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Abstract. Many facters interact to control vernal blooms of Phaeocystis sp. in polar and
temperate waters, which makes it difficult to predict when ot how these blooms will
develop or terminate. Here, we construct a mathematical model that includes nutrients
(nitrogen and phosphorus), grazers (ciliates and copepods), and Phaeocystis (single cell
and colonial forms) compartments to analyze the role and the magnitude of the effect
of several controlling factors in bloom dynamics. The model focuses on two aspects
of plankton ecology: communily dynamics and the role of life history attributes at the
population level. Employing combinations of physiological and ecological processes, our
models generate abrupt changes in plankton densities as often observed in the oceans.

We illustrate dynamic sensitivity by varying a parameter over a reasonable range of
values and noting that there exist thresholds where a small variation can produce a
significant change in the dynamic outcome, transforming the system from one type of
dynamic behavior to another. The results indicate that colonies are important community
structuring agents in certain environments; for example, in some settings, colonies do
not develop to large sizes and contribute to high removat rates by sinking unless grazers
keep Phaeocystis single cell densities below threshold levels. In particular, initial micro-
zooplankton densities, the character of the microzooplankton functional response to algal
abundance (as described by the half-saturation constant K), and the timing of copepod
grazing indircctly determine nutrient utilization between single and coloniat forms in
the Phaeocystis population. The results of our simulations indicate that the system has a
strong dependence on the balance between growth rates and removal rates in both Phaeo-
cystis and protozoan populations during the first days of the bloom, the nutrients and the
copepnds playing alternate roles as indirect controls as the bloom progresses. Because of
the importance of the timing of events. the structure of the colonial population, and the
complexity of underlying feedback mechanisms. the system does not exhibit the classical
pattern of trophic chain oscillations.
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Introduction

Phaeocystis spp. are unicellular algae with a complex life cycle. Aithough dis-
covered over a century ago, much of the research to understand its developmental
life history and its role as a dominant primary producer in different environ-
ments has been accomplished only in the last decade. Phaeocystis spp. can be
large contributors o primary production in both polar (Smith et al. 1991) and
temperate regions (Lancelot et al. 1987). This article focuses upon understand-
ing the dynamics of planktonic communities containing Phaeocysiis populations
and their role in oceanic transport. Our objective is to analyze the relative im-
portance of different physiological and ecological factors that cause the sudden
density changes often observed in plankionic systems and determine the re]-
ative dominance of single cell or colonial forms under various environmental
conditions.

‘The complexity of the life history of Phaeocystis spp., the ecological intrica-
cies of the timing and the magnitude of the densities of zooplankton {(such as
ciltates and copepods), and the roles of the processes of sinking and sedimen-
tation. suggest that prediction of the development of characteristic community
dynamies as well as the fate of the Phaeocystiy bloom is a nontrivial 1ask. Here
we consider issues relating to bloom dynamics including the role of nutrients
(nitrogen, ¥. and phosphorous. P), the importance of grazing as a control of
community structure, including the timing of the appearance of size-specific
grazers, and the importance of sinking and sedimentation as factors contributing
to vertical fluxes.

Review of Phaeocystis life history and ecology

Phaeocystis sp. (Prymnesiophyceae, earlier cailed Haptophyceae), was first iden-
tified by M. G Pouchet in 1892. Found in lemperate oceans (Lanceiot et aj.
1991), polar seas (Palmisano et al. 1986), where it produces massive blooms, as
well as in tropical waters (Guillard and Hellebust 197] ). 1t occurs in at least two
different forms, solitary and colonial {(Parke et al, 1971), and is characterized
by & complex iife cyele (Lancelot et al. 1991, Davidson and Marchant 1992,
Rousseau et al. 1994),

In the solitary cell form Phaeocystis is free-living, 3 to 10 um in diameter
{Kornmann 1955, Gieskes and Kraay 1975, Moestrup 1979, Chang 1983, Weisse
and Scheffel-Moser [990b), and can be either flagellated or non-motile (Parke et
al. 1971, Haltegraeff [983, Chang 1984). Colonies are formed from non-motile
cells and consist of cells embedded in a mucilaginous matrix (Chang 1983).
While in the colony, cells can grow and divide (Kornmann 1955). The signal
for initiation of colony formation is unknown, and although many environmental
factors have been considered as triggers (lemperature, decreased concentrations
of nutrients, trace metals, etc.}. no conclusive evidence has been vel found
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(Verity et al. 1991). Colonies can break into smaller colonies (Koramann 1955,
Verity et al. 1988, Rousseau et al. 1990), but two colonies do not dggregate (o
form a larger one. Colonial sizes generally vary from 10 gm 0 3 mm in diameter.
normally contain from 2 to 10,000 ceils, but under particular environmental
conditions, larger sizes and numbers can be attained. Both single and colonial
forms can coexist in the same population (Davidson and Marchant 1992},

The number of species in this genus remains a matter for debate (Parke el
al. 1971, Scumnia 1988, Baumann et al. 1994). At present P. pouchetit, P. glo-
bosa and P. scrobiculata are considered to be separate species, although there
is evidence for the existence of an Antarctic strain with particular character-
istics (Baumann et al. 1994). P. scrobiculute has been found in New Zealand
(Moestrup 1979) and in the North Atlantic (Estep et al. 1984) and exhibits small
morphological differences relative to the other two. P. pouchetii v d P. globosa
do not have any detectable morphological difference in the single stage. and only
seem to differ in the form of the colony and the fragility of the matrix (Korn-
mann 1955, Chang 1983, Jahnke and Baumann 1987). P, pouchetii is found in
colder waters (-2 to 14°C) while P, globosa seems o survive in wariner walers
{(—0.6 to 22°C)(Jahnke and Baumann 1987, Baumann et al. 1994y,

Phaeocystis blooms can occur in a wide range of environments, in regions of
high nutrient concentrations (North Sea) or low nutrient concentrations (trapi-
cal Atlantic), of strong stratification (marginal ice zones) or weak stratification
{Norwegian fjords), in various coastal environments, and under low or high
grazing pressure (Wassmann 1994). After the bloom reaches a peak, usually
a sudden disappearance of Phaeocystis occurs, Possible causes for the rapid
biomass change include grazing, cell lysis, microbial degradation and sedimen-
tation.

Phaeocystis sp. can serve as food resource for numerous types of grazers
{Davidson and Marchant 1992, Weisse et al. 1994, Hansen et al. 1994} hecause
of the spectrum of Phaeocystis sp. size avatlability (over three orders of magni-
tude). Tintinnids, ciliates, dinoflagellates, and other microzooplankion feed on
single cells (Admiraal and Venekamp 1986, Weisse and Scheffel-Moser 19904,
Weisse et al. 1994). Colonies up o 300 um in diameter are eaten by metazoo-
plankton, mainly copepods {Jones and Haq 1963, Weisse 1983, Huntley et al.
1987, Tande and Bamsted 1987, Hansen and van Boekel 199) }. Copepods may
prefer senescent colonies (Estep et al. 1990) possibly because in the growth
phase, celis produce dimethy!sulphonio-propionate (DMSP) (Liss et al, 1994,
which generates acrylic acid and dimethyl sulphide {DMS), both of which could
result in colonies being less palatable to some grazers., Grazing by protozoans
{North Sea, Weddell Sea), copepods, or krill (Weddell Sea, Bransfield Strait)
can be a significant factor in the termination of blooms (Tande and Bamstedt
1987, Weisse and Scheffel-Moser 1990a),
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Methods

A mathematical model, constructed in modular form based on the relationships
indicated in the Phaeocystis community diagram (Fig. 1), is formulated and
parameterized utilizing information and data on the processes found in the ljt-
erature. In addition to Phaeocystis in single cell and colonial forms, model
compartments include two nutrients, nitrogen and phosphorus; two grazers pop-
ulations, microzooplankton {e.g. ciliates) and metazooplankion (e.g. copepods)
Simulations were performed 10 evaluate the effects of various scenarios
sented by different sets of parameter values and initial conditions,

The physical environment of our mode] assumes a mixed layer of given depth
2 with constant temperature and salinity, hence water density and viscosity do

repre-

NUTRIENTS

INPUT

division

division

' GRAZABLE

SINGLE CELLS COLONIES
0 < 300 um

" UNGRAZABLE
COLONIES

0 > 300 um

colony
formation

sinking

MICRO predation
ZOOPLANKTON

{cihiates)

—_ GTHER
COPEPGD COPEPQD
NAUPLI STAGES

births

Figure L. Diagram of compartments and connections in the basic model.
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not vary. Even though the mixed layer is a very patchy environment, all vari-
ables are assumed to be homogeneously distributed. Nutrient concentrations and
population densities can vary within a distance of a few centimeters or less.
Measurements taken from a fixed station at sea do not always refer to the same
population or environment because currents move water masses and all plankton
they contain. Hence we take a Lagrangian perspective as the individual members
of the populations are followed as they move together with their environment. If
we keep in mind that the purpose of our model is not prediction but analysis of
the behavior of a system and its response to different environmental conditions,
then the assumption of a homogeneous distribution seems reasonable. Removal
of colonies by sinking refers to removal from the mixed layer.

