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Abstract

A size-structured ecosystem model was developed and fitted to an extensive set of observations of size-fraction-
ated biomass, primary and heterotrophic bacterial production, respiration, particle flux, and zooplankton herbivory
obtained on a cruise in the NE Atlantic during 20 days of the spring bloom. Rates of water-column-integrated
primary production and heterotrophic bacterial production were used to force the model, and the model parameters
were determined by optimizing the model to the remaining observations. A unique model solution was not possible
in the absence of dissolved organic carbon (DOC) measurements. By setting a weak constraint on the DOC con-
centrations (that they should remain broadly constant), a solution was obtained that predicted a small DOC increase
during the bloom period; this increase was similar in magnitude to observations in other areas and produced a good
fit with the other data. Major conclusions: (1) gross primary production (GPP) was over twice the measured 14C
production estimates; (2) phytoplankton exudation was a major source of DOC, and 35% of the GPP flowed through
the DOC and was utilized by the bacteria, with a low gross growth efficiency (17%); (3) 62% of the community
respiration came from organisms ,5 mm in size; (4) the major source of food for microzooplankton was phyto-
plankton 1–5 mm in size, but the mesozooplankton ingested more microzooplankton than phytoplankton; and (5)
only 8% of the total net primary production was grazed by mesozooplankton. These results provide quantitative
support to the emerging consensus on the relative roles of large and small organisms in the euphotic zone and
demonstrate the necessity of measuring DOC to constrain the carbon budget within the euphotic zone.

A prominent objective of biological oceanography is to
determine and understand the processes controlling the flux-
es of carbon in the ocean over time. The most important of
these is the fate of CO2 taken up by phytoplankton in the
euphotic zone. We wish to quantify how this carbon passes
through the food web to its eventual fate as carbon respired
within the euphotic zone or carbon exported to the deeper
ocean. An attempt to budget carbon was one of the aims of
the Joint Global Ocean Flux Study (JGOFS) North Atlantic
Bloom Experiment (NABE) carried out in 1989 at a number
of stations along the 208W meridian. The most extensive
coverage was at 478N, where Bender et al. (1992) calculated
a carbon budget for the upper water column (0–50 m) over
a 13-d period during the spring bloom. Of the total gross
primary production of 1.83 mmol C m22, they estimated that
63% was respired, 16% was stored as particulate organic
carbon (POC) within the upper 50 m, and 18% was sedi-
mented out to depths .50 m.

Bender et al. (1992) did not attempt to unravel the details
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of how the carbon flowed through the euphotic zone food
web, which would require more quantitative information on
how primary production is partitioned among size classes,
the fraction of primary production grazed by small and large
zooplankton, and the role of dissolved organic carbon (DOC)
and heterotrophic bacteria. In this study, we evaluated car-
bon flow using data from a U.K. JGOFS 1990 cruise cen-
tered on 478N, 188W in the northeast Atlantic. This cruise
was carried out in Lagrangian mode by following a drifting
buoy in an attempt to minimize the effects of horizontal
advection; several biomasses and fluxes were measured over
a 20-d period. However, the measurement set was not suf-
ficiently complete to allow carbon budgets to be constructed
on a daily basis, so a new size-structured ecosystem model
was developed; the components of this model matched the
observation set and were fitted to these observations using
a nonlinear parameter estimation technique (Fasham and
Evans 1995, 1998). This ecosystem model draws on previ-
ous size-structured models (Ducklow and Fasham 1991;
Taylor et al. 1993) but differs in that it uses the daily ob-
servations of bacterial production and size-fractionated pri-
mary production as forcing functions and models the sub-
sequent fate of these inputs as they pass up the food web.
The model results were then used to produce self-consistent
carbon budgets and quantify the various pathways for carbon
flow within the euphotic zone.
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Table 1. The quantities measured, techniques used and frequency of sampling during the 1990 BOFS Lagrangian study. Sources refers
to the published work containing comprehensive details of the methods used during this study.

Parameter Technique Frequency Source

Size-fractionated chlorophyll a
Size-fractionated primary production
Heterotrophic bacterial biomass
Heterotrophic bacterial production
Microzooplankton biomass
Microzooplankton grazing
Mesozooplankton biomass
Mesozooplankton grazing
Community respiration
Vertical carbon flux
Nitrate concentration

Fluorescence
14C
DAPI
3H-TdR
DAPI, proflavin
Dilution method
Net hauls
Gut fluorescence
Micro-Winkler O2
234Thorium
Autoanalyzer

Daily
Daily
Daily*
Daily*
Irregular
Alternate days
Alternate days
Alternate days
Alternate days
1 per 4 days
2–6 per day

Savidge et al. (1995)
Savidge et al. (1995)
Kirchman et al. (1993)
Kirchman et al. (1993)
Burkill et al. (1993)
Burkill et al. (1993)
Morales et al. (1993)
Morales et al. (1993)
Williams (1981b)
Ritchie and Shimmield (1991)

* Observations in which sampling was occasionally less frequent than stated.

Methods

The data—The data were obtained from the first of a two
cruise Lagrangian experiments centered on 478N, 188W as a
component of the Biogeochemical Ocean Flux Study
(BOFS), a U.K. contribution to JGOFS. The site was occu-
pied from 1 May (day 121) to 20 May 1990 (day 140),
during which time the ship tracked a drogued buoy that had
been placed in an anticyclonic eddy identified from a large
scale SeaSoar survey (Savidge et al. 1992). During this pe-
riod, serial sampling of the water column was carried out,
and a set of biogeochemical variables was measured using
the methods presented in Table 1. The frequency of sampling
ranged from daily to weekly for different variables.

