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Abstract

We quantify the role of zooplankton in nutrient cycles in Lake Kinneret, Israel, using field data and a numerical model.
A coupled ecological and hydrodynamic model (Dynamic Reservoir Model (DYRESM)–Computational Aquatic Ecosystem
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Dynamics Model (CAEDYM)) was validated with an extensive field data set to simulate the seasonal dynamics of nutrien
phytoplankton groups and three zooplankton groups. Parameterization of the model was conducted using field, experim
literature studies. Sensitivity of simulated output was tested over the full parameter space and established that the mos
parameters were related to zooplankton grazing rates, temperature responses and food limitation. The simulated resu
that, on average, 51% of the carbon from phytoplankton photosynthesis is consumed by zooplankton. Excretion of d
nutrients by zooplankton accounts for 3–46 and 5–58% of phytoplankton uptake of phosphorus and nitrogen, resp
Comparison of nutrient fluxes attributable to zooplankton with nutrient loads from inflows and release from bottom se
shows that the relative contribution by zooplankton to inorganic nutrients in the photic zone varies seasonally in respon
annual hydrodynamic cycle of stratification and mixing. As a percent of total dissolved organic sources relative contribu
zooplankton excretion are highest (62%) during periods of stratification and when inflow nutrient loads are low, and lowe
during the breakdown of stratification and when inflow loads are high. The results illustrate the potential of a lake eco
model to extract useful process information to complement field data collection and address questions related to th
zooplankton in nutrient cycles.
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1. Introduction

Zooplankton play an important role in lake dynam-
ics, as grazers that control algal and bacterial popula-
tions, as a food source for higher trophic levels and in
the excretion of dissolved nutrients. Thus, understand-
ing their role in the distribution and flux of nutrients
in aquatic systems is critical for effective lake man-
agement. Zooplankton grazing on phytoplankton can
transfer more than 50% of carbon fixed by primary
production to higher trophic levels (Hart et al., 2000;
Laws et al., 1988; Scavia, 1980). Zooplankton excre-
tion strongly influences trophic dynamics in freshwater
ecosystems by contributing inorganic N and P for pri-
mary and bacterial production (Gilbert, 1998; Lehman,
1980; Sterner, 1986; Vanni, 2002; Wen and Peters,
1994). Estimates of the fraction of N and P regener-
ated by zooplankton and then utilised by phytoplank-
ton range from 14 to 50% (Hudson and Taylor, 1996;
Hudson et al., 1999; Urabe et al., 1995). The fac-
tors controlling this fraction include temperature, zoo-
plankton and phytoplankton biomass and species com-
position, internal nutrient ratios and mixing regimes.
Because these factors interact dynamically, it has been
difficult to quantify the role of zooplankton in nutrient
cycling.

Models have previously been used to evaluate
different aspects of zooplankton dynamics in lakes
(Carpenter and Kitchell, 1993; Chen et al., 2002; Cole
et al., 2002; H̊akanson and Boulion, 2003; Hongping
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data. Specifically, models can be used to predict how
the fluxes change in response to environmental factors
or lake management strategies.

Lake Kinneret has been studied intensely both in situ
and experimentally (Hambright et al., 1994; Serruya,
1978; Yacobi et al., 1993; Zohary et al., 1994). The
lake supplies approximately 30% of Israel’s drinking
water, a fact that has motivated an extensive water qual-
ity and ecological monitoring program as well as a
major subsidized fishing effort to rid the lake of plank-
tivorous sardines in the hope of fostering the existing
zooplankton population (Blumenshine and Hambright,
2003). The monitoring program has included routine
sampling of various levels of the lake food web, includ-
ing zooplankton and phytoplankton, water column and
tributary chemical and physical parameters, and mete-
orological data.

In this study, we have applied a coupled ecologi-
cal and hydrodynamic model (DYRESM–CAEDYM)
to the Lake Kinneret data set to simulate the seasonal
dynamics of nutrients, three phytoplankton groups and
three zooplankton groups. The true uniqueness of this
study lies in the mechanistic approach to model struc-
ture, low vertical resolution of the physical driver
requiring only external forcing, sub-daily time steps,
multi-nutrient focus, division of both phytoplankton
and zooplankton into functional groups and the appli-
cation against an extensive data set. Although simple
mass balance box models such asHart et al. (2000)can
be useful in determining lake wide patterns, the pro-
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unte and Leucke, 1990; Rukhovets et al., 2003; Sc
t al., 1988), reservoirs (Mehner, 2000; Osidele an
eck, 2004; Romero et al., 2004), fjords (Ross e
l., 1994), estuaries (Griffin et al., 2000; Robson an
amilton, 2004), lagoons (Lin et al., 1999) and in the
arine environment (Carlotti and G̈unther, 1996; Law
t al., 1988). The models range in complexity from si
le mass balances to highly parameterized simula

ools that include hydrodynamic processes (Carlotti
nd G̈unther, 1996; Robson and Hamilton, 2004; R
t al., 1994). Some models simulate nutrient flux
etween trophic levels and provide valuable insig

nto the relative importance of zooplankton in nu
nt cycles (Urabe et al., 1995). These models may al
ield more detailed temporal and spatial informa
n nutrient fluxes between different trophic levels
lake than is often possible with field or laborat
esses represented in CAEDYM allowed us to focu
pecific mechanisms responsible for the determin
f important lake phenomenon. The fully mecha

ic structure of DYRESM means that no calibratio
equired (Yeates and Imberger, 2004); the other advan
age of using DYRESM is the vertical resolution
hat processes such as sediment release and p
ate settling are fully represented rather than force
nputs such as inOsidele and Beck (2004). In addi-
ion, a sub-daily time step in both the ecological mo
nd hydrodynamic driver enables resolution of p

osynthetic processes so that seasonal trends c
ore accurately resolved rather than the use of da
eekly time steps such as those used byHåkanson an
oulion (2003). Many ecosystem models are dev
ped based on a single limiting nutrient (Ji et al.,
005). CAEDYM on the other hand explicitly mode

he inorganic, organic, phytoplankton and zooplan
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components of carbon, nitrogen and phosphorus. This
approach is crucial in lake such as Lake Kinneret where
limitation can switch between nitrogen and phosphorus
depending on the season. Although some ecological
models divide phytoplankton into functional groups,
most treat zooplankton as a single entity (Hongping
and Jianyi, 2002; Krivtsov et al., 2001; Rukhovets et al.,
2003). By including three phytoplankton and three zoo-
plankton groups in the model, CAEDYM can be used
to determine how the role of zooplankton changes as a
function of changes in seasonal dominance between the
main zooplankton groups. Finally, aquatic ecosystem
models are often applied to lakes where data are scarce
so that rigorous calibration and validation of models
is difficult (Håkanson and Boulion, 2003; Osidele and
Beck, 2004). The main advantage of the application of
the model to such an extensive data set enabled us to
test both the choice of parameters and model processes
over a 4-year period. Although the application of some
aquatic ecosystem models includes one or more of the
attributes of DYRESM–CAEDYM described above,
the contribution of our study is the inclusion of all
together with a rigorous calibration and validation.

The objective of the present study was to investigate
the role of zooplankton in the cycling of C, N and P
between trophic levels in Lake Kinneret. After validat-
ing the coupled DYRESM–CAEDYM model against a
comprehensive data set, we used the model to quanti-
tatively examine how zooplankton biomass, secondary
production and fluxes between trophic levels may be
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Fig. 1. Map of Lake Kinneret showing location of the main sampling
station A and Jordan River inflow. Depth contours are in meters.

surface layer typically ranges from 15–17◦C in winter
to 26–30◦C in summer (Hambright et al., 1994).

The phytoplankton assemblage of Lake Kinneret is
generally dominated in winter–spring by the dinoflag-
ellatePeridinium gatunense, in summer–autumn by a
diverse assemblage of nanoplankton, mostly chloro-
phytes, and since the mid-1990s also by filamentous
cyanobacteria. A third component to the phytoplank-
ton assemblage is the diatomAulacoseira granulata
that in some years forms a deep-water bloom in
January–February (Zohary, 2004). Macro-zooplankton
biomass in Lake Kinneret is dominated for most of
the year by herbivorous cladocerans (Gophen, 1984).
The predatory zooplankton assemblage includes adult
copepods, and large rotifers. The micro-zooplankton
community includes copepod nauplii, small herbivo-
rous and bactivorous rotifers, ciliates and heterotrophic
flagellates (Hadas and Berman, 1998). A study of
ffected by seasonal changes in hydrodynamic
ng regimes. In addition, a sensitivity analysis w
onducted to evaluate the relative importance of
arameters on model simulation results. The effe
ooplankton grazing and excretion on the availabilit
utrients was estimated with the calibrated nume
odel and compared to external sources from infl
nd internal sources from sediment release.