The basic mode!

Individual Phaeocystis cell models. To analyze the relative importance of fac-
tors involved in the life cycle of Phaeocystis sp.. we develop an individual-based
model that tracks cells, both in single and colonial forms, as they grow and di-
vide in the mixed layer.

A newly formed cell has a minimum volume Vg; it grows untl it reaches a
maximum volume 2V, and then divides, We assume that the cell uptakes the
nutrients in the surrounding water following a Monod-type model. The nutrients
are absorbed through the outer membrane so that uptake is proportional o surface
area and depends on the concentration of the nutrients in the water. The losses
(respiration, maintenance) are proportional to the volume of the cell. The growth
rate is proportional to the balance of uptake and losses. The basic model of the
single cell is

v 2;
(jf_r = F(N.P)a,V*" — b V) = f.(V.1) th
where N(1) and P(t) are the concentrations of nitrogen and of phosphorus in the
water at time 1, V (¢} is the volume of the cell at time ¢, and a, and b, represent
growth and loss rates, respectively. The function

FAN.Py= — B (2)
kiN + kL, P + NP

represents an additive model, a variation of the Monod function for the simul-
taneous limitation of growth by two nutrients, where k%, &} are half saturation
constants for nutrient uptake ((’Neill et al., 1989),

An initial cell size distribution is assumed to be a truncated normat distribution
covering the range between a minimum, V.. and a maximum. V... cell size
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- - - VIIIII'I + VIUZJX 2 . - -
{or the species, with mean —20 L 709 e originates a set of initial volumes

Vi corresponding 10 a discrete set of cell sizes (£).
Caolenial celis follow the same growth process but are governed by the equa-
tion

(:'T‘f/ = FUN.PYa, VI~ b V)= (V1) (3)
where «, and % represent growth and maintenance rates respectively, and
FAANCP) s an additive functional fesponse similar to Equation (2), with half
saturation constunts kY. k.. When a colonial cell divides. the two daughter cells
remain in the mucilaginous envelope.

Beeause cach colony originates from one cell and all cells it a colony are sub-
Jectessentiatly 1o the same environmental conditions, we assume synchronous
divisions that result in the doubling of colonial cell number (Kornmann 1955,
Rousscau et al 1994). In order to track colonies individually, a system of colony
size clusses containing 2% cells is constructed.

Nutrient model. As the dynamic algal population evolves, nitrogen and phos-
phoras concentrations vary according w the equations

IN
‘_/-A =1y =~ un S FUN. P = up, S, F. (N.P) 4)
!
and
dP L. .
"j}- =dp - up S, F AN P) - Hp, S I['l (N.P) (5)
L

where N1y Pl represent concentrations of nitrogen and phosphorus in the
wader. 5,000 iy the total surface of single cells and S,.¢r) 1s the total surface of
colonial cells tper unit volume of water) at time ¢, We are assuming that the
colonial matrix is permeable so that colonial cells perceive the same nutrient
concentration as is in the surrounding water. Here uy,, Uy, Wp, Up. dT€ maximum
uptake rates and F (N, P). F,(N. ) are the respective additive functions for the
simultaneous limitation of growth by two nutrients. /1, and {p are time dependent
tunctions representing nutrient input to the system.

Maximal growth rates (g, ¢} and uptake rates (itn. up) are computed from
known population doubling times and carbon content at volume Vi of single
and colonial cells by using the exact sofution to our equations when nutrients
are abundant (F (N Py = |, FAN.P) = 1) and assuming the ratios C : N : P
withtnt cells 10 be constant 106 - 16 - . Although ratios change as the bloom
progresses, this 1s a reasonable approximation that helps maintain numerical
simplicity.

1o
A
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Ciliate population model. Structured feeding is not imposed for ciliates because
they generally consume only single celled Phaeocystis torms. The model citiate
grazer population is represented in an aggregated form (Steele 1974, Schef-
fer 1991} rather than modeled with an individual-based approach. The ciliate
population growth is assumed given by

dG AG, G
— =g — (6)
dt A+ K,y K
where
Vi
Al = / atVipa (V. ndv (7)
3

is the algal biomass density in terms of carhon, «(V) is the carbon mass of
& cell of volume V. py(V. 1) is the density of single cells of volume V. and
G (1) is the density of ciliates at time 1. Here K represents the half saturation
constant in a Type H Functional response, gy is the maximum grazing rate, s
is the assimilation rate, and ey is the mortality rate. Note that the form of this
equation is similar o the logistic equation. In the tatter, the density dependent
mortality term includes a parameter related to resource abundance (carrying
capacity). In our case resource is abundant and not a limitation to growth, but
dan increastng population can be limited by space or predators. Thus we uncouple
effects by introducing an independent parameter x to represent crowding. This
simple way of modeling the ciliate population appears sufficient 0 cbtain a
descriptive, qualitative behavior of the system.

Copepod population model. In contrast to the ciliate poputation. the copepoed
population is structured because individuals in different stages of development
graze on colomes of different sizes. We represent the population in five differ-
€nt groups: nauplii. carly copepodites (CI-Clil), late copepodites {CIV-CVI).
female adults and male adults. Each cohort s followed through its development
INto consecutive stages by using the individual growth equation:

dm )

= (20jim))sz ~ baym = fatmm) (&)
where m(t) denotes the carbon mass of the individual at time & (f(my) denotes
the ingestion rate of an individual at stage j with mass m; and 5, and b denote
assimilation and maintenance rates respectively. We assume that the ingestion
rate depends only on the developmental stage. that individual growth does not
depeud solely on Phaeocystis abundance, and that the copepod population is not
resource limited.
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Let Gy(m. 1) be the density of copepods of mass m at time 1. then the copepod
population follows the size structured McKendrick—von Foerster equation

3G, a .
Tt a(szz) = —u2(j(m))G; (9)
where fa(m) is the individual growth function, and #2(fj(m)) is the size depen-
dent mortality function. The boundary condition is

My
Galmy, t) = Bim. 0Gs(m, Ddm (1)
Jomy
where iy 1s the mass at hatching, my and my, the minimal and maximal masses,
respectively, for adult females, and Bim, 1), the birth function. is a pulse function
equal o the average number of nauplii produced after cach reproductive interval

by a female of mass m when ¢ is a multiple of the reproductive interval 72, and
zero for all other /.

Phaeocystis population moedel. For each cell type (£) we denote by po(V'Y. n
the density of single cells of this type that have a volume V'* at time ¢, and
(Y1) the density of colonies having 29 U cells of volume V' at time 1.
tori=1..... M -

The Phaecocystis population is described by the (n. + 1) equations

Up,- n it (f /
” Al ) = —losses (1h
for i = 00100 Cay,.. where f, denates the individual growth function f, or

f.. depending on the case. The boundary conditions are
ooV 0 =2 = xpal2V) (12

p,(b":;'.r):X;)U(EV:]”.I) (13)

where vy is a number such that (0 = X < 1. und represents the probability of a
single cell generating a colony: and for > 1,

ptVy o = 2p, 2V ), (14)
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Losses modules

The term labelled Josses on the right hand side of (11) is composed of one or
more of the following terms;

Sinking. We assume that flagellated cells do not sink, but that all colonies obey
Stokes’ Law for small spherical particles. There are physiological factors that
need to be taken into account when considering the sinking of microzooplankton
in the water column. These factors are mostly related to shape, density, and
surface characteristics (such as smoothness, stickiness, spikes. surface 1o volume
ratio, etc.) and to the ability of organisms to change them. Healthy colonies arc
either spherical or ellipsoidal so that spherical seems reasonable approximation.
Moreover, healthy colonies scem o be able to vary their density but not their
shape or surface characteristics. Under ihis assumption. Stokes’ Low appears
to be an adequate representation for sinking. A colony of size ¢ will sink with
velocity

b= gttt (15)
9 76,
for all sizes i = |..... Aos. where g is the gravitational force constant, 7 is the

viscosity of sea water and §,, is the density ai a given temperature and salinity.
ri 15 the radius of the colony, computed using the relationship between number
of cells in a colony and colonial volume developed by Rousseau et al. ¢ 1990

Iog(Z“’“):alugV+b. (16)

and & is the size dependent density of the colony. We compute the density ot a
colony by expressing its volume in terms of the number of cells and the mass as
the sum of cell mass and matrix mass, assuming that the matrix has the density
of sea water. 5, can be expressed as

8, =8, + a2 " (17
where @ and 8 are constants. The values ohtained are ¢ = 04 and 8 = —1 by
fitting our equation to data communicated from C. Lancelot (Université Libre
de Bruxelles).