Size-fractionated chlorophyll a concentration and primary
production, heterotrophic bacterial biomass, heterotrophic
bacterial production, and community respiration were deter-
mined from common water samples taken before dawn at
six depths in the upper 35 m of the water column (corre-
sponding approximately to the depth of the mixed layer).
Phytoplankton primary production was estimated from 24-h
14C incubations and are assumed to be a measure of net
primary production (Laws 1991; Chipman et al. 1993). In
the absence of any direct measurements, a carbon : chloro-
phyll a ratio of 50 was assumed and used to convert phy-
toplankton chlorophyll a concentrations to units of carbon
(Gieskes 1991). Bacterial biomass and production were con-
verted to carbon using a conversion constant of 20 fgC cell21

and 2 3 1018 cells produced per mole of thymidine incor-
porated (Kirchman et al. 1993).

The size fractions for phytoplankton biomass and produc-
tion were 0.2–1 mm, 1–5 mm, and .5 mm, designated pi-
cophytoplankton, nanophytoplankton, and microphytoplank-
ton, respectively, although these size fractions do not exactly
correspond to the standard definition of these terms (Sieburth
et al. 1978). The size classes were chosen to reflect the food
web structure of the NE Atlantic, especially the fact that
copepods cannot graze efficiently on cells #5 mm in size
(Joint and Williams 1985; Berggeren et al. 1988).

The data are presented as daily integrated values (0–35
m). To standardize the data sets to this format it was nec-
essary to make some assumptions. For heterotrophic bacte-
rial production, which was based on 4-h incubations, the

values have been extrapolated to obtain 24-h production es-
timates. Microzooplankton and mesozooplankton biomass
estimates are based on vertical net hauls from 0–35 m and
from 0–100 m, respectively. The grazing rates derived for
microzooplankton and mesozooplankton were obtained from
either 10-m or 25-m samples. For microzooplankton herbiv-
ory the rates from one depth were assumed to be represen-
tative of the mixed layer population and were scaled ac-
cordingly to obtain a column integrated value. The
mesozooplankton biomass was measured over the upper 100
m of the water column. However, because they exhibit diel
vertical migration (Morales et al. 1991), mesozooplankton
from 0–100 m probably would graze predominantly in the
surface mixed layer (0–35 m); therefore, the mesozooplank-
ton grazing rates have been scaled to the 0–100-m popula-
tion but applied to the 0–35-m water column.

The estimates of the downward flux of POC are based on
234Th disequilibria. Thorium data were collected from 0–50
m and thus represent the flux of material exiting a 50-m
water column; the magnitude of this flux has been assumed
to be not significantly different from that leaving the surface
mixed layer (0–35 m).

Samples for DOC analysis were obtained on the cruise,
but because of problems with the high temperature oxidation
technique at sea, these data were unusable. This problem
with the DOC analysis severely limited our ability to pro-
duce a uniquely determined carbon budget.

Development of the bloom—During the first 10 d of the
Lagrangian experiment, the chlorophyll a concentrations
ranged between 0.6 and 2.1 mg m23 in the mixed layer, with
no obvious temporal trend, whereas nitrate concentrations
decreased from 6.1 to 3.6 mmol m23 (Fig. 1A). There was
a progressive development of the stratification of the sea-
sonal thermocline between depths of 20 and 35 m over the
20-d period, with surface temperatures increasing from 128C
to 148C (Savidge et al. 1992, fig. 9). Starting around 8 May
(day 128), the phytoplankton production in all three size
fractions began to show an upward trend (Fig. 1B), although
there were large day-to-day variations. Apart from the ob-
servations at the beginning of the cruise and on 15 May (day
135), the variability in production was correlated with daily
averaged photosynthetically available radiation (PAR) esti-
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Fig. 1. Temporal change of key observations within the mixed
layer (0–35 m) during the Lagrangian experiment. (A) Total chlo-
rophyll a (circles, mg m23) and nitrate concentrations (crosses,
mmol N m23). (B) 14C primary production estimates (gC m22) in
the size fractions ,1 mm (V), 1–5 mm (v), and .5 mm (n). (C)
Total primary production in all three size classes (gC m22, V) and
community respiration (gC m22, l). The daily average PAR (Watts
m22) is shown by a dashed line. (D) Bacterial production (gC m22

d21, V) and bacterial biomass (gC m22, l). (E) Mesozooplankton
biomass (gC m22). The regression line of biomass against day num-
ber is also shown.

mates (Fig. 1C), and over the whole 20 d the variance in
PAR accounted for 50% of the variance in production (sig-
nificant at the 1% level). The eight observations of com-
munity respiration showed little correlation with the 14C es-
timates of primary production (Fig. 1C), although there was

a significant (5% level) increase over the whole 20 d. The
ratio of daily community respiration to 14C production
ranged between 0.8 and 3.2 (mean 6 SE 5 1.9 6 0.9).

On 16 May (day 136), the phytoplankton biomass in-
creased sharply, accompanied by a decline in mixed layer
nitrate (Fig. 1A). In the last 3d of the experiment, both the
phytoplankton biomass and the rate of nitrate utilization de-
clined.

Both bacterial production and biomass increased some-
what over the first 10 d, although the increase in biomass
occurred before the increase in production (Fig. 1D). In the
latter part of the period, the data were too sparse to allow
any conclusions to be drawn. Over the whole 10 d, bacterial
production averaged 20% of the 14C production.

The mesozooplankton biomass was very variable (Fig.
1E), and although a regression with time gives a positive
trend of 19 mgC m22 d21, it only explained 25% of the
variance (significant at 5% level). The observations of mi-
crozooplankton biomass were too few to allow any firm con-
clusions to be drawn (see Fig. 4b).

The problem of advection—One of the aims of this study
was to budget the carbon flow over the period of the La-
grangian experiment. If the effects of physical mixing or
advection are neglected, then over the whole 20 d the gross
primary production (GPP) must be balanced by the sum of
the community respiration, any increase in organic carbon
(DOC 1 POC) within the top 35 m, and any export from
the 0–35-m layer, i.e., the downward POC flux. The survey
plan was designed to minimize the effects of advection by
following a drifting buoy. In any realistic flow field, it is
impossible to completely remove advective fluxes by such a
simple expedient, but we need to establish that such fluxes
are indeed small compared with the other ecosystem fluxes
that affect the carbon budget.

