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ABSTRACT

A simulation model of the flow of the
biologically limiting nutrient through the lower trophic
levels of a marine ecosystem over a continental shelf 1s
presented. The model delineates the concentration cof
the limiting nutrient dissolved in the water column
and in the biological components phytoplankton,
zooplankton, pelagic fish, and detritus. Interrelated
processes of this time dependent, spatial, nonlinear,
physical-chemical-biological model include advection,
diffusion, several biotic and abiotic environmental
conditions, and numerous biological processes and
physiological functions.

Model solutions include specification of
steady state values and model responses to pulses of
nutrient availability. The necessity of including the
effect of advection upon the spatial distribution of the
biotic components is demonstrated by comparing model
solutions for an upwelling situation and a case where
advection is neglected.

The maximum rate of nutrient uptake by phyto-

plankton, V , is found to be a fundamental time scale to

The maximum rate of nutrient uptake by phyto-

plankton, V , is found to be a fundamental time scale to
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which both physical and biological processes can be
related. The value of Vm is dependent on the bilologically
limiting nutrient; Vm scales the rates of the biological
processes such as growth, death, excretion, and
regeneration.

A nondimensional parameter S, evolved from the
formulation of the model, scales the effects of advection
and diffusion relative to the rate of biological turnover
in determining the spatial solutions. The magnitude of
S is dependent on the value of Vm. The spatial
distributions of the blotic components are calculated
for both phosphate and nitrate limiting situations.
Simulations show major differences in standing stock
concentrations and distributions within weeks for these
two nutrients. Localities of greater upwvelling of
nutrient rich waters into the euphotic zone show greater
phytoplankton and zooplankton standing stocks.

The rates of the system are explored. Sensitivity
analyses are conducted on the model formulation to
determine the controlling factors in the system dynamics.
Herbivore grazing and excretion rates are found to

influence the standing stock concentrations of the

nerpivore grazing anu eXxcrectlon rdies dre Loullu Lu
influence the standing stock concentrations of the

biological components to the greatest extent.
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1. INTRODUCTION

1.1 Background

The building of mathematical models to understand
the processes of ecological systems began with the classic
prey-predator equations of Lokta (1¢25) and Volterra (1928).
Since then marine scientists have attempted to describe
the processes of biological production in the ocean by
deducing equations which represent the interaction of
biological elements with their environment. Several
fundamental mathematical formulations which theoretically ,
simulate or predict primary and secondary production in
the sea have been presented by Fleming (193%), Riley

(1946, 1947 a and b), Riley, Stommel, and Bumpus (1949),

Steele (1959), Cushing (1959), and Yentsch (1963). Patten

(1968) and Raymont (1966) have prepared excellent review

articles on this type of mathematical model of plankton l

production. A scheme of the evolutionary development of

modeling plankton systems 1is shown in Fig. 1. Recently I

developed models such as Iverson (1972) are not included. ’
O0'Connor and Patten (1968) classify previous

plankton models as either (1) the model sacrifices

O'Connor and Patten (lY6¥) clLaSS1Iy previuvus

plankton models as either (1) the model sacrifices



Fig. 1 Important citation relations between mathematical
plankton models and some of their antecedents. Each
reference is coded at the left as follows: (1) the model
sacrifices generality to gain realism and precilsion;

(2) the model sacrifices realism to gain generality and
precision; (3) the model sacrifices precision to gain
realism and generality; and (4) the model exhibits a
reasonable balance between realism, generality, and
precision. The letter E denotes an extension of a
previously formulated model. {Modified from O'Conner

and Patten, 1968).
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generality to gain realism and precision; (2) the model
sacrifices realism to gain generality and precision; or
(3) the model sacrifices precision to gain realism and
generality. With the evolution of more complex models,
we add the classification (4) the model exhibits a
reasonable balance between realism, generalilty, and
precision.

In 1935 Tansley introduced the ecosystem concept.
The trophic~dynamic modeling of ecosystems began with
Lindeman (1942) whose food chain theories have proven to
be fundamentally sound. Early studies of the trophic
structure of marine ecosystems include investigations
by Odum and Odum (1955), Teal (1962), Riley (1963),
Ryther (1963), and Schaeffer (1965).

Investigations of the dynamics of marine
ecosystems have followed two approaches. Energy flow
studies (e.g. H.T., Odum, 1957. Slobodkin, 1962; and
Macfadyen, 1964) have provided significant contributions
to the understanding of aquatic ecosystem energetics.
The second approach concerns studies of the cycling of
material through the bilotic and abiotic elements of the

system (e.g. Curl, 1962; Gerking, 1262; and Dugdale and

materlal TNTOUZN THE DLULLL 4llU GULULLIL CaoASlwiled v wiie
system (e.,g. Curl, 1962; Gerking, 1262; and Dugdale and

Goering, 1967). The interconvertability of these approaches




was demonstrated by Odum (1962) who took published data on
the production and utilization of organic matter and
converted them to an energy flow chart. Material turnover
studies differ in time scale and magnitude from energetic
investigations. A comparison of the two approaches can be

found in Mann (1969).

Within the last decade, the systems analysis approach

of engineering has been applied to the investigation of

ecosystems, In his book Systems Analysis in Ecology Watt

states, "for ecologists, a suitable definition of a system

is an iInterlocking complex of processes characterized by

many reciprocal cause~effect pathways'. Systems as these

have analogies in the engineering sciences. Watt continued

to observe, "a principle attribute of a system is

that we can only understand 1t by viewing it as a

whole™. This is the philosophy of the gsystems approach.
Several texts discussing the application of this

approach to ecology in general include those by Watt

(1962), Pielou (1969), and Patten (1971).

1.2 Purpose of the Study

The intent of thils study is to introduce a

quantitative simulation of the flow of the biologically

- P - e = - I S e/ - - A " J Ve

quantitative simulation of the flow of the biologically

limiting nutrient through the lower marine trophic levels




in the waters over a continental shelf. The study area is
the Gulf of Mexico waters off West Florida during the
winter and spring months of the year. Dugdale's (1967)
concept of estimation of biomass in terms of content of the
biologically limiting nutrient is the basis of this
gsimulation. Specifically, the relative proportion of the
limiting nutrient in each of the biotic components
(phytoplankton, zooplankton, pelagic fish, organic detritus,
and dissolved nutrients) is calculated.

Conservation of mass within the marine ecosystem
is a basic assumption. The total amount of limiting nutrient
in the system is accounted for by either mass transport
into or out of the area, or uptake and release by biological
components within the system. The objeétive is to
demonstrate that reasonable spatial distributions of the
average concentration of the limiting nutrient in the
lower marine trophic levels can be simulated.

Present biological and physical oceanographic
conceptions about the area are incorporated 1into this
study. The mechanism of current-induced upwelling is
used to generate a circulation pattern over the shelf

such that nutrient rich bottom waters are brought into

used to generate a circulation pattern over the shelf

such that nutrient rich bottom waters are brought into
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the euphotic zone. This addition of limiting nutrient
enables greater biological production in these otherwise
nutrient poor waters.

Fig., 2 is a map of the Gulf of Mexico waters under
consideration. The shelf region is of considerable width.
Bottom topography consists of a gently sloping bottom
extending to approximately 200 kilometers seaward where a
sharp continental shelf break is encountered. Here the
bottom rapidly plunges to depths of greater than 1000 meters.
During the winter and spring months storms and winds mix the
shelf waters to the bottom. The Florida Loop Current, the
major current occurring in the eastern Gulf of HMHexico, is
found running south close to the shelf break during this
period.

Field studies of the area by Bogdanov et al. (1968)
and Austin (1271) have indicated upwelling occurs offshore
during the cold period of the year, accompanied by increases
in plankton biomass and concentration of main commercial
species of fish on the southwesterm part of the Florida
Shelf (Figs. 3-5). The commercial importance of these
waters is a major consideration for choosing these

waters for investigation.

waters for investigation.



Fig. 2 Model area: the continental shelf off West Florida.
Transects 1 and 2 are locations of observational data

collected for input into the simulation model.



QUUID
liog  piomp3

4 ‘814
! T T T L \J 3
S8 ] .8 S8 58 L5 Pz
/Jx/. 52 52
/
.
\
//
i
\
i
!
i
) awwn_ 92
4
)
’
1
\,
mv
3 R,
! e
/x o224 o424
\ A .
N . e
; i - -
1 .~
' / \\ /.I.l.\.\.\ .\\
{ \ O~
! N )
// /././ ,./
\ e {
. RN 3 821 821
// ;./.ménzmc« r~7 A 1
N\ 000I~ / 4 {
/, / ﬁ J/ JJ
AN /., \\ ThameT 2 e )
L A
sWdYI0} _ﬂ o o
62 Om_ N , \ N

Florida

data




10

The problem consists of integrating the physical
and biological dynamics concurrently., The approach
followed here is the construction of a composite of the
biological, chemical, and physical 1interrelations into

a single system. After formulation of the biological
dynamics, physical flow patterns, environmental conditions,
and necessary initial conditions, calculations of changes
in time and space of the system components are made using
numerical techniques.

The constructed model 1is used for investigation
of the rates of the system. Experiments are performed to
determine the response of the model to variations in
parameters. A sensitivity analysis reveals the importance
of individual mechanisms on biological components and on
the system as a whole.

Simulation is only the first step 1n understanding
the biological production of the area. This study is
presently concerned with an attempt to understand the
system dynamics. TFig. 6 (from Van Dyne, 1969) contrasts
the classical scientific method applicable to biology with
the model approach as adopted in the research. An intent

of this study is to define the objectives of subsequent

R AN R v it e e e —m - e e = e = oo = e~ e

of this study is to define the objectives of subsequent

field research programs. Insufficient knowledge of the
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11

.’.' Oy ek e
]

53 1

3 Regions of upwelling and regions of descend-
ing waters in the Gulf of Hexico and Caribbean
Sea. 1) upwelling through most of the year;

2) upwelling in summer; 3) predominance of

descending waters; 4) main surface currents

c

(summer); 5) edge of shelf, (from Bogdanov,1968),

3
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Fig. 4 HMain concentrations of commercial species of
fish in the Gulf of llexico and Caribbean Sea in
the warm part of the year, 1) concentrations of
bottom fish; 2) regions of commercial bottom
fishing; 3) regions of tuna concentration and
commerclial fishingy; 4) edge of shelf., (from Bogdanov,

1968).,

Fig. 5 Regions of concentration of the main cemmercial

species of fishes in the Gulf and Caribbean Sea

in the cold part of the year, NWotation as in Fig.4
e p e R
in the cold part of the year., Hotation as in Fig.hH

(from Bogdanov,1958),
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Fig. 6 The conventional aporoach in studying ecosystems
or ecosystem components 1s shown on the left and
includes processes of formulating hypothesis, design-
ing and conducting experiments, and analyzing and

interpreting results, A second and new approach to

studying natural resource problems Involves the
abstraction of the system into a model, (from

Van Dyne,1969),

Van Dyne,1969),
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physiological processes and food chain dynamics limits
our understanding of the marine ecosystem. It is hoped
this research will identify the important biological
processes which govern the continental shelf ecosystem.
Future feedback between field observations and model

development is intended.




2. SYSTEiX REPRESENTATION AND FORMULATION

The idealized model area 1is shown in cross section
in Fig. 7. The oceanic section 1s generalized as a two
dimensional box with the top a free surface and the bottom
bounded by a flat continental shelf. A straight vertical
coast constitutes the right hand boundary and the seaward
boundary of integration is at the continental shelf break.
The x direction 1s taken as positive towards the coast and
the depth z as positive upwards. An assumption necessary
for computational economy is that there are no longshore
variations; i.e., any variation in the north-south is small
compared to those in the x-z plane (mathematically,
d/ay = 0.)

The cross section is divided into a grid of 41
by 82 rectangles in the x and z directions respectively.
The dimensions of each grid box are approximately 2.5
meters in depth by 5 kilometers in width. A theoretical
flow field is specified at each grid point. The onshore
water velocity u is taken as positive along x towards

the coast, the vertical velocity w is positive upwards,

- - T —_—— e -

the coast, the vertical velocity w is positive upwards,

15
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Fig. 7 The 1dealized oceanic area in cross section with
the top a free surface, the bottom a flat continental
shelf, the right hand boundary the vertical coast, and
the seaward boundary at the continental shelf break. The
water column is divided 1into a euphotic and an aphotic

zone.
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and the longshore horizontal velocity v is negative in a

southerly direction along the coast.

2.1 System Processes

Let us consider the biomass concentration of the
phytoplankton component P at an arbitrary point on the
spatial grid. We will assume that the phytoplankton

dynamics P(x,z,t) are governed by

g = - o ~ ..-- ~ “"
DP = 2P ok L, 0P 0 [-) ol 27y 3P7 = )
Dt~ ot % 03 N

), 2 -2
dx I h Df_f ﬁa

Terms

biola gica

The first three terms on the left hand side represent
collectively the change of P following a water parcel
moving within the ocean. The first term is the local
change and the other terms are the advective changes.

The last two terms on the left hand side are the turbulent
diffusion terms where Oh and ﬂu.are the horizontal and
vertical eddy diffusivities, respectively. These diffusion
terms represent collectively, the diffusion of P by
chaotic motion and motion whose time and space scales are
smaller than those which can be resolved by the grid size
used in the model. These five terms define the operator

on the extreme left.

i = e vaanu weranc e operdatctor

on the extreme left.
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The biological terms include any biotic processes
which might be included in a marine food chain model.
Formulations for phytoplankton growth, processes which
diminish the phytoplankton stock (predation by higher
trophic levels, excretion, mortality, etc.) and any losses
or additions to the phytoplankton component which are
biological in nature are included here. Equations similar
to (1) can be written for zooplankton, detritus, and
dissolved nutrients.

If advection and diffusion are neglected, then
P AP
Dt 77 ot
dependent change in the component resulting from biological,

. The local derivative is the time
chemical, and environmental considerations. In this case
the local derivative is i1dentical to the total derivative
since only time is an independent variable. This is
always the situation when spatial distributions of the
biological components are omitted in models. The

biological processes we are including are indicated in

(2)~-(6).
DP -
= = growth of P from N uptake - extracellular release
Dt I II
~ grazing by Z - predation by F (2)
IIT 1V
~ grazing by Z - predation by F (2)

III Iv
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RZ - growth of Z by grazing on P and D - excretilon
Dt ITI v VI
- natural death - predation by T (3)
VII VIIT
o
Lo = input from Z natural death ~ grazing by Z
Dt VII v
~ bacterial regeneration =~ sinking (&)
IX XTI
—E!:- = growth of F by predation on P and Z -~ excretion
Dt IV VIII x (5
DN
—— = loss from uptake by P + extracellular release by P
BAY I I

(6)
+ excretion by Z and F + input of decomposed D
Vi X IX

where P is phytoplankton, Z is zooplankton, D is zooplankton
detritus, F 1s pelagic fish, and N is limiting nutrient
dissolved in the water column. The specific formulation
of Roman numeralled terms I-X will be discussed in the
next section, while the sinking term XI is formulated in
5.3.

Fig. 8 summarizes the system dynamics allowed within
any single spatial block. The biological processes are
shown as transfers (arrows) between components. The

advective and diffusive fluxes between spatial blocks are

i T S L T N e ey B o =P T R

advective and diffusive fluxes between spatial blocks are
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Fig. 8 Biologlcal processes within a spatial block. The
model's biotic components include phytoplankton, zooplankton,
pelagic fish, detritus, and the biologically limiting
nutrient dissolved in the water column. Light arrows denote
flow pathways of the limiting nutrient between trophic
levels and the dissolved nutrient. Heavy arrows indicate

fluxes between spatial blocks.
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Fig. 9 Relationships between three typical spatial blocks
in the euphotic zone and three spatial blocks in the aphotic
zone. The letters P,Z,N, and D represent the local
concentration of phytoplankton, zooplankton, dissolved
nutrient,;, and detritus within a single block. The arrows
indicate flux processes between spatial blocks. Light

avallability defines the euphotic zone.
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represented by heavy arrows. Fig. ¢ shows the flux processes
occurring between three spatial blocks in the euphotic
zone and their relationships with three blocks in the
aphotic region.