The loss term due to sinking is then

i
sinking = ' p, ()

where > is the depth of the mixed layer, and i = .. ... My -
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Ciliate grazing. We assume that ciliates graze only on single cells, yielding
grazing loss represented by the equation:

) Alr)
gra:,mg, = mg|6|([} (19)

where A(1) is 15 defined in (7).

Copepod grazing. The grazing impact on the Phaeocystis population is real-
ized through two different controls: a “preferred size” function pli, j(m)) that
depicts the size distribution of particles ingested at each stage J of development
(Bergreen ct al. 1988), and 2 stage dependent “diet” function D(jim)) that de-
termines the portion of the individual's daily total demand. in terms of carbon,
met by consuming Phaeocystis cells,

We assume that nauplii feed both on single cells and colonies, and that other
copepod stages feed only on colonies, all following the preferred particle size
distribution function pti, j(m)). The proportion of cells and colonies removed
from size class by copepods is

iy

gracing, = DCim) pli, jimNGaim, 1dm (2m

Loy

tor i = 0.1, . s,

Additional modules

Predation. It D, (j(m)) is the stage dependent “diet” function that determines the
portion of the individual copepod’s daily carbon demand met by consumption
of ciluates, then predation on ciliates by copepods is

My

— Do) Gaim, 1y dm (21)

[ S T

where a_ is the carbon mass of an individual ciliate. When predation is included,
Eq. 9 is replaced by

Lot AG, Fin GJ" 1 s

— = gr\vim T T ;_ I D jimnGatm, 1y dm. 2

The equations describing the Phaeocvstis population remain unchanged.
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Nutrient input. Eqns. 4 and 5 describe temporal variations in the concentration
of nitrogen, N(r}, and phosphorus, P(r). They include time dependent functions
{x (1) and Ip(r) which represent daily nutrient input to the system. In the early
steps of our simulations, nitrogen and phosphorus input will be assumed 1o be
equal to zero. Later we will assume these functions (o be of the form

0 it 1<,
fo{n) = ¢ constant if 1, <1 <y, (23
it >

where /7, (1} designates either {5 (1) or 7p(7). and t; and 1, represent the times at
which nutrient inflow begins and ends respectively.

Table I presents a summary of variables, functions and parameters, as well as
their units, as used in the model. Tables 2 and 3 show the values of paramelers
and initial conditions employed in the simulations.

Table 1. Glossary of symbols in the model

Name Description Units

a. Phaeocystis models

as maximum growth rate for single cell pm

!

78 maximum growth rate for colonial cedl um !

b maintenance rate for single cell d !

b, maintenance rate for colonial cell o !
SV individual growth function for single cell umt e !
fe¥) individuat growth function for colonial celi um' g !

k) half-saturation constant for ¥ in single cell uM

k;, half-saturation constant for P in single cell nM

k‘v half-saturation constant for ¥ in colonial cell uM

kip half-saturation constant for P in colonial cell u
Nit concentration of nitrogen in water uM

Pit) concentration of phosphorus in water M

Uns maximum uptake rate for ¥ in single cells pMd mm

Ups maximum uptake rate for P in single cells uMd "mm

Up, maximum uptake rate for N in colonial cells aM ) mm

p, maximum uptake rate for 2 in colonial cells uMd Yo C

vio volume of cell of type ¢ am?

fo’ initial cell volume for cell of 1ype ¢ um’

X probability of a single cell trning into a colony .
ooV g density of cells of volume V (type ¢) at ¢ ind. /!
2V 0 density of colonies of size 7 having cells

of volume V¥ (1ype €) at time ¢ col. 11
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Table 1. (cont.) Glossary of symbols in the model

A mathematical mode for a Phaeorystis sp. dominated plankton community dynamics

Table 2. Fixed parameter values

Name Description Units
b. Ciliate mode!
Alr) algal biomass {sinﬁlc cells) neC
al(V) carbon mass in cell of volume Vv neC
G ciliate density ind. /!
21 grazing rate of ciliates d-!
Ky half-saturation constant for ciliates ugC !
K crowding effect constam ind. /!
5) assimilation rate of ciliates ..
“ mortality rate of ciliates d!
c. Copepod model
b, maintenance rate for copepods d-!
fatm) individual growth function for copepods ugCd-!
Galm. 1y density of copepods of mass m ind. /7!
jlm) stage copepod is in when mass is m -
my imtial ¢ mass of naupli ugC
"y ¢ mass when entering stage CI pugC
nis C" mass when enlering stage CIV peC
niy ¢ mass when entering adult stage pneC
"y minimal C mass for spawning females pnuC
Djtm) percentage of daily C demand met by ingesting .
Phaeocvstis cells when of mass m
Pl portion of cotonies of size § out of 1otal
ingested by copepod of mass m
R, sex ratio in adult copepods
¥ assimibation rate
Btm. 1y birth function in copepods .
a#o0j0m) stage dependent mortality rate of copepods d!
halftan)y ingestion rute of copepods in stage jim) ugC d™
7> reproductive interval in copepods d
d. Sedimentation model
& density of seawater ngi!
8, density of colony of size | pg !
n viscosity of seawater pgmm=! gt
@ gravitaional acceleration md?
r, radius of colony of size mm
I sinking velocily of colony of size i md~!
N depth of mixed layer m
vap carbon content in matrix i

ngC mm~

Name Value Units Reference
minrad 3 Mm Weisse and Scheffel-Moser (1990}
maxrad 3.8 um <>
Po 5 % 108 ind. 7! created
by 0.0336 d-! Lancelot et al. (1991)
b 0.0336 a-! <«
ﬂ“rr 108 £3.5 pegC Rousseau et al. (1990)
LR 428 +53 peC K3
auy 335+ 42 ngC mm* <
8 1.0246 pg ! Parsons et al. {1984)
n 0.119664 x 10  gemm™'d4-! S
F 100 m
& 0.17 d-! Scheffer (1991)
ind. 7! created
”’fn 80(%)109 mﬂ;eIC computed fro;];g%ﬁrgrcen el ab.
{
m) 0.32 pgC L
my 1.15 g &
m3 2.7 e <
my X wpC >
1 0.593 d-! computed from
S0 Harris and Pafienhofer (1976)
and Bergreen et al. (1988)
d2(2)  0.934 d-! <«
$2(3)  0.752 da-! <<
¢a(4) 0411 d! <
(5) 0205 d-! &
%(U 0.8 . inspired in Estep et al. (1991)
D(zy 07 S
(3 0.5 (<=2
4 0.1 <>
D% 0.1 . R
bs 0.81 a7l Bergreen et al. (1988)
52 0.44 . ) & .
T 1.0 d Harris and Paffenhofer
(1976)
Ry 0.47 . <& B )
pa(l) 0.12 ! estimated from Harris and Pafienhofer
(1976)
#2(j) 010 d-! Lancelot et al. (1991), Hansen &

van Boekel (1991)
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Table 3. Variable parameter values and initial conditions

Nume Range Units Value Reference
by 0345 uM 0s Lancelot et al. (1991)
&\ 1345 uM 0.4 <«
A;, 0.01-0.2 oM 0.1 Veldhuis et al (1987)
A‘}. (05-14 M .7 3
¥ (1L5-(07 . 0.5 Verity (1985}
. 0.6 Raymont (1983)
K, 20:300 e ! 107 Verity (1985)
ngC ! 25 computed from
Lancelot et al. (1991)
G 02580  ind. !
copepods 05-50 ind. /7! 5 Harris and Paffenhofer (1976)
ind, [ ! Lancelot et al. (1991
1, 0.8-1.0 ) (.84 Grimm and Weisse (1985)
d 1.0 Kornmann (1955)
o 1.61 Rousseau et al. (199
T, 09-1.4 d 1.2 Grimm and Weisse (1985)
d 1-1.25 Verity et al. (1988}
o 1.72 Rousseau et al. (1990)
I 0.65-28 d .65 Verity {1985)
¥ 0.001-0. 1 . 0.001-0.02  Veldhuts and Admiraal (1987
N 1.0-50.0 M 7-96 Lancelot el ab. (199])
(North Sea)
puM 1-12 Wassmann et al. (1990)
{Barents Sea)
M 0.3-9.0 Muggli und Smith (1993
(Greenland Sea)
P {.5-1.8 M 0.4-2.0 Lancelot el al. (19913
{Norh Sea)
uM 0.1-0.8 Wassmann et al. (1990)
(Barents Sea)
uM 015074 Muggli and Smith (1993)
(Greenland Sea)
uM 0.5-74.2 Veldhuis and Admiraal (1987)
(laboratory)
Do) 0.0 created
D 0.0-0.25 €
D% (r0-0.5 <>
Do 0.1-0.7 Lo
DS 0.1-0.7 [
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Results