In the first analysis of these data, Savidge et al. (1992)
thought that advection could be significant. They compared
the changes in nitrate concentration in the top 35 m with
that predicted from 15N uptake experiments during 8–16 May
and concluded that the day-to-day correlation between the
two measurements was poor; on three occasions there was
an increase in nitrate concentration as compared with the
previous day. Thus, they conclude that advection did play a
significant role in the temporal changes of nitrate and, by
implication, other biological variables. Two problems with
this analysis need to be addressed before these conclusions
about advection can be accepted. First, the nitrate uptake
data were calculated by extrapolating from surface values
only; however, the complete data set is now available (Boyd
et al. 1995), with NO3 uptake measurement from six depths
in the top 35 m on 8 days (1, 3, 7, 9, 11, 14, 17, and 19
May). The second problem is that the daily changes in nitrate
were based on just two hydrocasts taken concurrently with
sampling for the 15N experiment. The estimation of the av-
erage nitrate concentration in the top 35 m using such hy-
drocasts will be subject to measurement errors and can also
be greatly affected by variations in the depth of the nitricline
due to internal waves (Holligan et al. 1985). One way of
ameliorating this problem is to use all the hydrocasts for a
given day to calculate a daily average. Even when this ap-
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proach was taken, the nitrate concentration still showed an
increase on three of the days (Fig. 1A). However, the total
calculated decrease in nitrate between 1 and 20 May was
113 6 42 mmol N m22. Summing the nitrate uptake calcu-
lated from the 15N experiments for the same period, using
the full NO3 uptake data set, gives 92 mmol N m22, not
significantly different from the decrease in nitrate concen-
tration. Although this agreement does not prove conclusively
that advection is unimportant, it does suggest that advective
effects were small compared with the larger biological fluxes
during the bloom.

The ecosystem model

Model equations—The data set described can be used to
define a model ecosystem with seven state variables: pico-
phytoplankton, nanophytoplankton, microphytoplankton, mi-
crozooplankton, mesozooplankton, and heterotrophic bacte-
ria; for all of these components there are observations at
various frequencies. In addition, a state variable for DOC is
included, although there are no observations of this quantity.
Any detritus that is produced (i.e., mesozooplankton fecal
pellets) is assumed to sink immediately from the surface 35
m and form part of the downward POC flux. In reality, some
detritus may not sink rapidly and will accumulate within the
mixed layer and contribute to the increase in POC; therefore,
strictly speaking, an extra model component for such detritus
should be included. However, because we have no measure-
ments of detrital concentrations and because any mixed layer
detritus will be recycled to dissolved inorganic carbon or
DOC over a fairly short time, it seems more reasonable to
subsume this slow sinking detritus within the model DOC
pool.

In addition to measurements of state variable concentra-
tions, there are measurements of eight fluxes; net primary
production (NPP) for all three phytoplankton size classes,
bacterial production, autotrophic grazing by micro- and me-
sozooplankton, total community respiration, and downward
POC flux out of the mixed layer. The flow diagram for the
model is shown in Fig. 2.

We attempted to simulate effectively the observed data set
and then to use the model results to determine the full set
of carbon flows within the mixed layer ecosystem over the
20-d experimental period. We particularly examined the ex-
tent to which inputs to the system are balanced by outputs
and the role of the various compartments in the mixed-layer
carbon flows. One of the classic ways to analyze material
flows in a system is input–output flow analysis (Ducklow et
al. 1989). In this technique, the output flow of carbon from
a compartment is partitioned into respiration, DOC produc-
tion, detritus, and predation to higher trophic levels; these
flows are then assumed to be constant fractions of the input
flow. Using simple matrix arithmetic, it is then possible to
calculate a complete flow matrix for any food web given the
input flows (Fasham 1985). The advantage of flow analysis
is that it requires a relatively small number of parameters to
define the system. However, the method assumes a steady
state system and so is not strictly applicable to a spring
bloom. Another approach would be to use a classical marine

ecosystem model in which rate-specific parameters are de-
fined for all compartments, and intercompartment flows are
functions of the compartmental concentrations (e.g., Duck-
low and Fasham 1991). We used a hybrid approach, using
the observed values of phytoplankton and bacterial produc-
tion as given forcing inputs and then producing a model to
analyze the fate of this production. Some flows such as res-
piration, DOC excretion, and fecal pellet production are as-
sumed to be constant fractions of the input flow to a com-
partment, whereas others such as predation and
phytoplankton sinking are biomass dependent. Obviously,
other choices could have been made; for example, respira-
tion could be biomass dependent. The final model was cho-
sen based on its ability to give the best overall fit to the
observations. Another simplification of this model was that
difference equations instead of differential equations were
used because biomass and production were only measured
daily at most.

The basis of the model is a submodel of the carbon flows
through a generic compartment given an index i. The total
input to this ith compartment on day t is defined as Tit (the
i indices used for the compartments are defined in Table 2;
in addition, indices 0 and 8 are assigned to respiration and
downward POC flux, respectively). The inputs for the phy-
toplankton and bacteria compartments are the gross produc-
tion derived from the observed 14C primary production and
thymidine bacterial production values (see next paragraph).
The input for each zooplankton compartment is the sum total
of all the calculated grazing terms.

There are four other assumptions of the model. First, res-
piration and DOC excretion for all biotic compartments are
fractions ci0, ci7, respectively, of the input flow Tit. It has
been assumed that the observed 14C primary production val-
ues are measures of net production, and so the input term
for the phytoplankton components will be the Tit 5 Pit/(1 2
ci0 2 ci7), i 5 1, 3. The phytoplankton respiration and DOC
excretion are then given by ci0Tit and ci7Tit. In the case of
bacteria, it was assumed that there is no net DOC excretion,
so the input is T6t 5 P6t/(1 2 c60) and respiration is c60T6t.

