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Fig. 2
conceptual model.
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of observations: ‘ i
At AE> h/4x (4) i

where A¢ is the uncertainty in time and AE in energy. If we use all the
energy that earth has recetved during its lifetime of 4.5 billion years we get:

173 X 10" X 4.5 X 107 X 365.3 X 24 X 3600 = 2.5 X 10™ J (5)

At would therefore be in fthe order of 10~%7 5. Consequently, an observation
will take 107% s even if fwe use all the energy which has been available on
earth as-A.E, which musfitie considered the most extreme case. The number

of observations during the Kfetime of the earth would therefore be:

4.5 10° X 365.3 X 24 X 3600,/10"5 = 1.5 x 10% ' (6)
This implies that we can replace 10* in equation (2) with 10 since:

1077 /15 x 10% =105

If we use Ax =1 in equation (2) we get:

{371 = 10% (7) |
or l ,

n = 240
-

From these very theoretical considerations, it is clear that we shall never
get a sufficient number of observations to be able to describe even one
ecosystem in detail. These results are completely in accordance with Niels
BOHR, who expressed it as follows: “It is not possible to make an unambigu- :
ous picture (model) of reality, as the uncertainty limits our knowledge”. The i
uncertainty in nuclear physics is caused by the inevitable influence of the ;
observer on the atomic particles, and in ecology it is caused by the enormous
complexity and variability.
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GROWTH RATE, doublings/day

Effects of Nutrients 39
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Fig 15 A and B. Temperature response of phytoplankton growth rate. (A) Measurements of
maximum specific growth rate in doublings per day for laboratory cultures largely in
continuous light (Epply, 1972). Solid line: hypothetical maximum Eq. (7) used in most
simulations-Dashed Tiné : usefliip.some runs of the model to represent a second, warm-water
species-group. (B) Observatidiis yoff specific growth rates for five species of uniocl!ular‘algae
demonstrating patterns of i optima which underlie the hypothetical maximum
- (Eppley, 1972)
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Fig. 16 A and B. Hyperbolic response of phytopiankton growth to a limiting nutrient. The
hall-saturation constants (K,) are-defined as the concentration at which growth is one-half
the maximum. When growth is normalized to a maximum of 1.0, conclusions about the
relative competitive advantagcff species may be unwarranted, Species 1, with the lower K,
appears totally dominant in thé normalized representation (A). Consideration of the actual
growth rates, however, reveals that species 2 grows faster at nutrient levels above 3ug-at/1(B)
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Fig. 17. Theoretical formulation for the instantaneous photosynthesis-light response: of
phytoplankton (Steele, 1962). The normalized Eq. (12) predicts growth relative to the
maximum as a function of the ratio of the incident and the optimum light intensity, I/I ..
Some experimental observations demonstrate a plateau with little orno high light inhibition.
In such cases, another measure of light response may be used, with I, defined as the
intersection of the initial siope of the hyperbola with the maximum growth rate

1974, 1974a) and some rather complicated formulations have emerged in order to
provide flexibility in curve-fitting the variable degree of high-level inhibition that is
observed. Recent work has also produced theoretical analyses suggesting more
fundamental expressions of the photosynthetic response to light quanta (Bannister,
1974). The equation proposed by[Steele (1962 _remains one of the more simple and
remarkably versatile :

G=G,, ¥ LRI/ (11)
Lo
or
G/G = I_I_e(l —IfIopd) . (12)

opt
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T

where: P = phytoplankton biomass, mg C/¢
u = instantaneous daily growth rate, per day

2. % = ugey‘(Light Limttation) ' (Temperature Limitation)*(Nutrient Limitation)

where: lge, = maximum dafly growth rate, per day

3. Light limitacion = .E—- exp(l - fllopc) -r (1 +71)
pt

vhere: . Tg (1 - e~Cz)

T = mesn light in the water column, calculated from T = =
z

T, = swersge visible light at the surface, which may be taken directly
from field wessurements or obtained by multiplying an estimate of
-ruFAT 1nclddn solar radiatfon (Ly/day) by 0.85 to correct for
reflectionfisisl by 0.45 to eliminate long-vave radistion.

