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ABSTRACT

An ecosystem model was developed for size-
structured phytoplankton dynamics of coastal
bay. State variables of the model include major
inorganic nutrients (NO: +NOs, NHs*, PO+,
Si), size classes of phytoplankton (microphyto-
(>20um),
(<20um), two classes of zooplankton (mesozoo-

plankton nanophytoplankton
plankton, microzooplankton), and organic mat-
ters (POC, DOC). The iconographic interface of
STELLA model was used to facilitate construc-
tion of the dynamic ecosystem model. The
ecosystem model was integrated with STELLA
7.0 using a 4" order Runge-Kutta method (a nu-
merical variable time step). The developed
method suggested that the dynamical model
using STELLA software can be useful to study
phytoplankton dynamics in the pelagic coastal
ecosystem.

Keywords. Ecosystem model, Phytoplank-
ton, Zooplankton, STELLA.

1. Introduction

In microbial food web, the different sized
phytoplankton can be affected differently by nu-
trient uptakes and light utilization as well as
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grazing in water column (Sin et al., 2000; Varela
et al., 2005; Kriest and Oschlies, 2007; Chen et
al., 2008). The growth of each phytoplankton
size class is also different depending on seasons
(Wilkerson et al., 2006; Marquis et al., 2007,
Garcia et al., 2008; Weston et al., 2008).

In estuaries, the variability of plankton is as-
sociated with complex physical forcing includ-
ing deterministic (tides), stochastic (wind,
turbulence) components and nutrient enrich-
ments (Allen et al., 2008; Lee et al., 2008; Pan-
nard et al. 2008; Valliéres et al., 2008). A better
understanding of estuarine ecosystems becomes
a key issue in environmental research for coastal
waters as well as freshwater environments. Dy-
namical model is a useful tool for understanding
plankton in estuarine coastal ecosystem (Flynn,
2005; Dube and Jayaraman, 2008; Rogachev et
al., 2008). Size-structured phytoplankton dy-
namics were incorporated in estuarine coastal
ecosystem model developed by Sin and Wetzel
(2002).

The spring blooms were observed by many
studies in coastal estuaries, major mechanisms
of spring bloom included (1) high number of ger-
minable diatoms in sediment during spring
(Hansen and Josefson, 2003), (2) germination at
the surface forced from resuspension of the sed-
iment during winter mixing of the water column
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(Ishikawa and Furuya, 2004).

STELLA was developed as tool for ecologi-
cal and economic system modeling (Costanza et
al., 1998; Costanza and Gottlieb, 1998; Costanza
and Voinov, 2001). STELLA was also applied
for germination and vertical transport of cyst
forming dinoflagellate model by Anderson
(1998) and reservoir plankton system model by
Angelini and Petrere (2000).

2. Methodologies

2.1 Model description

The ecosystem model includes 10 state vari-
ables (Fig. 1) nano- (< 20 pm), net- (> 20 um)
phytoplankton; microzooplankton (> 200 pum
and < 330 um), mesozooplankton (>330 um);
nutrients NO> +NOs", NH4*, PO4* dissolved Si,
and non-living organic materials, DOC and
POC. Large and small phytoplankton are differ-
entiated in their ability for nutrients, light limi-
tations, temperature dependent metabolism and
assimilation rate. Germination of netphyto-
plankton was considered together with wind
forcing effect.

Fig. 1. The general scheme describing model
structure for plankton in estuaries

The grazer variables were differentiated by
the size structure of potential prey, as well as
their half-saturation foods and assimilation rates
(at 10°C) and affected by temperature response
factor. POC, DOC were released from phyto-
plankton accumulation and zooplankton excre-
tion and mortality. Nutrients were enriched by
bacterial degradation of organic matter and

grazer excretion. The ecosystem model was in-
tegrated with STELLA 7.0 using the function (a
numerical variable time step differential equa-
tion solver using a 4™ order Runge-Kutta
method).

2.2 Mathematical structure of biological
and chemical processes

Producers

Phytoplankton biomass (Phy) is determined
by growth rate, germination rate (netphyto-
plankton), respiration rate, mortality rate and
grazing rate (Tables 1-2).