Second, microphytoplankton sink with sinking rate V3 (m
d21). Small phytoplankton and bacteria are assumed not to
sink, and zooplankton are assumed to be able to maintain
their position within the water column.

Third, fecal pellet production of mesozooplankton is as-
sumed to be a constant fraction of the input flow and to
contribute directly to the downward POC flux without any
remineralization taking place. However, mesozooplankton
mortality is excluded from the downward POC flux. Micro-
zooplankton feces have very low sinking rates and have a
high probability of being remineralized in the mixed layer
(Stoecker 1984). This characteristic was parameterized in the
model by assuming that microzooplankton fecal pellet pro-
duction could be subsumed within the DOC production term.
Thus, the gross growth efficiency (GGE) is 1 2 c50 2 c57 2
c58 for mesozooplankton and 1 2 c40 2 c47 for microzoo-
plankton.

Fourth, predation is parameterized by a multiple resource
generalization of the Holling type II function. Total food F
available to the predator j is defined as a weighted sum of
the prey, thus F 5 S ckj Bkt, where ckj are grazing preferences
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Fig. 2. Diagrammatic flow diagram of the ecosystem model. The thick lines show the observed
flows used to force the model, and the dashed lines are the observed flows used, in conjunction
with the biomass observations, to optimize the model solution.

(these preferences are the inverse of the half-saturation con-
stants), Bkt is the prey concentration (gC m22) on day t, and
the summation is over all prey types. The specific grazing
rate (d21) of predator j on prey i is then given by

g c Bj ij it
G 5 , (1)ij 1 1 F

where gj is the maximum grazing rate (d21). Microzooplank-
ton can prey on all three classes of phytoplankton and het-

erotrophic bacteria, but mesozooplankton are assumed to
prey only on phytoplankton .5 mm (Joint and Williams
1985) and microzooplankton.

The equations for pico- and nano-phytoplankton are given
by

B 5 P 1 B 2 G B , i 5 1, 2 (2)it9 it it i4 4t

where t9 5 t 1 1 and Pit is the observed NPP (gC m22 d21)
on day t. This equation simply states that the biomass at
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Table 2. Index numbers of compartments and output flows.

Index Compartment

1
2
3
4
5
6
7
8
0

Picophytoplankton (,1 mm)
Nanophytoplankton (1–5 mm)
Microphytoplankton (.5 mm)
Microzooplankton (,200 mm)
Mesozooplankton (.200 mm)
Bacteria
DOC
Downward POC flux
Respiration

time t 1 1 is the biomass at time t plus the net production
less the predation by microzooplankton.

The microphytoplankton are grazed by micro- and me-
sozooplankton and can also sink. The equation is therefore

B 5 P 1 B (1 2 V /M) 2 G B 2 G B , (3)3t9 3t 3t 3 34 4t 35 5t

where M is the mixed layer depth, in this case 35 m.
The equation for heterotrophic bacteria is

B6t9 5 P6t 1 B6t 2 G64B4t, (4)

where P6t is the observed bacterial production on day t.
The microzooplankton equation is

3

B 5 B 1 1 G 1 G (1 2 c 2 c )O4t9 4t i4 64 40 471 2[ ]i51

2 G B . (5)45 5t

Thus the increase in biomass is given by the input from
predation multiplied by the GGE less the predation by me-
sozooplankton.

The equation for mesozooplankton is

B 5 B [1 1 (G 1 G )(1 2 c 2 c 2 c ) 2 m B ].5t9 5t 35 45 50 57 58 5 5t

(6)

The equation for mesozooplankton differs from that for mi-
crozooplankton in that a density-dependent mortality term,
m5 , has been subtracted to provide a closure for the model.2B5t

It is further assumed that this mortality flux is mainly due
to higher predators and so, over the time scale of the obser-
vations, it is an export from the system that does not form
part of the downward POC flux.

The equation for DOC is

5

B 5 B 1 c T 2 P /(1 2 c ). (7)O7t9 7t i7 it 6t 60
i51

Thus, the DOC change is the sum of increases due to DOC
release by phytoplankton and zooplankton less the uptake by
bacteria.

Equations for community respiration, downward POC
flux, and micro- and mesozooplankton herbivory can now
be written; these fluxes are required for the optimization
against their observed values:

6

community respiration 5 c T (8)O i0 it
i51

downward POC flux 5 V B /M 1 c T (9)3 3t 58 5t

3

microzooplankton herbivory 5 G B (10)O i4 4t
i51

mesozooplankton herbivory 5 G B . (11)35 5t

The downward POC flux is given by the sum of microphy-
toplankton direct sinking and zooplankton fecal pellet pro-
duction.

Fitting the model to the observations—The model param-
eters were estimated from observations using a nonlinear
estimation technique (Fasham and Evans 1995). A penalty
function T is defined that measures the misfit between the
model and the data, and then this function is minimized by
adjusting the parameter values using a nonlinear optimiza-
tion method. The penalty function used was the sum of a
measure of model misfit to the observations Tobs and a mea-
sure of parameter misfit Tpar, which is included to ensure
that the optimized parameters remain within reasonable
bounds:

2w (Xobs 2 Xmod )ij ij ij
T 5 , (12)O Oobs 2Xmodij

where Xobsij and Xmodij are the observed and simulated val-
ues, respectively, of a state variable i at time tj and wij is a
weight; the double summation is over all the state variables
and all observation times. Unlike the penalty function used
by Fasham and Evans (1995), this function is nondimen-
sional because of the difference in units between the biomass
and flux observations. Weights of 10 and 1 were given to
the biomass observations and the flux observations, respec-
tively. The solution obtained will be affected by the choice
of weight values; experiments with different weighting sets
showed that the model solutions for variables with good data
coverage were little affected, whereas the solutions for data-
poor variables, such as microzooplankton, were more vari-
able. The final choice of weights was based on our assess-
ment that the biomass observations (especially the
phytoplankton biomass) were more reliable than the flux ob-
servations and that it was more important that the model
gave a good fit to the former.

