryabchenko et al., 1997), whereas in

the models the period of the oscillations ranges from 50 to 100 days, with the multi-species formulations

having the longest period.

As the number of compartments or species increases, the models tend to become unstable over a pro-

gressively wider range of light intensities and total nitrogen concentrations. This is expected as the tendency

for instabilities increases with the dimensionality of the system (Schaffer, 1985; Hale and Koçak, 1991). The

longer transient times seen in the multi-species formulations (NPPZD and NPPZZD) are directly related to

their reduced stability. More parts interacting lead to more complex dynamics and therefore to longer tran-

sient times. In the NPZD (single-species) model, the sequence of events starting from high concentrations

of N and low concentrations of P, Z, and D is: P
���

N � � Z
���

P � (upward and downward arrows

denote increases and decreases in the components involved, respectively) (Figure 5). P grows, consuming

N and declines in reponse to intensified grazing by Z. In the NPPZZD model (with variable preferences)

the sequence is as follows: P1
���

Z1
���

P1 � � P2
���

Z2
���

P2 � � P1
�

(Figure 15). P1 responds

first to the higher N concentrations because of its higher growth rate and lower half saturation constant, and

declines as grazing by Z1 intensifies. P2 increases in respose to the reduced competition for nutrients and

subsequently declines under increased grazing by Z2. As Z2 grows, P2 and Z1 concentrations decline due

to grazing and P1 starts to grow again, in response to the reduced competition for N and lower grazing by

Z1. The sequence of events for total phytoplankton and zooplankton, however, is very similar to that of

the single-species model (Ptot
���

N � � Ztot
���

Ptot � ), and total phytoplankton and zooplankton reach

equilibrium concentrations significantly sooner than its individual constituents (Figure 16). Thus, although

the individual compartments or species tend to oscillate in time, the functional groups (total phytoplankton

18



and total zooplankton) and overall multi-species system can remain relatively stable (Figure 16).

The form of the predation functional response has an important effect on the overall stability of the

systems. The use of variable preferences in the functional response is equivalent to assuming that the zoo-

plankton compartment represents a diverse community of grazers and, therefore, is able to actively select the

most abundant food item (Fasham et al., 1990; Armstrong, 1994, 1999). This “distributed grazing model”

(Armstrong, 1999) is analogous to a Holling type III functional response for multiple prey items (Case,

2000). The “predator switching” mechanism, characteristic of this type of functional response, provides a

density-dependent mechanism that dampens oscillations by increasing the loss rate of the prey species or

compartments that are temporarily more abundant, increasing system stability considerably. The presence

of density-dependent mechanisms is particularly important in multi-species formulations which are more

prone to predator-prey oscillations and competitive exclusion of species (Schaffer, 1985; Hale and Koçak,

1991). The change in behavior (stability properties and ability of species to coexist) resulting from the type

of preference used in the functional response is most marked in the NPPZD and NPPZZD models. In the

NPPZZD model, the use of fixed preferences results in an unrealistically unstable model. The multi-species

models (NPPZD and NPPZZD) also illustrate the importance of grazing for the coexistence of phytoplank-

ton species that depend on a single nutrient resource. In addition to stabilizing oscillations, the “predator

switching” mechanism provided by the variable preferences counteracts the tendency for competitive ex-

clusion of species by reducing the loss rate of the rarer of several competing species (Roughgarden and

Feldman, 1975).

However, despite the use of a density-dependent grazing formulation, instabilities are still observed at

low light and high total nitrogen concentrations, in all models. A stable limit cycle is formed in all models

as the asymptotically stable equilibrium point undergoes a Hopf bifurcation. The Hopf bifurcation involves

a split in the solution into a periodic orbit around the equilibrium point (which becomes unstable), as a phase
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lag occurs between predator (Zi) and prey (Pi or Zi � 1). In the NPZD and NPPZD models, the phase lag is

caused by a increase in the growth rate of the phytoplankton (Pi) in relation to that of the zooplankton, as

equilibrium nutrient concentrations increase at low light levels (Figure 17a,b). The zooplankton is no longer

able to track the growth in phytoplankton abundance and the system starts to oscillate in a limit cycle. In

the NPPZZD model, the phase lag is a result of the sharp drop in the ratio between Z2 and P2 and, Z2 and Z1

growth rates (Figure 17c).