. Study site

Lake Kinneret (32◦48′N, 35◦37′E) is a warm
onomictic freshwater lake with maximum de
3 m, mean depth 25 m and surface area approxim
70 km2 (Fig. 1). The lake is vertically mixed in winte
December–February) and thermal stratification se
n spring, persisting for 7–8 months. Temperature in
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stable carbon isotopes showed seasonal dietary
variations of macro-zooplankton, with nanoplankton
as the predominant food source (Zohary et al., 1994).
The major food sources for the micro-zooplankton
are bacteria and picophytoplankton for the smaller
heterotrophic flagellates, and bacteria, heterotrophic
flagellates and nanophytoplankton for the ciliates
(Hadas and Berman, 1998; Madoni et al., 1990).

3. Methods

3.1. Model description

The model used in this study is a modified version
of the Computational Aquatic Ecosystem Dynamics
Model (CAEDYM) coupled to the Dynamic Reser-
voir Model (DYRESM). In DYRESM, the lake is
represented as a series of homogeneous horizontal
Lagrangian layers of variable thickness; as inflows
and outflows enter or leave the lake, the affected
layers expand or contract, respectively, and those
above move up or down to accommodate any volume
change. Mass, including that of the ecological state
variables, is adjusted conservatively each time layers
merge or are affected by inflows and outflows. The
main processes modeled in DYRESM are surface heat,
mass and momentum transfers, mixed layer dynamics,
hypolimnetic mixing, benthic boundary layer mixing,
inflows and outflows. Local meteorological data
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Fig. 2. Schematic representation of: (A) the physical processes
included in the physical model DYRESM (BBL: benthic boundary
layer; IC: internal cells; BC: benthic boundary layer cells) and (B)
the carbon fluxes represented in the ecological model, CAEDYM.

The ecological model CAEDYM was set up in
the form of a nutrients–phytoplankton–zooplankton
(‘N–P–Z’) model, but with resolution to the level
of individual species or groups of species (Griffin
et al., 2000). In the present study, the model was
used to simulate phosphorus and nitrogen in both
particulate organic and dissolved inorganic forms
(POP and PO4, PON, NO3 and NH4), dissolved
oxygen (DO), particulate organic carbon (POC),
dissolved organic carbon (DOC), three phytoplankton
groups and three zooplankton groups. The phy-
toplankton community was simulated using three
groups in the model: “dinoflagellates”, representingP.
gatunense, “diatoms”, representingA. granulata, and
re used to determine penetrative heating du
hort-wave radiation and surface heat fluxes du
vaporation, sensible heat, long-wave radiation
ind stress. The surface wind field introduces b
omentum and turbulent kinetic energy to the sur

ayer contributing to vertical mixing. In addition to su
ace layer mixing, DYRESM includes algorithms t
ccount for internal mixing (encompassing the eff
f shear mixing energized by internal waves)
enthic boundary layer (BBL) mixing (determined

he turbulent kinetic energy budget and paramete
y Lake Number and the Burger number). In this w
ass transfer is enabled from hypolimnetic layer

he thermocline region via the BBL. A schematic fl
hart of the operations performed in DYRESM is p
ented inFig. 2. A detailed description of the proces
ncluded in DYRESM is given byYeates and Imberg
2004).
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Table 1
Equations used to describe the processes included in the ecological model CAEDYM

�Pj /�t = [Pmax,jf1(T) min(f(I), f(P), f(N)) − (Rj )f2(T) − Predj ]Pj ± Sj = production− (respiration + excretion + mortality)− predation± settling
�Zi /�t = [GiAi f(Z)i f1(T)(1− fex − feg) − (Ri + Mi )f2(T) − Predi ]Zi = (assimilation− excretion− egestion)− (respiration + mortality)− predation
�POC/�t =

∑
[Gi f(Z)i f1(T)i ((1− Ai ) + Ai feg) + Mi f2(T)i ]Zi +

∑
[Rj (1− fres)(1− fDOM)f2(T)]Pj − PredPOMPOC− RPOCf(DO)f1(T)POC± SPOM =

(zooplankton messy feeding + zooplankton egestion + zooplankton mortality) + phytoplankton mortality− zooplankton predation− POC
decomposition± settling

�DOC/�t =
∑

[Rj (1− fres)fDOMf2(T)]Pj + RPOCf(DO)f2(T)POC− RDOCf(DO)f2(T)DOC = phytoplankton excretion + POC decomposition− DOC
mineralisation

�POP/�t =
∑

[Gi f(Z)i f1(T)i ((1− Ai ) + Ai feg) + Mi f2(T)i ]IPZiZi +
∑

[Rj (1− fres)(1− fDOM)f2(T)]IPj − PredPOMPOP− RPOPf(DO)f1(T)POP± SPOM =
(unassimilated zooplankton food + zooplankton egestion + zooplankton mortality) + phytoplankton mortality− zooplankton predation− POP
mineralisation± settling

�PO4/�t = RPOPf (DO)f2(T )POP−
∑

[UPmax,jf1(T )jf (IP)jf (P)j ]Pj + SdPO4f (DO)f2(T )LA/LV =
POP mineralisation− phytoplankton uptake+ PO4 sediment flux

�PON/�t =
∑

[Gi f(Z)i f1(T)i ((1− Ai ) + Ai feg) + Mi f2(T)i ]INziZi +
∑

[Rj (1− fres)(1− fDOM)f2(T)]IN j − PredPOMPON− RPONf(DO)f1(T)PON± SPOM =
(unassimilated zooplankton food + zooplankton egestion + zooplankton mortality) + phytoplankton mortality− zooplankton predation− PON
mineralisation± settling

�NH4/�t = RPONf (DO)f1(T )PON−
∑

[UNmax,jPNf1(T )jf (IN)jf (N)j ]Pj − RNOf (DO)f2(T )NH4 + SdNH4f (DO)f2(T )LA/LV =
PON mineralisation− phytoplankton uptake− nitrification+ NH4 sediment flux

�NO3/�t = RNOf (DO)f2(T )NH4 − RN2f (DO)f2(T )NO3 −
∑

[UNmax,j (1 − PN)f1(T )jf (IN)jf (N)j ]Pj =
nitrification− denitrification− phytoplankton uptake

�DO/�t = kO2 (DOatm− DO) +
∑

[Pmax,jf1(T )j min(f (I), f (P), f (N)) − Rjf2(T )j ]PjYO2:C

∑
[Rif2(T )i ]ZiYO2:C −

RDOCf (DO)f1(T )DOCYO2:C − RNOf (DO)f2(T )NH4 − SdDOf (DO)f2(T )LA/LV =
atmospheric flux+ (phytoplankton oxygen production− phytoplankton respiratory consumption)− zooplankton respiratory consumption−
utilisation of oxygen in mineralisation of DOM− utilisation of oxygen in nitrification− sediment oxygen demand

Temperature functions
f1(T) = θT−20 − θk(T−a) + b
wherek, a andb are constants solved numerically to satisfy the following conditions:

f1(T) = 1, atT = Tsta

∂f1(T)/∂T = 0, atT = Topt

f1(T) = 0, atT = Tmax

f2(T) = θT−20

Limitation equations
f(Z)i=(

∑
Pj +

∑
Zk + POC)/(Ki +

∑
Pj +

∑
Zk + POC)

f(I)j = I/Is exp(1− I/Is)
f(IP)j = [IPmax/(IPmax− IPmin)][1 − IPmin/IP]
f(IN)j = [INmax/(INmax− INmin)][1 − INmin/IN]
f(DO) = DO/(KDO + DO)
f(P) = PO4/(KP + PO4)
f(N) = (NH4 + NO3)/(KN + NH4 + NO3)
PN = (NH4NO3)/[(NH4 + KN)(NO3 + KN)] + (NH4KN)/[(NH4 + KN)(NO3 + KN)]

Settling
Sj = (ws/�z)Pj

SPOM = (g(ρPOM − ρw)(DPOM)2/18µ)/�z)POM

Predation
Predi =

∑
(Gkf(Z)kf1(T)kZkPzZOOk,i)

Predj =
∑

(Gi f(Z)i f1(T)iZiPzPHYi,j )
PredPOM =

∑
(Gi f(Z)i f1(T)iZiPzPOC)

Abbreviations: Z, zooplankton; P, phytoplankton; POC, particulate organic carbon; DOC, dissolved organic carbon; POP, particulate organic
phosphorus; PO4, phosphate; PON, particulate organic nitrogen; NH4, ammonium; NO3, nitrate; POM, particulate organic matter (C, N or
P); IPzi, zooplankton internal phosphorus; INzi, zooplankton internal nitrogen; IPj , phytoplankton internal phosphorus; INj , phytoplankton
internal phosphorus; DO, dissolved oxygen; DOatm, concentration of oxygen in the atmosphere; LA, layer area; LV, layer volume;�z, layer
thickness;ρw, density of water;µ, viscosity of water;kO2, oxygen transfer coefficient.Subscripts: i, zooplankton group; j, phytoplankton group;
k, zooplankton predator group.
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“nanoplankton” to account collectively for all other
phytoplankton. The total zooplankton biomass was
separated in the model into predatory zooplankton
comprised of adult stages of cyclopoid copepods and
the large rotiferAsplanchna, macro-zooplankton com-
prised of cladocerans and juvenile (copepodid) stages
of copepods, and micro-zooplankton comprised of
copepod nauplii, small rotifers and ciliates. CAEDYM
uses a series of ordinary differential equations to
describe changes in concentrations of nutrients, detri-
tus, dissolved oxygen, phytoplankton and zooplankton
as a function of environmental forcing and ecological
interactions for each Lagrangian layer represented by
DYRESM. Details of the structure of this model are
given inRobson and Hamilton (2004)andRomero et
al. (2004). Physical transport of ecological variables is
carried out by DYRESM. The variables of irradiance,
temperature, salinity and density are also passed
to CAEDYM at each 1-h time step and used in
equations to determine rates of change of biomass
and chemical constituents for each of the ecological
state variable. A conceptual diagram of the major
ecological components and interactions represented in
the model is shown inFig. 2 and the main equations
used in CAEDYM are listed inTable 1.