C = diffuse attitiustion coefficient (or extinction coefficient), per
meter’ il

z = thickness of;:jpe water layer, m

Iope = _:l.ﬁt}t ﬂi&_;w it at which phytoplankton growth is anxinue, Ly/day
- = Tathbrrectinn factor allowing for a negative change in biomass at

RREIG

vexy Lew light levels, T < 0.0l ILype

4. Temperature limitation =
PKi‘T
e
PK1-Tpay
e X

where: PIX1 = glope of the growth rate as an exponential function of
temperature, 9C”
T = water temperature, per °C
Tpex = Waximum water temperature, °C

[NE4 + NO3] (PO4] [s1(0H)4]
5. Nutrient limitation = or or
PEN + [NHgi+ NOi) PKP + [PO4] PKS1 +[SL(0H)4]

where: The lowest of these three values is used
[ | = concentration of smmonium and nitrate, phosphate, or silicate in
the water, umol/t™ ‘

PKP, PXP, PKSi = half saturation constant for each nutrient; the concen—
tration at which growth is reduced to half the maximum

6. G = Fg + Fg

where: Fg = ingestion by filter feeding zooplankton, mg c/d
F. = ingestion by ciliates, mg C/d

7. M =m-P

where: m = a fractional dailqy death rate
P = phytoplankton bilomase

8. A = advective exchanges according to the physical circulatioum model



II. MACROPHYTES (Posidonia)
. e M\'—'

d{CHO-C)
dt

max

Iz
CHNOP - TR

T
——— G‘X-P( 1-T/‘1'°Pt)
Topt ¥ Iz

g,  CHNOPC _ yp - M - kg (CHNOP-C)

3.

it

TR = 0.022 (CHNOP)

where: CH0—C
Poax

T

Io!:

Rp1

CHNOP
CHNOP-C
TR

M

kg

1II.  ZOOPLANKTON :

1.

dZ
—_— = Z(F - R) -
it ¢ )

where:

DaomeEmN

T

opt

standing crop of Posidonia carbohydrate, g c/m?

the weight specific maximua carbon fixation rate of Posldonia,
g C/g C/d -
bottom water tempersture, °C

the optimum temperature for Posidonis photosynthesis, oC
vistble light reaching the bottom, Ly/d

visible light intensity at which Posidonia photosynthesis is
half the maximum, ly/d .

the standing crop of Posidonia tissue, gdw/m?2

the standing crop of Posidonia tissue carbon, g C/m?

the input of carbon from carbohydrate storage, g C/m/d

0.85 (CHNOP-C) on day 270, g C/m?

fractional daily loss to the detrital pool, per day on days
L-270.

-0

zooplankton biomass, mg C/t

feeding rate, weight specific per day
respiration rate, weight specific per day
unassimilated food, weight specific per day
mortality, weight specific per day

F = Faey (Food Limitation)(Temperature Limitation)

where: r
Taax

Food Limitation
and k¢

Temperature Limitation =

R = rg exp(k,T)

where: Ty
ky
T
U = Fex
where: X
D = 2Z*y
where: D
Yy

feeding rate

maximum feeding rate, wg C/mg C/d

Food Conceuntration, mg C/f

kg + Food Coucentratiom

Food Concentration at which feeding is half the maximum

‘xP(I'T/Topt)
opt .

respiratory rate at 0°C, wg C/ug C/d

slope of the curve describing respiration as a function of
water tempetature, per °C

water temperature, °C

the fraction of ingested food which Is not assimilated

mortality
the fraction of zooplankton biomass consumed by larger
predators, per day

14



IV. DEAD ORGANIC MATTER

5.

6.

d(M) _j-x-s+ETA

dt

where: M is dissclved and dead particulate organic matter, mg c/t

J =M +U+D/z

1s the input of organic detritus to the water
mortality of phytoplankton, mg C/t/d
zooplankton feces, mb C//d

Posidonia detritus, kd(CHNOP), g C/m/d
depth, m

X = (X, ekxT)-(a)

where:

X
Xo
ky

E = inputs

the decomposition of organic detritus

the detrital decomposition rate at 0°C

the slope of the detrital decomposition rate as a function of
temperature, per °C

the loas by sinking, mg C/d
sinking rate, m/g
depth, m

from all external sources

A = advective exchanges

I V. SEDIMENT ORGANIC MATTER I

1.

45
dt

= J' =X

where: § = standing crop of sediment organic matter, g c/u?
X' = the decomposition of organic detritus on the bottom, g c/m?/d
J' = input of organic detritus to the bottom, g c/ml/d

and J' =M + sz

where: M
s
z

Xt = (X', ekxT)s

the input of Posidonia leaves on day 270, g c/m2/d
sinking of dead organic matter from the water column, ng c/eid
depth, m

where: X°' = normalized decomposition rate of sediment organic matter at 09C,

per day

k, = slope of the sediment organic matter decomposition rate as a

V1. NUTRIENTS

(oo

function of temperature, per °C

L]
1. EEEQ = 12.6 (Rz + X + E_ - 4P - EE) -N+EZTA
Z

dc

where: NHy

12.