To take advantage of the modular form of the model, simulation experiments are
performed including a new factor at each step and analyzing its effects in the in-
creasingly complex system. Evaluations of the maodeling efforts are based upon
benchmarks (Table 4) obtained from laboratory experiments and field studies
on Phaeocystis communities. These include aspects of nutrient availability and
limitations, bloom peak and period, grazer effects on single cells and colonies.
and sedimentation fluxes. To determine attainment of these benchmarks, simu-
lations are performed in a modular manner, investigating first the interactions of
nutrients and Phaeocystis populations, then ciliate grazing is added. followed by
addition of copepod grazing. Finally. copepods are allowed to prey on ciliates.
We also investigate the effects of a continuous inflow of nutrients over a fixed
period of time, in the dynamics of the system.

All model simulations reported are initialized at day zero with Phaeocvstis
single cell density at 10%cells {1

Nutrient-Phaeocystis population dynamics

Given the wide range of concentrations of nutrients N and P in the water col-
umn in areas where Phaeocystis blooms occur (Riegman et al. 1990, Wassman
et al. 1990, Lancelot et al. 1991, Muggli and Smith 1993), the effect of various
nutrient concentrations in the simulations is evaluated at all levels in the mod-
ule hierarchy. We first consider a system initialized with a prescribed nutrient

Table 4. Benchmarks

4. Bloom peak densities

Reference Single cells tcells =1y Colonies (col. ()

Lancelot (1982, 1984), 3% 107
Belgian coastal waters

Eilertsen et al. (1981), 10°
Balsfjorden {Norway)

Jones and Haq (1963). oo
Eastern Irish Sea

Cadée and Hegeman (1986}, 107108
Wadden Sea

Weisse et al. (1986). 28 % 107-4.7 % 107

Wadden Sea

Weisse er al. (1986}, 3= 10
List Harbour

Bajte and Michaelis (1986), o1yt
German Bight

5x 10816 = (ot

Weisse and Scheffel-Moser (1990a), 2.7 x 107 3 x ¢
Southern Bight
Wassmann et al, (1990), 1.35 % 10*

Barents Sea
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Table 4. (cont.) Benchmarks

b. Ciliate peak densities

Reference Density (ind. I~ 1) Species
Lancelot and Mathot (1985) 3 107 ciliates
Admiraal and Venekamp (1986) 2.4 x 103118 x 10° tintinnids
Verity et al. (1991) L1 x 1017 < 104 oligotrich ciliates

2.0 % 1049 x 10? dinoflagetlates

¢. Removal by sinking

Reference Value Description
Wassmann (1994) 4-33% daily loss rates via colonies
6.6% daily average loss rate
35%.d! mass sedimentation average

d. Sinking velocity

Reference Value Description
Taguchi und Hargrave (1978) 4.9m o average
van Boeckel et al. (1992) Tmd ! average
Wassmann {1994) 1.5-13.3m g~

concentration and assume that no nutrients are added to the system so that only
nutrient depletion occurs during the simulation. In the system composed of the
nutrient and the Phaeocystis compartments, cells grow and colonies are assumed
to be formed with constant probability per day.

Within the range of concentrations between 1.0 to 50 M for nitrogen and 0.5
o 1.4 uM for phosphorus, the peak of the bloom - the day when algal densities
arc at their highest value - (and subsequent depletion) occurs in general between
days 11 and 12 with a maximum density within the same orders of magnitude
in almost all cases. 107 — 10%ells /! for single cells and 10* — 10%°col I~ for
colonies (Fig. 2A), These values are within range for single cells, but higher than
observed in nature for colonies (sec Table 4a). The average number of cells per
colony remains close to 2 (Figs. 2C & 3C), so that sedimentation flux is small
tless than 0.002% of total cetl numbers per day). With the initial concentration of
nutrients in the range usually found in the sea, the peak Phaeocystis cell density
depletes nutrients in a very short time interval (Fig. 2B). Because population
doubling occurs almost daily. variation in the initial concentration of nutrients
does not significantly change the timing of the peak Phaeocystis density, except
for extremely low initial concentrations. If the concentrations are initially very
low le.g. 1 uM for N 0.5 uM for P) the whole process slows considerably

(Fig. 33, resulting in a significant delay in the peak of the bloom and in lower
peak densities.

A mathematical model for a Phaeocystis sp. dominated plankton community dynamics
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Sensitivity analysis

C.N.P ratios. The N : P ratio is assumed fixed within the cell, equal to 16 : 1,
but can be quite variable in the water column over the bloom period. As growth
proceeds, for cases with low initial N : P ratios, the Phaeocystis population is N
limited, while for initial high N : P ratios, P is the limiting nutrient. The switch
from nitrogen to phosphorous limitation occurs at an initial N © P value close
to the Redfield ratio. The computation of the maximal uptake rates for N and
P from the doubling time for both single and colonial cells and the C content
of the cells considers the C : N : P ratios to be constantly 106 : 16 : 1. In our
simulations at an initial ratio of 16, the N : P value in the water column remains
at equilibrium throughout the removal process until both nutrients are depleted.

We decided to keep the C : N : P ratios in the cell constant for numerical
simplicity. The effects of an increase in N : # and C : N ratios are a delay in the
timing ot the peaks because of depressed nitrogen and phospherus consumption
relative to carbon, and also larger cell densities at the peak. These changes do
not affect peak colony sizes,

Uptake half-saturation constants. The sensitivity of the model to the half-
saturation constants in the functions F (V. Py and F.(N. P) was investigated by
utilizing variations of up to 100% in these parameters. This variation produced
only a minor effect on the total number of colonies obtained at the peak of
the bloom (time when nutrients are depleted) as reflected in small perturbations
(up o 49%) m the ratio of total colonial cells to toial single cells, as well as
in the average number of cells per colony. When initial nutrient concentrations
are high, independent of N : P ratios. no changes in the time of the peak are
observed. However, at low initial nutrient concentrations, growth slows as the
half-saturation constants increase or accelerates as they decrease, resulting in a
detay in the time of the peak of up (0 4 days or an advance of up o 5 days.
Here variations in colenial to single cell ratios and average numbers of cells per

colony are reduced to a maximum of 2.5%, essentially because of the scarcity
of nutrients.

Doubling time. The time required for a Phaeocystis population in the sea to
double during the exponential growth phase is about one day (Kornmann 1955,
Grimm and Weisse 1985, Weisse et al. 1986, Verity et al. 1991). We assume
a cell in a colony takes a longer time to double (Guillard and Hellebust 1971,
Rousscau et al. 1990). Simulations with doubling times within the range 0.8
to | day for single cells and 1 10 1.4 days for colonial cells indicate that peak
densities did not vary and that peak occurrence was delayed as doubling times
tncreased. The number of cells per colony increased slightly as the ratio of single
cell doubling time to colonial cell doubling time increased.

Probability of starting a colony. Single cells are assumed to turn into colonies
with constant probability. In laboratory experiments, Veldhuis and Admiraal
(1987) observed that the number of colony-forming cells was very small, varying
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between 0.1 and 29% of the total single cell number. For different N : P ratios
and the colonial creation probability varying from 0.001 to 0.025, simulations
yield single cell densities that do not vary significantly at the peak (at most 1%)
and colonial densities that are more sensitive to variations in these parameters
(25 fold increase). For example, for concentrations of 28 M for nitrogen and
1.0 uM for phosphorus, peak single cell densities vary from 6.82x 107 to 6.76 x
107cells 1!, while colonial densities vary from 6.7 x 10° to 1.3 x 10°col .
Another perspective is to consider the ratio of total numbers of cells in colonies
to total numbers of single cells per liter, which varied one order of magnitude,
from 0.17 x 107 to 3.5 x 107%, independent of N : P ratios. An increase in
the probability of colony formation to an unrealistic 0.1 yields peak densities of
4.9 x 107cells /=" for single cells and 4.8 x 10°col. /=" for colonies, implying
a ratio of 0.18 x 107", Within the range of probabilities utilized, the colonial
to single cell ratio at the peak appears to depend linearly on the probability of
a single cell generating a colony. We conclude that if the probability remains
within the range proposed by Veldhuis and Admiraal (1987). it does not have a
significant effect in the structure of the bloom.