The major nutrient fluxes represented in CAEDYM
are uptake of dissolved inorganic nutrients by phyto-
plankton, release of dissolved nutrients from phyto-
plankton excretion, grazing, egestion and excretion of
nutrients by zooplankton, nitrification and denitrifica-
t s in
p tion
o ents
f

yto-
p cal-
c ue to
g enta-
t and
m tions

parameterized to represent the different physiologies
of each phytoplankton group (Table 2). Losses due to
grazing by zooplankton are calculated by multiplying
the food assimilation rate for each zooplankton group
by a preference factor for each food source.

Net zooplankton growth is calculated as a balance
between food assimilation and losses from respira-
tion, excretion, egestion, predation and mortality. Food
assimilation is calculated as the product of the maxi-
mum potential rate of grazing, assimilation efficiency
and temperature and food concentration functions. A
constant internal nutrient ratio is assumed for simplic-
ity, and excretion of nutrients is used to maintain this
ratio at each time step. Advective movement of zoo-
plankton is carried out in DYRESM. The mechanism of
diel vertical migration is not considered to be important
in the food web dynamics of Lake Kinneret (Easton and
Gophen, 2003) and so was not included in the model.

Bacteria were not modeled explicitly due to scarcity
of data and lack of parameter information, but the
nutrient pathways catalyzed by bacteria were included
in the mineralisation of the particulate organic pools
(POC, POP and PON). Thus, the POC, POP and PON
pools available for zooplankton grazing include bac-
teria also. Fish were not modeled explicitly; however,
grazing of fish on phytoplankton and predation of fish
on zooplankton were accounted for by calibrating the
phytoplankton and zooplankton mortality terms using
estimates of fish biomass and grazing and predation
rates. Silica limitation of diatoms has not been observed
i this
n ded
i

3

ted
a
c ause
t d for

T
P n Lake

P Uni ature

K m−1
ion of inorganic nitrogen, sedimentation of nutrient
articulate form, bacterially catalyzed mineralisa
f organic nutrients and release of dissolved nutri

rom bottom sediments (Table 1).
Net change in carbon concentration for each ph

lankton state variable at each model time step is
ulated as the difference between the increment d
ross primary production and losses due to sedim

ion, grazing by zooplankton, respiration, excretion
ortality. These terms are calculated using equa

able 2A
arameters used in CAEDYM to simulate ecological variable i

arameter Description

d Background extinction coefficient

a Serruya and Berman (1976).
b Best fit to field data.
n Lake Kinneret (Zohary, unpublished data), so
utrient and its physiological effects were not inclu

n the model.

.2. Collection of field verification data

The main lake sampling station (station A) is loca
t the deepest point in the lake (Fig. 1). Data were
hosen from this station for 1997 and 1998 bec
hese years contained the most complete recor

Kinneret—general

ts Assigned value Values from field/liter

0.25 0.46a, 0.25b
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Table 2B
Parameters used in CAEDYM to simulate ecological variable in Lake Kinneret—phytoplankton

Parameter Description Units Assigned values:Peridinium,
nanoplankton,Aulacoseira

Values from
field/literature

Pmax Maximum potential growth rate day−1 0.4 0.24–4.56a

2.8 2.4–8.57a

2.4 0.715b

Is Light saturation for maximum production �E m−2 s−1 130 130c

75 75d

440 440–710b

Kep Specific attenuation coefficient m2 g C−1 0.449 0.449e

0.54
0.448 0.448f

KP Half saturation constant for phosphorus uptake mg L−1 0.002 0.001–0.0048g

0.0015 0.0011g

0.0015 0.0028–0.0111g

KN Half saturation constant for nitrogen uptake mg L−1 0.11 0.38c

0.035
0.01

INmin Minimum internal N ratio mg N (mg C)−1 0.0448 0.0448h

0.05
0.0766 0.125g

INmax Maximum internal N ratio mg N (mg C)−1 0.094 0.09h

0.222
0.1125 0.146g

UNmax Maximum rate of nitrogen uptake mg N (mg C)−1 day−1 0.0448 0.0043c

0.111
0.109

IPmin Minimum internal P ratio mg P (mg C)−1 0.0045 0.0040h

0.0061
0.0119 0.0119g

IPmax Maximum internal P ratio mg P (mg C)−1 0.0187 0.0187h

0.0296
0.0850 0.0850g

UPmax Maximum rate of phosphorus uptake mg P (mg C)−1 day−1 0.0033 0.0006-0.0060g

0.0148 0.0074g

0.0125 0.0031–0.0187g

θj Temperature multiplier for growth 1.062 1.08c

1.12
1.12 1.06b

Tsta Standard temperature ◦C 20
20
20

Topt Optimum temperature ◦C 24 22g

25 20–30g

20 16–17g

Tmax Maximum temperature ◦C 30 28g

35 >35g

27.5 26–27g
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Table 2B (Continued )

Parameter Description Units Assigned values:Peridinium,
nanoplankton,Aulacoseira

Values from
field/literature

Rj Metabolic loss rate coefficient day−1 0.02 0.03c

0.03
0.01 0.039–0.051g

θR Temperature multiplier for metabolic loss 1.06
1.07
1.12

fres Fraction of respiration relative to total metabolic loss 0.4
0.4
0.4

fDOM Fraction of metabolic loss rate that goes to DOM 0.1
0.1
0.1

ws Settling velocity ms−1 0.0
1.74e−6
1.6e−5 7e−6–1.15e−5g

a Pollingher and Berman (1982).
b Cole and Jones (2000).
c Pollingher (1986).
d Estimated fromReynolds (1984).
e Serruya and Berman (1976)(converted from Chla units).
f Kirk (1994) (cited inJewson, 1977—Aulacoseira in Lough Neagh, converted from Chla units).
g Zohary (unpublished data).
h Wynne et al. (1982).

both model inputs (forcing data) and in-lake data. In
addition, there were marked differences in phytoplank-
ton assemblages between these 2 years that enabled us
to rigorously evaluate both the validity of the model
parameterization and patterns in model flux outputs.

Water samples were collected from station A with
a 5-L bottle sampler from discrete depths (0, 1, 2,
3, 5, 7, 10, 15, 20, 30 and 40 m) between 08:00 and
10:00 h every 2 weeks for phytoplankton enumeration,
and weekly for analysis of nutrient (TN, TP, PO4-P,
NO3-N and NH4-N) concentrations. The methods
used for phytoplankton microscope counts, biovolume
calculation and determination of fresh weight are
described inZohary (2004). As model simulations are
based on phytoplankton carbon concentrations, wet
weight (WW) was converted to carbon by assuming
ratios of 0.155, 0.041 and 0.110 g C (g WW)−1 for
Peridinium sp., Aulacoseira sp. and nanoplankton,
respectively, determined using a CHN analyzer
(Zohary, unpublished data).