Rz
X
z
xt
dP
M

1 R U3

4

concentration of ammonia in water, umol/L/d

converts stoichiometrically from mg ¢/ to ymol NH4/%L
zooplankton respiration rate mg c/e/d

decomposition of @, mg c/efd

depth, m

decomposition of sediment organic matter, g c/m?/d
phytoplankton growth mg c/e/d

Posidonla growth, d CHNO/dt, g c/ml/d

15



N = oxidation of NH; to NOj3, calculated by N = exp (kox'T)
where N, = oxidation rate at 0°C, WM/uM/d
kgx = slope of the curve expressing the oxidation rate as a function of
temperature, per °C
T = water temperature, °C
E = externsl inputs, umol/t/d
A = advective transport, umol/t/d

&
dNO3 _ v 4 g £ A - 12.6(dP + 3,
dt z

where: N = oxidation of NH4, wM/t/d
Note: other terms are defined as in Eq. (VI 1).

1]
4P04 L o Rz + X+ -ap - T e ta

dt z z

where: 0.8 converts stoichiometrically from mg C/f to umol PO,/
other terms are defined as ia Eq. (VI iy

, .
d S1(08)4 _ 14,6 (x_.-dyd)-a-gi-a
dt _ z

where: 16.6 converts stoichiometrically from mg C/L to pmol S1(OR)4/2
dPq = the growth rate of diatoms, umg c/e/d B
other terms are defined as -in Eq. (VI 1).

*NO3 uptake only if NHy drops below 0.5 um

1 PHYTOPLANKTON

(2)
&)

(4)

(5)

(6)
€)

MoDBL PARAMETERS
-h4f‘\a'\u!\.nln-----ndiuf--- |

Vmax = ©-3/d for diatoms and for other phytoplankton in summer and winter

r = 0.028, 8o growth = 0 at 1X I

C = baseline value, ol = summer  winter

’ coastal 0.27 0.13
offshore 0002 0-03
must be corrected for increase due to phytoplankton Chl a (see text)
Iopt ™ 50% of viasible light penetrating the water surface
1 1ight incident on the surface as a forcing function
PK1 = 0.05/9C for diatoms
= (.06/°C for other phytoplankton

Tmax = 269C for both

T = water temperature as a forcing function

PXN = 1.0 M for diatoms

0.5 yM for other phytoplankton
PKP = 0.1 M for diatoms

= (.05 M for other phytoplankton
PKSL = 1.3 M for diatoms, mot considered for other phytoplankton
All terms are simulated

m = unspecified, i.e., mo data available

IT MACROPHYTES (POSIDONIA)

(1)

Paax = 0.022/d (value quite uncertain)
TOPC - 20°C

16



II1

iv

Vi

(2) Rp1

c

z

)] TOE;
ZOOPLANKTON

( 2) Fmax

kf

Topt

(1) o

kp

(4) x

(5) b4

135 Ly/d
see eq. I (3)
total depth

209¢C
0.016/d (value quite uncertain)

0.5 mg C/mg C/d (filter feeders)
1.0 mg C/mg C/d (ciliates)
0.75 mg C/mg C/d (carnivorous zooplankton)

0.050 mg C/L (filter feeders)
0.075 mg C/t (ciliates)
0.0002 mg C/t (carnivorcus zooplankton)}

26°C gummer, all groups
159C winter, all groups

0.034 mg C/mg C/d¢ (filter feeders)}
0.040 mg C/mg C/d (ciliates)
0.017 mg C/mg C/d (carnivorous zooplankton)

0.10/9C (filter feeders)
0.110/°C (ciliates)
0.069/°C (carnivorous zooplankton)

0.12 (filter feeders)
0.20 {(ciliates)
0.10 (carnivorous zooplanktoa)

unspecified, i.e., no data available

DEAD ORGANIC MATTER

(3 = 0.5 mg C/mg C/d
K, = 0.069/°C
(® 0 = 0.3 n/d

SEDIMENT CRGANIC MATTER

(2) M

(3 X'y

NUTRIENTS

(H No
Eox

0.85 CHNOP on day 270, g C/m?

0.02 mg C/mg C/d

0.03 wM/uM/d
0.069/°C

17
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Let
Qe= Ry (1.17)

I, =Y (1.18)

and let ¢, denote the mean migration veiocity, eq.1.14 gives:

(1.19)
The roles of the different terms of eq. 1.19 are easily identified:
V rou represents the advection by the mean motion. It introduces a
coupling with the mechanical variables.
Qq represents the local inputs and outputs from the exterior world.