Phytoplankton growth, Gr (Eq. 1) can be af-
fected by assimilation rate at 10°C (ass), tem-
perature response factor (), light limitation (fi)
and nutrient limitation (fzu) and phytoplankton
biomass (Phy) for each size-structure.

G, =ass-t-f, -f, -Phy e

Temperature response factor () was pre-
sented by Blackford et al. (2004)

2

Light limitation (fv) in Eq. 3 (DiToro et al.,
1971) is determined by f, kq, z, I, Lo, where f is
the photo-period, kd is light attenuation coeffi-
cient (m™), z is the depth (m), and In and I, are
incident average and optimal light (E m?2 d!), re-
spectively. Light attenuation (k) was measured
over the annual cycle. Daily kq values were in-
terpolated based on the field data.

A (Temp-10)/10) ((Temp—30)/4)
T= Q10 - QIO

Table 1. Symbol and unit for state variables

Variables Symbol  Unit
Nanophytoplankton NP gCm?
Netphytoplankton MP gCm?®
Microzooplankton Z1 gCm?
Mesozooplankton 72 gCm?
Particulate organic POC gCm?
carbon
Dissolved organic DOC gCm?
carbon
Ammonium N1 uM
Nitritetnitrate N2 uM
Orthophosphate P v
Silicate Si uM
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Table 2. Differential equations employed for 10
state variables

No. Variable

1 Nanophytoplankton

dNP

T:GP_RP_MP_p.GZ
2 Netphytoplankton

dMP

T:GP+GGM -Rp-M, -p-G;
3 Microzooplankton

dz1

=G ReM,E L,

4 Mesozooplankton
dz2
dt =G,-R,-M,-E,-L,
5 Particulate organic carbon
dPOC
e fr, 2 By +fy, - > M, +1,, - > M, =POC 1, ,
6 Dissolved organic carbon
dDOC
dt
7  Ammonium
% =(DOC 14 + > E, )/ reoy — (Nitrif + > Gy )/ 1o
8  Nitritet+nitrate

=kg, Y E, +ky, Y M, +ky - Y M, +POC 1, , ~-DOC-1y,,

N2
e Nitrif + NOypy, = (3G )/ Ty = Lot

9  Ortho-phosphate

dpP

I=(DOC<rdcg+2EZ)/rC:P—(ZGP)/rC:,,—LPB
10 Silicate

d

S :(POC»rM +ZEL +ZMP)‘ds. e ’(ZGP)/'('S.

i kaz I
exf 1, 1 3)

f, = e —-e

kyxz

Monod (1942) model is applied for nutrient
limitation fzu (Eq. 4). The half-saturation con-
stant (Kn) for nitrogen based on mean cell size
(biovolume, um3) is used Moloney and Field
(1991) equations (Eq. 5). The half-saturation
constant (Kr) for phosphorus is determined by
dividing Kx by the N:P ratio (Eq. 5).

N P Si @)
N+K, P+K, Si+Kj

f =MIN[

where Kx, Kp, Ksiare half-saturation constant
of nutrients.

K, =2M"** K, = By (%)

I‘N:P

Gowm is germination enhancement incorpo-
rated for netphytoplankton. Germination is as-
sumed by the maximum germination rate, wind
mixing factor and germination potential over an-
nual cycle in Eq. 6.

Gou =Ty " W, " Pem (6)

where 1gm is the maximum germination rate,

W is wind mixing factor and pgm is germina-
tion potential (ranging from 0% to 100%).

Respiration of each size class is shown in (Eq.
7) by Blackford et al. (2004).

Ry =t T Phy +(G, ~ (G, (£, +(1-2y)-(1-£,) 1) (7)

where For is basal respiration of phytoplank-
ton, fex 18 exudation under nutrient stress, an is
nutrient limitation factor, r.r is activity respira-
tion.

M, =1, - Phy (8)

Phytoplankton mortality is described by Eq. 8

G =p-G
i p z (9)
where is mortality rate of phytoplankton

Loss of phytoplankton by grazer (Gi) is Eq. 9

where p is parameters describing the relative
prey availability for each consumer, (Gz) is graz-
ing by zooplankton.