For routine determinations of copepod, cladoceran
and rotifer biomass, composite water samples from

discrete water column depths were taken every 2
weeks. Samples were collected every 5 m from the sur-
face to the depth of the surface mixed layer that ranged
from 16 m during stratification down to the bottom
at 40 m during winter. All samples were mixed, fixed
with formalin, and a sub-sample of 800 ml was taken
for zooplankton counts. The counts were converted to
biomass using values of mean wet weight per individ-
ual assuming a constant size within each taxonomic
or life history group. Carbon content was estimated as
6% of wet weight for copepods (including all stages)
and 8% of wet weight for cladocerans and rotifers
(Hart et al., 2000). Ciliate biovolume was estimated
assuming an oblate spherical shape and using a value
of 0.14 pg C�m−3 to convert to equivalent carbon
mass (Putt and Stockner, 1989). No ciliate data were
available for the period 1997–1998, so multi-annual
monthly means of data from 2001 to 2003 were used for
both simulated years. Zooplankton were categorized
as predatory zooplankton (predatory copepods and
rotifers), macro-zooplankton (cladocerans and juvenile
copepods) or micro-zooplankton (small herbivorous
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Table 2C
Parameters used in CAEDYM to simulate ecological variable in Lake Kinneret—zooplankton

Parameter Description Units Assigned values: predatory,
macro, micro

Values from
field/literature

Gi Grazing rate g C m−3 (g C m−3)−1 day−1 1.1 1.0a

1.67 1.67b

2.5 2–10

Ai Grazing efficiency – 0.9
1.0
1.0

Ri Respiration rate coefficient day−1 0.08 0.32a

0.08 0.12b

0.25 0.32a

Mi Mortality rate coefficient day−1 0.01
0.01
0.1

feg Fecal pellet fraction of grazing day−1 0.10
0.05
0.1

fex Excretion fraction of grazing day−1 0.3 0.13a

0.11 0.11b

0.2

DOmz Minimum DO tolerance g O m−3 1.5
1.0
0.5

θI Temperature multiplier for growth 1.2 1.1a

1.1 1.15b

1.08

Tsta Standard temperature ◦C 20 20a

20 20b

20

Tmin Minimum temperature ◦C 28 29a

28 28b

20

Tmax Maximum temperature ◦C 38 34a

34 34b

27

θRi Respiration temperature dependence 1.05 1.1a

1.15 1.15b

1.15

Ki Half saturation constant for grazing g C m−3 0.5 0.14c

0.7 0.54d

0.5 1.64e

INzi Internal ratio of nitrogen to carbon g N g−1 C−1 0.2 0.184f

0.2 0.165g

0.2

IPzi Internal ratio of phosphorus to carbon g P g−1 C−1 0.01 0.005f

0.01 0.012g
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Table 2C (Continued )

Parameter Description Units Assigned values: predatory,
macro, micro

Values from
field/literature

0.01

PzPHY Preference of zooplankton for nanoplankton 0.1 0.05h

1.0 0.38h

0.0 0.1h

PzZOO Preference of zooplankton for predatory zooplankton 0.1 0.1h

0.0 0.0h

0.0 0.05h

PzZOO Preference of zooplankton for macro-zooplankton 0.5 0.75h

0.0 0.0h

0.0 0.0h

PzZOO Preference of zooplankton for micro-zooplankton 0.3 0.05h

0.0 0.0h

0.0 0.0h

PzPOC Preference of zooplankton for POC 0.0 0.05h

0.0 0.2h

1.0 0.75h

a Gophen (1976a).
b Gophen (1976b).
c Landry and Hassett (1985), Calanus pacificus.
d Haney and Trout (1985), Ceriodaphnia quadrangular.
e Stemberger and Gilbert (1985), Asplanchna priodonta.
f Andersen and Hessen (1991), Acanthodiaptomus denticornis mean.
g Andersen and Hessen (1991), Daphnia longispina mean.
h Gophen and Azoulay (2002).

and bactivorous rotifers, ciliates and flagellates).
Micro-zooplankton data were used for comparative
purposes only and not for measures of model fit due
to paucity of flagellate data and the fact that samples
were collected outside of the simulated period.

Particulate organic carbon concentration in the
water was approximated from measurements of total
suspended solids (TSS) using the following equation:

POC= TSS× 0.5 × LI (1)

where LI is the proportion of C lost from filter combus-
tion for 1 h at 550◦C, representing organic matter, and
assuming that C is 0.5 of the weight of organic mat-
ter. LI values varied from 0.6 during diatom blooms to
0.925 duringPeridinium blooms, and 0.8 for the rest of
the year (A. Parparov, personal communication, 2004).

3.3. Model inputs

Model input files include data for initialization,
meteorology, inflows and outflows. The initialization

file was prepared from field data collected on 5 January
1997. Inflow data included the daily volume, tempera-
ture, salinity and nutrient concentrations of each inflow.
Phytoplankton and zooplankton concentrations were
negligible in the inflows and were set to zero. The out-
flow file included the total daily outflow volume from
released outflow and local pumping. Meteorological
input data included hourly short- and long-wave radi-
ation, air temperature, vapor pressure, wind speed and
precipitation collected from a meteorological station
located at Tabgha (Fig. 1) approximately 1 km from
the northwest shore of the lake (seeGal et al., 2003).

The physical parameters used to simulate the hydro-
dynamics of Lake Kinneret were either physical con-
stants or were fixed according to the dimensions of the
lake (Yeates and Imberger, 2004).

Parameters used for CAEDYM are listed inTable 2.
Most parameters were derived from recent experimen-
tal analyses on the three phytoplankton groups (Zohary,
unpublished data) and three zooplankton groups (Ham-
bright, unpublished data) from the lake, as well as



422 L.C. Bruce et al. / Ecological Modelling 193 (2006) 412–436

Table 2D
Parameters used in CAEDYM to simulate ecological variable in Lake Kinneret—dissolved oxygen and nutrients

Parameter Description Units Assigned values Values from field/literature

YO2:C Stoichiometric ratio of oxygen to carbon – 2.6667
SdDO DO sediment exchange rate g O m−2 day−1 1.5
KDO sed Half saturation constant for DO sediment flux g O m−3 0.5
KDO POM Half saturation constant for dependence of

POM/DOM decomposition on DO
g O m−3 2.5

fanB Aerobic/anaerobic factor – 0.3
θPOM Temperature multiplier – 1.18 1.02–1.14a

RPOC Mineralisation rate for POC to DOC day−1 0.001
RPOP Mineralisation rate for POP to PO4 day−1 0.01 0.01–0.1a

RPON Mineralisation rate for PON to NH4 day−1 0.02 0.01–0.03a

DPOM Diameter of POM particles m 0.0000150
ρPOM Density of POM particles kg m−3 1080
KePOC Specific light attenuation coefficient for POC m2 g−1 0.001
RDOC Mineralisation rate for DOC day−1 1 Set to 1 to eliminate DOC

pool for simplicity
KeDOC Specific light attenuation coefficient of DOC m2 g−1 0.001
RN2 Denitrification rate coefficient day−1 0.08 0.1a

θN2 Temperature multiplier for denitrification – 1.08 1.045a

KN2 Half saturation constant for denitrification
dependence on oxygen

g N m−3 0.5

RNO Nitrification rate coefficient day−1 0.015 0.1–0.2a

θNO Temperature multiplier for nitrification – 1.08 1.08a

KNO Half saturation constant for nitrification
dependence on oxygen

g O m−3 0.5

θsed Temperature multiplier for sediment nutrient
fluxes

– 1.05

SdPO4 Release rate of PO4 from sediments g m−2 day−1 0.0008 0.0008b

KDO SdPO4
Controls sediment release of PO4 via
oxygen—half saturation constant for sediment
PO4 release dependence on DO

g m−3 3.0

SdNH4 Release rate of NH4 from sediments g m−2 day−1 0.05 0.025b

KDO SdNH4
Controls sediment release of NH4 via
oxygen—half saturation constant for sediment
NH4 release dependence on DO

g m−3 1.0

a Jorgensen and Bendoricchio (2001).
b Serruya et al. (1974).

published literature and reports on the biota of Lake
Kinneret. Where parameters were not available, a series
of model runs were performed to calibrate the simula-
tion results against field data, maintaining parameter
values within the bounds of literature values for the
same or similar species in other lakes.

The period from January to April 1997 was used for
initial parameter calibration. Half-saturation constants
for zooplankton grazing strongly influenced the timing
and magnitude of peaks in phytoplankton and zoo-
plankton biomass. For each zooplankton group these
parameters were adjusted within ranges of published
literature, to reproduce the observed mid-winter and

spring peaks of the predatory and macro-zooplankton
groups, and winter growth and mid-spring peaks of
micro-zooplankton. The remainder of 1997 was used
to make minor adjustments to parameters (e.g. grazing
and losses) in order to reproduce observed seasonal
variations while the 1998 period was used for model
validation.

Comparisons of field and model data were made for
monthly averaged photic zone concentrations (surface
10 m). Definition of what would be considered a “good”
or “acceptable” fit is difficult to establish quantitatively
and we choose representation of closeness of model fit
using the average absolute error normalized to the mean
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(NMAE; Alewell and Manderscheid, 1998):

NMAE =
∑n

t=1(|st − ot|)
nō

, (2)

wherest is the simulated value at timet, ot the observed
value at timet, ō the mean of the observed values over
the simulation period andn is the number of observed
values. NMAE is a measure of the absolute deviation of
simulated values from observations, normalized to the
mean; a value of zero indicates perfect agreement and
greater than zero an average fraction of the discrepancy
normalized to the mean. Since an acceptable fit depends
on the scatter of the observed data, we calculated, from
the field data for each state variable, a standard devia-
tion from monthly averages. As a comparison to overall
model fit, these monthly standard deviations were then
averaged over the simulation period and normalized
to the mean (seeTable 3). Model fit was considered
acceptable when the simulated NMAE’s fell within or
close to one standard deviation of the observed monthly
average field data.