[Figure 17 about here.]

In most ocean environments, light intensity decays exponentially with depth while, N0 increases with

depth. The range of values of light intensity and total nitrogen for which the different models are unsta-

ble correspond to those observed on the bottom of the euphotic zone near the nutricline, where the deep

chlorophyll maximum is usually located. This suggests that the deep chlorophyll maximum might be dy-

namically unstable, with the abundance of the different phytoplankton species oscillating in time. This

dynamical disequilibrium in species composition would provide a mechanism for species coexistence in the

relatively homogeneous open ocean environment. This last problem is referred to as the “paradox of plank-

ton” (Hutchinson, 1961). The combination of physical perturbations (e.g., intermittent or seasonal mixing

events) and the characteristically long transient times at low light and high total nitrogen concentrations,

would also favor species coexistence and allow persistence of species at seasonal to annual time scales.

Studies in the central North Pacific show high species diversity ( � 300 phytoplankton species) but no ev-

idence of niche partitioning or microhabitat formation (Venrick, 1986, 1988). In addition to high species

diversity, Venrick (1990) also reported a slow but significant nondirectional change in the structure of the

deep phytoplankton community (deep chlorophyll maximum) of the central North Pacific over time scales

consistent with the transient times at the corresponding depths in the multi-species model (several hundred
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days) (Figure 15).

The changes in the model dynamics with light and total nutrient are particularly relevant to biogeochem-

ical calculations using coupled physical-biological models. The distinct dynamical regimes in the upper and

lower part of the euphotic zone can interact with advection and vertical mixing to produce complex tempo-

ral and spatial patterns of plankton distribution (Okubo, 1978; Levin, 1978). The shifts in model dynamics

associated with seasonal and geographical variations in light intensity and nutrients, in combination with

advection and the characteristically long transient times will also affect large scale temporal and spatial

patterns of plankton distribution and pelagic biogeography (Olson and Hood, 1994).

The higher diversity of species in the NPPZD and NPPZZD models (wider range of values for the

biological parameters , Tables II and III), allows biological activity (photosynthesis, grazing and predation)

to occur under a wider range of light and nutrient conditions (Figure 18). Recycling through zooplankton

excretion and consumption of detritus is also enhanced in the NPPZZD model. As a result, primary and

secondary production are higher in the multi-species models (Figure 18a and b). The higher biological

production integrated over the whole range of light intensities in the multi-species models result in more

nitrogen in the biotic compartments and, therefore, in a more oligotrophic environment (low N) at light

intensities equivalent to those in the upper part of the euphotic zone (Figure 18c).

[Figure 18 about here.]

Concluding Remarks

Plankton communities are composed of a diverse mixture of taxonomically and biogeochemically distinct

groups. However, computational costs and the difficulty in parameterizing complex food webs impose se-

vere limits on the construction/formulation of realistic ecosystem models. Thus, current ecosystem models
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are based on deterministic predator-prey models with a relatively small number of highly aggregated com-

partments, in which biological fluxes are formulated in terms of a common chemical “currency”. In this

study we show that commonly used biogeochemical formulations are dynamically unstable at levels of to-

tal nitrogen and light intensity that correspond to those observed at the base of the euphotic zone near the

nutricline, where the deep chlorophyll maximum is usually located. The inclusion of density-dependent

regulatory mechanisms, such as variable variable preferences in the predation functional response (Fasham

et al., 1990; Armstrong, 1999), reduce the range of light intensities and total nitrogen values for which the

models are unstable significantly, but do not eliminate the unstable regions. The existence of instabilities at

low light and high nutrient concentrations could have important consequences/implications for the dynam-

ics of deep chlorophyll maximum and the maintenance of high species diversity in relatively homogeneous

oceanic environment.

The presence of physically generated noise (mixing advection and mesoscale turbulence) could change

the aforementioned results considerably. The effects of stochastic perturbations and mixing are often diverse

and sometimes non-intuitive. Noise can substantially modify the base state and stability of deterministic

ecosystem models (May, 1973), and the addition of dynamic noise or diffusion can destabilize an otherwise

stable system, or vice-versa (Crutchfield et al., 1982; Rand and Wilson, 1991; Pascual, 1993; Edwards et al.,

2000). The role of stochasticity in the dynamics of aquatic ecosystem models is the subject of a forthcoming

paper.
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Figure Captions

Fig. 1: Structure of biological models.