Consumers

The zooplankton community including meso-
zooplankton, microzooplankton is considered.
The consumer productions (Z) are determined by
grazing, respiration, mortality, egestion and loss
by predation (Tables 1-2).

Grazing of zooplankton is the uptake food
from producers applied ERSEM model (Black-
ford et al., 2004) equation and described in Eq.
10.

(10)

G, =1, xtxE, xZ

lim

where 1z is zooplankton assimilation rate at
10°C( 7 )is temperature response factor, Z is zoo-
plankton biomass, £y, is food limitation for
grazers and described as

(11)

lim
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where Kris half saturate food concentration.

2 E
£, =Y pE -—~Z— (12
i l;p ‘ FZ CminF ( Xlz)
where p is parameters of the relative prey for
each consumer (described in Eq. 9), Fz is bio-
mass for each consumer, Cninr 1S lower threshold
for feeding.
Respiration of zooplankton (Rz) is shown in
Eq. 13.

R, =1, T Z+Gz-(1—eff)-(1-f, ) (13)

where g, eff,, f. tA3RDasakrespira-
tion rate, efficiency of assimilation, fraction of
excretion.

Mortality of zooplankton (MZ) is related to
mortality rate (mz) and biomass of each zoo-
plankton (Z) (Eq. 14).

(14)

where 7 is mortality rate of zooplankton.

Zooplankton excretion is related to grazing
(G2), efficiency of assimilation ( ) and fraction
of excretion fo. MNEGL18.

M, =m,-Z

E,=Gz-(1-eff ) -f_. (15)
LZ is loss of zooplankton by predation
L,=p,-Z (16)

where p; is loss rate of each zooplankton by
predation, Z is zooplankton biomass.

Organic matter

Particulate organic matter (POC) was ex-
pressed by supporting processes (POCsyp), (Eq.
17) and hydrolysis process (POCuya), (Eq. 18).

POC,, =fp, - D E,+f,,- > M, +f,,- > M, (17)

where fg; is fraction zooplankton excretion
(Ez) in POC; fu, is fraction zooplankton mortal-
ity (Mz) in POC; fu, is fraction phytoplankton

mortality (Mp) in POC.
POC,, =POC 1, (18)

where 7, is hydrolysis rate of POC.
Dissolved organic matter (DOC) was ex-

pressed by supporting processes (DOCsyp) (Eq.
19) and degradation process (DOCqe) (Eq. 20).

DOC,, =k;,- Y E, +ky,- Y M, +k, - Y M, +PoC,, (19)

where kg is fraction zooplankton excretion
(Ez) in DOC; ks fraction zooplankton mortal-
ity (Mz) in DOC; kwp is fraction phytoplankton
mortality (Mp) in DOC.

DOC,, =DOC 1,  (20§20)

deg

where 7aeg is degradation rate by heterotrophic
bacteria.

Ambient Nutrients

Ammonium

Ambient ammonium was released by het-
erotrophic processes [NH 4*]umggq. 21) and up-
take by nitrification process and phytoplankton
growth [NHf]upmke (89)22).

[NH, "] =(DOCy, + Y E,) /1y 121)

[NH;JUM = (Nitrif + >"G, ) /1o (2292)

where re is ratio carbon and nitrogen in bio-
mass.

Nitrification process

The excretion processes produce ammonium
and nitrification process converts ammonium to
nitrite + nitrate (Jaworski et al., 1972).

Nitrif =[NH,"]-e*"™ (23) (23)

k, =k, x0“™ 24)  (24)

where K, is nitrification rate at 20°C, 0 is
constant (1.188) for temperature adjustment of
the nitrification rate.

Nitrite and nitrate

Ambient nitrite + nitrate was supplied by
nitrification and freshwater input process,

[NOZ’ + NO,” ln (BY. 25) and uptake of phyto-

plankton, [ NO,” + NO;,” ]uptake 0y 27).