Although the NMAE method gives useful quanti-
tative information about model performance, it may
misrepresent the fit in cases where the mean is very
small compared with a short-term peak or bloom
(Alewell and Manderscheid, 1998). Values of NMAE
were therefore combined with qualitative graphical
comparisons in evaluating the success of the calibra-
tion procedure.

A sensitivity analysis was performed on each of the
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parameter by±10% or by±0.01 in the case of the
temperature multipliers. Sensitivity coefficients (sij) to
assess the relative sensitivity of variablei to parameter
j were calculated according toChen et al. (2002):

sij = �ci/c̄i

�βj/β̄j

(3)

where�cj is the change in variablei from the reference
valueci and�βj is the change in parameterj from the
reference valueβj. The calculations were made for each
of the major state variables taking the daily mean photic
depth concentrations averaged over the full simulation
period.

4. Results

Dissolved oxygen in the upper 10 m measured in
the field is elevated through the first 6 months of both
years, with a peak in May–April corresponding to
increased phytoplankton biomass as a result ofPeri-
dinium blooms (Fig. 3). The simulated data show a
similar pattern although peak values are slightly lower
than in the field. The inorganic nitrogen field data for
the upper 10 m of water column show a strong sea-
sonal pattern with increased concentrations in the win-
ter months following the breakdown in stratification,
and low concentrations during the summer stratified
period (Fig. 3). The NO3 peak and subsequent decline
in the field data followed a similar sequence, but with
a
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Fig. 3. Comparison of monthly averages of model simulation results (continuous line) and field data (circles) for Lake Kinneret in 1997 and
1998 for nutrients (NH4, NO3 and PO4), phytoplankton (nanoplankton,Peridinium andAulacoseira), photic depth, POC, DO and zooplankton
(predatory, macro and micro). The error bars on the field data indicate the standard deviation from the mean for each month.
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to underestimate PO4 concentrations (Fig. 3). Despite
this discrepancy, the simulation results of the major (in
term of biomass) phytoplankton species (nanoplankton
andPeridinium) generally closely followed the trends
in the field data.

The nanoplankton field and simulated data exhibit
a similar pattern to the PO4 data, with concentrations
that were variable in 1997, decreased in early 1998 and
were then elevated for the remainder of 1998 (Fig. 3).
ThePeridinium field data show two peaks: one in 1997
and one in 1998 (Fig. 3). The 1997 peak occurred later
(June–July) and was seven times lower than the peak
in June 1998 which was the end-point of a continu-
ous increase from February 1998 (Fig. 3). The other
major difference between the years was that, although
somePeridinium biomass persisted through the second
half of 1997, there was little biomass in the second
half of 1998. These patterns were captured well in
the simulated data (Fig. 3). Large increases inAulaco-
seira biomass occurred in January and February of both
1997 and 1998. The simulated results did not repro-
duce the bloom in 1998 but the C-biomass contributed
by Aulacoseira was small (3% of total) and of lesser
importance to the role of zooplankton, that generally
do not graze this large filamentous diatom (Fig. 3). The
timing and magnitude of the peaks may be related to
resuspension of resting cells caused by high turbulence
(Zohary, 2004) while the decline may be related to the
re-establishment of the stratification and enhanced sed-
imentation losses of cells. Resuspension of resting cells
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annual variation (Fig. 3) but there is a peak in concen-
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were not captured in the model data, and the simu-
lated concentrations for the remainder of both years
were lower than the field data (Fig. 3). Although the
contribution of micro-zooplankton to total zooplank-
ton biomass is small, this group has high growth and
excretion rates, so their contribution to lake nutrient
fluxes is most probably underestimated.

It is possible that discrepancies between model and
field data may be the result of misrepresentation of
field data associated with bias from sampling concen-
trated patches of zooplankton (seeYacobi et al., 1993).
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Fig. 4. Comparative contour plots for measured and simulated temperatures (A and B), dissolved oxygen (C and D), PO4 (E and F) and total
phytoplankton carbon (G and H) for 1997–1998.
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tion and photosynthetic production of oxygen, may
require further study and refinement. The pattern of
stratification and anoxia is also reflected in increased
release rates of PO4-P during anoxia (seeFig. 7A)
resulting in PO4 build up in the hypolimnion prior to
breakdown of stratification at which point it is rapidly
vertically redistributed (Fig. 4E and F). For the case of
the observed total phytoplankton carbon (Fig. 4G), ele-
vated concentrations occur from May to August 1997
and to an even greater extent from February to June
1998. For the simulated results, the timing of these
patterns is well matched although the magnitude is
∼30% lower for the summer bloom of 1998 (Fig. 4H).

4.1. Quantitative measures of model fit

The calculated values of normalized mean absolute
error are presented inTable 3for each of the major
state variables over the full simulation period from
1997 to1998. They all fall within or close to the nor-
malized mean standard deviation of the field data with
the exception of NH4 and NO3. Although the NMAE
values for the simulated results were generally higher
for the full simulation period (1997–1998) than for
the calibration period (1997), the increases were com-
paratively low, indicating that in general, the model
provides a robust prediction beyond the 1997 calibra-
tion period.

4.2. Sensitivity analysis
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the parameter; in other words, the parameter change is
leveraged by the model.

The greatest number of sensitive parameters relate
to the prediction of PO4, Peridinium and predatory
zooplankton concentrations. Macro-zooplankton and
micro-zooplankton had a smaller number of parame-
ters sensitive to their prediction. The parameters that
had the greatestsij averaged from all variables were
the grazing rate, assimilation efficiency and standard
temperature of the predatory zooplankton. These were
followed by the half saturation constant for grazing,
and the maximum (limiting) temperature of the macro-
zooplanton. Another very sensitive parameter was the
POM density which directly affects the settling loss of
POC, POP and PON from the water column.

4.3. Trophic dynamics

Simulations of the total carbon mass generally
compared favorably with field data although simulated
total biomass is consistently lower than the field
(Fig. 5A and B). This is mainly due to low simu-
lated values of POC. Since the field POC data were
estimated by first converting TSS to POC and then
subtracting the phytoplankton data (Eq.(1)), field data
may include a refractory component not included in
the model. In April 1998, there was an exceptionally
large Peridinium bloom, the peak concentration of
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m odel
i and
t riod
( m-
u nted
a bon
b tal
P rial
b hen
p ay
1
c eres-
t ton
c ated
f

ted
f the
l (2)
To evaluate which parameters have the gre
ffect on model results, sensitivity coefficientssij,
q. (3)) (a relative measure of sensitivity of outco

elated to parameter change) were calculated for
f the major state variables and presented inTable 4.
hen et al. (2002)defined a parameter to be sensi

f the sij was >0.5. Using this definition, the percent
f sensitive parameters (highlighted in bold) for e
ariable was calculated and included in the last
f Table 4. Of nine variables, four (NO3, nanoplank

on,Aulacoseira and macro-zooplankton) had less th
0% of parameters sensitive, three (NH4, Peridinium
nd micro-zooplankton) had approximately 30%

wo (PO4 and predatory zooplankton) had the ma
ty of parameters sensitive to their outcome. Asij value
reater than 1 means that the percentage change i
lated variable is greater than the percentage chan
easured in the field and simulated by the m
ncreased during mixis, peaked in early summer
hen declined towards the end of the stratified pe
Fig. 5A and B). In both the field and the model si
lation results, the zooplankton biomass represe
n average of approximately 10% of the total car
iomass (Fig. 5C and D). In the field data the detri
OC component of total carbon, including bacte
iomass, ranges from ca. 75% in August 1998, w
hytoplankton biomass was low, to nearly zero in M
998 during thePeridinium bloom (Fig. 5C). In this
ase, the POC data in the field may have been und
imated by removing an overestimate of phytoplank
arbon and are likely to be closer to those estim
rom the simulation results during this period.