2.2 The Mathematical Simulation of Biological Dynamics

Simulations are limited by the ability to
represent accurately the biological processes as they
occur in nature. However, mathematical representation

of the biological functions enable us to understand the

system more quantitatively than a purely descriptive
approach.

We treat collectively the marine species which
have feeding habits in common and can be assigned to one
trophic level; therefore, specles composition is not
considered. We deal here with a simple food chain of
three trophic levels. In addition, the amount of detritus
and the concentration of limiting nutrient in the water
column are considered. We 1nvestigate the dynamics of
each bilotic component, namely the nutrient uptake and
turnover rates, the feeding dynamics, the nutrient
exchanges between trophic levels, and the effect of changes

in food supply.

- ML cdwmit abdnn mwvambteabdanly +varae tha hinlnodeallw

in food supply.

The simulation quantitatively traces the biologically
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limiting nutrient’s flow within and between the phyto-
plankton, zooplankton, detritus, fish, and the nutrient
dissolved in the water column. In addition, the time
dependent, spatial distributions of the standing stock of
phytoplankton, zooplankton, dissolved nutrient, and
detritus within the regions of the water column are
determined.

The five bilotic components are expressed in
concentration of the biliologically limiting nutrient. The
combined amount in the phytoplankton, zooplankton, detritus,
fish, and the nutrient dissolved in the water column is
defined as Ny the average amount of limiting nutrient on
the continental shelf area amongst all components. Since

N, is assumed constant,
Nt =N +P'" + 2" + D' + F!

where primes denote dimensional quantities. In this case,

the units are concentration, e.g. o gm atom NO3-N/liter.

We will subsequently elect to non-dimensionalize all

quantities. These will be denoted by the absence of primes.
The amount of the limiting nutrient in P,Z,D, and

F is often expressed as u gm atom nutrient/gm biomass. One

e auwvuire v LIlT L Lul L2ty MU LL LGLle i 4 g ed giry  eahse

F is often expressed as y gm atom nutrient/gm biomass. One
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can obtain the units used in this study upon multiplyiung by

gm biomass/liter to give M gm atom nutrient/liter.

The Phytoplankton Equation

As this 1s a material flow study, we consider the
biological processes which deal with uptake, release, and
transfer of the limiting nutrient. Dugdale (1967) has
demonstrated the applicability of Monod enzyme kinetics
to the uptake of limiting nutrients by marine phyto-
plankton. Subsequent laboratory and field work (Lppley
and Coatsworth, 1968; Thomas and Dodson, 1968; Maclssac
and Dugdale, 1969, Eppley et al., 1969: Dugdale and
MacIssac, 1971) support the hypothesis that uptake
rates of nitrate, ammonia, and phosphate by phytoplankton
are hyperbolic functions of nutrient concentration.

The Michaelis-Menton formulation of lMonod (1942)

kinetics 1is

'

\/ = !!ﬂl_ﬁiw
v K+ N

wvhere V is the specific uptake rate (hr"l) of nutrient N'
(concentration), V is the maximum uptake rate, and K is

the Michaelis constant or half-saturation constant. R is

R T . J— et =t s e D i i T N R P L R Y

the Michaelis constant or half-saturation constant. R is
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the concentration supporting half the maximum uptake rate

(Fig. 10).

The dynamic equation for phytoplankton growth 1is

\|
o 1 t _ —C\')p\ it !
Dp = \’”‘NP‘- - BP ~t3_(» -e f }[~Cp¥*(8fz—;i\
Dt |\+N GP"_L/
(8)
I II I1I IV

where the numbered terms correspond to those of the
descriptive equations (2) - (6). The first term on the
right represents the uptake of the limiting nutrient N’

by phytoplankton P' according to Michaelis-Menton kinetics.
A fundamental assumption in this research is that growth

of phytoplankton by nutrient uptake 1is governed by
Michaelis-Menton kinetics.

Term II represents the collective losses of
limiting nutrient from the phytoplankton component. It
encompasses the processes of extracellular release by
phytoplankton, cell breakage and release of cytoplasm
by mechanical disruption, the death and autolysis of
senescent cells, etc. Phytoplankton excretion is usually
expressed as a percentage of the carbon fixed by
photosynthesis (Watt, 1966). We consider phytoplankton

excretion as the extracellular release of amino acids

photosynthesis (Watt, 1966). We consider phytoplankton

excretion as the extracellular release of amino acids
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v = Yo N
K+ N
10 Rate of nutrient uétake V as a function of
limiting nutrient concentration N according to the
Michaelié—Menton expression, Vm is the maximum
rate of uptake, K is the nutrient concentration
at which V is 1/2 Vm.

£

P —

_ - dpP

I —'Eiz(l-—e. )
11 Zooplankton grazing rate I as a function of
phytoplankton concentration P, Ez is the maximunm
ingestion rate,(after ¥cAllister,1970),
phytoplankton concentration P, Ez is the maximum

ingestion rate,(after ¥cAllister,1970),
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containing the limiting nutrients considered in this model,
namely phosphate and nitrate.
The third term represents zooplankton predatilon;

E 1is a grazing coefficient with units of hr~L Ez McAllister

(1270) documents the utility of this nonlinear phytoplanktoun:

dependent formulation (term III) of herbivorous grazing,
this is discussed further belowv. The fourth term of
equation (7) describes fish predation upon phytoplankton.
This formulation will be discussed in context with the
fish dynamics.

The Zooplankton Equation

Cushing (1963) expressed the need for a model
giving an estimate of zooplankton grazing capacity as
a function of algal density over the range of the
productive cycle. It should account for superfluous
feeding, and describe the behavior of the herbivores.
Laboratory studies have indicated zooplankton grazing
rates to be a linear function of phytoplankton density
for low concentrations of phytoplankton. When phyto-
plankton are abundant there exists a maximum rate of
grazing attainable by the zooplankton (McAllister, 1970).

Parsons, et (1967) have modified the

al.
expression of Ivlev (1945),
al.

Parsons, et (1967) have modified the

expression of Ivlev (1945),
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_1‘__ ¥
1= EL<l~e_dP(P d ))

where I 1s the rate of ingestion per unit concentration

of grazer at phytoplankton concentration P' (the mean

concentration during periods of grazing); Eg is the maximum

rate of ingestation attainable by the zooplankton; dp
is a constant which modifies the rate of change of
ingestion with food concentration; and P* is the small
concentration of phytoplankton at which feeding begins.
concentrations below P*, the zooplankton starve.

For very small P*, grazing is approximately

(Fig. 11),

L of
[ =B (1-e7P0)

In the euphotic zone of our model, P' never approaches
concentration values which would dictate the inclusion
of P*¥, The constant l/dp is the concentration of P at
which the specific ingestlon rate, I, is approximately
twvo thirds of the maximum rate, E,.

The zooplankton dynamics in the model is

governed by

governed by

At
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where D' (term V) is the detritus component which serves
as a partial food source for zooplankton. The parameter
dp (term VII) is the natural death rate for zooplankton.
The term VII is the flux of the zooplankton biomass being
transferred to the detritus component. Coefficient ED
(term V) is the grazing coefficient (conc.” hr.”l) for
zooplankton on detritus. This grazing rate is EpD.

Field and laboratory studies (Cushing, 1969
Parsons et al., 1967) have indicated that zooplankton

excrete more of the material ingested when phytoplankton

are abundant. We therefore assume a direct relationship

between zooplankton grazing on phytoplankton and excretion.

Term VI is linearly related to term V by the excretion
coefficient ' . Thus the zooplankton excretion varies

with the rate of zooplankton predation on phytoplankton.

with the rate or zooplankton predation on phytoplankton.




When ingestion of phytoplankton 1s small, zooplankton
excretion 1s small,

The Detritus Equation

Detritus consists of dead zooplankton biomass
and is grazed upon by living zooplankton.

DEY

o

T 1
:dDZ'-EDZD‘—QD‘—w;—Q— (10)

W

VII \Y IX XI

Term VII 1s the source of detritus: term V 1is the loss
due to zooplankton grazing. The term (I¥) is a simple
linear parameterization of the regeneration of detritus by
bacteria into dissolved limiting nutrient. The sensitivity
analysis will demonstrate that the model dynamics are not
crucial to the value of Q ; therefore a more sophisticated
formulation does not seem to be appropriate. The time 1/ Q
may be interpreted as the time for 2/3 of the detritus to
be regenerated in the absence of all other loss mechanisms.
Term XI parameterizes sinking of detritus due to
gravitational effects. It 1s discussed 1in detail in 5.3.

The Fish Equation

In the particular model runs integrated for this

- YV m el — e e A S aa - - - -

In the particular model runs integrated for this

Study, we consider only periods of several days to a few




weeks. Therefore we assume that, although there are
omnivorous fish, F, there will be no net increase in F
over this short time period. Hence, nekton grazing on P
and Z must balance nekton excretion. Fish mortality also
occurs on a much longer time than considered. This is

expressed as

Tn

i
-%—t?:@F-HF:O

where @ is the nekton grazing rate and H is the nekton
excretion rate (hr."l). The fish are not affected by the
water movement or turbulent diffusion as are the other
biotic components. We also dignore fish mobility in this
preliminary ecosystem model. The fish in the model always
exist where there are available food sources.

The species composition of the nekton trophic
level is not considered, but the pelagic fish are regarded
as planktivores, i.e. omnivorous filter feeders. Fish
grazing is a function of gill raker efficiency. UWe assume
that & percent of the phytoplankton and all the zooplankton
are within sizes retainable by the filtering mechanism.

The grazing rate on zooplankton 1is

The grazing rate on zooplankton 1is
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L
- 8}9*-1'

and the grazing rate on phytoplankton is

5 oP
@ p'+7
The sum of these is (§ . The fish dynamics equation is
£ "o P o 7
=F - T L §F L2, - HF
Dt' ? o P+ Yr SEeT
Iv VII X
or
DF‘__ 1 4
'E;E - @ F - H F

and, as indicated above @ = H in the médel. Term IV is
the rate of ingestion of P by F. Term VIII is the rate

of ingestion of Z by F and term I is the subsequent

(and instantaneous) excretion by F to dissolved nutrients.

The Nutrient Equation

The local change in the dissolved limiting
nutrient N' is the sum of all nutrient excretion processes

(terms II, VI, and X), plus nutrient regenerated from

(terms II, VI, and X), plus nutrient regenerated from
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detritus (term IX), minus that taken up by the phytoplankton

(term I):

i 3 de Pt ¥ 3
E,“_f:-“;’“w.—ﬁ%fap‘drr E (1-e  PT)Z% + HE +2D
Dt v (12)

I II VI X IX

2.3 DNondimensionalization of Biological Dynamics

In the physical sciences, researchers find it
rewvarding to nondimensionalize their equations. This
approach 1s sometimes an enigma to those unfamiliar with
the procedure. We have chosen to solve equations (8) -
(12) after scaling by the Michaelis-Menton parameter Vp
and the total amount of limiting nutrient N¢. In this
section we nondimensionalize equations (8) - (12) and
explain the utility and benefits of this approach.

The biological formulation contains explicitly
the parameters V , K, B, d , [ , 9 , E, E , d, %,

I, and ® , and implicitly the initial concentrations of
K', P', 2', D', and F'. UWe anticipate that by
nondimensionalizing the equations the number of parameters
will be reduced. Solving one nondimensional case is then

equivalent to solving many dimensional cases. To transform

wWiil D€ reauceud. QULV LY UVIULUE HULUWILIHENID LULIAL LADS 140 Liivi

equivalent to solving many dimensional cases. To transform
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bpack to dimensional units one multiplies the nondimensional
gsolutions by the scaling parameters.

We are fundamentally interested in the role of the
MYichaelis~ilenton kinetics within the phytoplankton trophic
level. The flow of nutrient material through the primary
producers 1s a function of the initial uptake of nutrient
by phytoplankton from the water column. The maximum
rate of nutrient uptake by phytoplankton, Vo> may be
measured in concentrations of the limiting nutrient or
as the doubling rate of phytoplankton per 24 hours. It
is a fundamental rate to which all other biological
rates may be related. Thus we let time be scaled by
vV, t' = t/Vm, where t' has units of hours, t is
nondimensional, and V  has units of hr.-1. Let P', N',
D', F', and Z' be scaled by N, the amount of limiting
nutrient in all biological components averaged over the
entire continental shelf region.

Using these scaling relationships, (8) - (12)

become,
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DP N P 3P\ - _ . e P
8 e - PR

%%:el(v PPy v e, 7D -¥eL()-e ey z?
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_;{?..E - —/'QP ’
Dt - ¢’_\9P ) 1 Qﬁ \@P")‘Z\ - 72F (16)

DN _ NP . 5pPyo2
or © T +fF P+ XCZ_(\-e )L+ N +XN D

(17)
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As an illustrative example, consider the simplified

equation Eﬂ% - - gp’ where primes denote dimensional
.

quantities. Scaling P' and time t' by Nt and v

respectively and dividing by Nth,

[:) ip - — E P |
E-. t \J ™ |
which says ég - .Ei_ .

V 2
All quantities in (13) - (17) are nondimensional.

P, Z, N, F, and D are all fractions; if multiplied by
100 they are percent of Nt in the system at any time,
i.e. a standing stock. One time unit equals Vm in
hours. The reader must bear in mind these scaling
relationships when comparing our results with real
oceanographic process rates. The scaling relationships
are summarized for the reader's convenience in Table 1.

If we were not concerned with spatial effects,
this would be the complete formulation of a one box
model, as discussed by Verhoff (1971). The formulation
and subsequent nondimentionalization of the physical
processes will be discussed in 5.

2.4 Environmental Considerations

The model 1s desiened to annlv to the chelf

2.4 Environmental Considerations

The model is designed to apply to the shelf
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waters during late fall to early spring, when the winds
due to northers and cool atmospheric temperatures have

created a homogeneous well-mixed water column.

The attenuation of light in the water column must

be considered. A euphotic zone, defined as the part of

the water column within which any photosynthesis can take

place, 1s assumed to extend to a maximum depth of 40 meters

(Yentsch, 1963).

As photosynthesis is a function of light
intensity and light attenuates with depth, the rate
of photosynthesis with depth in the euphotic zone is not
constant. In the spatial model the growth rate of
phytoplankton is subjected to a photosynthesis—depth
curve (Fig. 12).

We define a photosynthesis-depth function, E(z)

which approximates Curve II (Yentsch, 1963) of Fig. 12,

E(z) = 0.5 [1 + tanh (10[z-z 1)]
where z 1is approximately 30 m. To account for light
inhibition of photosynthesis in the upper five meters of

the water column, we redefine

E (0 - 2.5m) =0
E (0 - 2.5 m) =0
E (2.5 - 5 m) = 0.5

!
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RELATIVE PHOTOSYNTHESIS

igs 12 Relative photosynthesis as a function of
depth for a homogeneously distribhuted phyto-~
plankton population undef bright sunlight in
the open ocean (after Yentsch,1963), Curve IV

defines the ecuphotic zone and the relative

the open ocean (after Yentsch,LlY¥yoos,), Lurve Lv
defines the eupnhotic zone and the relative

rate of photosynthesis in the spatial model,
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E(Z)< 0.01 below 35 m. There is considerable room for
improvement in the specification of this important
environmental parameter.