Fig. 2: Equilibrium values of the different compartments in the NPZD (single-species) model with fixed

preferences as function of total nitrogen in the system (N0) and light (photosynthetically available radiation,

Ipar). (a) phytoplankton, (b) zooplankton, (c) dissolved nutrients, (d) detritus. Units are W m
� 2 (Ipar) and

mMol N m
� 3 (N0). Light variation (horizontal axis) is presented in logarithmic scale and shaded gray area

indicates where system becomes unstable.

Fig. 3: Phase diagram of NPZD model showing the asymptotically stable equilibrium solution at N0
� 2

mMol N m
� 3 and the limit cycle at N0

� 9 mMol N m
� 3, for Ipar

� 14 W m
� 2.

Fig. 4: Position of equilibrium points of NPZD (single-species) model with fixed preferences in the pre-

dation functional response as function of light availability (photosynthetically available radiation, I par) (a)

N0
� 2 mMol N m

� 3, (b) N0
� 9 mMol N m

� 3. Ipar units are W m
� 2.

Fig. 5: The time evolution of the NPZD model with fixed preferences in the predation functional response

at light intensities equivalent to that at the depths of 25, 50, 75 and 100 meters (N0
� 2 mMol N m

� 3).

Fig. 6: Equilibrium values of the different compartments in the NPZD (single-species) model with variable

preferences as function of total nitrogen in the system (N0) and light (photosynthetically available radiation,

Ipar). (a) phytoplankton, (b) zooplankton, (c) dissolved nutrients, (d) detritus. Units are W m
� 2 (Ipar) and

mMol N m
� 3 (N0). Light variation (horizontal axis) is presented in logarithmic scale.

Fig. 7: Position of equilibrium points of NPZD (single-species) model with fixed preferences in the pre-

dation functional response as function of light availability (photosynthetically available radiation, I par) (a)

N0
� 2 mMol N m

� 3, (b) N0
� 9 mMol N m

� 3. Units are W m
� 2 (Ipar).
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Fig. 8: The time evolution of the NPZD model with variable preferences in the predation functional response

at light intensities equivalent to that at the depths of 25, 50, 75 and 100 meters (N0
� 2 mMol N m

� 3).

Fig. 9: Equilibrium values of the different compartments in the NPPZD model with fixed preferences as

function of total nitrogen in the system (N0) and light (photosynthetically available radiation, Ipar). (a) small

phytoplankton, (b) large phytoplankton, (c) dissolved nutrients, (d) zooplankton. Units are W m
� 2 (Ipar)

and mMol N m
� 3 (N0). Light variation (horizontal axis) is presented in logarithmic scale and shaded gray

area indicates where system becomes unstable.

Fig. 10: Position of equilibrium points of NPPZD model with fixed preferences as function of light avail-

ability (photosynthetically available radiation, Ipar) (a) N0
� 2 � 5 mMol N m

� 3), (b) N0
� 9 mMol N m

� 3.

Ipar units are W m
� 2.

Fig. 11: Equilibrium values of the different compartments in the NPPZD model with variable preferences

as function of total nitrogen in the system (N0) and light (photosynthetically available radiation, Ipar). (a)

small phytoplankton, (b) large phytoplankton, (c) dissolved nutrients, (d) zooplankton. Units are W m
� 2

(Ipar) and mMol N m
� 3 (N0). Light variation (horizontal axis) is presented in logarithmic scale and shaded

gray area indicates where system becomes unstable.

Fig. 12: Position of equilibrium points of NPPZD model with variable preferences as function of light

availability (photosynthetically available radiation, Ipar) (a) N0
� 2 � 5 mMol N m

� 3), (b) N0
� 9 mMol N

m
� 3. Ipar units are W m

� 2.