Five major whole-lake carbon fluxes were extrac
rom the model and normalized with respect to
ake’s surface area: (1) gross primary productivity;



428 L.C. Bruce et al. / Ecological Modelling 193 (2006) 412–436

Table 4
Results of sensitivity analysis on parameters used in CAEDYM to simulate Lake Kinneret

Parameter NH4 NO3 PO4 Peri Nano Aula Pred Macro Micro Ave

Kd −0.36 −0.14 0.44 −0.41 −0.07 −0.38 −1.18 0.11 −0.51 0.40

Pmax −0.63 −0.35 −0.76 1.41 −0.10 −0.10 −1.66 −0.47 −0.18 0.63
−0.48 −0.25 −0.12 −0.75 0.00 −0.47 −0.20 0.30 −0.14 0.30
−0.27 −0.06 1.08 0.13 −0.02 1.06 −0.89 0.11 −0.35 0.44

Is −0.40 −0.14 −0.38 −0.22 −0.08 −0.08 −0.88 −0.06 −0.49 0.30
−0.32 −0.12 0.22 0.20 −0.07 0.00 −1.12 −0.03 −0.24 0.26

0.03 0.04 −0.20 −0.72 0.03 −0.43 0.06 0.07 −0.55 0.24

Kep −0.02 0.06 −0.63 −0.53 0.04 0.08 0.07 0.03 −0.60 0.23
0.17 0.13 1.41 −0.02 0.01 −0.31 −0.32 0.13 −0.83 0.37

−0.58 −0.19 −1.30 −0.01 −0.06 −0.10 −0.82 −0.21 −0.05 0.37

KP −0.05 0.15 −0.99 −1.91 0.05 −0.02 0.58 0.16 −0.88 0.53
−0.40 −0.26 0.29 1.13 −0.03 0.40 −1.23 −0.23 −0.26 0.47
−0.35 −0.18 −0.23 −0.07 −0.09 −0.29 −0.96 −0.04 −0.51 0.30

KN −0.40 −0.24 −0.69 0.07 −0.06 −0.02 −1.06 0.08 −0.43 0.34
−0.27 −0.28 −1.53 0.16 −0.06 −0.10 −0.86 −0.13 −0.24 0.40
−0.41 −0.14 0.20 −0.09 −0.04 0.09 −0.89 −0.04 −0.78 0.30

INmin −0.37 −0.17 0.17 −0.48 −0.05 −0.09 −0.83 0.04 −0.53 0.30
−0.70 −0.37 0.65 −0.04 −0.05 −0.07 −1.02 −0.14 −0.46 0.39
−0.11 −0.12 0.20 −0.08 0.03 −0.35 −0.05 0.12 −0.24 0.14

INmax −0.32 −0.22 −0.31 −0.21 −0.02 −0.06 −0.48 −0.11 −0.60 0.26
−0.68 −0.74 0.80 −0.61 −0.07 −0.08 −0.67 0.01 −0.20 0.43
−0.54 −0.22 −0.61 −0.03 −0.09 0.04 −1.19 −0.19 −0.51 0.38

UNmax −0.62 −0.26 −0.10 −0.11 −0.05 0.05 −0.59 0.01 0.16 0.22
−0.67 −0.46 1.30 −0.40 −0.04 0.01 −0.81 −0.01 −0.28 0.44
−0.44 −0.18 −2.28 −0.58 −0.08 −0.09 −0.77 −0.38 −0.56 0.59

IPmin −0.16 0.10 1.18 −2.61 −0.03 0.02 −0.19 0.22 −0.63 0.57
−0.58 0.03 −0.81 0.82 −0.16 0.62 −2.28 −0.67 −0.02 0.67
−0.53 −0.21 −1.28 −0.09 −0.09 −0.98 −1.12 −0.12 −0.53 0.55

IPmax −0.75 −0.30 −0.45 0.06 −0.09 −0.09 −1.27 −0.02 −0.47 0.39
−0.67 −0.20 −0.85 −0.52 −0.07 −0.04 −0.88 −0.12 0.01 0.37
−0.27 −0.04 −0.56 −0.18 −0.06 −0.03 −1.05 −0.06 0.05 0.26

UPmax −0.83 −0.35 −0.52 1.30 −0.10 0.00 −1.88 −0.46 −0.43 0.65
−0.18 0.09 −0.98 −2.04 0.04 −0.52 0.38 0.21 −0.59 0.56
−0.25 −0.05 −1.09 −0.32 −0.06 0.50 −0.96 −0.06 −0.54 0.43

θj −0.33 −0.15 0.86 −0.12 0.00 −0.15 −0.21 0.29 −0.67 0.31
−0.55 −0.09 −0.35 −0.25 −0.06 0.23 −1.29 −0.36 −0.01 0.35

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Tsta −0.23 −0.08 −0.78 0.24 −0.02 0.00 −0.31 −0.11 −0.03 0.20
−0.08 −0.05 1.53 −1.31 0.06 0.01 0.58 0.49 −0.01 0.46

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Topt 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
−0.28 −0.08 −0.13 −0.77 0.01 0.00 0.28 0.23 0.04 0.20

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Tmax −0.34 −0.09 −1.15 2.06 −0.05 −0.01 −1.48 −0.57 −0.01 0.64
−0.15 0.00 0.58 −0.30 −0.01 0.00 −0.10 −0.16 −0.03 0.15

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 4 (Continued )

Parameter NH4 NO3 PO4 Peri Nano Aula Pred Macro Micro Ave

Rj 0.31 0.28 0.91 −2.59 0.04 0.00 0.58 0.37 0.06 0.57
−0.26 −0.10 1.60 0.52 −0.07 0.15 −1.15 −0.26 0.23 0.48

0.42 0.25 0.57 −0.43 0.04 −0.23 0.00 0.12 −0.23 0.25

θ −0.46 −0.14 −1.36 −1.14 −0.07 0.09 −0.52 −0.12 −0.44 0.48
−0.31 −0.17 0.36 0.06 −0.06 −0.08 −1.04 0.04 −0.36 0.28
−0.50 −0.09 −1.80 −0.61 −0.14 0.13 −0.82 −0.40 0.26 0.53

fres −0.17 −0.14 0.41 −0.01 0.02 −0.06 −0.18 0.05 −0.39 0.16
−0.43 −0.14 −0.42 −0.56 −0.04 −0.06 −0.60 −0.04 −0.19 0.28
−0.38 −0.09 −1.03 −0.13 −0.09 −0.12 −1.21 −0.06 −0.51 0.40

fDOM −0.22 −0.09 −0.93 −0.09 −0.03 −0.05 −0.73 0.01 0.09 0.25
−0.30 −0.11 0.15 0.14 −0.05 0.07 −0.90 0.05 −0.48 0.25
−0.53 −0.16 0.18 −0.23 −0.05 0.04 −0.84 −0.16 −0.26 0.27

ws 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
−0.58 −0.21 −0.81 −0.23 −0.10 −0.07 −1.45 −0.22 0.06 0.41
−0.29 −0.08 2.04 −0.17 0.01 −1.53 0.12 −0.09 −0.29 0.51

Gi −1.98 −0.24 −3.91 −8.21 1.81 −0.23 30.21 −4.61 −0.21 5.71
−0.05 −0.04 −0.09 2.63 −0.77 0.95 −4.14 −0.10 −0.98 1.08
−0.32 −0.15 0.32 0.12 −0.04 −0.07 −0.74 −0.06 2.36 0.46

Azi −1.77 −0.24 −3.97 −7.96 1.99 −0.12 34.76 −4.66 −0.72 6.24
0.08 0.26 −0.31 3.06 −0.76 0.68 −3.45 0.88 −2.17 1.30

−0.46 −0.16 −0.74 −0.14 −0.07 −0.08 −1.10 −0.06 2.49 0.59

Ri −0.36 −0.31 −1.34 2.01 −0.26 0.02 −4.81 0.15 −0.84 1.12
−0.58 −0.06 −2.91 −3.73 0.93 −0.05 8.20 −1.89 −0.11 2.05
−0.55 −0.16 −1.07 −0.45 −0.06 0.10 −0.97 −0.14 −1.28 0.53

Mi −0.69 −0.38 −0.31 0.66 −0.13 0.00 −2.36 0.15 −0.36 0.56
−0.37 −0.06 −0.83 −0.58 −0.02 −0.13 −0.92 −0.22 0.03 0.35
−0.23 −0.14 −0.79 −0.26 −0.01 0.04 −0.29 −0.07 −0.78 0.29

feg −0.57 −0.22 −1.71 0.61 −0.16 −0.01 −1.99 −0.22 −0.46 0.66
−0.54 −0.25 −0.68 −0.30 0.02 −0.05 −0.67 −0.19 −0.08 0.31
−0.67 −0.25 0.40 −0.10 −0.07 −0.08 −0.86 −0.13 −0.18 0.31

fex −0.35 −0.15 −0.89 1.11 −0.15 −0.06 −3.13 0.02 −0.72 0.73
−0.16 0.09 −1.38 −0.58 0.07 0.02 0.26 −0.41 −0.45 0.38
−0.61 −0.12 −2.37 −0.67 −0.10 −0.03 −0.87 −0.43 −0.58 0.64

DOmz −0.27 −0.09 0.00 0.03 −0.03 −0.09 −0.35 −0.05 −0.54 0.16
−0.19 −0.03 −0.98 −0.26 0.02 0.00 0.04 −0.25 0.06 0.20
−0.12 0.07 −0.52 −0.10 −0.02 −0.09 −0.24 −0.14 −0.47 0.20