The Michaelis~Menton uptake term in (13) and (17)
i{s multiplied by this dimensionless function thereby
restricting increases 1In phytoplankton to the defined
euphotic zone. The phytoplankton equation in the euphotic

zone becomes

- N ¥
- = (z) - .
Dt = v N

&F

Yy ~ 'S") =
—8P e (- - g SPRE) (18)

Phytoplankton advected or diffused below 40 meters
experience only losses due to excretion and predation, since
E(z) = 0. Zooplankton grazing 1s allowed to take place
wherever phytoplankton occur.

Another form of light limitation of phytosynthesis
1s the diurmnal variation of sunlight. Phytoplankton
existing in the portion of the water column where light
attenuation or inhibition is not a factor are affected by
this diurnal variation. This effect upon the phytoplankton

dynamics is discussed in 3.




3. NON-SPATIAL BIOLOGICAL DYNAIMICS

3.1 Values for the Variable Bioclogical Parameters

We integrate the model using specific values of
the parameters G(,@, €, 5 €p> 7\'9 5‘79\& s B s s Dp oo
and © which are based on oceanographic measurements. In
some cases we must resort to food chain theory as a guide
to the appropriate parameter value. This section outlines
the rational for selecting the specific values of the
parameters used in this study.
ALPHA

Dugdale (1967) and Eppley, et al. (1969) document
the Michaelis constant, K, as a small concentration of the
limiting nutrient for which the specific uptake rate is
one~half the maximum uptake rate. MacIsaac and
Dugdale (1969) present euphotic zone values of the order
of 10 i moles/liter in nitrogen poor regions which
experience seasonal upwelling of water with concentrations
of 10-20 m moles/liter of nitrate. Thomas (1970) has
found a Michaelis constant of 0.75 Migm atom NO3-N/liter

for natural tropical Pacific phytoplankton populations

svuuLu a mlladelis constant 0Ol U./D) Agm atom NU3-N/Lliter
for natural tropical Pacific phytoplankton populations

limited by nitrogen.

45
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I1f we assume an Nt of 30 gm atom NOB—N/liter
for a nitrate limited system (see Appendix I) then in our
model,

K~ 0.75 gm atom MO;-N/liter _ G.o2g

=
Ny 30 .gm atom NO,-N/liter

Thomas and Dodson (1268) have reported a K value
of 0.12 4gm atom PO4—P/liter for tropical waters where
phosphate is 1limiting. Assuming the total amount of
biologically available phosphate to be 4.0 uugm atom P04~P/

liter (see Appendix I) then

.. K -~ 0.12 gm atom PO -P liter
== T 4 gm atom PO -P liter

= 0.030

A range of *C values (101 to 10 ~2) has been
investigated. Lower values of *« correspond to phyto-
plankton utilizing extremely low concentrations of the
limiting nutrient, permitting a higher percent of
limiting nutrient in the phytoplankton component. A
larger value of = results in less efficient uptake.
BETA

The coefficient A parameterizes the combined

BETA
The coefficient £ parameterizes the combined

losses of the limiting nutrient by P not accounted for
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by zooplankton grazing and fish predation. A major
loss process 1is extracellular release. The magnitudes
published for excretion are controversial due to
experimental difficulties, but a significant portion of
the compounds excreted may be amino acids. TFogg (1966)
has found the proportion of photosynthesis production
lost through extracellular release to range from 5 to 34
percent in natural phytoplankton populations. Watt (1966),
Fogg (1966), and Thomas (1970) found that nutrient
deficiencies, as nitrogen starvation, cause an increase in
the release of dissolved organic matter from algae.

Consider the loss of phytoplankton biomass due to

the excretion process alone, %ﬁg = --@'P . The solution
is P = Poe‘g*'“ . At t =1/8 , P=xP_/3. Thus t = 1/8

is there—folding time taken for the process ——ﬁ P to

reduce P to 1/3 P, . A typical model value for £ 1s 0.25.

If V,, is of the order 10~1 hr~l for nutrient limited systems

(Eppley, et al., 1969) then the real time scale for loss

of absorbed nutrient is
t' = t/Vy = 1/8 /Vu 40 hours 2 2 days.
T - -~ CeTm T R4 VA HU LMUML D AL & uGy o

We know that the excretion time scale .5'1 must be

longer than the growth time grale or else the phyto-
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plankton population will collapse. The time scale for
biological turnover of the phytoplankton population by
nutrient excretion 1s indeed longer than the growth time
scale, Vm"l , in the ocean.

The Zooplankton Parameters EPSILON-Z, EPSILON-D, and

DELTA-P
The determination of grazing rates of zooplankton
in the sea 1is very difficult. Laboratory measurements

by Parsons, et al. (1969) of the grazing ration expressed
as a ratio of the weight of phytoplankton carbon ingested
to the weight of the animals varied from 10 to 60 percent
for varying concentrations of phytoplankton. It is not
obvious what value the nondimensional grazing coeffient,
Ez, should attain. We choose the value of parameters E
and E, to give us a reasonable ecological efficiency by
zooplankton at equilibrium (see 3.4).

The expression for phytoplankton-dependent zoo~
Plankton grazing in the model E,[1l- exp(-§pP)]Z yields
a curve whose slope initially depends on gp and
asymptotically reaches tﬁe maximum E, (Fig. 11). The
quantity 8p is the concentration at which the

zooplankton grazing rate is approximately 2/3 of the

P 2 - EParA L L S T U P S LA2E Y L (SR TR

zooplankton grazing rate is approximately 2/3 of the

maximum allowable rate E;. In the model §p is taken
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to be 1.2, giving a grazing rate of 2/3 Ez at a non-
dimensional phytoplankton concentration of 0.83. Since
the model solutions almost always yield P< 0.8, the model
utilizes the nonlinear part of the curve (Fig. 11).

Zooplankton Excretion and Death Coefficients GAMMA and

DELTA~D

A correct formulation of zooplankton excretion
processes is essential for marine ecosystem models, because
this 1s an important mechanism by which nutrients are
recycled back into the water column (Cushing, 1969).

Much of the phytoplankton grazed passes through the
zooplankton gut undigested, especially in regions of high
phytoplankton concentration.

Parameter ¥ of the term '{QZ_Ip_exp(—gpP)dzlinearly
relates zooplankton excretion to zooplankton grazing. 1In
the model, the amount grazed minus the amount excreted
equals the nutrient assimilated by the =zooplankton.
Neglecting the relatively small detritus food source for
illustrative purposes, the limiting nutrient assimilated

by the zooplankton is

.._
NS
N

{1

ez(\-e ™)z —ye,(1-eP)z?

D‘\
({..

!
1l

{.

Ez(\-e " )L —ye,(l-e )L

O
o+
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I1f we divide both sides of the equation by the quantity

grazed, we have

\ D7 _
£ (1—-e»Pyz D -

For growth of zooplankton, Y Z must be less than 1. As
zooplankton concentrations are typically less than 0.25 Nt,
) may be estimated to be approximately 4.0.

Upon death the zooplankton becomes part of the
detritus component. The limiting nutrient within the
detritus component may be directly utilized by =zooplankton,
or regenerated to dissolved nutrient by bacterial
decomposition. The value of §  is taken as 0.10. Thus
2/3 of the Z population dies in time t .= 1,/5D or 10/Vm

1

hours. If Vm 1is of the order 10 % to 10 ° hour (Eppley,

et al., 1969), then the e-folding time 1s on the order of
A 4 to 40 days, 1.e., the Z population will collapse
in 4-40 days 1if its food source is absent.
LAMBDA

The coefficient of bacterial decomposition of
detritus into limiting nutrient is A . In (15) N 1is

nondimensionalized by V,, . The loss of detritus due to

decomposition is

nondimensionalized by V, . The loss of detritus due to

decomposition is




™
(B

— = = XN D
RV
; -t :
which has the solution D = D, e . Attt =N,

DX Do/3. The biological system's response was
investigated for this e- folding time lag of t = /X .
A A= 0.5 would be equivalent to a regeneration time
lag of the order of one or two days. This seemed
approprilate regeneration times for the limiting
nutrients (phosphate and nitrate) considered in the
model (Steele, 1959).

Fish Grazing, Excretion, and Gill Rakexr Efficiency

Coefficiencts PHI, ETA, and THETA

Omnivorus fish grazing is formulated as

%Ff(jg%iri-) and grazing on zooplankton as QZF((;§+23.
Coefficlent ¢ is taken to be 0.25 based on ecological
efficiency considerations (see 3.4). As fish bilomass

1s constant in this model, the excretion coefficient

is identical to the grazing rate, @

G1ll raker efficiency coefficient ¢ is arbitrarily
set at 0.10. This value means that 90 percent of the
phytoplankton is passed by the gill rakers.

3.2 Steady State Values of the Biological Components

Wa have farmulatad 4in 2. a rnomnlex qavatem

3.2

Steady State Values of the Biological Components
We have formulated in 2. a complex system

describing the spatial distributions and dynamics of the
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biological components. In order to interpret the spatial
effects, i1t 1s desirable to first understand the system
within the classical one box framework, where most
physical processes can be ignored. In this respect,
equations (13) - (17) describe the dynamics of a nutrient
limited biological system. The properties of the system
are determined by investigating the time dependent
solutions of the biotic components as governed by these
equations. An analytical solution is not possible due

to the nonlinearity of the relationships. Equations

(13) - (17) are consequently integrated numerically
using an Euler finite difference scheme on a high speed
digital computer for the range of parameter values
discussed in 3.1.

Fig. 13 1s one time dependent solution of these
equations. The abscissa is nondimensional time. One
time unit 1s Vy hrs. and is of the order of one day
(25 hrs. for V, = 0.04 hr"l). The curves express the

standing stock of each biotic component as a percent of

Nt . We assume at t = 0, the onset of intense upwelling
or deep mixing by a storm injects an excess amount of
the limiting nutrient, N = 0.25, into the closed system.

We arbitrarilv choose P = 0.33 7 = N W ¥ = N A0 ~wa

the limiting nutrient, N = 0.25, into the closed system.

We arbitrarily choose P = 0.33, Z = 0.33, F = 0.09, and
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D= 0.0 as our other initial concentrations.

Fig. 13 shows the rapid growth of phytoplankton
by uptake of the limiting nutrient. The dissolved nutrient
decreases accordingly.

The zooplankton curve asymptotes to a steady
state standing stock value. Detritus increases from zero
at time t = 0 to a small percent (4%) of Ny. Fish biomass
remains constant. Note that P + N + Z + D + F = Nt =1
for all time.

The overall model behavior is not critically
dependent on the initial conditions. The biotic components
approach the same steady state values, when initial
concentrations are changed. This result 1s not shown
for brevity.

Each of the eleven parameters can be varied,
and different solutions obtained. As the dynamics of
two different limiting nutrients are considered in the
complete spatial model, the nondimensionalized Michaelis-
Menton constant i1s of special interest. The model
response to a three fold increase in « 1is shown by
4 comparison of Fig. 14 and 13. A higher & corresponds

to a smaller utilization of low concentrations of

M LVHpPQLADULL VL L Ape o QMU LU n oL —w R T
to a smaller utilization of low concentrations of

dissolved 1imiting nutrient by the phytoplankton. A
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greater concentration of N remains biologically unavailable
in the water column. The phytoplankton standing stock in
Fig. 14 1s proportionately smaller. The zooplankton and
detritus components are also slightly smaller concentrations
than in Fig. 13.

The response of the one box system to fluctuations
in environmental conditions is of interest. Since in
nature the rate of photosynthesis varies with light
intensity, we simulate the effect of diurnal variation of
sunlight upon the growth kinetics of the phytoplankton.

The phytoplankton nutrient uptake term is multiplied by
a periodic function such that the rate of phytoplankton
growth becomes a function of time of day.

Optimal light conditions initiafes an increased
photosynthetic rate by the plants, but the duration of
this peak 1s only for several hours of the day. Sufficient
anabolism may be accomplished within this short period of
maximum nutrient uptake to sustain the phytoplankton
over the twenty-four hour period (Russel-Hunter,

1970).
We choose a periodic function which gives the same

averaged amount of nutrient uptake as would a constant

we cnoose a periodilc tunction which gives the same
averaged amount of nutrient uptake as would a constant

Tate over twenty four hours. We define
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fy = T s (2Tt )

where t is nondimensional time equal to t'Vpy and T
represents one nondimensional day. Parameter
has units of 24 Vy~t . When £(t) £ 0, we set £(t) = 0

to simulate night conditions.

Note that
JO £ @) = |

which states that, over one nondimensional day,'t s

the amount of nutrient uptake is exactly equal to the
uptake with or without diurnal variation 1if N is a constant
over the entire period.

A one box solution including this diurnal variation
of nutrient uptake rate by the phytoplankton is presented
in Fig. 15. The value of "C used here is 1.0. Each time
unit on the abscissa of Fig. 15 is one Vm'l. All other
parameter values are the same as in Fig. 13.

The daily fluctuations in the phytoplankton

standing stock result in a negatively correlated oscillation

of the dissolved nutrient concentration. The phytoplankton

Standing stock result in a negatively correlated oscillation
of the dissolved nutrient concentration. The phytoplankton

Oscillations are damped out by the numerous feedbacks of
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59

the food chain system, such that the zooplankton and
detritus components show no daily fluctuations.

McAllister (1970) has shown that nocturnal
zooplankton grazing behavior places a greater stress
upon the phytoplankton standing crop than does a
constant grazing or grazing only during the day. A
stress upon the system such as this has yet to be
investigated with this model.

3.3 Standing Stocks and Ecological Efficiencies of the

Food Chain Model

In 1962 Curl attempted to measure the standing
crops of carbon, nitrogen, and phosphorus and their
transfer between marine trophic levels in continental
shelf waters south of New York. Sampling errors
introduced poor measurements of phytoplankton, herbivore,
and carnivore standing stocks. By incorporating a
large number of assumptions, Curl was able to arrive at
a ratio of primary to herbivore production, but he
found 1t difficult to extend his calculations to the
carnivores (Mann, 1969).

In view of the complexity of the food web structure
and the rapid changes in species composition that takes

place in nature. it 18 doubtful that a comnlete nictnre

and the rapid changes 1in species composition that takes

Place in nature, it is doubtful that a complete picture
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of the biological dynamics of an area can be attained
by sampling alone. An approximate model of biological
production as 1s presented here may provide the basis
for understanding the factors which cause changes in

standing stocks (Paloheimo and Dickie, 1970).

Major fluctuations in phytoplankton standing
stock reflect the availability of nutrient 1in the
water column. Zooplankton and fish production are
dependent on the extent of their food supply. This
model permits a study of the effect of nutrient
limitation on the standing stock of the phytoplankton,
zooplankton, and detritus.

A standing stock is defined as the concentration
of the limiting nutrient in a trophic level at a certain
time. In this model trophic level biomass or standing
stock 1s a function of assimilated rather than merely
ingested food.

Thus

standing stock = nutrient gains - nutrient losses.

The amount of food intake by a trophic level is

pProportional to its biomass.

—_ . L. - P ~- - - - - ~

proportional to its biomass.

Due to the confusion of terminology of various

authors on the trophic level concept, we follow Kozlovsky's
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(1967) lead in explicitly defining net productivity as

the energy, or here limiting nutrient accumulation which

occurs in a trophic level. Production 1s explicitly

defined as that portion of the productivity of a trophic

level which i1s passed on to the next trophic level. In

other words, production is less than productivity since
some of the net productivity 1s lost through processes
such as death or excretion. It should be remembered that
a closed system 1s assumed with no losses to the system.
Slobodkin's (1960) definition of ecological efficiency
originally formulated for energy transfers can be directly

applied to nutrient transfer systems. We define

energy passed to the-nex:
higher trophic level

ecological efficiency = production _
food intake ingestion at the
trophic level

For simplicity only a single food source is
assumed for each trophic level, i.e. the standing
stock of the lower trophic level.