Fig. 13: Equilibrium values of the different compartments in the NPPZZD model with variable preferences

as function of total nitrogen in the system (N0) and light (photosynthetically available radiation, Ipar). (a)

small phytoplankton, (b) large phytoplankton, (c) small zooplankton, (d) large zooplankton, (e) dissolved
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nutrients, (f) detritus. Units are W m
� 2 (Ipar) and mMol N m

� 3 (N0). Light variation (horizontal axis) is

presented in logarithmic scale and shaded gray area indicates where system becomes unstable.

Fig. 14: Position of equilibrium points of NPPZZD model with variable preferences as function of light

availability (photosynthetically available radiation, Ipar) (a) N0
� 2 � 5 mMol N m

� 3), (b) N0
� 9 mMol N

m
� 3. Ipar units are W m

� 2.

Fig. 15: The time evolution of the NPPZZD model with variable preferences from initially low concen-

trations of P1, P2, Z1 and Z2 (0.1 mMol N m
� 3) and high concentration of N (2 mMol N m

� 3), at light

intensities equivalent to that at the depths of 25, 50, 75 and 100 meters (N0
� 2 � 5 mMol N m

� 3).

Fig. 16: The time evolution of total phytoplankton (P1 � P2), total zooplankton (Z1 � Z2), detritus (D) and

dissolved nutrients (N) from NPPZZD mode with variable preferences, form initially low concentrations

of P1, P2, Z1 and Z2 (0.1 mMol N m
� 3) and high concentration of N (2 mMol N m

� 3), at light intensities

equivalent to that at the depths of 25, 50, 75 and 100 meters (N0
� 2 � 5 mMol N m

� 3).

Fig. 17: Ratio between the growth rates of predator (zooplankton, µZi ) and prey (phytoplankton, µPi and

small zooplankton, µZi � 1) in the different model formulations with variable preferences in the functional

response, at varying light intensities (Ipar). Total nitrogen concentration (N0) is 9 mMol N m
� 3. The range

of light intensities where the systems oscillate in a limit cycle is denoted by a sharp drop in the ratio between

predator (Zi) and prey (Pi or Zi � 1) growth rates. In the unstable region, the growth rates for the different

compartments were computed at the same point in the limit cycle.

Fig. 18: Position of equilibrium points of the different compartments in the NPPZZD and NPZD models,

with variable preferences, as function of light availability (photosynthetically available radiation, I par) for

N0
� 2 � 5 mMol N m

� 3. Single-species model: dissolved nitrogen (Ns), phytoplankton (P), zooplankton (Z),
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and detritus (Ds). NPPZZD model: small phytoplankton (P1), large phytoplankton (P2), total phytoplankton

(P1 � P2), small zooplankton (Z1), large zooplankton (Z2), total zooplankton (Z1 � Z2), detritus (Dm), and

dissolved nutrients (Nm). Units are W m
� 2 (Ipar) and mMol N m

� 3.
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Figure 5: The time evolution of the NPZD model with fixed preferences in the predation functional response at light intensities
equivalent to that at the depths of 25, 50, 75 and 100 meters (N0

� 2 mMol N m
� 3).
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Figure 7: Position of equilibrium points of NPZD (single-species) model with fixed preferences in the predation functional
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Figure 8: The time evolution of the NPZD model with variable preferences in the predation functional response at light intensities
equivalent to that at the depths of 25, 50, 75 and 100 meters (N0

� 2 mMol N m
� 3).
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Figure 10: Position of equilibrium points of NPPZD model with fixed preferences as function of light availability (photosynthet-
ically available radiation, Ipar) (a) N0

� 2 � 5 mMol N m
� 3), (b) N0

� 9 mMol N m
� 3. Ipar units are W m

� 2.
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Figure 11: Equilibrium values of the different compartments in the NPPZD model with variable preferences as function of total
nitrogen in the system (N0) and light (photosynthetically available radiation, Ipar). (a) small phytoplankton, (b) large phytoplankton,
(c) dissolved nutrients, (d) zooplankton. Units are W m

� 2 (Ipar) and mMol N m
� 3 (N0). Light variation (horizontal axis) is

presented in logarithmic scale and shaded gray area indicates where system becomes unstable.
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Figure 12: Position of equilibrium points of NPPZD model with variable preferences as function of light availability (photosyn-
thetically available radiation, Ipar) (a) N0

� 2 � 5 mMol N m
� 3), (b) N0

� 9 mMol N m
� 3. Ipar units are W m

� 2.
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Figure 13: Equilibrium values of the different compartments in the NPPZZD model with variable preferences as function of total
nitrogen in the system (N0) and light (photosynthetically available radiation, Ipar). (a) small phytoplankton, (b) large phytoplankton,
(c) small zooplankton, (d) large zooplankton, (e) dissolved nutrients, (f) detritus. Units are W m

� 2 (Ipar) and mMol N m
� 3 (N0).