θj −0.34 −0.18 −0.99 0.52 −0.14 0.07 −2.41 0.03 −0.50 0.57
−0.19 −0.03 −0.77 −1.13 0.22 −0.18 1.20 −0.31 −0.34 0.48
−0.45 −0.09 −0.50 −0.27 −0.08 −0.09 −1.12 −0.06 −0.76 0.38

Tsta −1.28 −0.08 −3.66 −5.96 1.31 −0.01 26.33 −3.76 −0.06 4.72
−0.36 −0.13 −1.47 0.89 −0.34 −0.01 −2.23 −0.34 0.06 0.65
−0.36 −0.07 −1.24 −0.25 0.02 0.00 −0.13 −0.25 0.65 0.33

Tmin −0.34 0.02 0.16 −1.26 0.14 0.00 1.99 −0.38 −0.03 0.48
−0.31 −0.15 −1.02 2.66 −0.97 −0.01 −4.14 −0.47 −0.07 1.09
−0.26 −0.06 1.28 0.00 −0.03 0.00 −0.19 −0.17 0.11 0.23

Tmax −0.29 −0.16 0.14 0.21 −0.04 0.00 −0.87 0.01 0.17 0.21
−0.95 −0.01 −3.45 −4.81 1.32 −0.01 16.47 −2.53 −0.09 3.29
−0.19 −0.04 −0.17 −0.08 −0.02 0.00 −0.13 −0.06 −0.02 0.08
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Table 4 (Continued )

Parameter NH4 NO3 PO4 Peri Nano Aula Pred Macro Micro Ave

θRi −0.41 −0.16 1.21 0.47 −0.12 0.00 −2.20 0.19 −0.45 0.58
−0.52 0.02 −0.26 −1.58 0.33 −0.02 1.84 −0.37 −0.82 0.64
−0.80 −0.30 −1.77 −0.37 −0.09 −0.04 −0.74 −0.42 0.85 0.60

Ki −0.38 −0.32 −0.71 1.55 −0.25 −0.07 −4.46 0.18 −0.56 0.94
−0.97 −0.06 −3.69 −7.07 2.07 −0.70 24.28 −3.51 −0.54 4.76
−0.42 −0.21 0.67 −0.34 0.03 −0.07 −0.08 0.08 −1.42 0.37

INzi 0.25 0.11 0.67 −0.37 0.03 −0.06 −0.32 0.18 −0.51 0.28
−0.74 −0.45 0.56 0.21 −0.03 0.00 −0.78 0.03 0.05 0.32
−0.43 −0.13 0.10 −0.24 −0.07 −0.16 −1.09 −0.04 −0.54 0.31

IPzi −0.34 −0.17 1.08 0.29 −0.12 −0.08 −2.09 0.06 −0.11 0.48
−0.71 −0.16 −0.74 −0.40 −0.05 −0.47 −0.96 −0.19 −0.44 0.46
−0.86 −0.39 −0.78 0.07 −0.09 0.09 −1.27 −0.02 −0.27 0.43

SdDO −0.45 −0.22 −1.15 −0.21 −0.10 −0.03 −0.93 −0.10 −0.40 0.40
KDO sed −0.38 −0.07 −0.14 −0.20 −0.04 −0.01 −0.58 0.03 −0.16 0.18
KDO POM −0.38 −0.16 −0.52 −0.50 −0.05 −0.04 −0.82 −0.16 −0.12 0.31
fanB −0.44 −0.13 −0.87 −0.04 −0.08 0.10 −1.10 −0.06 0.10 0.32
θPOM −0.38 −0.14 −0.54 −0.43 −0.07 0.01 −0.90 −0.13 −0.35 0.33
RPOC −0.50 −0.16 −0.17 −0.12 −0.04 −0.06 −0.61 −0.01 −0.31 0.22
RPOP −0.60 −0.39 1.20 0.08 0.05 0.09 0.30 0.05 −0.50 0.36
RPON 0.43 0.37 −0.68 −0.10 −0.03 −0.11 −0.77 0.00 −0.64 0.35
DPOM −0.96 −0.13 1.00 −2.20 −0.10 −0.02 −1.89 −0.15 −3.56 1.11
ρPOM −2.11 −0.34 2.36 −4.73 −0.26 −0.22 −4.06 −1.00 −4.13 2.13
KePOC −0.59 −0.30 −0.71 0.05 −0.04 −0.05 −0.68 −0.08 −0.09 0.29
RDOP −0.60 −0.27 0.52 0.26 −0.09 0.04 −1.35 −0.03 0.00 0.35
RDON −0.58 −0.22 −0.95 −0.09 −0.07 0.00 −0.95 0.01 −0.02 0.32
KeDOC −0.34 −0.10 0.18 −0.46 −0.04 −0.01 −0.77 0.05 0.00 0.22
θN2 −0.53 −0.25 −0.74 0.43 −0.05 −0.07 −1.06 0.06 −0.25 0.38
RN2 −0.88 −0.58 −0.03 −0.03 −0.08 −0.09 −1.21 −0.03 0.01 0.33
KN2 −0.77 −0.56 0.16 −0.43 −0.08 −0.12 −1.16 −0.15 −0.05 0.39
θNO −0.32 0.08 −2.01 −0.46 −0.06 −0.11 −0.51 −0.26 −0.21 0.45
RNO −0.91 −0.13 −0.09 0.10 −0.06 −0.10 −1.09 −0.09 −0.40 0.33
KNO −0.82 −0.28 −2.03 −0.08 −0.10 −0.04 −0.93 −0.30 −0.39 0.55
θsed −0.38 −0.15 0.70 −0.26 −0.04 −0.11 −0.27 −0.07 −0.35 0.26
SdPO4 −0.34 −0.17 1.08 0.29 −0.12 −0.08 −2.09 0.06 −0.11 0.48
KDO SdPO4

−0.71 −0.16 −0.74 −0.40 −0.05 −0.47 −0.96 −0.19 −0.44 0.46
SdNH4 −0.86 −0.39 −0.78 0.07 −0.09 0.09 −1.27 −0.02 −0.27 0.43
KDO SdNH4

−0.45 −0.22 −1.15 −0.21 −0.10 −0.03 −0.93 −0.10 −0.40 0.40

>0.5% 34 2 66 34 7 6 74 8 31 28

Peri:Peridinium; Nano: nanoplankton; Aula:Aulacoseira; Pred: predatory zooplankton; Macro: macro-zooplankton; Micro: micro-zooplankton;
Ave: average of absolute values.

grazing of phytoplankton by zooplankton; (3) grazing
of POC by zooplankton; (4) contributions of excretion
and mortality of phytoplankton to the POC pool; (5)
contributions of egestion and mortality of zooplankton
to the POC pool. The fluxes were calculated daily
as a volumetrically integrated value over each of
the DYRESM layers, and then averaged monthly.
In Fig. 6, the primary productivity is expressed as

a positive flux as it represents a source of carbon
to the lake, while the other fluxes are expressed as
negative, representing internal cycling of carbon
(not sinks). Over the 24-month simulation period
grazing of phytoplankton by zooplankton represented
4–105% of the monthly carbon assimilated in primary
productivity (mean: 54%, S.D.: 30%) (Fig. 6). While
grazing of POC was low (mean: 1%, S.D.: 2%)
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Fig. 5. Carbon biomass for field (A) and simulated (B) data and
percentage of total biomass for field (C) and simulated (D) data
presented as monthly averages for zooplankton, phytoplankton and
detrital material.

during most of the year, the contribution increased
significantly (9%) during the 1998Peridinium bloom,
when the contribution of phytoplankton to the detrital
POC pool was also maximal. The simulated flux of
carbon from phytoplankton and zooplankton to the
POC pool ranged from 12 to 93% (mean: 34%) and
from 1 to 23% (mean: 9%), respectively, of the carbon
assimilated in primary productivity.