It follows that

ecological efficiency =

nutrient gain terms -nutrient loss terms
_(other than predation)

nutrient gain terms -nutrient loss terms

dducLL rLCiLu 5SG L L0 S L ] MUl LCLLL L VoD - A

~ (other than predation)

nutrient gain terms -nutrient loss terms
(other than predation)

I
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For example, the ecological efficiency between the
phytoplankton and the zooplankton in the model from

(13) and (1l4) using steady state values from Fig. 13 is

: - -S,P :
production of Z = e, (- )1 -Ye, (- PN
P available for Z consumption NP .

o N - 5
= 0.1583

This means that 6.3 times as much phytoplankton is being
produced than zooplankton in terms of biomass. This
value 1s within the limits established in present food
chain theory. A simplified 10% ecological efficiency
between trophic levels of an aquatic food chain has heen
postulated by Lindeman (1942). Slobodkin (1962) suggests
higher ecological efficiencles of 20-25%Z in general for
herbivores and Ryther (1969) postulates.ZO% efficiency
for zooplankton in upwelling areas.

Let us examine the model's ecological efficiency
of zooplankton production when both the phytoplankton and

detritus components are considered as food sources.

~9 ; ~SpP
production of 2 =€0-€" )z rerzn—vei-c )¢ -5l
P and D available to Z o N e
= (0.2071
PPN T

= 0.2071
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Thus we have an increase in zooplankton production
efficiency by increasing the food chain complexity.
The ecological efficiency for fish production
using model equations (13), (14), and (16) and steady

state values from Fig. 13 is

e &
production of F ¢F<§$:i};tWE(GPfL)_ )
P and Z available to F NP _(3P+€Apcﬁ“32+€gﬁ‘ﬂbl

Cx.+|\) R - I}
-y, O SIE

0.2295

]

This fish production efficiency is quite acceptable,
especially in light of work by Gulland (1270) and Lasker
(1970). It is the steady state standing stock which
determines the efficiencies, and the standing stocks are
not known until the model is run. We have varied the
parameter values to study the effect of the food supply

on the steady state standing stocks and the resulting
ecological efficiencies. In the development of the

model, the tendency has been for more realistic ecological
efficiencies following the specification of more realistic
model formulation.

The conclusion must be that reasonable efficiencies

- . - [ D . T P el . P - - 71 NN\ 717\ PRDUIN SRV N BN
The conclusion must be that reasonable efficiencies

are obtained with the existing model, (13) - (17), within

—
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the range of parameter values deduced in 3.1.

The Daily Zooplankton Nutrient Requirement

Ecological efficiencies have shown the
production of zooplankton in the model to be reasonable
in terms of food chain theory. Let us now compare our
dally production of zooplankton with field and
1abora£ory measurements. We relate actual grazing
rates to measurement of Vm and Nt' The dimensional
quantity of food grazed by the zooplankton may be

expressed as

Q EzdpP'z'/Zn' = (Ezdpvm/Nt)(PNt)(ZNt>/zn' (19)
where Q is the average daily amount of the limiting
nutrient grazed by a zooplankter; Z,' is the average
number of zooplankton per unit volume. Typical units
of Q are ttgm atom of nutrient/dy/copepod.

Let us compare the prediction of this formula
with laboratory measurements made by Parsons et al. (1969)

and Corner and Cowey (1964). Using our model's steady

state values of P and Z (Fig. 13), the corresponding

values of V,;, €,, and SP assuming N, = 30 /fLgm atom
NN ar /12 ool e L1t it Pamgmee =Y AN ISAN L1 £
values of V,, €,, and SP assuming N, = 30 stgm atom

NO;-N/1liter, and taking Parsons' (1969) value for Z s
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(0.63)(1.22 dy’l)(0.619)(0.230)(Nt)/l zooplankter /liter) |

o
i

(0.073 dy_l)(BO A gm atom NOamN/liter)/(l zooplankter/liter

2.2ugm atom NQB—N/dy/copepod.

Parsons has found a value of 20 tgm atom <arbon/dy/copepod
which converted to total nitrogen by a ratio of N/C of
0.1375 (Curl, 1962) gives Q = 2.75 mgm atom total nitrogen/
dy/copepod. Corner and Cowey (1964) cite an annual mean
daily requirement of nitrogen by the zooplankton (mainly

copepods) in Long Island Sound as 1.06 i gm atom nitrogen/

t al. (1969)

mg. dry weight copepod. Taking Parsons’
average zooplankton body dry weight of 0.10 mg. carbon,
this gives a Q of approximately 0.1 «gm atom nitrogen/
dy/copepod.

The amount of limiting nutrient consumed by a
zooplankter within one day in our model is within this

range of observations.




4. SENSITIVITY ANALYSIS

In this section we attempt to obtain some indication
of the relative importance of the biological processes
occurring within the ecosystem. We employ the technique
of sensitivity analysis (Tomovic, 1963) to determine the
importance of the biological model's parameters in determining
the model solution.

Model sensitivity is defined as the displacement
from equilibrium the model experiences due to a quantitative
variation in an individual parameter. If a model component
or the whole system changes substantially to a small
variation in a particular parameter, then the value of that
parameter is 1mportant and must be estimated with precision
(Smith, 1970). Any continuing research on the system should
focus on the study of mechanisms found highly influential
in the simulation model. On the other hand, sensiltivity
analysis 1s no panacea. It can only sort out important
processes already included in the model. It can not
anticipate which additional processes should be

included.

included.

66
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Model sensitivity is investigated both
empirically and analytically. First, the steady state
values of the model components are empirically computed
in a simulation run. One parameter is increased by a
fixed percent, and the model solution recalculated. The
process is repeated for each parameter. The empirical
result yields the change in each biological component as
a function of the change in each parameter. These may be

regarded as estimates of quantities such as

0P d N
a'ﬁ’ D o 3

etc.,

The method for analytical sensitivity analysis
involves derivation of partial differential equations
describing the rate of change of the components with
respect to a change 1in the individual parameters. These

simultaneous equations are then solved for the values of

of onN
58 > Nt 9

methods of analysis may be compared; to within round-off

the partial derivatives etc. The two

error they should be identical.

4.1 Analytical Sensitivity Analysis

As an example of the procedure of calculating

model sensitivities,; let us assume a system much simplier

oo (=93} CAGIMH-LC oL il < VLU\'C\JULC v oL \—GJ.\—IJ.LG-I—-LLLB
model sensitivities, let us assume a system much simplier

but similar in form to the one presented in 2.
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Consider a three component system with linear

gimultaneous equations at steady state

_D_B_ - . _ P . Z = C
e oo N 8 Y
RZ = 517 L o¥L =
DN = -oN  + 6P + 57 = O
Dt o € al

where N, P, and Z are the dependent variables and <,
.ﬁ s ¥ » and 9 are the system parameters. Since these
three steady-state equations conserve mass, they sum to
zero. Therefore, we may only use two of the above and
the following closure relationship

N+ P+ 2Z =1,
In the example below we shall use the steady-state
equations for P and Z plus the closure relationship. We
first differentiate the above equations with respect to
each parameter, the independent variable for this analysis.
The results are represented by a square coefficient matrix

A. TFor example, differentiation with respect to o yields:




(o)}
Rel

A A B

- T [apl T
. —_ - bP ! N:
o (¥-%) o ’Qét — 10 1‘
fold ‘ i

an |
| { | L§x} 0 !
l_ B ) L3

Matrix A is always the same upon differentiation with respcct
to any parameter. We then have the matrix equation AX = B.
The solution to the set of simultaneous equations for the
rate of change of the components with respect to a change
in the 1individual parameters 1is

X = A"l
where A'l is the matrix inverse. The same general

procedure is followed in calculating the sensitivity of

our model's biotic components to changes in the systeﬁs

parameter values. At steady state, equations (13) - (17)
become

DP ND L . T e BF N =0

TR aew £ P €,(\-¢e )7z ) (@?713

Dz _ | SpP y ~SFP .2 . ' - 7
Dt - ¢z0-e )Z —¥ezl-e )%~ €52 D =T ~CF (Fay )
—[D-)-—_Ig - - GDZ D + Q)\)Z - X D = G

%_%:*EDZD * SpZ = XD =G
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DF _ L eF .z

pe — ¢Flge) * ¢F(eE) -~ uF =0

and

DN - _ NV ~Sp P52 . _
- T - - 'P - — P Z. +>\|1 +7)F___O
Dt RSN T Ty¥ez e ) ¢

As Iin the previous example, the sum of these equations is

zero, therefore, we must use the simple closure relationship
N+P+ Z+D+F =1

in the sensitivity analysis.

We arbitrarily neglect the nutrient equation. The
same solutions would result i1if the phytoplankton, zooplankton,
or detritus equation was chosen to be neglected. Since
the fish biomass 1s constant, we disregard the fish equation
as trivial.

Differentiafing the remaining equations with respect
to o , for example, gives us our square coefficient

matrix A.

r jréﬂq © _N
A\I /\|9_ /’\‘3 /L\H i 5&‘ ; (q+N)'LI
oz | | .
Az, Ao Rops Arq | i 5&! B O 1
A /‘\32 A\33 Alq @P' B 0
IEOqz
Ner vge es e | Il _
v i
A3 /‘\32_ M33 A3q g.?li - 0 !
D Oex
A‘H /A% A43 A/l“l ai\}' Q
=
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where A = —oLN_”\‘, -8 -operL e PP+ (q;_g.,%l - ("\LZ_Z;EZ_)

Bip T - 61’.(“6*5?") + ('—gglf;)'a
A,=0
A, = B

4 (Z 2

Aoy = (9p€zZ e PP )(1-¥2) +(%%ZZ)-A
fon = Bl I zyn) ey ¢ DR s OF
B3 ™ €t
AZ-1 =0
Ay =0
Ay = =€, D + Sy
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A33 = ..CDZ ->\
Azg =0
and A4\ = A42 = A43 = A44 = 1

A standard Gaussian elimination subroutine is used to

solve for Al . The column vector B for “ is shown above.
Table 2 is the result of the matrix solution of the

vector for each parameter column vector. The values in

the table are the evaluated partial derivatives of P, Z,

N, and D with respect to the parameters o, § , Es s N

X 5 5,5, 0, $, €y, and Spusing the parameter and

steady state values of Fig. 13. Component F is not

included as it has a constant concentration of limiting

nutrient in the model. As fish grazing coefficient ﬁs is

equivalent to fish excretion coefficient /) , only O 1is

considered in the analysis. For definition purposes,

we refer to the quantitative change in a biotic component

for a fixed variation in a parameter as the component's

sensitivity to that particular parameter. The sensitivity

of the greatest magnitude (-1.320) is that by Z for 3. @

Thus for a one percent change in zooplankton death m

of the greatest magnitude (-1.320) 1is that by Z for 3. I

Thus for a one percent change in zooplankton death [
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Table 2. Sensitivity analysis. Partial derivative
values of the biotic cowponents with respnect
to the viological parawneters.

——— - C—

r A £ v
-0.402 ~0.186 0.610 ~0.023
-0.0k42 ~0.019 0.064 ~0.002
-0.khk9 0.370 0.027 0.0k40

0.096 -0.035 -0.001 -0.061
0.136 ~0.117 -0.004 -0.01h
1.160 ~1.320 -0.0438 0.199
-0.294 0.250 0.013 0.031
0.549 -0.475 -0.015 -0.058
-0.042 0.0kh7 0.002 ~0.007

-0.159 0.133 0.009 0.016
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Table 3. MNormalized Sensitivity Analysis. Values of
Table 2 normalized by multiplying by 100 times
the parameter value and dividing by the com-
ponent's steady state value.

~ P Z N D
oL =2.60 -3.23 99 .29 -2.53
f -1.70 2.12 65.18 1.66
£ -h5.67 102.80 68 .79 80.52
» 7.88 ~7.63 ~3.20 -84 .32
% 50.50 -116.90 -1 .ko -91.62
S, 18.81 -57.11 ~19.57 55 .26
& -k.75 10.85 5.44 8.50
w2217 ~-51.53 -16.21 -40.37
€ ~h.o7 12.37 h.2l ~11.97

573079 69.28 46 .37 54,28
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coefficient ; , the steady state zooplankton standing
crop would decrease by 1.327%. The smallest sensitivity
(0.001) indicates minimum fluctuations in dissolved
1imiting nutrient for changes in A.

To get a comparative picture of the changes of
the components, we have normalized the values of Table 2
as follows. We multiply each partial derivative value by
the value of the parameter under consideration, divide
by the steady state value of the component, and multiply

by 100. Then the first row of Table 3 contains the

quantities
e oF xjoo; = éémx|00' 2% aN ® G C o QPryloo
P dx 7 det g N D )T o

Rows 2 through 10 are similarly normalized.

4,2 Relative Sensitivity

Relative sensitivity is obtained by setting the
largest change equal to one, and expressing all other
sensitivities as a percent of this largest change (Smith,
1970). Upon observation of which normalized value in
Table 3 is the greatest, we divide all other Table 3

values by this quantity. Table 4 is the result of this

- A - < O LS ¥ 3~ 6&\5“\-\'—0‘-9 WO WAV LvC L= 3 S LA S W N A L A N -t
values by this quantity. Table 4 is the result of this

Procedure. All values of Table 3 have been divided by
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the quantity | §/z)X0z/a¥) w100 . We denote the
total operations upon the original partial derivative
thus far as the partial derivative with an asterisk, e.g.
(oP/ix) %,

The largest relative change of all components is
that of zooplankton as effected by its excretion coefficient
8 . The negative sign (=1.0) indicates a decrease in 2
if ¥ 1is increased. Higher values of Y mean less
assimilation. The next largest normalized sensitivity
(0.879) is (0Z2/0¢)*, the positive effect of zooplankton
grazing on the zooplankton standing crop. A larger
maximum grazing coefficient results in more zooplankton
biomass,as one would expect. The third greatest
sensitivity (0.849) is the dependence of the dissolved
limiting nutrient upon the nondimensionalized Michaelis-
Menton comnstant <« . A higher <« indicates a less
efficient uptake of the nutrient by the phytoplankton,

a greater concentration of N remaining in the water
column biologically unavailable.

The magnitude of the (0DRY)* relationship between
detritus and the zooplankton excretion coefficient ¥ is

(-0.783). The effect is indirect, but understandable.

Mhn wnvian +hn mannlanlbtAan averrote . the less ZOODlank-ton

(-0.783). The effect is indirect, but understandable.

The more the zooplankton excrete, the less zooplankton
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biomass is available to eventually become detritus. The
effect (-0.721) of the bacterial regeneration rate
coefficient AN upon the detritus component is to lowver

the amount of D in the system. A higher XA shortens the

time for regeneration of detritus into available nutrient,

as the e-folding time scale for detritus 1is };4 . The
dependence of detritus concentration upon the zooplankton
grazing coefficient €, (0.688) is again related to zooplankton
standing stock.

The seventh largest sensitivity is that by zooplankton
biomass for the parameter describing phytoplankton-dependent
changes in Z grazing. The (3//®%p)* relationship (0.592)
indicates the importance of nonlinear zooplankton grazing
formulation. The indirect dependence of N upon €, (0.588)
is obscure except 1In light of the coupling of system processes.
Greater zooplankton grazing results in fewer phytoplankton
and more nutrient in the water column.

The amount of dissolved limiting nutrient would
expectantly increase (0.557) with greater phytoplankton
extracellular release and the zooplankton biomass
decrease (-0.,488) with a greater death rate.