Main results. An increase in C : N or N : P ratios produces a delay in the timing
of peak densities as well as an increase in peak values, bul does not change
relative colonial sizes. Variations in the values of the uptake halt-saturation
constants have some minor effects on the system, but only when initial nutrient
concentrations are low. Variations within observed values of doubling times do
not have significant effects on the dynamics of the system. Variations within
ohserved values of the probability of a single cell starting a colony have a very
slight effect on single cell and a small effect on colonial densities. Population
structure is not drastically altered, and densities remain within benchmark ranges.

In the cases discussed, the average number of cells per colony at the peak is
at most 2.01 with the largest colonies having no more than 64 cells. So with
no grazers present, the bloom quickly reaches a peak, after which one or both
nutrients are quickly exhausted. Because colonies are small, their removal from
the mixed layer by sinking is extremely slow, in general well helow (.15 of
the population per day.

Nutrient-Phaeocystis-ciliate community dynamics

In the next iteration to attain community benchmarks, a ciliate grazer population.
such as tintinnids, that consume single Phaeocystis cells but not colonial cells,
is introduced into the nutrient-Phaeocystis model. The ciliate population module
was studied in this environment by varying the ciliate doubling time within the
range of 0.55 1o 2.8 days, the assimilation rate from 0.5 10 0.7 and the initial
ciliate densities. A general trend is that both single cell and colonial densities, us
well as the times of peak densities, decrease with decreasing doubling times and
with decreasing assimilation efficiencies, and increase with decreasing initial cil-
iate densities. The peak average celt numbers per colony increases as doubling
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time, assimilation efficiency and initial ciliate density decreases. Given an initial
ciliate density and an assimilation rate, there seems to be an optimal doubling
time which maximizes peak colony density and peak ciliate density.

Sensitivity analysis. Increases in C : N : P ratios at the Phaevcystis cellu-
lar fevel do not affect the observed pattern of behavior, although lower ciliate
densities can have a greater impact on the Phaeocystis population,

The half-saturation constant K,.The effect of variations in the half-saturation
canstant K in the ciliate model is reported here for the two extreme situations of
a ciliate population with small assimilation efficiency (0.5) and short doubling
tme (0.65 day) and one with large assimilation efficiency (0.7) and long dou-
bling time (2.8 days) with K| in the range between 10 and 200 pgC/1 (Fig. 5).
In hoth cases. peak single cell density increases steadily with K, while colonial
density seems fo reach a plateau at some K. Peak ciliate density increases with
K| and then decreases; the “optimal” value of K, is the same threshold for the
colonial density plateau. The day of inaximal Phaevcystis density occurs ear-
lier with small values of K, is delayed slightly and then returns to a nominal
level as Ky increases. the threshold value is again the same as above. Small
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Figure 4A-D Effects of varations in the half-saturation constant K| for the functional
response in the ciliate population. Case 11 (A) peak densities of single cells, grazable
colonies and ungrazable colonies and (B) peak citiate density, for a population having a
doubling time of 2.8 duys and an assimilation efficiency of (0.7, Case 2: (C) peak densities
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for w population huving a doubling time of .65 day and an assimilation efficiency of 0.5.
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Figure 5A-F. Dynamic output of the Nutrient-Phaeocystis-Ciliale community maodel
when the ciliate population has a doubling time of 0.65 day. an assimilution efficiency
of 0.5, as initial ciliate density varies: (A) single cell population. (B) grazuble colonial
population, {C) ungrazable colonial population. (D} ciliate population, (E) colonial sizes,
and (F} removal rate.

half-saturation values produce small Phaeocystis and ciliate densities and allow
colonies (o grow large (average well above 1000 cells per colony) while large
K| values result in large densities and small average cell numbers per coluny
(2 to 3).

At the beginning of the bloom, when cel densities are low, the slope ol the
Monod function is steep for small values of K, resulting in a rapid increase of
cell removal rates as cell densities increase. For large values of K, this slope
is shailow, resulting in a slow increase of removal rates as Phaeocysiis single
cell densities grow. Because cell removal increases more slowly, cell densities
can increase faster and reach higher peak vaiues, producing at the same time a
rapid depletion of nutrients and smaller colonies.

Initial ciliate density. To better describe the qualitative features of the behavior
of this community (Figs. 5, 6 & 7), we take as an example a ciliate popula-
tion assumed to have a doubling time of 0.65 days, an assimilation efficiency
of 0.5, and a half-saturation constant for the functional response K| equal to
107 pgC I (Verity 1985): other model populations with different values of
these parameters yield analogous results.
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the model output: {A) peak ciliate density, (B) peak single cell. grazable colonies and
ungrazable colonies densities respectively, (C) peak average number of cells per colony.
and (D) peak removal rate by sinking.
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Figure 7A-C. Dynamics of the colonial size distribution corresponding 1o the nutrient-
Phuaeocystis-cihate model when inicial ciliate density 151 (A) low, (B) moderate, and (0)

high.

If ciliates are present at small initial densities, their density follows the density
of the algal bloom untii they become numerous and graze the single cell popula-
tion to extinction. The remaining nutrients are wilized by the colonial form that
can then grow larger. Sinking controls the abundance of large colonies. The peak
is reached between days 10 to 11, and the peak single cell densities hetore the
crash are between 6 x 107 and 3.5 x 107cells 1", while colonial densities remain
almost constant at about 6.5 x 10%col. /', Although some colonies may contain
over 256 cells, the average cell number per colony is at most 2.2 (Fig, 7A). The
maximal removal rate by sinking is 2.6% of the population per day (Fig. 6D).

A similar behavior is observed when ciliates are initially present in moderate
numbers; but. in this case, peak single cell densities are lower (9 x 10° (o
1.1 x 10°ells 1!} because of more intense grazing. Colonial densities reach
2.7 x 10 to 7 x 10%ol. {~'. Under these conditions ciliate populations reach
peaks that are two to six times lower than in the previous case (Figs. 5D &
6A). Because less nutrient has been consumed, a striking change occurs in the
average cell number per colony which becomes much higher (663 to 2,830) than
in the previous case (Fig. 7B). In fact, colonies can grow significantly above
300 um in diameter contributing to the “ungrazable™ class with peak densities
of 6.8 x 102 10 1.1 x 10%col, I~ {Fig. 6B). The maximal removal rates are
between 7 and 11% of the population per day (Fig. 6D).

When ciliates are initially present in high numbers, the bloom does not occur
and the ciliate population does not grow much, remaining at the same level
because of food limitation. Single cells that escape predation grow into colonies
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that have sufficient available nutrient to allow them to accumulate to a very
large size and sink. The maximal removal rate by sinking reaches 14% of the
population per day (Fig. 6D). In these cases, the average cell number per colony
reaches 6.340 to 15,118 cells per colony (Fig. 7C), while peak densities of
ungrazable colonies reach values of 9.3 x 10% 10 8.8 x 10%col. /! (Figs. 5C &
6B).

Main results. The basic model is sensitive to the half-saturation constant X ]
that describes the character of the microzooplankton functional response 1o al-
gal abundance. This parameter is species dependent. The initial ciliate density
is another parameter that causes significant changes in the dynamic outcome,
transforming the system from one type of behavior to another. We can observe
this senaitivity in Fig. 6, which illustrates how peak values change as the ini-
tial ciliute density increases from 0.25 ind. /' to 34 ind. /' Densities of the
Phaeocystiy are within ranges observed in nature (see Table 4a).

[t is worth noting the impact that initial ciliate densities have on the colonial
sizes (reflected on average number of cells per colonies, Fig. SE) and their
distribution (Fig. 7), as well as on sinking rates (Fig. 5F). Also note the variety
of non-linear responses to ciliate density (Fig. 6).