4.4. Nutrient dynamics

Four major phosphorus and nitrogen fluxes to and
from the dissolved nutrient pools were extracted from

Fig. 6. Carbon fluxes (g C m−2 day−1) for total primary productiv-
ity (Total Prod), grazing of phytoplankton (Phy2Zoop) and POC
(POC2Zoop) by zooplankton and egestion and mortality of phyto-
plankton (Phy2POC) and zooplankton (Zoop2POC) to the POC pool.
Corresponding periods of stratification and mixis are demarked by
dashed lines.

the model in order to derive the contribution of zoo-
plankton to the nutrient cycles of Lake Kinneret. These
fluxes are shown inFig. 7 and include: (1) phyto-
plankton uptake; (2) sediment–water exchange; (3)
bacterially mediated mineralisation; (4) zooplankton
excretion. A fifth component, external nutrient load-
ing from inflows (5) (including dissolved inorganic
and particulate species), was estimated from mea-
sured daily inflow volumes and nutrient concentrations.
The fluxes are expressed as nutrient mass flux per
day with respect to the whole lake. A negative flux
(sink) represents loss of dissolved nutrients from the
water column (e.g. phytoplankton uptake) and a pos-
itive flux (source) represents a gain (e.g. zooplankton
excretion). The results, inFig. 7A, show that although
sediment exchange makes the greatest contribution to
lake-wide phosphorus fluxes (range: 22–84%, mean:
54%), recycling via zooplankton excretion and bac-
terially mediated mineralisation also make significant
contributions. Zooplankton excretion accounted for up
to 46% of the phosphorus assimilated by phytoplankton
(minimum: 3% (June 1998), maximum: 46% (August
1998), mean: 26%) and simulated values for bacterial
mineralisation account for up to 33% of the phyto-
plankton demand (minimum: 4% (January 1998), max-
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Fig. 7. (A) Phosphorus fluxes (g P m−2 day−1) for total phytoplank-
ton uptake (Phyto uptake), sediment flux (SedFlux), bacterially medi-
ated mineralisation of POP to PO4 (BacMin), zooplankton excre-
tion (ZoopEx) and nutrient contribution from inflows (Inflow) and
(B) nitrogen fluxes (g N m−2 day−1) for total phytoplankton uptake
(Phyto uptake), sediment flux (SedFlux), bacterially mediated miner-
alisation of PON to NH4 (BacMin), zooplankton excretion (ZoopEx)
and nutrient contribution from inflows (Inflow). Corresponding peri-
ods of stratification and mixis are demarked by dashed lines.

imum: 33% (June 1998), mean: 19%). For most of
the year, the external phosphorus loading from inflows
was small, contributing on average 6% to the phos-
phorus pool. However, during the months of Febru-
ary 1997 and January–March 1998, the inflow loading
reached 11–27% of the total simulated flux from all
sources, due to high discharge from the Jordan River
inflow.

The patterns of external versus internal nutrient
cycling were generally repeated in the simulation
results for nitrogen fluxes (Fig. 7B). However, the con-
tribution by sediment exchange as a fraction of the
total sources of nitrogen was lower (range: 6–94%,
mean: 43%). Also, zooplankton excretion as a per-
centage of phytoplankton uptake was higher, ranging
from 5% (December 1998) to 58% (April 1997), with
a mean of 32%. Simulated values for bacterial miner-
alisation accounted for up to 64% of the phytoplankton
nitrogen uptake (minimum: 7% (January 1998), maxi-
mum: 64% (June 1998), mean: 25%). Again, external
loading from inflows was low, averaging 15% of total
sources but increasing to 47% during the high-flow
periods.

Phosphorus fluxes from sediment release were low
during mixis (early 1997) but gradually increased
during the stratified period and then sharply declined
again during mixis of early 1998. The sediment fluxes
increased gradually during the stratified period of 1998
and peaked at a higher level than in 1997. This pattern
was repeated with nitrogen release from the bottom
sediments. The phosphorus flux from zooplankton
excretion was high during mixis of early 1997 and
then gradually decreased towards zero at the end of
the stratified period. It was again high during early
1998 mixis before declining sharply with the onset
of stratification in 1998. The flux from excretion
increased in the middle of the 1998 stratified period,
but declined again towards the end. This pattern
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as repeated in the nitrogen flux for zooplank
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. Discussion

Quantitative model performance criteria with wh
o compare our results, though limited in numb
uggest that our model performs relatively well in s
lating the field data. For example,Ross et al. (1994
alculated NMAE values of 0.38, 1.16, 0.42, 0.63
.65 for phytoplankton, DIN, zooplankton, carnivo
nd as an overall average, respectively, using a co
ydrodynamic and ecological model of four fjor
n visual inspection, our model fit to measured d

ielded a “generally good fit” compared with simi
cological models applied to data from Lake Ont
Chen et al., 2002; Scavia, 1980), Lac de Parelou
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(Thébault and Salenc¸on, 1993), Lake Z̈urich (Omlin
et al., 2001) and Lake Burragorang (Romero et al.,
2004).

The sensitivity analysis served two purposes, firstly
to identify the parameters that required most attention
to focus future modeling attempts and secondly
to identify which variables are most sensitive to
changes in parameters. The predatory zooplankton
and macro-zooplankton parameters (found to be the
most sensitive) were estimated from experimental data
on the main species of zooplankton from each group,
isolated from Lake Kinneret. Future experimental
studies should focus on expanding the experiments
to other species to establish parameters representative
to the groups. The other significant parameter was
the density of POM. Since availability of inorganic
nutrients is dependent on the mineralisation of POM,
it would be expected that loss of POM through settling
will affect all levels of the trophic food web. Although
this analysis does not claim to answer questions on the
bottom-up/top-down control debate, it is interesting
to note that the most sensitive parameters related to
both top-down (zooplankton predation) and bottom up
(relating to the supply of nutrients to the photic zone)
control. In contrast,Omlin et al. (2001)found that
parameters related to growth, respiration and death
of both phytoplankton and zooplankton contributed
the greatest uncertainty to model results andChen et
al. (2002) found that the most sensitive parameters
in their model related to phytoplankton growth rate
a les
w
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54% is higher but may be explained by the lowerPeri-
dinium biomass in 1997. A lowerPeridinium biomass
in the bloom phase means that a greater percentage
of primary productivity is partitioned into the highly
grazed nanoplankton component. In other systems,Lin
et al. (1999)estimated that 58% of primary produc-
tion was transferred to secondary producers based on a
simple mass balance for a sandy barrier lagoon in south-
western Taiwan,Laws et al. (1988)used measurements
from a field study to calculate a transfer of 50% in Auke
Bay, Alaska, andScavia (1980)used an NPZ model
similar to ours to estimate 62% transfer efficiency of
carbon in Lake Ontario. Although there is uncertainty
in estimates of the percentage of primary production
transferred to secondary producers, relatively large val-
ues are widespread across different systems, even with
different methods of analysis. Thus, as transfer of pri-
mary production to higher trophic levels via secondary
production is highly important, accurately simulating
and understanding trophic dynamics in these systems
will clearly be reliant on quantifying the role of sec-
ondary production.

A field study of the contribution of zooplankton to
nutrient fluxes in Lake Biwa, Japan, found that, on
average, the fraction of nitrogen regenerated by zoo-
plankton during stratification was 50% of that fixed
by primary production, compared to 15% for phos-
phorus (Urabe et al., 1995). In contrast, we estimate
32 and 26% for nitrogen and phosphorus, respectively.
Urabe et al. (1995)attributed the lower relative con-
t l to
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gain, PO4 and predatory zooplankton come from
pposite sides of the bottom-up/top-down contro

s possible that thePeridinium showed high sensitivit
ue to the fact that during most of the simulation pe

t is the dominant plankton group in terms of carb
iomass.

Our simulation results produced an estimate of
0% of primary production transferred via zooplank
razing to secondary production. To place our rese

n context with other studies, we compared our si
ated estimates of the percentage of primary produc
ransferred via zooplankton grazing to secondary
uction. In a seasonal mass balance model of Lake
eret using data from 1989 to 1992,Hart et al. (2000
stimated, on average, that 42% of primary produc
as consumed directly by zooplankton. Our estima
ribution of zooplankton to the phosphorus poo
hosphorus limitation. In our study, the average s
lated N:P ratio of the nanoplankton for 1997–1
as 13.5 (w/w), the N:P ratio of macro-zooplank

he main grazer was set at 7.5 and the average s
ated N:P ratio of zooplankton excretion was 21. T
uggests that for Lake Kinneret the nanoplankton
-limited and zooplankton growth may also be stron

nfluenced by P. The main reason the values of ex
ion expressed as a percentage of phytoplankton u
o not differ widely is due to the fact that mixing from
eleased from the bottom sediments gives a propor
tely greater contribution to available nutrients in
hotic zone than for nitrogen. On this basis we wo
onclude that the effect of zooplankton grazing
xcretion of nitrogen and phosphorus does not ap
o significantly alter the elemental balance in the ph
one.
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6. Conclusion

The model used here was shown to reproduce the
seasonal variation of biomass of the dominant phy-
toplankton and zooplankton in Lake Kinneret. The
model produced the best results when variability in
field data was low and showed the biggest diver-
gence when there was large scatter in the field data.
The model results showed that even though zoo-
plankton biomass at no stage exceeded more than
22% of the total plankton carbon, zooplankton excre-
tion of dissolved nutrients can account for up to 52
and 48% of the phytoplankton demand for phos-
phorus and nitrogen, respectively. Using the model
output, we were able to compare the hydrodynamic
and ecological sources and sinks of nutrients in the
photic zone to determine which integrating factors
ultimately determine seasonal patterns in plankton
ecology. The ability of numerical models, such as
the one used in this study, to couple ecological and
physical variables enables researchers to ask ques-
tions that relate to the integration of both biotic and
abiotic factors in limnological nutrient cycles. Fur-
ther improvements to the current model formulation
will enable us to extend the ecosystem focus to ques-
tions such as the role of micro-zooplankton in nutrient
recycling.
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