The above are the ten largest normalized

eancitdivitdioa. Alan of intereast are the varameters

The above are the ten largest normalized

sensitivities. Also of interest are the parameters
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with the least influence upon the component value. It
is enlightening to discover that the effect of parameters
o and £ , the phytoplankton nutrient uptake and
extracellular release coefficients, have the smallest

effect upon the standing stocks of phytoplankton,

zooplankton, and detritus. Consider the normalized
sensitivities
aP * — e o aD %_. . DZ. *__ . Q
(E;;\ — OAJL.a ( d:> -—_— —‘0-0222) (“BET) - _0.0IU
OP \* L, DD N\*
(35 ) - 0'0'4') ( 28 ) =-0.014

These indicate the system is least responsive to variations
in the o and { parameter values.

There are forty relationships expressed in each
of the Tables 2 through 4, all of which can be interpreted
in terms of food chain relationships or physiological
processes. The relative sensitivities of Table 4 express
the importance of system processes without regard to the
magnitude of the coefficients or components invélved.

Using the normalized sensitivities we can estimate the
...... 11 i mswbnnnn Af +tha mnavamatare hv acadtonine

Using the normalized sensitivities we can estimate the

overall importance of the parameters by assigning
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pable 4. Relative Sensitivity Analysis. Table 3
values divided by (X/Z)(bz/dx)xloo-

e o e e e e A — e e e A o e e

P A N )
o -0.,022 -0.0z8 0.8LY -0.022
£ -0.01h -).018 0.557 -0 .01k
¢, -0.390 0.879 0.588 0.688
AN 0,067 -0.0065 -0.027 -0.721
£ 0.432 -1.000 -0.354 -0.783
Sy 0.161 ~0.488 ~0.167 0.473
& -0.0k41 0.063 GL.obe 0.073
g 0.190 0. hh1 -0.13) -0 .3h5
€5 ~0.035 0.106 0.036 -0.102
S, ~0.2063 0.592 0.397 0.hGh

Yavle 5. Overall Importance of Parameters. Ordering
of the forty wodel sensitivity values of
Table h. iign relative sensitivities ure
siven low order assignuents.

€, Sp Sy, & 0N X g & £
r 16 1l 19 22 20 23 35 31 33 3y
Z 2 1 T 10 13 29 3k 26 2h 36
N 6 17 15 21 23 35 3 30 32 9
D . } 12 11 16 5 37 27 45 Lo

cP) 36 53 Gh Th 97 110 11k 11h 120
P Lok e 31 21 25 ko
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each scaled partial derivative an order from one to
forty based on its absolute value in Table 4.
Table 5 shows the order assignment of these
forty partial derivatives., For example, the order
of the normalized ( 0Z/0¥)* 1s read under the Y
parameter column along the Z component row. Next we
sum the columns. Using high relative sensitivities for
low order assignment, the lowest column totals represent
overall importance of parameters. 'Overall’ means the
summed influence of the parameter on the standing stocks
of the system's biotic components. '
We see from Table 5 that the zooplankton grazing |
coefficient ¢, 1s the most important parameter in the
biological dynamics. Closely following is the zooplankton
excretion coefficient Y . The zooplankton grazing

parameter Jp and the zooplankton death coefficient 9p

are also highly influential on the system's steady state. .
Clearly, the system is very sensitive to the zooplankton f

dynamics.,

The fish grazing coefficient @ d1s fifth in

importance. The regeneration rate parameter A has the
next overall importance on the system, followed by the

nondimensionalized Michaelis-Menton constant o¢ , The

next overall importance on the system, followed by the

nondimensionalized Michaelis-Menton constant <¢ . The
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fish gill raker efficiency constant & 1is followed by
QD and finally § . The parameter with the lowest
sensitivity in Table 5, namely £ is indicated to have

the least overall effect upon the system.

4,3 Comparison of Analytical and Empirical Model

Sensitivities

The analytical sensitivity analysis has served
to predict the change in biotic model components due
to changes in the model parameters. Model simulation
runs were next performed to determine if the analytical
predictions were correct. A ten percent change was
made in each parameter and the steady state values of
P, Z, N, D, and F found after each parameter change.
By computed sensitivity analysis, the phytoplankton
component was predicted to experilience the largest
deviation from its steady state value upon a variation
in ¥ , i.e.¥(0P/oX)= 0.393. A 10% increase in ¥
gave a steady state value for P such that

¥ 4% = 6.3063
A

This was indeed the greatest change in the model relative

tn tan noarreant chanoea in all ather narameters. Table 6

This was indeed the greatest change in the model relative

to ten percent changes in all other parameters. Table 6
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Table 0. Analytical Sensitivity Analysis. Predicted
biotic component displuceuwents (percent) for
a ten percent increase in each parameter valuc.

P Z N D
e L2.02 -0.k0 2.L6 ~0.05
£ -1.32 ~0.206 1.62 -0.03
€, -35.60 29.30 2.12 3.66
N 6.13 -2.081 -0.15 -3.17
§  39.30 -33.60 -1.ky -4 .13
Sy 1k.70 -15.70 ~0.506 1.63
& -3.T71 3.1k 0.10 0.33
@ 17.30 -1k.90 ~0.61 -1.83
€y ~-3.17 3.ko 0.1k -0.36

S, -6.08 6.TT 0.43 0.63
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Table 7. Lupirical Sensitivity Analysis. CObserved
biotic component displacements (percent) for
a ten percent increase in cacihh parameter value.

P z N D
® -2.,02 -0.40 2.46 -0.05
£ -2.23 -0.k4Y4 2.72 -0.05
€, -31.28 2L .77 3.53 2.97
A 5.TL -2.57 ~0.23 2,92
Y 36.28 -30.k2 -2.03 -3.8
3y 15.51 -15.93 ~1.05 1.4k
& -3.56 2.93 9.27 0.36
o 18.42 -15.51 -0.99 -1.92
€, -3.15 3.30 0.22 ~0.36
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shows the analytical prediction of percent changes in the
biotic components with respect to a ten percent change

in all parameter values. Table 7 shows the percent changes
observed from simulation runs. The similarity of the

values of the two tables indicate the analytical sensitivity
analysis has been done properly.

4.4 Interpretation of Sensitivity Analysis

Sensitivity analysis gives us an indication of
which of the included processes greatly affect the system's
steady state. To achieve a better understanding of the
system, the processes characterized as important should
then be studied more closely 1n the laboratory and in the
field. In our formulated food chain model, zooplankton
and fish dynamics are paramount. The importance of
zooplankton grazing in marine plankton systems has
been documented by Cushing (1963), Riley (1946), and
Steele (1959). Observations of herbivore excretion
enhancing the growth of phytoplankton have been
recorded (Cushing, 1969; Walsh and Dugdale, 1971).

The availability of a nutrient to phytoplankton
after it has been excreted by the secondary producers
has been explained in terms of chemistry by marine

scientists. It has been postulated (Walsh and Dugdale, .

has been explained in terms of chemistry by marine

scientists. It has been postulated (Walsh and Dugdale, .
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1971) that for a nitrate limiting situation, for example,
excretion of ammonia by zooplankton and herbivorous
fishes promotes phytoplankton growth. The preferential
uptake of ammonia across the cell wall may be regarded
as the functional basis for enhanced phytoplankton blooms.
This model has found an enhancement of phyto-
plankton standing stock for any limiting nutrient which
is returned to the water column via secondary trophic
level excretion. It appears to be an inherent property of
the system. Perhaps Patten (1971) best explains the
result:
Feedback control may not be directly related
to specific recognizable structures or
physiological functions, but that regulation
may come out of a dynamic interplay of processes
when systems are complex enough.
The sensitivity analysis implies the parameters
needed to be most accurately measured for this system
are those of zooplankton grazing, excretion and death,

and fish predation. Current research is concerned with

their estimation.




5. WATER CIKCULATIOK Oxn ThE SHILLF

A known physical circulation is essential to any
spatial description of biological productivity. Hsueh
and O'Brien (1970) have developed a theoretical nodel
of the circulation of the continental shelf waters of
the eastern Gulf of Mexico. It is tinis circulation
pattern together with the postulated biological and
chemical dynamics which leads to a hypothetical spatial
plecture of the lover marine trophic levels in the model
area.

Yiie West Florida coastal water 1is influenced by
the presence of a strong (50 to 100 cmn secml) southerly
flow, the Loop Current, located off the continental
shelf break. It occurs approximately 206 to 250 kilo-
meters off the west coast of Florida during the wiater
season (Leipper, 1970). ‘Vnere the Loop Current meanders
against the continental shelf, bottom friction recsults
in shorewvard transport of water along the continental
shelf bottom. Conservation of wass requires displaced
vottor water to be forced upvard and offshore. fThis
process is termed ‘“current-induced upwelling” (Hsuel

and O'srien, 1970).

. Y . . - “
process is termed “current-induced upvelling’” (Hsueh

and O'srien, 1970).

86
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Oceanogzraphic surveys in tiae area have indicated
evidence of this tleoretical upvelling (Bogdanov, et al,
1969). Oxvpgen isopleths have bLeen observed to rise to
the surface in this region and tewperature and salinity

data also support the theory (Austin, 1971).

5.1 Tormulation of the T'lov Tield

A simple linear model of a homogeneous ocean with
a straight vertical coast and a flat continental shelf
(Fig. T) is employed. Soundary constraints placed upon
the flovw are

a) flou at the coast is zero; i.e., u = v = 0

v) flow at the bottow is zero, i.e.,u = v = 0

¢) there is no wind stress at the free surface;
i.e.,

33 T a3 —°
At the seawvard edge of the slhelf region, the Lorizontal
velocity of the offshore current is prescriied as a
function o:f deptihh. The mapnitude of the v' velocity at
the shelf break boundary is described by the cosine

function

Vi = = C cos (37 3/24d)

Vi = —C cos (37 3/24d)
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simulating a southerly (negative) flow in the upper
layers and a countercurrent northerly (positive) flow
above the bvottom. The maxirum speed is C and the depth
of the water column is d.

Upon neglecting the nonlinear acceleration terms,
assuning constant density and hydrostatic equilivbrium,
and taking W33= 0, the steady state u momentum eguation

can be uwritten,

1 21 2
! 09 0% w % w —
e e A + Ay S—, =0
‘?U- 3’ A h O w2 u d ,512 (26)
T
where priwres denote dimensional terns, %i‘ is the sea

slovwe in the x direction, f is the Coriolis parameter,
& 1s the acceleration of gravity, and Ay and Ay are the
assumed constant vertical and hLorizontal eddy viscosities.

The v womentum equation at steady state can be

written,

! 0% azbj —
-Lw o+ Ay e + A, 2 =0 (27)

We can reduce the parameter svace by nondimension-

alizing these equations. Ye let ‘

alizing these equations. ‘e let H
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x' = (Ah/f)ax v' = (Ay/Ay)=2 C u
.5 1
Z' = (xlhv/f) “Z %' = ___..(__fl\’ )i_g.__ @7

g

where C 1s tihie typical horizontal speed of tue Loown
Current. Tne nondimensionalized cquations of notion

for the cross section of the ocean sliown in Fig. T is,

. 05 0% w 0% w
-V = — —
Jd X O %2 o 3%
and
_ Q% . o%*w
: d x? 0 3?

i

+
(0%
&

o
x
Q
Q»

nay be used to calculate w.
At the surface, the Coriolis force, fv, balances
the pressure pgradient force %2- . lhowever, within the
x

bottom Hkmwan layer, the friction along tine botton

decreases the v velocity. The geostrophic balance is

bottom Ekmwan layer, the friction along tne botton
decreases the v velocity. The geostrophic balance is

Upset and water is transported onshore. T'he water
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vust flow seavard at the top to provide mass balance.

5.2 The tiwmulated Circulation Pattern

~ o

Fig. 16-17 are sisulated representations of the
physical circulation pattern over the shelf used in this
model. Fig. 10a shows contours of the u velocity, the
gspeed of the water flow in the x direction towvard the
coast. uwote the positive onshore flow along the
bottom, Offshore flow occurs in the upper region where
negative u velocities occur. Contours of the longshore
v velocity are presented in Fis. 16b. An equatorwvard
flow (negative velocities) siniilates the Loop Current
in the upper 50 wmeters over the shelf break. A poleward
flow (positive velocities) is found beloQ.

LThe vertical velocities are shown in TFig., 1l7a. iiote
that the strong positive velocities (upwelling) occur
over wmost of the shelf waile negative (downwelling)
velocities are found ianshore and at the suelf break
Loundary. Fig. 1lTb. shows the transverse circulatioa.

The streamfunction is defined as

-a—\t T o~ and oV Z w
RYEN A X
@_‘\}I = — L and ——————a \\, — w
¢ O A
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16a and b. Contours of the u velocity (above) and

v velocity (pelow) over the oceanic section. ILach

vertical unit is 20 meters and eacihh horizountal unit
represents 20 kilometers. ©Small tick rarks denote
the location of spatial blocks along the grid
edpes. There are 82 divisions in the vertical and
41 divisions in the horizontal., Positive u veloc-
ities indicate onshore flow;.negative u velocities
represent offshore flow. Negative v velocity
indicates a southerly flow, positive v velocities
represent a northerly countercurrent. Fig. 16a
contours fron ~0.66 to O.kk, with a contour
interval of 0.06. TFig. 1lGb contours frowm ~1.0

to 1.0 by 0.1,
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Pig. 1T7a and b. Contours of the vertical w velocities
(above)and the streamfunction Y (below) over the
oceanic section. Positive w indicates an upward
velocity; negative v represents a dowanward velocity.
legative W values represent a clockvise pyre.
PFositive § values denote a counterclockwise gyre.
Strong upvelling is indicated from approximately
120 to 180 kilometers offshore, with downwvelling
occuring at the coast and seaward boundary. Grid
spacings are the same as in Fig. 16. Fig. 17a
contours frow -2.30 to 0.73, with a contour inter
val of 0,1. TFig. 17b contours from -0.5C to 0,80

by 0.08.
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since LA -F-th:.o in this model.
J % o)
This plcture conceptually represents the flow of the
ocean in tihe x-z planc, Yhe magnitude of the flow is
proportional to the spacing of the contours, and the
sign of the streamfunction specifies direction. The
flow is always parallel to the streamfunction contours.
Twvo gyres over the shelf are found. One gyre
veakly spinning in a clockwise direction is located over
the shorewvard part of the shelf. The second gyre located
approximately 130 kilometers offshore spins strongly
in a counterclockwise direction. This motion results
in strong upwelling of bottowm waters from 120 to 180
kam offshore and downwelling near the coast and seaward

boundary .