Light variation (horizontal axis) is presented in logarithmic scale and shaded gray area indicates where system becomes unstable.
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Figure 14: Position of equilibrium points of NPPZZD model with variable preferences as function of light availability (photo-
synthetically available radiation, Ipar) (a) N0

� 2 � 5 mMol N m
� 3), (b) N0

� 9 mMol N m
� 3. Ipar units are W m

� 2.
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Figure 15: The time evolution of the NPPZZD model with variable preferences from initially low concentrations of P1, P2, Z1
and Z2 (0.1 mMol N m

� 3) and high concentration of N (2 mMol N m
� 3), at light intensities equivalent to that at the depths of 25,

50, 75 and 100 meters (N0
� 2 � 5 mMol N m

� 3).
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Figure 16: The time evolution of total phytoplankton (P1
�

P2), total zooplankton (Z1
�

Z2), detritus (D) and dissolved nutrients
(N) from NPPZZD mode with variable preferences, form initially low concentrations of P1, P2, Z1 and Z2 (0.1 mMol N m

� 3) and
high concentration of N (2 mMol N m

� 3), at light intensities equivalent to that at the depths of 25, 50, 75 and 100 meters (N0
� 2 � 5

mMol N m
� 3).
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Figure 17: Ratio between the growth rates of predator (zooplankton, µZi ) and prey (phytoplankton, µPi and small zooplankton,
µZi � 1 ) in the different model formulations with variable preferences in the functional response, at varying light intensities (Ipar).
Total nitrogen concentration (N0) is 9 mMol N m

� 3. The range of light intensities where the systems oscillate in a limit cycle is
denoted by a sharp drop in the ratio between predator (Zi) and prey (Pi or Zi � 1) growth rates. In the unstable region, the growth
rates for the different compartments were computed at the same point in the limit cycle.
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Figure 18: Position of equilibrium points of the different compartments in the NPPZZD and NPZD models, with variable
preferences, as function of light availability (photosynthetically available radiation, Ipar) for N0

� 2 � 5 mMol N m
� 3. Single-species

model: dissolved nitrogen (Ns), phytoplankton (P), zooplankton (Z), and detritus (Ds). NPPZZD model: small phytoplankton (P1),
large phytoplankton (P2), total phytoplankton (P1

�
P2), small zooplankton (Z1), large zooplankton (Z2), total zooplankton (Z1

�
Z2),

detritus (Dm), and dissolved nutrients (Nm). Units are W m
� 2 (Ipar) and mMol N m

� 3.



Table I: Parameter values and definitions for NPZD model.

Parameter Value (units) Definition

I0 230 (W m
� 2) Light intensity at surface.

θ 0.45 PAR fraction of total irradiance.
α 0.025 (mMol N (mg Chl)

� 1 day
� 1 m2 W

� 1) Initial slope of the P � I curve.
λ 0.035 (m

� 1) Light attenuation coefficient.
umax 2.0 (day

� 1) Phytoplankton maximum growth rate.
g 1.0 (day � 1) Zooplankton maximum growth rate.
s 0.01 (day

� 1) Phytoplankton mortality term.
d 0.1 ([mMol N m

� 3 day]
� 1) Zooplankton mortality.

e 0.25 (day
� 1) Remineralization rate for detritus.

a 0.8 Zooplankton assimilation efficiency.
m 0.25 Zooplankton metabolic efficiency.
KP 0.6 (mMol N m

� 3) Half-saturation constant for phytoplankton.
KZ 1.0 (mMol N m

� 3) Half-saturation constant for zooplankton.�
chl : N � 1.0 (mg Chl (mMol N)

� 1) Chlorophyll to nitrogen ratio.
φP 0.8 Preference of zooplankton for phytoplankton.
φD 0.2 Preference of zooplankton for detritus.