Before defining Tpar, the parameter space is transformed
into one more useful for carrying out the optimization pro-
cess. T is the suggested or target value of the parameter, and
U and L are its upper and lower bounds, respectively. If p
is any model parameter value, then a variable q is defined
as

T 2 p
q 5 L # p , T (13)

L 2 p

p 2 T
q 5 T # p # U. (14)

U 2 p

Thus the parameter p that varies over the range (L, U) is
transformed into the variable q varying over the range (2`,
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Table 3. Parameter values (mean 6 SE) determined for the two
models used in the analysis. Also given are the lower (L), upper
(U), and target (T) values of the parameters used in the optimization
procedure.

Param-
eter T L U Model 1 Model 2

c14

c17

c10

c24

c27

c20

c34

c35

c37

V3

c30

c45

c47

c40

g4

c57

c58

c50

g5

1.0
0.05
0.1
1.0
0.05
0.1
1.0
1.0
0.05
0.1
0.1
1.0
0.1
0.5
1.0
0.1
0.25
0.45
0.3

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.0
0.2
0.4
0.1

2.0
0.5
0.3
2.0
0.5
0.3
2.0
2.0
0.5
2.0
0.3
1.0
0.5
0.8
3.0
0.3
0.3
0.7
0.5

0.72 6 0.10
0.33 6 0.34
0.21 6 0.20
0.29 6 0.04
0.36 6 0.14
0.23 6 0.10
0.14 6 0.03
0.51 6 0.14
0.33 6 0.26
1.50 6 0.62
0.22 6 0.15
1.85 6 0.11
0.21 6 0.05
0.55 6 0.05
1.64 6 0.21
0.19 6 0.05
0.29 6 0.03
0.45 6 0.01
0.46 6 0.02

0.62 6 0.12
0.05 6 0.41
0.09 6 0.69
0.25 6 0.05
0.05 6 0.36
0.07 6 0.30
0.12 6 0.03
0.50 6 0.15
0.05 6 0.35
1.51 6 0.57
0.08 6 0.37
1.79 6 0.15
0.28 6 0.07
0.51 6 0.07
2.01 6 0.36
0.08 6 0.04
0.28 6 0.04
0.56 6 0.07
0.46 6 0.02

m5

c64

c60

B1

B2

B3

B4

B5

B6

0.1
1.0
0.7
0.3
1.5
0.6
0.6
0.1
0.075

0.0
0.0
0.3
0.1
1.0
0.3
0.3
0.05
0.05

0.5
2.0
1.0
0.5
2.0
0.7
0.7
0.6
0.1

0.03 6 0.03
1.74 6 0.23
0.83 6 0.04
0.26 6 0.04
1.30 6 0.13
1.01 6 0.09
0.53 6 0.05
0.44 6 0.03
0.07 6 0.01

0.04 6 0.03
1.49 6 0.29
0.90 6 0.04
0.26 6 0.04
1.32 6 0.13
1.01 6 0.08
0.49 6 0.10
0.44 6 0.03
0.07 6 0.01

1`); this transformation makes it much easier to use stan-
dard optimization subroutines while ensuring that the param-
eters do not take on ecologically unrealistic values.

The penalty function Tpar is then defined as Tpar 5 S q2/
v, where v is an estimate of the parameter variance and the
summation is over all the parameters. The variance v is cho-
sen such that Tpar is similar in magnitude to Tobs; a value of
10 was used but the results are not sensitive to even order
of magnitude changes in v. The values of T, L, and U are
given in Table 3.

To obtain a solution, initial values of the parameter set are
first defined (usually the target values), and then the model
is run for 20 d and the penalty function Ttot 5 Tobs 1 Tpar is
calculated. Powell’s derivative-free conjugate gradient meth-
od (Press et al. 1992) was then used to iterate to a minimum
Ttot.

Once a minimum has been found it is possible to calculate
the variance and covariances of the parameters (Gill et al.
1981) by calculating the inverse of the Hessian matrix de-
fined as z] 2Ttot/] ] z. In practice, the Hessian matrix wasp pi j

first calculated in the q space using a centered difference
approximation with an iterative process to determine the step
size (Gill et al. 1981). The Hessian matrix was then trans-
formed into the parameter space using the chain rule before

inverting the matrix. The variance of the parameters is then
given by the diagonal of this inverted matrix.

During the initial runs, it soon became apparent that with-
out the constraint of the DOC concentrations it was not pos-
sible to obtain a unique solution for the model parameters.
It was therefore decided to focus on two solutions using very
different assumptions about the DOC concentrations. For
one solution (model 2), no constraint of any sort was placed
on DOC; and the DOC concentration declined almost line-
arly over the 20-d period. This result runs counter to most
observations of DOC changes during the spring bloom. To
investigate the possibility of an alternative solution (in which
DOC does not decrease), the DOC concentrations were
weakly constrained to be broadly invariant with time (model
1) by adding to the observation set before optimization some
extra constant DOC ‘‘observations’’ (with weight 5 1) for
every odd-numbered day. Thus, the optimization would at-
tempt to find a solution with constant DOC but, because of
the low overall weight of these DOC ‘‘observations,’’ so-
lutions in which DOC does not remain constant can still be
obtained. The total number of parameters optimized for both
cases (including the initial values of phytoplankton, zoo-
plankton, and bacteria biomass) was 28.

Results

Model 1: DOC constrained—The optimized parameter
values and their standard errors are shown in Table 3. A few
of the parameters (c17, c10, m5) have standard errors that are
of the same magnitude or are larger than the parameter val-
ues themselves. Thus, these parameters cannot be accurately
estimated from the available data set. In fact, when these
parameters were set to zero before the optimization, then the
resulting fit to the observations was almost as good as that
obtained when these parameters were allowed to vary.