Nutrient-Phaeocystis-ciliate-copepod community dynamics

The copepod module is now included in the system. We are modelling small
sized copepods such as Temaora fongicornis and Acartia tonsa. Estimates of
the size spectrum consumed by each stage (Fig., 8) were obtained from data
of Bergreen et al. {1988). while other vital rates were taken from Harris and
Paffenhofer (1976) and Lancelot et al. (199§). Based on observations reported
in Estep et al. (1990). we (soriewhat arbitrarily) selected the consumption of
Phaeocysiis at different stages to be 80% of their demand for nauplii, 70% for
Cl - CHI stages, 50% for CIV — CVI1 stages, and 10% for adults. As mentioned
previously, nauplii graze both on single cells and small colonies {Verity and
Smayda 1989, Estep et al. 1990), while other life stages graze on colonies.

Because copepods do not seem 1o graze on colonies until they enter the senes-
cent stage (Estep et al. 1990), or at least until acrylic acid production is reduced,
and hecause there is a paucity of data about the timing of these processes, we
varied the time at which copepods start grazing on the Phaeocystis population
from day 0 of the run to day 20.1.e.. 10 days afier the peak of the bloom occurs
when copepods are not present,

We let copepod initial density vary from 0.5 ind. /=' to 5 ind. 1" in stages
CIV 0 adult. With an initial density of 5 ind. /' the copepod model yields a
peak density of 33 ind. /' rather excessive for this type of organism. An initial
density of 2 ind. 17" gives a more realistic peak of [3 ind. /~', and an average
close to B ind. [ ': thus this value is taken as the initial copepod density for the

examples that follow, and the initiad ciliate density is varied within the moderate
range.
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Figure 8. Representation of the “preferred size™ function p(i. j(m)) that depicts the size
distribution of particles ingested by copepods at each stage of development. (Data from
Bergreen et al., 1988).

Sensitivity analysis

Timing of copepod grazing. [f copepods are allowed to start grazing at any
time between day 0 and day 8, the Phacocystis population is driven to extinetion
by grazing, independently of initial grazers densities (Figs. 9A, 9B & 9C). The
average number of cells per colony is at most 4.1 which occurs when beth
grazers densities are the lowest; however, in most cases the number remains
below 2 cells per colony. As expected, the earlier the copepods are introduced,
the sooner Phaeocystis is driven to extinction, the smaller the colonial size uand
the more negligible is the sinking (Figs. 9D & 10). In all these cases, nutrient
conswmption is very low.

When the copepods start grazing on day 9 (one day before the peak of the
bloom occurs), a few colonies have the opportunity te grow sufticiently large to
escape predation. Nutrient concentrations remain high; hence those colonies can
grow rapidly into the largest colonial size in the model (16384 cells per colony
or equivalently 2.8 mm in diameter) by day 21 or 22, (Fig. 10C). Because
colonies are so large, 4 maximal sinking rate of 14.1% is reached by day 33 or
34 (Fig. 9E). A similar behavior is obtained if copepods start grazing when the
peak of the bloom occurs.
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As the introduction of copepods is delayed relative to the peak of the bloom,
their impact decreases. The later the introduction, the smalier the impact on
single cells and grazable colonies, the larger the nutrient consumption, which
ultimarely leads to lower nutrient concentrations and reduced growth rates. For
example, if they enter the community at day 135, ungrazable colonial densities are
maximized (7.4 x 10° 10 12.2 x 10%col. I ') (Fig. 9C). but the average colonial
size is reduced (to a range of 950 to 4.735 cells per colony compared to a range
0l 6.340 to 15,118 cells per colony when they are not present) as is the maximal
removal rate by sinking (range of 7.8 to 11.5 % compared to 14 %). (Figs. 9D
& YE). I grazing starts at day 20, ungrazable cojonial densities, colonial sizes,
and removal rates by sinking decrease (6.8 x 102 to 11.] x 10°¢cells /=, 685 to
2,005 cells per colony: 7.3 to 10.3% respectively).
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Figure HA-C. Dynamics of the colonial size distribution in the Nutrient-Phaeocysiis-
Cihate-Copepod community model for a moderate initial ciliate density and an inatial
adult copepad density of 2 ind. /7', as the firs day of copepod grazing varies: (A) day
8. (B} day 9. and (€ day 15, Compare the lutter with Fig. 7B (copepeds not present).

Initial copepod density. Variations in initial copepod densities do not seem to
have as lurge of an effect on the peak Phaeocystis densities as variations in
wnitial ciliate densities do. For example, at fow initial ciliate density, a variation
of initiul copepod densities from 0.5 o 5 ind. /=" produces a variation of less
than 7 % in peuk single cell densities and 23 % on colonial densities, and at
high initial ciliate density the variation is less than 17 % and less than 30 %,
respectively.

Main results. The response of the system to the timing of copepod grazing
varies drastecally depending on whether copepods come into the systemn early
or close to the day where the Phaeocystis population reaches its peak density.
While varying initial ciliate densities have a strong effect on single cell densities,
varitions in the liming of copepod grazing strongly influence colonial densities
(Fig. I'1). The initial copepod density does not have a detectable effect if within
densities whserved in the field, and even tripled above normai.
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Figure 11A-E. Combined effects ot initial ciliate density and the timing of the copepods
grazing on Phaeccystis cells and colonies on: {(A) peak single cell density. (B) peak
grazable colony density, (C) ungrazable colony density, (D) peak average cell pumber
per colony, (E} peak removal rate by sinking.

Effects of predation

In the examples discussed here, we represent the ciliate population by o species
having a body mass ot 0.868 x 107 weC. a doubling time of 0.65 days. un
assimilation rate of .5, and a half-saturation constant for the functional re-
sponse equal to 107 pgC.1™" (Verity 1985). As mentioned earlier. the copepod
population represents relatively small copepods such as Temaora longicorniy or
Acartia tonsa and its initial density is 2ind I7'. Copepods are assumed to sart
consuming Phaeocystis colonies on day 9 of the bloom but prey on ciltates from
the initial time of the simulation.

Because of the omnivorous feeding of the copepods, development of the cope-
pod population is assumed to be independent of either Phacocvsiis or ciliate
abundance. At each time step, energetic needs are estimated in terms of carbon.
We assume that at each developmental stage, copepods satisfy these needs by
consuming g different proportion of ailiates and Phaeocvsris. Although these
stage dependent proportions. defined by the functions D,.(j(m)) and DM
respectively. are not time dependent. the composition of the copepod population
does change, resulting in a carbon demand that varies with time. We allow adult
copepods to take from 10 to 70% of their demand from the ciliate population.
while late copepodites take 0 to 50% and early copepadites 0 to 25%. Most of
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the simulations were performed on the range 10 to 30%, 0 o 10%, and 0 1o
3% respectively because of the interesting characteristics of the results. We also
let adult copepods cover as before 0% of their carbon demand with Phaeocys-
1is colonies, while late copepodites cover 50% and early copepodites 70%, and
nauplii 80% of their demand with small Phaeocystis colonies and single cells.
We assume that nauplii can not consume ciliates. We will refer to this coupling
of the energetic demand of the structured popuiation and a chosen set of propor-
tions as  predation pressure or strategy of the copepods on the ciliate population.

Effects on the Phaeocystis and ciliate populations, [n a first set of simulation
experiments we investigate the model composed of the nutrient, Phaeocystis,
ciliazte, and copepod compartments as in the previous step and, in addition, link
the ciliate and copepod populations, letting the predatory strategy of copepods
on ciliates vary within the ranges described above. We also vary the initial ciliate
density.

When the inital ciliate density is low to moderate, the ciliate population
Erows 1o a peak that occurs approximately at day 15, the tlime when the Phaeo-
evstis single cell population reaches ity peak before being driven to extinction
by grazers. Then the ciliate density decreases because of copepod predation and
resource limitaton. Around day S0, the ciliate population becomes extinct inde-
pendently of the predators’ pressure, although predation does have an effect on
how rupidly their density decreases.

For a given initial ciliate density, increasing predation pressure causes an
unexpected result: bath the peak ciliate density und the peak Phaeocystis single
cell density increase (Figs. 12 & 14). By depressing the ciliate population during
the first few days, copepods allow Phaeocystis densities 10 increase faster. Then
Phaeocystis reach a level that, since the growth rate of ciliates depends on the
algal biomass. allows ciliates to overcome the effects of predation by reproducing
faster undil they became so numerous that the single cell population crashes. As
a consequence of the rapid increase of single cell density, nutrients are consumed
faster. resulting in larger colonial densities but smaller coloniai sizes as copepod
pressure increases.