[NO,” +NO;™ | =Nitrif +NO,,, (235)
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where NOFrw is nitrite+nitrate input from resh-
water through embankments (Eq. 26).

NOy,, =ey, "TN; -pery, - (1-Sal,,)  (26)

where en: is efficiency for nitrite+nitrate
input, TNr is concentration of TN in freshwater
input, per N2 is percentage of nitrite+nitrate in
freshwater TN, Salir is salinity decrease factor.

[NO, +NO; | =(3Gy)/ron +Lyy, (@77

uptake
Ly = I:Noz_ +NO3_:| Ty, (28)(28)

where Lnow is loss of nitrite + nitrate by bac-
terial uptake, rc:nis ratio carbon and nitrogen in
biomass, oL is loss rate of nitrite + nitrate by
bacterial uptake.

Ortho-phosphate

Ortho-phosphate was related to processes
such as excretion of zooplankton (Ez) and
bacterial degradation from DOC (DOClc)

[P043fln (23q. 29) and phytoplankton uptake

(GP)is [po;] (B 30).

uptake

I:PO437:|1H - (Docdeg +ZEZ)/rC:P (439)
I:PO437:|uptake - (ZGP)/ Iep +LPB (3030)

Ly = [PO43_] oy, (B GD

where Lpp is loss of orthophosphate by bacte-
rial uptake; reL is loss rate of bacterial or-
thophosphate uptake; rcp is ratio carbon and
phosphorus in biomass.

Silicate

Silicate was obtained by POC hydrolysis
(POChya), excretion of zooplankton (Ez), mortal-
ity of phytoplankton (Me) in [DS,]. (§Bq. 32)
and it was uptake by phytoplankton growth (Gp)

[DS] e @8N, 33).

where ds; is dissolved S; parameter from or-
ganic matter lysis.

[DS,], 0 =(22Ge)/1es 33) 33)

where rc:si 1s ratio carbon and silic in biomass.

3. Results

3.1 Environmental change effect and pre-
dictions of model

Effects of temperature, attenuation coefficient
and germination potential to size classes of phy-
toplankton by sensitivity analysis were observed
in Fig. 2 to Fig. 6. The increase of temperature
affected netphytoplankton in late spring. The in-
crease enhanced nanophytoplankton in early
spring and decreased them in late spring (Fig. 2).
The change of attenuation coefficient (+10%)
did not affect netphytoplankton, however
nanophytoplankton were declined and total chl
a decreased (Fig. 3).
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Germination potential has positive effect on
netphytoplankton in cold season (winter and
early spring) and total chl a concentration was
increased during spring. Nanophytoplankton in-
creased during late spring by enhancing germi-
nation potential (Fig. 4). P enrichment
contributed to increase of nanophytoplankton as
well as total chl a (Fig. 5). However, the combi-
nation of temperature (+ 1°C) attenuation coeffi-
cient (+10%) and P (+10%) reduced
nanophytoplankton and enhanced netphyto-
plankton during late spring (Fig. 6).
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Fig. 3. Effect of attenuation coefficient
change to total chlorophyll a, net- and
nanophyto lankton

The annual mean percentage changes of state
variables by changing environmental parameters
were shown in Table 3. Nanophytoplankton
were decreased with increase of temperature and
attenuation coefficient. Netphytoplankton and
nanophytoplankton were enhanced by increase
of germination (Table 4). Nanophytoplankton
were significant increase (30%) with increase of
orthophosphate whereas netphytoplankton were
insensitive to the change. Meso- and microzoo-

plankton responded negatively to the changes of
temperature and attenuation coefficient. How-
ever, they responded positively to increases of
germination potential and wind mixing and or-
thophosphate. POC and DOC were enhanced by
increases in germination potential and wind mix-
ing. Ammonium, orthophosphate and silicate
were enhanced when temperature increased. Ni-
trite+nitrate was increased when salinity de-
creased.