Table II: Parameter values and definitions for NPPZD model

Parameter Value (units) Definition

I0 230 (W m � 2) Light intensity at surface.
θ 0.45 PAR fraction of total irradiance.
α1 0.05 (mMol N (mg Chl) � 1 day � 1 m2 W � 1) Initial slope of the small phytoplankton P � I curve
α2 0.025 (mMol N (mg Chl)

� 1 day
� 1 m2 W

� 1) Initial slope of the large phytoplankton P � I curve
λ 0.035 (m

� 1) Light attenuation coefficient.
u1max 2.75 (day

� 1) Small phytoplankton maximum growth rate.
u2max 2.0 (day

� 1) Large phytoplankton maximum growth rate.
g 1.0 (day � 1) Zooplankton maximum growth rate.
s1 0.02 (day

� 1) Small phytoplankton mortality term.
s2 0.01 (day

� 1) Large phytoplankton mortality term.
d 0.1 ([mMol N m

� 3 day]
� 1) Zooplankton mortality.

e 0.25 (day � 1) Remineralization rate for detritus.
a 0.8 Zooplankton assimilation efficiency.
m 0.25 Zooplankton metabolic efficiency.
KP1 0.4 (mMol N m

� 3) Half-saturation constant for small phytoplankton.
KP2 0.6 (mMol N m � 3) Half-saturation constant for large phytoplankton.
KZ 1.0 (mMol N m

� 3) Half-saturation constant for zooplankton.�
chl : N � 1.0 (mg Chl (mMol N)

� 1) Chlorophyll to nitrogen ratio.
φP1 0.6 Preference of zooplankton for small phytoplankton.
φP2 0.3 Preference of zooplankton for large phytoplankton.
φD 0.1 Preference of zooplankton for detritus.



Table III: Parameter values and definitions for NPPZZD model

Parameter Value (units) Definition

I0 230 (W m
� 2) Light intensity at surface.

θ 0.45 PAR fraction of total irradiance.
α1 0.05 (mMol N (mg Chl)

� 1 day
� 1 m2 W

� 1) Initial slope of the small phytoplankton P � I curve
α2 0.025 (mMol N (mg Chl)

� 1 day
� 1 m2 W

� 1) Initial slope of the large phytoplankton P � I curve
λ 0.035 (m

� 1) Light attenuation coefficient.
u1max 2.75 (day

� 1) Small phytoplankton maximum growth rate.
u2max 2.0 (day � 1) Large phytoplankton maximum growth rate.
g1 1.5 (day

� 1) Small zooplankton maximum growth rate.
g2 1.0 (day

� 1) Large zooplankton maximum growth rate.
s1 0.02 (day

� 1) Small phytoplankton mortality term.
s2 0.01 (day

� 1) Large phytoplankton mortality term.
d1 0.2 ([mMol N m � 3 day] � 1) Small zooplankton mortality.
d2 0.1 ([mMol N m

� 3 day]
� 1) Large zooplankton mortality.

e 0.25 (day
� 1) Remineralization rate for detritus.

a1 0.85 Small zooplankton assimilation efficiency.
a2 0.75 Large zooplankton assimilation efficiency.
m1 0.3 Small zooplankton metabolic efficiency.
m2 0.2 Large zooplankton metabolic efficiency.
KP1 0.4 (mMol N m

� 3) Half-saturation constant for small phytoplankton.
KP2 0.6 (mMol N m � 3) Half-saturation constant for large phytoplankton.
KZ1 0.75 (mMol N m

� 3) Half-saturation constant for small zooplankton.
KZ2 1.0 (mMol N m

� 3) Half-saturation constant for large zooplankton.�
chl : N � 1.0 (mg Chl (mMol N)

� 1) Chlorophyll to nitrogen ratio.
φP1 0.7 Preference of small zooplankton for small phytoplankton.
φD1 0.3 Preference of small zooplankton for detritus.
φP2 0.45 Preference of large zooplankton for large phytoplankton.
φZ1 0.45 Preference of large zooplankton for small zooplankton.
φD2 0.1 Preference of large zooplankton for detritus.