If we tix now the predation strategy and let the initial ciliate density increase
from very low 10 moderate, we observe that both the peak ciliate density and
the peak single cell and grazable colony densities decrease while ungrazable
celony densities show a slight increase (Fig. 13). This occurs because when
more ciliates consume more Phaeacystis cells, the reduced availability of single
cells decreases both the ciliate growth rate and the generation of colonies, at
the same time reducing the consumption of nuirients which then are available
to support karger colonies growth.

Now we consider high initiat ciliate densities. In these cases, ciliates overgraze
Phaeocystis cells, depressing the phytoplankton population and inhibiting ciliate
growth. Copepod predation on the non-increasing citiate population drives it to
extinction in 25 10 § days depending on the predatory pressure. The remaining
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Figure 14A-I Effects of increasing predation pressure given a fixed initial ciliate density

(25ind4 'y on (A) single cell and (B) grazable colony dynamics, (C) ungrazable colony
and ([ ciliate population dynamics.

Phaeocvstis cells and colonies are not conirolied by copepod grazing and con-
tinue to grow until nutrients are depleted. As the predation pressure increases.
the less control ciliates have on single cells dynamics and the earlier nutrients
are depleted. so that ungrazable colony sizes are only attained when predation

A mathematical model for a Phaeacvsiis sp. dominated plankton community dynamics L

on ciliates is very low (Fig. 14C). Otherwise, colonial sizes remain in the very
small range.

It is in the boundary between moderate to high initial ciliate densities that
interesting dynamics occur, because of a delicate balance between algal growth
and removal rates and ciliate growth and removal rates. These processes are
controlled from the bottom, by nutrient abundance, and from the top by a vari-
able demand of the copepoed population. Only in these cases do we ohserve an
oscillatory behavior in both Phaeocystis and ciliate populations. In some cases, a
very small change in either initial ciliate density or predatory pressure can cause
the Phaeocystis population to crash, while in others the ciliate population crashes
and the Phaeocystis population grows rapidly with nutrient abundanc - as the only
control. These phenomena apparently occur in no predictable pattern (Fig. 14),

It the copepod density is increased, sav by multiplying it by a factor. the
effects are not exactly the same as obtained by multiplying the “diet” function
by the same factor. Although similar, they are “skewed” as if also a slight
increase in the ciliate initial density had occurred; this is another demonstration
of the nonlinearity of the interactions.

Main results. The behavior of the system strongly depends on the balance be-
tween growth rates and removal rates in both Phaeocystis and microzooplankion
populations during the first days of the bloom.

When copepods prey on microzooplankton, the variety of responses of the
system to changing predation pressure and initial microzooplankton densities
increases. The responses are not necessarily the expected ones because of the
existence of the colonial stage and the underlying feedback mechanisms. The
FPhaeocystis population ix not necessarily driven to extinction.

Mortality

One parameter that affects the ciliate population is the mortality rate g, a
parameter not refated to copepod predation. We let the value of g vary between
(.02 and 0.14 4. The patterns in the dynamics of the ciliate population do not
change, and even when predation is very low, the changes in peak values are
very small, suggesting that predation has a stronger effect on the behavior ot the
ciliate population than the other type of mortality. In the cases with oscillatory
behavior there is a small increase in the amplitude of the oscillations as
increases, both in the ciliate and the Phacocvstis populations.

Effects of nutrient input

We next examined the effect of the introduction of an input into the nutrient pool
during a fixed interval at different times along the span of the bloom. First, a
constant daily input of both nutrients, N and £, flow continuously into the puod
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tor a fixed period of ten days, starting at days 10. 20, 30 and 40 respectively,
Subsequently, the period is extended to fifteen days. The effects of inputs of
different concentrations were also tested. These tests may represent the effect
of remineralization of organic compounds within the mixed layer as well as
external inflow due to the presence of a river or other similar source.

With u daily mput of 107} uM of nitrogen and 107 uM of phosphorus,
changes in the nutrient levels were almost mperceptible. If daily inputs are
increased 10 107 1M for nitrogen and 1073 1M for phosphorus, changes in nu-
trient leveds hecome more pronounced the earlier the inflow starts because total
nutrient uptake increases as the Phaeocvstis population grows. At this concen-
tration, any input after day 30 is consumed almost instantly. The changes in the
FPhaeacystis poputation are small and are reflected only in the size distribution
and the density of ungrazable colonies, If the input occurs earlier, the single
cell population is almost at the point of being overgrazed by the ciliates, so it
can not fully utilize the nutrient inflow, Colonies do use the nutrient to grow to
larger sizes und escape copepod grazing. If the inflow starts later, then the larger
colomies exploit those nutrients and the effects, though small, can be observed
in the size distribution of colonies.

It the daily input is increased to 107 ' uM for nitrogen and 10" 2uM for phos-
photus, the changes at nutrient concentration level are enormous. For example,
il the initial nutrient concentration is 16 M for nitrogen and | uM for phospho-
rus. and the inflow starts at day 10, then by day 20 nutrients have accumulated
to reach concentrations peaks of 30 to 19 uM for nitrogen and 2.7 to 1.8 uM
for phosphorus depending on predation pressure. That is, the more copepods
prey on ciliates, the more abundant are Phaeocystis cells and colonies and the
faster nutrients are consumed. If the inflow starts at day 20, when Phaeocystis
densities are higher, the concentrations, after reaching low levels, increase back
to 1610 11 uM for nitrogen and 1.3 10 1.1 uM for phosphorus, depending on
predation levels. In all cases. nitrogen is totally depleted at about day 30. As
before, the changes in the Phaeocysiiy population are reflected only in the size
distribution and density of ungrazable colonies, and, though small. the changes
are casier to observe than in the previous cases,

Extending the interval of nutrient inflow to 15 days yields no differences rel-
attve 10 the cases where the interval is only 10 days can, except in the cases
ot higher predation pressure. But even then, changes are minimal and relate to
slight increuses in densities in the ungrazable colonies.

Main results. No significant effects on the Phueocystis population can be ob-
served when a continuous nutrient inflow over a fixed number of days occurs
during the bloom.
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Digussion

A model, necessarily a simplification of the real world, can serve many purposes,
including delineation of the main traits and mechanisms of a given system and
indication of its dynamics. The success of a model often depends on the inclusion
of all essential compartments and connections and the exclusion of those factors
whose variations may not have a significant impact on the questions asked about
the system. In a system as complex and as intricate as a Phaeocysris community.
it is absolutely necessary to make simplifications. Here we consider only the most
basic compartments and relationships. Other factors. such as the effect of shear
on colonial division and the colonial size distribution, and an altern ite resource
for microzooplankton are important but are omitted at present.

Although both temperature and irradiance have been observed 10 ] ¢ mportant
in colony formation and cell growth (Kayser 1970, Gieskes and Kraay. 1975,
Jahnke 1989, Verity et al. 1988, Verity et al. 1991), the sharp differences in these
environmental parameters observed at the onset of Phaeocystis blooms from
year to year (Cadée and Hegeman 1986, Weisse et al. 1986) sugpest that other
conditions more variable or local in character, such as nutrient concentrations,
Phaeocystis “seed” population, or the grazer community composition, could
be more fundamental. We assume a constant temperature of 10-C. in order
to determine paramelters involved in the model such as the water density &,
the seawater viscosity i, and the half-saturation constant X, for the functional
response of ciliates.

If we consider only the nutrient-Phaeocystis module. a bloom occurs indepen-
dently of initial concentrations. The cells multiply until depletion of one or both
nutrients, in such a way that the higher the initial concentration, the more rapid
the depletion. Under these conditions, colonies do not have sufficient time 10
grow beyond 64 cells, giving an average of 2 cells per colony at the peak. Sink-
ing is the only removal process considered in this scenario. Because colonics
are 50 small, they remain for a long period in the mixed layer so that the peak
daily removal rate is at most 0.002% of the total cell numbers. a negligible foss
by sinking (Figs. 2A & 3A). To obtain daily loss rates and average colonial
sizes closer to those reported in the literature (Wassmann et al, 1990, Wassmann
1994, Weisse and Scheffel-Moser 1990b, Verity et al. 1991} nutrients could he
added continuously, or at least frequently, to the pool; however, in this case
of a restricted nutrient-Phaeocystis system, this would lead to excessively high
Phaeocystis single cell densities.