5.3 Combination of siolopical and Physical Formulations

VYe are now ready to place tie biological dynamics
into the simulated physical syster. Boundary constraints
placea on the advection and diffusion of Liotie con-
ponents are:

&) no transport across the free surface

poLCL U wrC. e - -
&) no transport across the free surface

b) no transport through the bottom or coastal boundary
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¢) transport across the seaward boundary is deterrined
by the flow field.
e scale the physical processes to the biological
rates as follows. Consider the dimensional total deri-

vative for phytoplankton dynamics,

1 1 1 4 1
SN NN L I L S - Ui Sl
DY T oAt X1 d3 h d x12 vy 52
(31)
Vi PTNT d P
R IR S Vil LRCASS

Substitution of previously defined scaling relationships

into (331), and dividing by It Vg, ve have

PP~ op + C oP : oP | RIS (A
=0 = UL v @y L ~— . Yot
Dt o] Vm(%?)( * o3 ) VM(§§¥ n OA2> V (Aw( af
5N P (32)
= —‘BP"GZ(l )Z‘@l’(@f?-ﬁzc

ow we define a nondiwmensional ratio & = C____
Vi (An/£)%
(0O'isrien and uroblewski, 1972), and the Rossby nuwnber

Rg = Clapf) ™. Substituting into equation (32) we get

)
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OF = 00 vg(wl® w98y L (9idh ) 1 (rate)
e = e T U ok o) g D 1 )
I R AN or > - DF (&P+z>

e nondimensionalize the diffusion coefficients as Vy =

1 il T o) .
\7h L\)m(ﬂhlﬁﬂ and \)v = \)lr L\Jm(ﬁ\v/#)_.\' . Our final

nondimensional equation is then,

Lp ?F; + < A G0N ) QP a2P.
F)“E; ~ T Sw S oL (\‘S> Y, _O_)(-E - \)U. Caéa
(34)
- PN -5 _, & P
T PP s FluEe )
The total derivatives for the Z and i components are
siwilar:
DZ - aZ‘ ~ 7 az Ry N 3/_
— T 2 +S5(w9s 4w Yy -V AN 9L
Dt ot % 07 h G v C}BZ (35)
S, P . ) ‘
= el(l"ﬁ e )7_+&DZD—'SDZ"X(I* SPP)ZZ—'QQ' g;';)
and
DN - oN ON DN BRRY 2
e - .t w “h i ’ - - O N
5t e T lWGx W 03 bWk 057 v XL
e . - (36)
== NE G BP 4+ AD v AF ~ Y€ (1-e TP
A ¥ N
(36)
NP |

== NI L BP e AD v AF Y€, (1 TPt

A ¥ N
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wo spatial distribution of pelapgie fish is considered.
Lotice that the advection and diffusion processes
are scaled by the parameter S. ''hils nondimensional ratio
is related to the maximum advection speed in the hori-
zontal, the wmaximum rate of untake of limiting nutrient,
and the turbulent part of the flow field. The value of
the 8 parawveter for the model area is discussed in 6.
The rates of the physical-ciiemical-biological model are

all scaled by the bviological turnover rate Vm"l.

Sinking of Detritus

The subject of sinking of plankton components is
controversial. Field observations of the vertical dis-
tribution of phytoplankton are confused by the corbined
effects of gravitational sinking of senescent phyto-
plankton cells, neutral buoyancy maintained by actively
phytosynthesizing cells, and the vertical advection of
the cells by water motion (Steele, 195¢).

In this model, phytoplankton and zooplankton are
considered neutrally buoyant and thus subject to the
effects of vertical advection and diffusion. OUnly the

dead zooplankton, or detritus, is subjected to a gravi-

effects of vertical azdvection and diffusion. Only the
dead zooplankton, or detritus, is subjected to a gravi-

tational sinling velocity.
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Laboratory measurements of sinking rates of
inactive planktonic material are on the order of 1 to
10m day'l (steele, 1956). The model is investigated with
sinking velocities for detritus witiiin this order of
magnitude, The sinking rate is formrulated as follows.

lle assune an average sinking velocity Wg = 7m/day'l or

0.0081 cu sec™t. We scale detritus sinking as

vl = [ﬁ(Av/An)ﬁ ¢] wvs

where wg is the nondiwensional sinking rate, C is the
waximsun horizontal wvelocity, S is the parameter wvhich
scales tihe effect of advection and diffusion, and
(Av/;\.hylé is the ratio of the vertical diffusion coeffi-
cient to the horizontal diffusion coefficient.

ilotice the value of wg depends on & which is
determined by Vy. This is another exanmple of the scaling
of the physical processes by the biological turanover
rate. 4 typical value of the sinking paraneter for a
ﬁl)

nitrate limited sea (V;; = 0.05 hr would be

Vg 0.091

“
L}

G 0.091
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while the wg value for a phosphate limiting situation

(Vm = 0.10 hr~1) is
vg = 0.182

The total derivative for the detritus cowponent may

then Le expresses as

o
ot

W]
v

LS(wobd +w%%+w5%£),\)h 5D _ y, 05D

OIU
et
oM

= SDZ -xD _‘€DZD

The term for gravitational sinking of detritus is ‘USTE“'
kquations (3k) - (37) are expresses in finite

differences (Arpendix II) and solved for each spatial

grid point using the u and w velocities of the sinrulated

circulation pattern. The values of P, Z, N, and D

are calculated for cach time increment, giving the tiue

dependent, standing stocks of these biotic components

ana their spatial distributions.




6. PARAMETER VALUES OF THE FLORIDA SHELF MODEL

6.1 Physical Constants

We have proceeded to formulate the model and
scale the processes such that a minimum of characteristic
values need to be specified. By identifying the region
for investigation, a number of physical parameter values
are determined.

Model area geometry specifies the depth of the
basin d and the width of the basin b. The depth of the
water column 1s taken to be a constant 200 meters over
a 200 kilometer wide shelf. The Coriolis parameter, £,
is approximately 5 x 10”9 sec™l for the 27° N latitude.
Observational data provide the maximum horizontal
velocity C. The characteristic maximum velocity (Loop
Current) used here 1is 50 cm sec™l, The relationship
between the horizontal and vertical diffusivities 1is
taken as proportional to the ratio of the chosen

horizontal and vertical Austauch coefficients,

1
Vi o Av
N\ .} - A ‘.

i
Vi Ay
\v'} \,\‘ A \n
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Specifying Ap equal to 2 x lO8 cm® secml and Ay equal to
200 cm2 Sec*l, and taking v& as 1 cm2 sec“l, then vé is
106 cu? sec”1,

Using these values of C, f and Ay, the Rossby number
as defined in 5.3 has a wvalue of 0.5. This low Rossby

nurnber validates the Hsueh and O'Brien (1971) theory for

a circulation over the shelf driven by offshore currents.

6.2 Variable Biological Parameters

The actual total amount of the limiting nutrient
Ny in the real system is not required in the solutions,
as final concentrations are expressed as percents of Ny.
For conversion to dimensional units, the scaling
relationships of Table 1 are used, and Ny 1is required.
Then N' = Ny N, where N' is the dimensional concentration
of a specific dissolved limiting nutrient found in a
particular region of the water column.

The value of the biological turmnover rate Vy,
characteristic of the model area waters is required by
the simulation run. The influence of the advective

processes upon the biological spatial distributions 1is

scaled by the parameter S = C . As the
Vm(Ah/f)é“é
scaled by the parameter S = C . As the

Vp(Ayn/ )=
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value of Vm is dependent on the biological and chemical
characteristics of an area, 1t 1s readily seen how
different spatial solutions may arise. The standing
gstock of phytoplankton 1in the euphotic zone 1s dependent
not only on the cell division rate V_ , but on the magnitude
of the advection of cells below the euphotic zone, and
the resupplying of nutrients to the euphotic zone by
upwelling water.

The limiting nutrient éharacteristics of the
model area also specify the appropriate value of the
Michaelis-Menton constant K to be used in the bilological
dynamics. As K is nondimensionalized by Nt’ we need to
know an approximate value of the total amount limiting
nutrient available to the system. The value of N, in
this model has been estimated by identification of the
probable limiting nutrient in the Florida Shelf waters and
the measurement of the concentration of this nutrient in
biologically inactive waters being supplied to the systemn.

In summary, the physical constants required by
the model are b', d', C, £, Ay and A The biological
parameters characteristic of an area which need be

supplied are Vm, K, and Nt'

supplied are Vm’ K, and Nt'
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6.3 The Value onm » K, Ny and the S Parameter for the

Model Area
As discussed in Section 2, Vm is the maximum
(unlimited) doubling rate of the phytoplankton. Vo
occurs at the concentration of the limiting nutrient at
which phytoplankton growth i1s no longer inhibited by low
nutrient availability (Thomas, 1970). Values of Vm can
be expressed in units of nutrient concentration or cell
divisions per hour.
Ranges of V, are dependent on the nutrient
considered and the species of phytoplankton grown.
Fortunately, work in this area has provided values of Vm
and the Michaelis-Menton constant K for specific organisms
and mixed populations under various nutrient conditions in
several oceanic regions (Caperon, 1967 ; Eppley and Coatsworth,
1968; Eppley, Rogers, and McCarthy, 1969; MacIssac and
Dugdale, 1969; Thomas and Dodson, 1968: and Thomas, 1970).
Recent observations (Appendix 1) as well as
published data (Bogdanov, 1968; Collier, 1958) indicate
that both phosphorus and nitrate concentrations in model

area waters are less than their cited V wvalues. Water
m

reactive phosphate 1s almost undetectable in these waters,

reactive phosphate 1s almost undetectable in these waters,
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indicating phosphate may be the limiting nutrient. Values
of Vg, and K for a phosphate limiting sea were determined

by Thomas and Dodson (1968) who experimented with the

diatom Chaetoceros gracilisg, isolated from the Costa Rica

Dome, an upwelling area in the northeastern tropical Pacific.

Chaetoceros gracilis occurs in abundance at times in the

model area.
The V, value found by Thomas and Dodson was 0.22
/4 gm atom PO,-P/ liter which gave a growth rate of 2.49
cell divisions/ 24 hours (0.10 hours-1). The K value,
the concentration of limiting nutrient at which the
phytoplankton growth rate is V_/2, was found to be 0.12
i gm atom PO -P/liter. The corresponding nondimensionalized

4

value of &« used in the model is

o = —K_ - 0.12y gm atom PO,~P/liter ___ . .4,

N, 4 u gm atom PO,~P/liter

estimating Nt as 4.0 L.gm atom PO4~P/1 for the model area
waters (Appendix I).

Phosphate 1is quickly recycled in aquatic food
chains. Regeneration rates of utilizable phosphorus from

zooplankton excretion products and phytoplankton cell

zooplankton excretion products and phytoplankton cell
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autolysis may be on the order of hours (Steele, 1959).
Also, the low concentration of phosphate in the model
waters may not be indicative of phosphorus limitation.
Phytoplankton require relatively small quantities of the
nutrient for unlimited growth.

From observational data, nitrate is a possible
limiting nutrient. Thomas (1970) reports a Vm value of
7 JL gm atom NOB—N/I which gave 1.22 doublings/24 hours
(0.05 hours=1) of a mixed phytoplankton population from
the nitrate limited eastern tropical Pacific. Observations

show concentrations of less than 2 4gm atom NO_-N/1 in

3

the euphotic zone waters of the model region. The K
value for nitrate is reported by Thomas (1970) as 0.75 .o

gm atom NO_,-N/1.

3

This would give an <« value of

K — 0.75; gm_atom N03—N/1iter -

0.025
N 30y gm atom N03—N/liter

taking Nt equal to 30 pegm atom NOB-N/l (Appendix I).
Recent research (0'Brien, 1972) has indicated

that while several nutrients may be in low enough

concentrations to effect the rate of phytoplankton

growth, at steady state generally only one nutrient is

growth, at steady state generally only one nutrient is
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found to be limiting. Which nutrient becomes most
important is determined primarily by the rate of supply to
the rate of withdrawal of the various nutrients. We may
be justified 1n using one specific Vm value 1in our model
dynamics, instead of considering a synergistic combination
of several Vm values.
The model formulation contains the nondimensional
ratio S which categorizes the importance of advection
and disorganized water motlion (turbulence) in determining
the spatial distributions of the biological components.
In general, when S >>1, advection 1s the foremost factor
in the plankton dynamics; when S<< 1, advection is
unimportant. When S 1s of the order unity, advection
plays a strong competing role with the other environmental
conditions in the model in determining the spatial
distribution of the plankton (O0'Brien and Wroblewski, 1972).
The relative importance of advection and diffusion
in the spatial, trophic level model is deduced by scale

analysis. Consider the S formulation, as derived in 5,

c
v (A /f)

1/2

where C 1s the average value of the horizontal advective

1Ly
h

v o\na

where C 1s the average value of the horizontal advective

flow, Ah is the horizontal eddy viscosity coefficient, £
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is the Coriolis parameter, and %1 is the maxinmum (unlimited)
growth rate of the phytoplankton.

We see 1mmediately the S parameter 1s inversely
dependent on the value of Vm. If Vm is high, the biological
turnover rate 1s rapid and the importance of advection on
the concentration of the biotic component 1is diminished. A
strong turbulence also lowers the effect of advection.

The value of the S parameter used in the model

limiting sea was 5 =09.

based on the V value for a PO
m Fo,

4
Compare this value to that calculated for a hypothesized
N03 limiting sea, SNeg-;)O% . We find that
the advection effects are twice as important in a nitrate
limiting sea than in phosphate limited waters. The high
Vm for phosphate results in a higher biological turnover
rate. The spatial distribution of the plankton in the
phosphate limiting case is then determined more by
phytoplankton growth than by advective processes.

The usefulness of the S parameter as developed

in this paper lies in its simple formulation and general

applicability to any nutrient limited aquatic ecosystem.



7. RESULTS OF THE SPATIAL PHYSICAL

CHEMICAL - BIOLOGICAL MODEL

7.1 Spatial Distributions of the Biotic Components in

the Absence of Advection

The biological system formulated in 2 is coupled
with the simulated circulation pattern described in 5 to
give an integrated physical-chemical-biological model.

The formulation appears in equations (34) - (37).

It is instructive at this point to run the spatial
model considering time dependency and diffusion, but
without advection. The u, v, and w velocities of
equations (34) - (37) are taken to be zero. The biological

components are initialized at nondimensional concentrations

of
P = 0.33
Z = 0.33
N = 0.25
F = 0.09
D = 0.00
at time t = 0 over all space. The biological parameter

values used are the same as in Fig. 13.

at time t = 0 over all space. The biological parameter

values used are the same as in Fig. 13.

109
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The spatial solutions for an elapsed model time
t = 8, equivalent to three to six days 1in nature, appear
in Fig. 18-19. The euphotic and aphotic zones are well
defined. The absence of contours except at the upper
and lower boundary of the euphotic zone illustrates
the homogeneous distributions within the euphotic and
aphotic zones. The gradient between the zones arises
from the effect of diffusion which acts to make the
transition between zones smooth rather than abrupt.

We find the euphotic zone concentrations of the
dissolved limiting nutrient, phytoplankton, zooplankton,
and detritus components to be identical with the solutions
for the one box model (Fig. 13). As the environmental
conditions permit only nutrient and sinking detritus to
exist below the euphotic zone, the aphotic zone is devoid
of phytoplankton and zooplankton.

Phytoplankton (Fig. 18b) are maintained only in
the area where the depth~photosynthesis curve 1is positive.
Phytoplankton initially existing below the euphotic zone
are grazed to extinction. Zooplankton (Fig. 19%a) are
confined to the area where their phytoplankton and detritus
food sources exist. The zooplankton in the aphotic =zone

atarwva tn death after conaumineg all the pnphvtoplankton there.

food sources exist. The zooplankton in the aphotic zone

starve to death after consuming all the phytoplankton there.

|- =
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Fie. 18a and b. Spatial distribution of the dissolved
limiting nutrient (abov.)and phytoplankton standing
stocl (below) concentrations at time t = 8.0 in the
absence of advection. Fig, 18a contours from 0,01 to
1.0, contour interval of 0.05. Fig. 18h contours

from 0.0 to 0.63, contour interval of 0.05.
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Fig. 19a and b, Spatial distribution of the zooplankton

(above)and detritus (pelow) concentrations at time

t = 8.0 in the absence of advection. TFig. 19a contours

from 0.0 to 0.24, contour interval of 0.05. Tig. 19b

contours from 0.0 to 0.04, contour interval of 0.003,
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The low concentration of dissolved limiting nutrient
(Fig. 18a) in the euphotic zone is a consequence of uptake
by phytoplankton. Highest concentrations of N occur in
the aphotic zone, where sinking detritus 1s decomposed
and there are no nutrient losses. The width of the
euphotic-aphotic gradient band in Fig. 19b of the
detritus distribution reflects the gravitational sinking
of detritus.