A comparison of the predicted and observed changes in
phytoplankton biomass for the three size classes is provided
in Fig. 3. The modeled picophytoplankton population shows
a decline over the first 10 d that is in good agreement with
the observations. This decline is followed by a period of
little change, followed by a bloom beginning on day 136
and then a decline over the last 2 d. The model picophyto-
plankton bloom is due to an increase in production (Fig. 1B),
but the predicted increase in biomass is not supported by the
observations (Fig. 3a). The modeled nano- and microphy-
toplankton biomasses show a very small increase over the
first 10 d, followed by more rapid growth starting on day
133 that levels off or declines on the last 2 d (Fig. 3b,c).
The model reproduces the bloom of both nano- and micro-
phytoplankton quite well, although the modeled peak in the
bloom occurs 1–2 d after the observed peak, and the sub-
sequent decline in the observed biomass is not fully matched
by the model (especially for microphytoplankton).

Modeled bacterial biomass changed little over time (Fig.
4a) apart from on days 130–131. The predicted bloom over
this period was caused by the high bacterial production on
days 129–130, (Fig. 1D), but there is no indication of such
a bloom in the actual bacterial biomass. By day 132, an
increase in microzooplankton grazing in the model restores
the biomass values back to the observed levels.
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Fig. 3. Modeled phytoplankton biomass (gC m22) predicted by
model 1 (solid lines) and model 2 (dashed lines) compared with
observations: (a) picophytoplankton, (b) nanophytoplankton, (c) mi-
crophytoplankton. In this and subsequent figures, observations are
plotted as diamonds.

Fig. 4. Modeled biomass of (a) bacteria, (b) microzooplankton,
and (c) mesozooplankton compared with observations. All units are
gC m22.

The modeled microzooplankton and mesozooplankton
biomasses both increase over the 20 d (Fig. 4b,c). However,
the increase in modeled mesozooplankton biomass over the
20 d (0.09 gC m22) is less than that predicted by a regression
of the observed biomass against time (Fig. 1E; 0.33 6 0.17
g C m22 over 18 days) but it is within the 95% confidence
limits. There were only four observations of microzooplank-
ton biomass (Fig. 4a), and so validation is extremely difficult
for this variable, although the model almost exactly repro-
duces the increase in microzooplankton biomass up to day
129. Thereafter, the model microzooplankton biomass in-
creases by a factor of 2.6, but the only observation (day 139)
has a value less than any of the previous observations. Be-
cause microzooplankton grazing is usually closely coupled
with primary production (Burkill et al. 1993), one would

expect microzooplankton biomass to increase during the
bloom unless these organisms were closely controlled by
grazing. This argument might therefore cast some doubt on
the reliability of the last microzooplankton biomass mea-
surement. The modeled GGEs for micro- and mesozooplank-
ton and bacteria were 24% 6 5%, 7% 6 6%, and 17% 6
4%, respectively.

Model 1 provides a good fit to the observations of the
rates of microzooplankton herbivory for the first 13 d of
observations (Fig. 5a). Subsequently, the modeled grazing
rates more than double because of the increased prey and
microzooplankton biomass concentrations, whereas the ob-
servations did not show such an increase. Modeled meso-
zooplankton herbivory rates increased only slightly over the
20-d period and are within the range of the observations,
which show no consistent trend (Fig. 5b).

As might be expected given the increase in overall com-
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Fig. 5. Modeled zooplankton herbivory compared with obser-
vations: (a) daily fluxes of microzooplankton herbivorous grazing
(gC m22 d21) and (b) the same for mesozooplankton.

Fig. 6. Modeled (a) downward POC flux (gC m22 d21) and (b)
community respiration (gC m22 d21) compared with observations.
Plot shows the DOC changes predicted by the two models (c).

Table 4. Overall carbon balance predicted by the two models.
For both models the total net primary production was 15.6 gC m22.

Activity

Total flows (gC m22)*

Model 1 Model 2

Input
Gross primary production 36.6 17.7

Output
Respiration
Downward POC flux
Increase in community biomass
Increase in DOC
Mesozooplankton mortality

(export to higher predators)

27.7
1.8
3.5
3.5

0.1

29.3
1.8
3.3

216.8

0.1
Total output 36.6 17.7

* For days 121–140.

munity biomass, the modeled community respiration in-
creased over the 20-d period (Fig. 6b) and, apart from days
121 and 127, agreed closely with the observations. The mod-
eled downward POC flux is of the correct magnitude (Fig.
6a), but the paucity and variability of the observations means
that we cannot confirm the predicted increase over the period
of the experiment. The modeled microphytoplankton sinking
rate was 1.5 6 0.6 m d21 (Table 3); this value may seem
low compared with the POC sinking rates of ;100 m d21

estimated from deep sediment traps (Newton et al. 1994),
but these rates from the deep traps refer to aggregated se-
nescent material rather then freshly growing phytoplankton.

One of the benefits of this model is that it can be used to
analyze the total carbon balance over the whole Lagrangian
experiment. If advective fluxes are excluded, the GPP
summed over the 20 d should be balanced by the sum of
respiration and downward POC flux, plus or minus any net
increase or decrease in the concentrations of the phytoplank-
ton, bacteria, zooplankton, and DOC. The result of this ac-
counting exercise for model 1 (Table 4) raises two important
points. First, to balance the respiration, the model predicts
that the GPP is over twice the measured 14C production of
15.6 gC m22. This value is achieved by having high values
for the fractions of GPP that go to respiration and DOC
exudation (Table 3); averaged over the three size classes of
phytoplankton, the fraction respired was 0.22 6 0.15 gC m22

and the fraction going to DOC was 0.34 6 0.26 gC m22.
Second, modeled DOC increases by 3.5 gC m22 over the 20
d, with most of this increase occurring over the last 5 d (Fig.
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6c). This increase occurs because the large DOC supply from
phytoplankton exudation during the bloom exceeds the de-
mand from bacteria, whose biomass remains virtually con-
stant during the bloom. Because we have no DOC obser-
vations, there is no possibility of confirming whether this
increase did in fact occur, although other studies have shown
that DOC increases during a bloom.