The inclusion of grazer compartments in the model drastically changes the
outcome. The presence of microzooplankton that feed on single cells reduces
Phaeocystis abundance and slows the overall consumption of nutrients, allowing
the remaining cells to continue growth and division. Under these conditions,
colonies grow to much larger sizes (up to a peak average of 2,800 cells per
colony) and the daily loss rate due to sinking increases to peak values of 5 to

[1% of total cell numbers, values which are realistic. Initial ciliate density is
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one of the parameters that causes significant changes in the dynamic outcome,
transforming the system from one type of behavior to another. We can observe
this sensitivity in Fig. 6, which illustrates how peak values change as the initial
ciliate density increases from 0.25 ind. [-' 10 34 ind. {~' Depending on the
initial densities of ciliates and initial aitrogen and phosphorus concentrations,
nutrients may not be totally depleted even after 30 days.

Note that in the sample chosen to illustrate our results, ciliate peak den-
sities are much lower than levels reported in the literature (see Table 4b.),
It is worth noting that the ciliate model is sensitive to variations in the as-
similation and ingestion rates, and particularly in the functional response to
algal abundance. As we varied these Species-dependent parameters over 3 rea-
sonable range, we were abie to obtain ciliate densities on the order of 1,000
cells £, close to the 3,000 cells /- reported by Lancelot et al. (1991) and 1o
the range of 1. 500 to 24, 000 reported by Weisse and Scheffel-Moser (1990a),
but sull quite low compared to peaks of 24,000 to 118,000 cells [~ reported
by Admiraal and Venekamp (1986}, who noted that their densities are much
higher than the highest values usually found in well developed tintinnid pop-
ulations. In our case, the lower densities may be due to our assumption that
the ciliate population depends exclusively on single Phaeocvstis cells for its
survival,

The fact that the ciliate population model is formulated in a Very peneric
manner allows the representation of any other microzooplankton species, such
as dinoflugellates. whose lite cycle is similar to that of ciliates and that would
teed on single Phaeocvsiis cells. provided we know the corresponding doubling
time., assimilation efficiency and functional response to algal abundance.

The copepod compartment functions in the community mode! differently from
the ciliate compartment because evidence does not seem to exist to indicate
that a Phaeocysiis bloom can sustain a copepod population of the type we are
modeling here (Temora longicornis or Acartie fonsa), hence, it would not be
reasonable to impose a sole resource assumption sintilar to the one utilized for the
cifiate population. Moreover, there s evidence that large copepodites and adult
copepods do not graze on Phacocystis in the carly stages of the bloom (Estep et
al. t990). By assuming that the copepod population is not food limited and that
at ditferent developmental stages they are abie to cover a different percentage of
thetr nutritional needs by consuming Phaeocystis, we tested the effect copepods
may have on the bloom dynamics.

There is considerable controversy regarding the role of grazing in the decline
of hlooms, Our results indicate that the observation by Estep et al. (1990), that
copepods do not graze on Phaeocystis in the early stages of the bloom is valid,
and show that copepods have a dramatic impact if they start consuming colonies
approximately when the bloom is peaking. The timing of their intervention
is crucial, essentially because they indirectly “control”™ how the nutrients are
utilized by the Phacocystis population. The model suggests that in most cases
grazing does not terminate a bloom situation. but by depressing phytoplankton
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densities, it controls nutrient consumption and contributes to the formation of
larger colonies which sink faster,

Note the combined effects of variations in initial ciliate densities and copepod
timing on various peak values. Fig. 11 shows that small variations in initial
ciliate density have a remarkable effect on peak single cell and grazable colonial
densities, while the copepod timing is crucial in determining how large colonies
c¢an grow and, consequently, the impact of removal by sinking.

When predation by copepods on the ciliates is permitted, we observe that
the behavior of the system strongly depends on the balance between growth
rates and removal rates in both Phaeocystis and ciliate populations during the
first days of the bloom, Fhaeocystis growth rates depend on nutrient abundance,
while removal rates depend not only on the abundance of grazers and on sinking
rates, but also on physiological and ecological characteristics of the gruzers. In
particular, grazing and assimilation rates and functional response to phytoplank-
ton abundance of the protozoans are fundamental because they control the single
cell population from which colonies are generated. By varying the parameters
of these processes over realistic ranges, different peak values and [imiqgs are
found. The results we presented here refer to simulation experiments pcrmr_mg.'d
using parameters commesponding to one particular species of ciliates. which is in
a certain way a ‘worst case’ because its low assimilation rate and short doub]jng
time make it a voracious consumer. When we mention low. moderate. or high
ciliate densities we are assuming them relative to the species in consideration,
50 we can concentrate on the pattern in the behavior of the system rather {han
in particular cases.

The simulation experiments performed with predation of copepods on ciliates
yield some results that are interesting hecause of the variety of responses to
changing predation pressure and initial ciliate density and hecause responses.,
although very logical, are not necessarity the expected ones. For example, there
are cases in which increasing predation pressure on ciliates results in higher
peak densities in both Phaeocystis and ciliate populations. The explanation for
such unexpected indirect effects behavior is the complexity of the svstem and,
particularly, the underlying feedback mechanisms. The rate at which cihatey
remove solitary cells controls their abundance. which in turn affects other com-
partments resulting in less single cells, Jess colonies, more nutrient available,
higher Phaeocystis growth rates, and ultimately larger colonies. Copepods con-
trol ciliate abundance affecting ciliate grazing capability. Copepods graze over
a range of sizes, so that if colonies grow to ungrazable sizes too tast. copepods
ability to control Phaeocystis is diminished. By depressing ciliates. copepods ul-
low Phaeocystis to consume nutrients faster. with the consequence that colonies
remain in the grazabie size classes where they can be consumed. These chains
of indirect effects make the system not a top-controlled or bottom-controlled
one, but rather one under a ping-pong control, because growth. consumption,
grazing and removal rates, as well as system feedbacks, are variable because
they are determined by abundances that change with time.
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Contrary to what we expected, the inflow of nutrients, even at high concen-
trations does not have an observable effect on the Phaeocystis population. The
accumulation is visible in the nutrient pool if the inflow starts relatively early in
the bloom. but it does not translate 10 any remarkable change in the population.
If the inflow starts later in the bloom, nutrients are consumed instantly and no
discernible eftects result.

As mentioned previously, for those cases when the Phaeocystis population is
formed primarily by very large colonies, the removal rate by sinking reaches
a maximum of 14.2 % of the population per day, which is, in general, above
daily loss rutes reported in Wassmann et al. (1990) and Wassmann (1994) (Table
der. The choice of the maximal colonial size in our model has been determined
by the maximal radius for which Stokes’ Law is valid. The maximal sinking
velocity s that of the largest colonial size: 6.6 m.d~'. Wassmann {1994) reports
average sinking velocities of 4.9 m.d” ! (from Taguchi and Hargrave 1978) and
O md ! (from van Boekel et al. 1992). so that sinking velocities in our modei
are well within range (Table 4d). An increase in the range of colomial sizes may.
of course. allow for higher removal rates. Also, we consider a constant water
temperature throughout the bloom. Even a slight increase in temperature would
mean a decrease in &, the water density, which translates into an Increase in
sinking velocities. Furthermore, we could assume that colonies can increase their
density after the peak of the bloom (Davidson and Marchant 1987, Lubbers et
al. 1990}, which also would imply an increase in sinking velocities, It remains
to be seen il by including these modifications in our model, we could reach peak
daily removal rates of 33% (Wassmann 1994). Under our current assumptions,
sinking is important at the end of the bioom, only when colonies are large.

In summary, the primary implications of the analysis relate to the roles of
grazers in controlling the colonial size distribution in Phueocystis communities.
H grazers are not present, Phaeocystis cells exhaust nutrients before colonies
grow sufhciently large to sediment at observed rates. If grazers are present, their
initiab densities are important in controlling the abundances and size distribution
of the Phaeocystis population. The carlier grazers are present, the slower the
depletion of s utrients, and the higher the removal of smaller colonies, permitting
enhuanced growth of the remaining colonies. The relative abundance of large
colonies aceclerates the sinking Aux of Phaeocystis colonies and contributes o
bloom termination. The arrangement is fragile because if grazers densities are
too high or i the grazing starts wo early, the Phaeocvstis population is grazed
o extinction and a bloom does not result.

The control exerted by copepods in preying on ciliates reveals a complex
feedback in the Phaeocvstis-dominated community. Increased predation on cili-
ates may enhunce both Phaeocvstis and ciliate population densities. Because the
comimunity appears to be driven by delicately balanced relationships between
density dependent (nutriemt-Phaeocystis: cells-ciliates: colonies- copepods; and
ciliates-copepods) removal rates. the multitude of apparently distinct field ob-
servations in the literature seem feasible and non-coutradictory. Community dy-
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namics, coupled with environmental factors, can explain variability of observed
dynamic behavior.
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