The purpose of this exercise has been to
demonstrate to the reader the transition from a one box
model to one with 3200 boxes. We see that without advection,
the zones of bilological activity as defined by environ-
mental effects (light, nutrients) are well defined,
homogeneous, and generally uninteresting. The use of
models with only vertically stacked boxes is thus justified
in situations where vertical advection is negligible and
diffusion and sinking are the only interchanges between the

euphotic and aphotic zones.

The following discussion will illustrate the
necessity of including the effect of advection upon
the distribution and biological processes of the

biotic components in a situation where strong vertical

biotic components in a situation where strong vertical
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advection occurs. The case 1n point 1is the upwelling
of nutrient rich bottom waters over a continental

shelf.

7.2 The Spatial Solutions for an Advected Phosphate

Limiting Sea

We next consider the effects of advection on
the spatial distributions of the biotic components. The
u, v, and w velocities of equations (34) through (37) are
those predicted from the steady state solution of equations
(28) through (30). These specify the magnitude and
direction of the water velocity at each point on the
spatial grid. (Appendix II)., TFor the following solutions
we conslder the model waters to be phosphate limited, and
use the appropriate values of Vm, K, Nt and S.

Calculatlons are made of the changes 1in the
spatial distribution of the phytoplankton, zooplankton,
dissolved nutrient, and detritus as they are advected and
diffused from theilr initial homogeneous concentrations of
P=0.33, 2 =0.33, N=20.25, F = 0,09 and D = 0.0.
Innovations are the advection of P, Z, N, and D below the
euphotic zone and the upwelling of nutrient rich bottom
waters. The resulting time dependent solutions are shown

in Fdio 20 ~ 27

waters. The resulting time dependent solutions are shown

in Fig. 20 - 27.

-




117

By time t = 0.4 changes from the initial homogeneous
distributions have occurred. Fig. 20 - 21 show the
spatial distribution and concentration of the dissolved
limiting nutrient, phytoplankton, zooplankton and
detritus after approximately four hours (since Vm for
the PO4 limiting situation is 0.10 hr—l).

The definition of zones of biological activity
is evident at time t = 2.0. Observe in Fig. 22a that the
limiting nutrient N is decreasing in the euphotic =zone
especially from 2.5 to 40 meters, and increasing below
it. Close contouring at the euphotic zone's lower
boundary indicates rapid changes in concentration. The
gradation of the band 1s the result of both the smooth
attenuation of the depth-photosynthesis curve and the
effect of diffusion.

In Fig. 22b the phytoplankton standing stock has
increased above its initial concentration in the euphotic
zone and decreased in the aphotic zone. Fig. 23a shows
zooplankton increasing in areas of high phytoplankton
concentration and decreasing in the aphotic zone. The

concentration of detritus has increased above 1its initial

value of zero to 0.3%Z in the euphotic =zone.

value of zero to 0.3%7 in the euphotic zone.

e ——————— T
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Fig. 20a and b. Spatial distribution of the concentration
of dissolved limiting nutrient (above)and phytoplankton
standing stock (velow) at time t = 0.4 for an advected,
phosphate limiting sea. Fig. 20a contours from 0.22 to
0.34, contour interval 0.05. Fig. 20b contours from 0,25

to 0.37, contour interval 0.05.




N

(SN AREES]

Y
f

SRR E RSN SRARAREAR RRARARR)
W
N

Qi

TYTTr YT rTrree

TTITTTyrTY

o« SV S S NV SIS T N U SIS T T T I UG W A SN SR (AR WO H AU SO N U SN SOT O B

INEESIESEEERESNARERUNTEESEUEIRNU AN ANERANRUNEENEERNEUNENERUUSERN AT

0 9 8 7 6 5 4 3 2 1

Fign 20a

O

£S5 ]
E % ) E
5 =5 75, :

el

T T T I T ToTTT

N

[SEUSEEITEENESHEETUINEE J1 U1

ESESVEEEUSUCEANTUEEE N RUEETETE!

[UUENEEINENERNS REINEN ]

L
oL




120

Yiec. 21la and b, Spatial distribution of the zooplankton
(above) and detritus (below) concentrations at time
t = 0.4 for an advected, phosphate limiting sea. Fig.
21la contours from 0,31 to 0.32, contour interval of
0.05., Fig 21bh contours from 0.0 to 0.012, contour

interval of 0.002.
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Tig. 22a and b, Spatial distributions of the concentration
of dissolved limiting nutrient (above) and phytoplankton
standing stock (below) at time t = 2.0 for an advected,
PO4 limiting sea. Tig. 22a contours from 0.12 to 0.54,
contour interval of 0.05. TFig. 22b contours from 0,08

to N.48, contour interval of 0.05.
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Tieg. 23a and b. Spatial distribution of the concentration
of zooplankton (gpove)and detritus (peiloy) 2t time t = 2.0
for an advected, PO4 limiting sea. Tig. 23a contours
from 0,26 to 0.23, contour interval of 0.05, TFig. 23h

contours from 0.03 to 0.03, contour 1nterval of 0,002,
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Fig, 24a and b, Spatial distribution of the concentration

of dissolved limiting nutrient (above)and phy toplankton

standing stock (below) at time t = 4.9 for an advected,

PO4 limiting sea. Tig. 24a contours from N.0G to N.69

by 0.05. Fig. 24b contours from 0.01 to 0.55, contour

9

interval of N.05.
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Tig. 25a and b. Spatial distribution of the concentration
of zooplankton (gpove)and detritus (belov) at time t = 4,
for an advected, PO4 limiting sea. Fiq. 25a contours fr
0.18 to 0.26, contour interval of N.N5, ¥ig, 25b contour

from 0.033 to 0.039, contour interval of 7,002,
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Tig., 26a and b. Spatial distribution of the concentration
of dissolved limiting nutrient (3pove) @nd phytoplankton
standing stock (below) at time t = 8.0 for an advected,
P04 limiting sea. TFig. 26a contours from 0.95 to 0,91,

contour interval .05, Fig. 26b contours from 3.0 to

0.62, contour interval of 0.05.
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FTig, 27a and b, Spatial distribution of the concentration
of zooplankton (above)and detritus (bLelow) at time t = 8.0
for an advected, PO4 limiting sea. Tig. 27a contours from
0.04 to 0.23, contour interval of 0.05., Tias, 27b contours

from 0.916 to 0.037, contour interval of 92.002,
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At time t = 4, we observe definite zonations in
the distribution and concentration of the N, P, Z, and D
components. Limiting nutrient has significantly decreased
in the euphotic zone. The upwelling of nutrient rich
bottom water i1s evident in Fig. 24a where contour lines
indicate an upward advection of water into the euphotic
zone, Fig. 24b shows the phytoplankton standing stock at
40 hours. Almost no phytoplankton exists below the
euphotic zone, except in regions of strong downwelling at
the outer boundary of the shelf. Fig. 25a depicts the
highest concentrations of zooplankton in areas where
phytoplankton are abundant. Zooplankton continues to
decrease in the aphotic zone as the phytoplankton there
are grazed to extinction.

The highest concentrations of detritus (Fig. 25b)
appear in the euphotic zone. The weakening of the
gradient below the euphotic zone is due to the gravitational
sinking of detritus.

The steady state P, Z, N, and D standing stock
values for phosphate limiting conditions as given by the
one box, biological model are

P = 0.6190

= 0.2303
P = 0.6190

Z = 0.2303

N = 0.0246
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D

0.0361

F 0.0900
These values are being approached by time t = 8 (80 hours)
in the euphotic zone (Fig. 26 - 27).

The spatial model differs from the one box system
in that the biotic components become more concentrated
in certain boxes than in others. Tach box approaches its
own steady state. The concentration of dissolved limiting
nutrients (Fig. 26a) for example is greatest in boxes
where uptake is wil and regeneration of detritus takes
place. Transport of this high concentration into adjacent
boxes 1is dependent on the direction of the circulation
pattern, The final steady state within each box is
dependent on the biological dynamics occuring within the
box, the transport into and out of the box, and the gradient
exlsting between adjacent boxes.
7.3 The Spatial Solutions for an Advected,Nitrate

Limiting Sea

The spatial model's response to variation in

V. , N

m £ K, and the S parameter was investigated by

considering the shelf region to be nitrate limited rather
than phosphate limited. The parameter values for this

1imitineg nutrient are given in 6. As solutions to eauations

than phosphate limited. The parameter values for this

limiting nutrient are given in 6. As solutions to equations
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(34) through (37) are highly dependent on the values of
these variables, we would expect different wvalues for bottk
the steady state P, Z, N, and D concentrations and their
time dependent spatial distributions.

The results are shown in Figures 28 through 29.
We begin with the same spatially homogeneous initial
values of the biological components as in the phosphate
limiting case. We observe major differences in the time
dependent solutions.

As in the phosphate limiting case, the model is
approaching steady state concentrations for P, Z, N, and D
(Fig. 28 -29) by t = 8.0 (160 hours, since Vm for the NO3
limiting situation is 0.05 hr-1l). The steady state values

given by the nonspatial biological model using the values

of X and Nt for NO, are

3
P = 0.6271
Z = 0.2340
N = 0.0124
D = 0.0365
F = 0.0900
N = 1.000
t

Compare Fig. 28b and 26b, the spatial distri- '

butions of phytoplankton at t = 8.0 for the two different
Compare Fig. 28b and 26b, the spatial distri- |

butions of phytoplankton at t = 8.0 for the two different '
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Fig. 28a and b. Spatial distribution of the concentration

of dissolved limiting nutrient(ghove) and phytoplankton

standing stock (below) at time t = 8.0 for an advected,

N03 limiting sea. Filg., 23a contours from 0.04 to 0.93,

contour interval of 0.05. ¥Fig. 28h contours from 0.0

to 0,68, contour interval of 0.05.
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Fig. 29a and b. Spatial distribution of the concentratiom
of zooplankton (above) and detritus (Lelow) at time t = 8.0
for an advected,NO3 limiting sea. Tig. 29a contours from

0.03 to 0.23, contour interval of 0.05. T¥Fig. 29b contours

from 0,017 to 0.037, contour interval of 0.002.
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nutrient limited cases. We find the phytoplankton euphotic
zone concentration is higher in the nitrate limiting case
(Fig. 28b) than in the phosphate limiting situation

(Fig. 26b). A high of 68% of Nt is found in the region of
maximum upwelling of nitrate rich waters as compared to a
high level of 62% of Nt in this region in the phosphate
case. The higher phytoplankton standing stock results

from (1) the slightly lower value of o_ , enabling the
phytoplankton to utilize smaller concentrations of dissolved
nutrient, and (2) the greater transport of nutrient rich
aphotic zone water into the euphotic zone. The increased
width of the gradient band results from an increased rate
of diffusion., The extension of the depth to which the
phytoplankton are advected below the euphotic zone at the
shelf break boundary reflects the increased effect of
advection.

A comparison of Fig. 28a and 26a, the two solutions
for the dissolved limiting nutrient concentration and
distribution at t = 8.0, shows lower N concentrations in
the euphotic zone for the nitrate limiting case. This
decrease in dissolved nutrient results from its increased

uptake by phytoplankton. Zooplankton (compare Fig. 29a

uptake by phytoplankton. Zooplankton (compare Fig. 29a
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and 27a) shows higher concentrations in a nitrate limited
euphotic zone, a result of the increased phytoplankton
standing stock. The greater effects of advection and
diffusion in the nitrate limiting sea 1is made quite evident
by the comparison of the spatial distributions of the
detritus component at t = 8.0, Fig. 29b and 27b. The
increased detritus sinking rate is reflected in the lower
depth of the euphotic-aphotic zone gradient band in Fig. 29b.
The response of the spatial model to variation in

the parameters Vm, K, N and S is complicated. Different

£
spatial distributions of the biotic components result as
advection, scaled by S, and diffusion, scaled by Vm become
important. Localities of upwelling of nutrient rich bottom
waters show greater phytoplankton and zooplankton production.
The steady state standing stcck of phytoplankton 1is

dependent on the efficiency of the nutrient uptake parameter
K. And finally, the biological turnover rate Vm specifies
the time scale of the biological processes such as growth,
death, excretion, and regeneration. These variations
collectively account for the differences in the phosphate

and nitrate spatial solutions after the same elapsed model

time.

time.



8, CRITIQUE

We have constructed a time dependent, physical-
chemical-biological spatial model of the concentration
of the biologically limriting nutrient within the lover
marine trophic levels of a continental shelf ecosysten.
A theoretical circulation pattern is employed to advect
and diffuse the phytoplankton, zooplankton, detritus,
and liwmiting nutrient dissolved in the water column.

An evaluation of the model as an approximation
of the real world is in order., The major strength
of the model is the formulation of numerous physical
and biological processes into a workable framework. A
weakness 1s the knowledge of correct expressions and
parameter values which describe the real world ecosystemn.
A sensitivity analysis indicates which of the included
processes strongly influence the system, but we have
no measure other than the realism of the solutions of
the correctness of the expressions.

Yet our model is encouraging. 2Reasonable biological
production and ecological efficiencies can be simulated
using the formulations presented. $patial distributions

of the biotic components simulate zones of hiological

T S U U 3~ A0 NN wmY v A A Tana

of the biotic components simulate zones of biological

activity on the wmesoscale (10-100 km) x-z plane.
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The limitation of the model is in simulating the
conplexity of the actual ecosystem. Species cowmposition
of the trophic levels is not specified. The food chain
is confined to primary and secondary vproducers with an
omnivorous tertiary level. The mobility of fish biomass

is neglected. Tewmperature effects on the biological

W

rates is ignored. Model solutiodons are toward stcady
state, while the real system is in constant flux. Liiore
realistic circulation patterns are required by this type
of model, as spatial distributions of the biological
components are very dependent on advection, especially
in nutrient limited seas experiencing upwvelling.

Tne predictive ability of this type of model in
locating concentrations of marine food reséurces is a
fundamental goal. A feedback between wodel theory and
field observations is essential. This feedback 1is a
major objective of the Coastal Upwelling EZcosystemn

Analysis (CUBA) program of the Kational Science Foundation-

International Decade for Ocean Exploration (¥SF-IDOL) .




9. SUMHARY

The flow of the biologically limiting nutrient
through the lower trophic levels of a marine ecosysten
has been investigated. A time dependent, spatial model
of the distribution of the biological components is
constructed which incorpcrates a theoretical circulation
pattern for the West Florida continental shelf region.

A zone of wmaximum phytoplankton and zooplankton
production is located slightly shoreward of the shelf
break at the area of maximum upwelling. The model re=-
sponse to increased upwelling is greater phytoplankton
and zooplankton standing stocks. Advection of plankton
below the euphotic zone occurs in a region of downwelling
over the shelf break.

Acceptable food chain ecological efficiencies
(approx. 20%) of zooplankton and fish production are
attained by the model. TFive times as much phytoplankton
are produced than zooplankton.

A sensitivity analysis indicates the system is
most responsive to changes in the zooplankton dynamics.
The model experiences greatest displacements from
equilibrium due to variations in the zooplankton

grazing. excretion and death parameters. Fish predation

equilibrium due to variations in the zooplankton
grazing, excretion and death parameters. Fish predation
is also very important.
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The formulation of this model has evolved a

parameter £, whose value is dependent on the biological
kinetics and organized water motion of a specific area.
This parameter scales the effects of advection and
diffusion relative to the rate of biological turnover
in deterwmining the spatial solutions. The Michaelis-~
lienton parameter Vi is shown to be a fundamental time
scale to which both physical and biological processes

can be related.