Model 2: DOC unconstrained—The optimized parameter
values obtained (Table 3) show some significant differences
from the model 1 values. The parameters determining phy-
toplankton exudation and respiration (ci7, ci0, i 5 1,3) all
have values close to their target values and have SEs that
are between 4 and 8 times their estimated values. These high
SEs indicate that all these parameters are very poorly deter-
mined by the observations, and, in fact, it is possible to
obtain as good a fit by setting all these parameters to zero.
Thus, the absence of data on DOC has caused the model to
be underdetermined in a statistical sense. However, all of the
parameters not associated with phytoplankton respiration
and exudation were within 2 SEs of the model 1 values
(Table 3).

The resulting fit of model 2 to the observations was vir-
tually identical to that of model 1 for most variables (Figs.
3–6), although there were some small differences in the
modeled respiration. However, the DOC concentrations were
completely different from those of model 1, with DOC de-
clining by 16.8 gC m22 over the 20 d (Fig. 6c). The carbon
budget for model 2 is also very different from that of model
1 (Table 4), with GPP only 13% higher that the 14C produc-
tion. From where then does the carbon come to balance the
respiration term? DOC is removed from the DOC pool by
the bacteria, and because of the low bacterial GGE (10%),
most of this carbon is respired. Thus, in effect the DOC pool
is providing a carbon subsidy to the system. However, with-
out any actual DOC observations, we cannot confirm or re-
fute this prediction.

The modeled GGEs for micro- and mesozooplankton and
bacteria were 21% 6 10%, 8% 6 9%, and 10% 6 4%,
respectively, not significantly different from model 1 values.

Discussion

How well does the model fit the observations?—Before
discussing the model results in more detail, the success of
the model in reproducing the observations should be as-
sessed. For most of the variables for which we have a good
temporal coverage (phytoplankton, bacteria, and community
respiration), both models fit the trends over the 20-d period
reasonably well (Figs. 3, 4, 6), although the sharp decline in
the microphytoplankton bloom in the last few days was not
reproduced and the small picoplankton bloom that occurred
after day 136 in the model was not apparent in the data.
However, bearing in mind the relative simplicity of the mod-
el and the fact that the model forcing functions were un-
smoothed production estimates obtained from a single daily
measurement, it would be unrealistic to expect the model to
fit every detail of the temporal changes in phytoplankton.
For example, the picoplankton population may have been

also grazed by some other unmodeled ecosystem component,
such as salps (Fortier et al. 1994).

The assumption of a carbon : chlorophyll ratio of 50 was
tested by using a model in which this ratio was a parameter
to be optimized rather than a preset value. The results
showed that the goodness-of-fit parameter Tobs was hardly
altered. Furthermore, the estimated value of the carbon :
chlorophyll ratio was 47, indicating that our assumed value
for this ratio was reasonable, or at least that the model so-
lutions are not very sensitive to the value of this parameter.

The observed bacterial biomass changed very little over
time (Fig. 1D), and both models reproduced this finding,
apart from days 130–131 when high values of measured bac-
terial production (Fig. 1D) enabled the modeled bacteria to
temporarily escape from microzooplankton grazing control.

The models matched the observed increase in microzoo-
plankton biomass between days 121 and 129, but the lack
of good observations for the latter part of the experiment
means that the large predicted increase in microzooplankton
biomass over this period cannot be confirmed. Similarly, al-
though the general trend of the mesozooplankton observa-
tions was matched by the model, the large variability in the
observations makes it difficult to draw any firm conclusions
about the validity of the model. Both these points emphasize
the importance of obtaining high-quality zooplankton data if
ecosystem models are to be properly validated.

The model results for mesozooplankton and microzoo-
plankton herbivory (Fig. 5) were within the range of the
observations for the majority of the period, but the modeled
microzooplankton herbivory was up to 4 times the measured
values during the period of the bloom. Microzooplankton
herbivory might be expected to increase during a bloom, and
so it is puzzling that the observations fail to show any in-
crease. Another check on the validity of the zooplankton
model is to calculate the zooplankton ingestion rates and the
GGE values for the zooplankton to see whether they are
within the range of reasonable values. The modeled range
of specific ingestion rates summed over all prey (and GGE)
for microzooplankton and mesozooplankton were, respec-
tively, 0.7–1.0 d21 (24%) and 0.3–0.4 d21 (7%) for model 1
and 0.8–1.0 d21 (21%) and 0.3–0.4 d21 (8%) for model 2.
The mesozooplankton ingestion rates can be compared with
the results of Dam et al. (1993), who measured ingestion
rates of mesozooplankton on phytoplankton in the range
0.05–0.6 d21 (approximate average 0.3 d21) during the
JGOFS NABE in 1989. They further estimated that phyto-
plankton contributed only 50% of the diet of the mesozoo-
plankton, and so their rates must be doubled to get the total
ingestion rates; the modeled values are still within the range
of observations. The mesozooplankton GGE values are also
within the range reported by Parsons et al. (1984). The mi-
crozooplankton ingestion rates are well within the range of
the NABE results reported by Burkill et al. (1993), but the
GGE values are perhaps a little low for protists, which prob-
ably make up a large proportion of the microzooplankton
(Caron et al. 1985; Verity 1985).

The GGE for bacteria (model 1: 17%, model 2: 10%) is
lower than has been assumed in some earlier food web stud-
ies (Williams 1981a; Fasham 1985), but more recent obser-
vations suggest that values between 5% and 20% may in
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fact be more typical for bacteria utilizing natural DOC rather
than added organic carbon (Kirchman 1990; Connolly et al.
1992; Carlson and Ducklow 1996; Cherrier et al. 1996; Del
Giorgio et al. 1997).