(Dumpmgs are in particular inciuded in @,.) @, must be given
before the model can be operated.

I, represents the chemical, biochemical and ecological interac-
tions. I, introduces a coupling between the state variables. Fo
and interacting state variables rg, r., ete.

—V-rra@, represents the rmigration. The migration velocities are usually

"~ expressed in semi-empirical form inferred from observations,
and theoretical reflections on the ecological, chemical and
physical properties of the compartments (living species, floccu-
lated suspensions, hydrated combinations, etc.). &, may be re-
garded as a control parameter.

D, represents the molecular and turbulent dispersion. @, is ex-
pressed in terms of the mean concentration r, by semi-empirical

%

Dlspeﬁ'on"bu

\f\‘-e

Mlgrﬂ.llon
-Vorgd,

Fig. “1.8. Schematic diagram of the mechanisms affecting the evolution in time of the
state variable r,.
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Nl
GNO, _ ¢uNO; cwiNO, N K,e*NO, V.NO,P,
ét &x &z éy* K, + NO,
where V. = (0.11 — 0.02 NH,) sin 0.2618¢
Recycled nitrogen:

GNH, _ _ZuNH, G&wNH, K,&’NH, V.NH,P,

& dx 5z éy° K, + NH,
GAP, — Po)Z. GAP. — PJF,
+ 067) P, + (P, — Po) +(067) P, +(P,—P)

where ¥, = 0.11 sin 0.2618¢.

Phosphate:
PO, - ouPOQ, _ owPO, + K,3*PO, _ V,(PO,)(0.067P,)
dt dx dz ay? K, + PO,
GAP. — Po)Z, GAP, - PJF,
+ 0.1 """ . e R
O gy T OB s - Pl
where ¥V, = 0.11 sin 0.2618t.
SlllCdlC
GSiO: _ 6uSiO, _ wSi0, + K,3%8i0, _ V{Si0)(0.67F,)
a ax dz ay* K, + Si0O,
where V, = 0.11 sin 0.2618¢.
Phytoplankton carbon:
a_I_’ﬁ o duP, _ dwP, + K,&’P, _ GP. — 5Po}5Z.)
at ax dz ay* 5P, + (P. + 5Py)
_ GAP. — 5P.)(5F) V.{exp [1 — (I/1)] — exp [1 + (L/IJIHP)
5P; + (P.— 5Py} rz
where I, = I, (0.1309 sin 0.26181)
I, = I e ™
- r=004 + 0.0021P, + 0.021(P)* -67
Phytoplankton nitrogen:
P, uP, OowP, K,3#*P, G(P,— Po)Z,
= — p— + —_—
Bt ax dz dy? P, + (P, — Pg)
GAP, — PF,
R A e 2
P+, —P)
where ¥ is the minimum of °
¥, NO, + V.NH, = VSO, | V,PO, . V.U,
K, +NO, K + NH, K, + Si0, X, + PO K, + 1,

with I, = I,e™ "
j=70 16 + 0.0053P, + 0.039(P,)%¢7
Zooplankton nitrogen:

% (100 - 067 — 013 - 0.20) GPa = PolZn

Pl + (Pu - PO)
where G, = 0.03 cos (0.2618¢ + 1.571) ifz<30m
= 0.03 sin 0.2618¢ ifz>30m
Nekton nitrogen:
oF, GAP,— PJF,
0.13 - 0200 L——"—
a ) Pr+ (P,— PJ)

where G, = 0.008 cos (0.2618 + 1.571) ifz<30m

= 0.008 sin 0.2613¢ ifz>30m

Detrital nitrogen:

oD, _ _@uD, WDy ., GilPa— POZ.
af ax az ‘Pt+(Pu—P0)
- éD,
4 02 SAP = PIE, c

P,+(,~P) oz
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Fig. 5 Narragansett Bay, Rhode Island, and its location on the New England coastline.

Heavy dots : stations sampled over an annual cycle to collect zooplankton, phytoplankton,

and nutrient data for comparison with model simulations. The eight spatial elements or
ecological subsystems of the bay were coupled by a hydrodynamic mixing model
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