APPEIDIY 1T

OBSERVAT LONAL DATA

In an effort to gain as much information ahout
the model area as possible, Mr. Wroblewskl participated
in the EGMEX V (Eastern Gulf of Mexico Exploratdion)
program of the State University System of Florida
Institute of Oceanogranhy (SUSIO). Sampling of the
research area was performed aboard thz Tesearch Vessel
BLZLLOUS during mid November, 1971. The nortion of the
cruise applicable to this study consisted of tvro
parallel transects running due west from Tlorida's
Charlotte Marbor between 83°54' W and 84°39' ¥ longitudes
at 27°15° i latitude and between 53°257 W and 34°26" U
longitude at 26°45" I latitude (sece Tig. 2).

The water over the West Tlorida continental
shelf was sampled in depth profiles for concentrations
of chlorophyll a, nitrate-nitrite, ammonia, and water
reactive phosphate. Chlorophyll a was regarded as an
indicator of phytoplankton standinn stocl:, and the
concentrations of N03, Hu4, and PO4 wvere consldered
meaaunrements indicative of nutrient availabilitv.,

A

meaanrements indicative of nutrient availability,.

concentrations of N039 HH4, and PD), were considered
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The area sampled was assumed exveriencins slow
ubwelling affected by the presence of the Loop Current
of f the continental shelf break. Conditidns were
similar to past seasons when observations indicated
upwvelling was takineg place (Austin, 1971; BRoadanov,
1963; Collier, 1958).

Shallow stations (less than 40 meters) close
to shore showed no stratification. HHowever, a thermo-
cline cecxisting between 45 and 55 meters was found for
deeper stations over the shelf. Coastal statilons
registered Secchil disl: readings of approximately 13
meters with Secchi depths increasins seawvard. Shelf
break:stations #5 and #9 registered Secchi readings of
20 meters,

Chlorophyll a data for the tvo transects are
shown in Fig. 30 - 31. Fluorometric chlorophyll a
calculations were based on the methods given in
Strickland and Parsons (1968). TFrom the data it ap pears
the shelf area is moderately productive, with from 0.19
to 0.41 mg chlor a /m3 occuring in the euphotic zone
above the thermocline. From Stations #2 to #5 and from

#6 to #8 there appeared to be consistently higher

- - . - - — ~ v . 4 - * At Y m~mmen T A

#6 to #8 there appeared to be consistently higher

concentrations of chlorophyll a in the water samples
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TRANSECT |
STATION 4 :
& # A F F
DEPTH 5 «—— 18.0km—> 4 «— 27.8km ~—> 3<—26.2km -—> 2 <— 27.8km—>|
5 : 0.27 chior g 0.25 chilor g 0.29 chlor a 0.32 chlor a
nil P04
0.63 NHg )
0.89 NO3 0.41 chlor @ 0.415 chior g
30 nil PO4 0.23 chlor a nil POy nil PO,
0.05 NH4 nil PO4 0.29 NHgy4 0.51 NH4
1.18 NO3 nit NH4 1.39 NO3 2.05 NO3
0.68 NO3
50 0.26 chlor a
nil PO4
nil NHa 0.26 chlor a 0.60 chlor g X
1.28 NO3 nil POy4 0.54 PO4 (58:m)
0.45 NH4 0.09 NH4 n
' 1.14 NO3 6.77_NO3
0.57 chlor g
{96m) 0.51 PO4
100 .08 chlor g 0.03 PO, Xnil NH4
0.32 POg4 0.54 NH4 6.88 NO3
0.10 NHy4 2.72 NO3
6.07 NO3
0.98 PO4
150 0.19 chlor @ nil NHg .
0.42 PO4 J-89 NO3 ' UNITS
0.48 NH X
16 NO34 (160m) mg chlorophyll a/m3

jpgm atom PO4- P/I
uam olom Nge= N/I
pam atom NOz=N/I

200
x(208m)

Fig, 30 Transect 1 run from 83 25' W to 8u 26' W longitude
at 26 u5' N latitude (see Fig.2) showing the depth
profiles of the chlorophyll a and nutrient concen-

tration data collected during Noveaber,l971L,
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depth profiles of the chlorophyll a and nutrient

coencentration data collected during

STATION & TRANSECT 2
# w* . # i
DEPTH 9 «—— [6.4km —> B«—27.8km —>7<—— 29.5km —> 6
5 0.25 chlor @ 0.27 chlor o 0.25 chlor @ 0.27 chlor a
nil PQO4 nil POg4
30 1.35 NH4 0.35 NH4
0.68 NO3 I.14 NO3
0.25 chlor a 0.25 chlor a 0.19 chlor a 0.36 chlor a
nil P04 ' nil P04 nil P04 nil PO4
nil NHg nil NRg nil NHg4 0.35 NH4
50 1.29 NO3 1.16 NO3 0.31 NO3 0.92 NO3
0.74 chlor ¢
0.78 P04
(TOm)X nil NHg
0.42 chlor g 7.34 NO3
: 8.84 P04
100 0.17 chlor @ 0.30 chlor g 06 NHa
0.61 PO4 8.99 NO3
- 0.1 NH X
8.63 NO3 (100m)
.03 PO4
0.64 NH4
150 .27 NO,
Xl’
{160m) UNITS
mgq chlorophyll a/m3
1.53 PO4 m atom PO, - P/I
0.16 NHa # '
9.82 N0 pom otom NHy - N/I
200 200m) jegm otom NOy ~ N/I
o ° '
Fig. 31 Transect 2 run from 83 54' W to 84 33' ¥ longitude
at 27 15' N latitude (sece Fig.2) showing the

November,1971,
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below the thermocline. An anomaly occurred at Station #5
at a depth of 100 meters with 1.08 mg chlor a / n bedng
present. Similar anomaliles were found by Steele (1964)
and Collier (1958) who attributed the high measurements
to changes in the carbon/ chlorophyll a ratio in the
phytoplankton population. Thus chlorophyll a
measurements may be a poor indicator of phytoplankton
biomass.

On the other hand the model presented in this
study provides a mechanism whereby the phytoplankton
may be advected to this depth. The high chlorophyll
a concentrations may be an indicator of downwelling off
the shelf break.

Of particular interest is the nutrient
availability data. Phosphate, nitrate, and ammonia
determinations were performed by spectrophotometric
techniques. The method of Solorzano (1969) was used
in NH4 determinations. Water reactive phosphate was
analyzed according to the technique of Murphy and Riley
as presented in Strickland and Parsons (1968). Nitrate-
nitrite analysis followed the procedure given in .

Strickland and Parsons (19638).

e — e — o~ o _ ‘

Strickland and Parsons (1963).




152

Concentrations of PO4 were below measurable
levels (0.01 st gm atom/liter) in water samples taken
above the thermocline. Nitrate and ammonia were present
In concentrations below those gpecified as Vm concentrations
(Thomas, 1970; Thomas and Dodson, 1969). These data
indicate the shelf waters are indeed nutrient limited,
with phosphate possibly in shortest supply. Nitrate
levels are low enough for NO3 to be a possible limiting
nutrient. Shelf break stations (Fig. 30 - 31) held higher
values of PO4 (0.93 to 1.53 #Lgm atom PO,-P/liter) and NO

&
(9.82 to 11.16 A4 gm atom NOB—N/liter) at depths of 150

3

meters, which supports the spatial model assumption that
nutrient rich bottom water is available from below the
shelf break.

The model values chosen for Nt, the average amount
of limiting nutrlent in the shelf ecosystem, were based on
the total PO4—P and NOB—N concentrations reported by
Collier (1958) for the deeper waters off the shelf break.
Samples taken at 85°57' W longitude and 27°00' N latitude
showed concentrations of total phosphate increasing from
0.6 pgm atom P04—P/liter at the surface to 4.0 .. gm atom

PO,-P/liter at a depth of 2100 meters. Nitrate concentra-

4

R IR T a.v4 ) e e e T e e wman B e me = v o~ e -~ - - g = == -

PO,-P/liter at a depth of 2100 meters. Nitrate concentra-

4

tion also increased with depth from essentially zero
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concentration at the surface to 30 agm atom NO,-N/liter

3
at 2100 meters, It was assumed these highest nutrient
concentrations are approximately the total amount of
phosphate and nitrate available in these waters.

The basic difference between the spatial model
simuiations and the obgervational data may have resulted
from the time of sampling. The model's circulation pattern
assumes a homogeneous ocean, as does the spatial model
solutions. Observations were made during a stratified
sltuation. However, bathythermograph measurements taken
on SUSIO Cruise #7201 from February 2 - 11, 1972 verify
complete mixing of model area waters by late winter.

The value of the observational data lies in the
verification of nutrient limiting conditions existing in
the model region. The low observed concentrations of
phosphate and nitrate indicate these nutrients may be

limiting. The Vm’ K, N and S parameter values for

t9

these nutrients were then used in the spatial model.




APPEEDIX II

FINITE DIFFERENCE SJCHEMES

Tnis study is conccrned wigh tha quantitative

descripnstion of complicatzd time dependent »rocesses,

o

The equations predicting the steady state flow field

L

(28) - (30) end those gcverning the spatial, physical-
chemical-biological system (2L) ~ {27) have been developed
in 5. These eguations are solved numerically. The
following i1s a description of the general orocedure.

W& creatc a grid mesh by dividing the ¢ross section
of the study area (Fig. 7) into L1l by 82 rectangles in
the x and 7z directions respectively. The verticel grid
lines in the x direction are indexed by the letter
and the horizontal lines in the 2z direcwuion bw the letter

r) N,

k. Time is denoted by the index, m. Thus " = i(scat j6xiAz)
JOK ) )

1]

and similarly for the other variables. The steady

state values of the u and v velocities are found using

the over-relaxaticn technique (Issacson and Keller, 19866).
In the spatial, time dependent, physicel-chemical-

biological model, the concentration of a biotic compo -

nent such as phytoplankton is calculated by considering

the amount present in the grid box, the concentration

in adjecent hoxes, the transport into and out of the box,

the amount present in the grid box, the concentration

in adjscent boxes, the transport into and out of the box,
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and the biological dynamics occuring within the box.
Let us consider a simplified version of (34) describing
the concentration of phytoplankton, P(t ,x,z), where all

the biological terms are included in the symbol B,

NP S (@L&P

at A N a—S’—‘i‘; x W :.ZE « Yy L

3 d x4 531

1

The advection terms are written in flux form by using
the continuity equation (30). The change of the phyto-
plankton in the center of the box is dependent on the P
concentration at its nearest 4 grid neighbors. We refer
to the stencil shown in Figure 32. Notice that the
values of the u velocities are stored at grid corners,
the w velocities at the center of the grid wvalls, and
the calculated average concentrations of P, Z, D, and N
at the center of the grid box.

The time difference formulation of <the finite
difference scheme where the concentration of the biotic

component is calculated at the center of the box is:
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B —x—£
Pj,k-l
O O @)
Wi« W
ma! \ I 7 Hﬂ {’,k m
T AR =S T g
Pi-1,k Pjx J+1,k
O O
W :
j-1,k+! Jok+l1
s ———f]
Uj-1,k+l Uj k+l
Pj k+1
@) O
%% 'ff 1

Fig. 32 Stencil showing the grid point location of
the u (squares) and w (crosses) velocities and the
biotic component P (circles) concentration used 1in
integrating the spatial, physical-chemical~-biological
model, The vertical grid lines in the x diraction are
indexed by the letter j and the hovizontal lines

in the z direction by the letter k,

in the z direction by the letter k,
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where the advective terms, are defined as

k- \(ble*ru\\k*;\(’er +?\,k>
\/

- 1
;;1
Ty

xf

-

(.u-'j,l)k'f\.*,:\-l)k-t\)( Pj“‘))\ + 3,

and

=F _ T |
| w P jj)k = L Wik (P P) = ke (Pt )|

3

The advective scheme is a quadratic conservative finite

difference method recommended by Grammeltvedt (1969).

.o . - - ' I T - 1 ' - R A

difference method recommended by Grammeltvedt (1969).

The time dependent, spatial phytoplankton dynamics
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represented by the symbol B may be defined as

ot -t ~Aany—l -l ) oy A
= + N - By
ik - (Pix N ) /(e Ny 3ok
r . RGN |
-€Zl}~exp(-pr‘hk )!Zq,k
- (D,h—‘ © A Tl Lo T ) Ao - AJ |
| aaecs e ) |

When advection and diffusion are neglected this reduces

to the common Euler method.

The maximum time step allowed by linear computat- I

ional stability is difficult to determine exactly for
this complicated model. However necessary conditions

for stability are

AR . - .
At < V3 U\an:;x ) %mu)( - t"v"w;a ]b bk%
2Kk, my ’
A A
At P , _ :
VZ T o ) Wimax = W¥A¥ lb uf‘
A)k‘\’\r")
i (Oax)* . (a2 )2
AT < RN ; At <« (a3)
S 15 8\>U‘
At <’(‘%L— o At < sy
S Ay 3\))/_._

In this model the advective criteria are the more stringent.




APPLuDIX ITII

LISYT OF £8Y!IBOLS

An constant horizontal eddy viscosity, cm® sec—?
iy constant vertical eddy viscosity, cn? sec™t
b? width of the continental shelf, kmn

B coefficient of phytoplankton extracellular

release, hr~™

C typical horizontal water velocity, cn sec~l

df average depth of the continental shelf waters, .

dp natural death coefficient of zooplankton, nrt

dp constant defining the rate of zooplankton grazing
with phytoplankton concentration, conc .1

D detritus conponent, conc.

Ep c0effiiienﬁ of zooplankton grazing on detritus,
conc. hr .

Ly, maximuin zooplankton phytoplankton-dependent

grazing coefficient, hr 1

B(z) nondinensional phytosynthesis-depth function
f Coriolis parameter, sec~1

Ir pelagic fish couponent, conc.

& acceleration of gravity, cm sec™?

H fish excretion coefficient, nr~ L

J finite differencing index in the x direction
4 finite differcencing index in the z direction
J finite differencing index in the x direction
hid finite differcencing index in the z direction
he Michaelis-lienton constant, conc.
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coefficient of bacterial decowmposition rate of
detritus, ur~

biologically limiting nutrient conponent., conc.
average total amount of limiting nutrient on the
continental shelf, amrongst all biotic comnponents,
conc.

phytoplankton component, conc.

concentration of phytoplankton at which zooplankton
grazing begins, conc.

average duily amount of the liwmiting nutrient
srazed by one zooplankton, conc. day“l zooplankter

~ -w-]4
Rossby nuwmber, Ky, = C (Ap )72
nondiwensional paraweter which categorizes the
iuportance of advection and disorganized water
wotion in determining the spatial distributions

of the biotic components,

5 = c

. 2

vy, (An/f)%
tiwe, hr.
tine increment in the numerical integration
x directed component of vater velocity, cm sec
y directed component of wvater velocity, cn secml
waximun rate of limitiang nutrient uptake by
phytoplanktoni doubling rate of phytoplankton per
24 hours, hLr”

vertical component of vater velocity, cm sec

avera e sinking velocily of detritus, cm sec

vertical cowmponent of water velocity, cm sec

averagse sinking velociby of detritus, cm sec

1
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Az
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x',y',2" tangent plane Cartesian coordinate; x positive

eastward; y positive northward; z positive

J

uwpward, cu,.
horizontal grid increrent
vertical grid increnent
zooplankton couponent, conc.
average number of zooplankton per unit volume
zooplankton excretion coefficient, conc.-1

the deviation of the sea surface from nean sea
level, cm.

fish gillraker efficiency coefficient, percent

Lorizontal eddy diffusivity, ci? sec !

vertical eddy diffusivity, cn? sec”l

fish grazing coefficient hy, "1

. Al -
streamfunction, cun”~ sec. 1

one day, hr.
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