3.2 Discussion

Size-based ecosystem models provide a sim-
ulation tool for understanding the structure and
function of pelagic ecosystems. The ecosystem-
based approach is also required to a range of en-
vironmental conditions. The variation of
dynamics and community structures are pro-
duced by a variety of physical and chemical sce-
narios. The forcing factors defined by wind
mixing, temperature, turbidity, germination po-
tential, orthophosphate were used in the model.
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=30 The simulation results showed a good agree-
E T ment with ranges of observations suggesting that
s the model was plausibly linked to variations in
% mixing by wind, germination, temperature, tur-
z "/_J\/\N bidity and phosphorus supply.

; The spring bloom period in each case is char-
" acterized by a succession of blooms, generally
pas — led by diatoms accounting netphytoplankton
2 o (data not shown). The diatom bloom was dis-
S5 | played over the seasonally maximum period of
L winter and early spring when wind speed in-
g, creased. The wind mixing effect on phytoplank-
;*3 . ton (diatoms) germination at the surface during

the cold season has been documented by

T;L ° Standarg ‘ Ishikawa and Furuya (2004). Diatom bloom such
g 81 e as Skeletonema costatum from resting stages oc-
£ ° curred under wide range of water temperature in
g 40 the coastal water (Shikata et al. 2008). Low tem-
fg 2 ‘ perature contributed to the spring bloom of di-
§ ol T3 %333 3 = 3 3 3 atoms (Andersson et al. 1994). In this model,

E é ] <'§ é g E i% j&% 3 ig g netphytoplankton were dominant during early

spring whilst nanophytoplankton dominated the

Fig. 5. Effect of phosphorus change to total production during late spring. The grazers ex-
chlorophyll a, net- and nanophytoplankton hibited a response after the spring bloom. Meso-
zooplankton and microzooplankton were
— Stancarg typically responded to netphytoplanton bloom

——Temp +1, kd+10% & P+10%
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N N
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T

during spring.

The results of model simulations (Figs. 2-6)
and sensitivity analysis (Table 4) demonstrated
that the abiotic environmental parameters and
variables: light, temperature, wind mixing, ger-
mination potential and orthophosphate play the
oo major roles for phytoplankton dynamics in estu-
——Temp +1, ka+10% & P+10% arine and coastal bay. The sensitivity analysis of
ecosystem model showed that netphytoplankton
are sensitive to change of wind mixing or ger-
mination potential, however nanophytoplankton
were affected by not only these parameters but
also by temperature, turbidity, and phosphorus.
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tors and nutrient dynamics.

4. Conclusion

Model validation for state variables suggested
that the ecosystem model captures the phyto-
plankton and nutrient dynamics, and can be use-
ful tool for analyses and management of an
estuarine and coastal ecosystem which suffers

nutrient enrichments and change of hydrology.
The model also demonstrates that physical
processes including wind mixing, water trans-
parency, temperature as well as nutrients affect
phytoplankton dynamics and response of phyto-
plankton can be related to the environmental
changes in the coastal estuarine area.

Table 4. Results percentage change of sensitivity analysis for state variables given +1 degree change
in temperature; -10% in salinity; +10% in attenuation coefficient, germination potential, wind speed,
ammonium, nitrite+nitrate, orthophosphate, silicate. MP: netphytoplankton; NP: nanophytoplankton;
Z1: mircozooplankton; Z>: mesozooplankton; DOC: dissolved organic matter; POC: particulate or-
ganic matter; Ni: ammonium; Na: nitrite+nitrate; P: orthophosphate, Si: silicate; —: % change <8%.

State variables

Parameters MP NP Z, poC _POC N, N. P S
Temperature +1°C - -19.0 -663 -42.6 - - 19.5 - 162 452
Attenuation coefficient
Ka+10% - 343 249  -19.7 - - - - - 352
inati tential
Germination potential - &34 436 337 g4 91 - - - -113
+10%

Salinity -10% — — — - - - 30.6 — -
Wind speed +10% 9.6 13.4 43.6 33.7 8.4 9.1 - - - -11.3
Ammonium +10% — — — - - 12.7 - — -

Nitrite+nitrate +10% — — — — - - - 10.3 — -
Orthophosphate +10%  — 30.8  46.0 33.19 - - - - - 353
Silicate +10% — — - - - - 8.9 - 13.6
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