The range of values of the modeled flux measurements
were all in close agreement with the observed values. This
result of the optimization procedure was by no means in-
escapable. In an earlier version of the model, the microzoo-
plankton were assumed only to graze the pico- and nano-
phytoplankton, which meant that the microphytoplankton
population had to be controlled either by having a high me-
sozooplankton grazing rate or a high phytoplankton sinking
rate leading to a large overestimation of mesozooplankton
herbivory or of downward POC flux. Only when the micro-
zooplankton were allowed to feed on all size classes of phy-
toplankton could the optimized estimates of these two fluxes
be brought into broad agreement with the observations. A
number of recent studies support the idea of microzooplank-
ton grazing on large phytoplankton (Suttle et al. 1986; Neuer
and Cowles 1994).

DOC changes—The two models give very different so-
lutions for the changes in DOC over the 20-d period of the
experiment (Fig. 6). In model 2, the DOC pool declined by
16 gC m22, and this subsidy from the DOC pool together
with the GPP balance the measured community respiration
(Table 4) via the process of bacterial respiration. In model
1, an attempt was made to avoid this external DOC subsidy
by constraining the DOC to be nearly invariant over the
whole period. This model produces a DOC increase of 3.2
gC m22 over the 20 d; this increase takes place during the
period of the phytoplankton bloom (Fig. 6c), when increased
production of DOC by phytoplankton exudation is not bal-
anced by any large increase in bacterial production (Fig.
1D). To achieve this small increase in DOC and balance the
community respiration, model 1 assumes much higher values
for the fraction of gross production that goes to DOC ex-
cretion and respiration (Table 3). The percentage of the gross
production of the three size fractions going to DOC was high
(33–36%; Table 3) but is well within the range of reported
observations (Connolly et al. 1992), especially because this
flux includes any effects of viral lysis (Suttle et al. 1990).
The high-percentage DOC excretion coupled with phyto-
plankton respiration at 21–23% of gross production means
that the model 1 GPP is 2.3 times the NPP (Table 4). This
difference between gross and net production is higher than
that often assumed.

The two models gave very different results for the frac-
tions of the DOC input coming from phytoplankton excre-
tion or zooplankton excretion and sloppy feeding. In model
1, the phytoplankton contributed 78% of the DOC supply
and the zooplankton contributed 22%, whereas in model 2
the equivalent figures were 17% and 83%. Unfortunately,
there does not seem to be a consensus on whether phyto-
plankton or zooplankton are the major source of DOC. Con-
nolly et al. (1992) considered phytoplankton to be the major
source of DOC, a view supported by the modeling study of
Anderson and Williams (1998) based on dissolved organic
nitrogen and DOC data from the English Channel. However,
other workers support the contrary view, that zooplankton

are the major source of DOC (Jumars et al. 1989; Banse
1992; Strom et al. 1997). In any event, the importance of
these two sources may vary temporally, with phytoplankton
excretion being most important during the spring bloom, as
the model suggests was the case in 1990, and zooplankton
excretion or sloppy feeding being more important in the
postbloom period when grazing is more predominant.

Another interesting aspect of model 1 is that it demon-
strates that the DOC increases during the bloom occur be-
cause the increased supply, mainly from phytoplankton, is
not balanced by any increase in the bacterial uptake because
the bacteria are kept in check by grazing pressure from mi-
crozooplankton. Thingstad et al. (1997) proposed that mi-
crozooplankton predation coupled with low bacterial growth
can explain the accumulation of DOC during the spring–
summer period; our results support this idea.

In the absence of any measurements of DOC during the
Lagrangian experiment, we cannot decide definitively be-
tween the two possible model solutions. However, results
from other studies of DOC seasonal changes favor the first
model solution. For example, Williams (1995) analyzed five
historical data sets, all of which showed an increase of DOC
during the spring–early summer period (see Thingstad et al.
1997 for further examples). Using more up-to-date measure-
ment techniques at the Bermuda Atlantic time-series site,
Carlson et al. (1994, 1996) showed that by April the DOC
had increased by up to 120 mgC m23 from the overwintering
concentrations. The change of DOC predicted by model 1
was 99 mgC m23. Although the Bermuda area is more oli-
gotrophic than the NE Atlantic, the fact that the two esti-
mated DOC increases are similar suggests that the model 1
solution is a more ecologically reasonable representation of
the ecosystem carbon fluxes than is model 2.

Zooplankton feeding—If model 1 is accepted as a reason-
able description of the carbon flux over the 20 d of the La-
grangian experiment, then this model can be used to inves-
tigate ecosystem properties that would have been difficult,
if not impossible, to study on the cruise. The first is the
composition of the food ingested by the two classes of zoo-
plankton. Figures 7a and 7b partition total micro- and me-
sozooplankton ingestion into the various sources. The great-
est contribution to microzooplankton ingestion is from the
nanophytoplankton, with roughly equal contributions from
other phytoplankton and bacteria. Averaged over the whole
20 d, the microzooplankton ingestion consisted of 14% pi-
cophytoplankton, 51% nanophytoplankton, 20% microphy-
toplankton, and 15% bacteria.

In the model, mesozooplankton grazed only microphyto-
plankton and microzooplankton, and averaged over the
whole 20 d, microphytoplankton contributed 29% and mi-
crozooplankton contributed 71% of the food ingested. The
importance of microzooplankton in the diet of larger zoo-
plankters runs counter to the classical idea of mesozooplank-
ters such as copepods being mainly herbivorous. However,
recent feeding studies (Dam et al. 1993; Gifford et al. 1995)
have shown that many mesozooplankters are in fact omniv-
orous. For example, the experiments of Dam et al. (1993)
that were carried out at the NABE site at 478N, 178W in
1989 showed that phytoplankton grazing only accounted for
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Fig. 7. Composition of food ingested by microzooplankton (a)
and mesozooplankton (b). Plot shows the fraction of daily primary
production ingested by micro- and mesozooplankton (c). All results
for model 1.

around 50% of the respiratory needs of the mesozooplank-
ton, implying that the other 50% is met by feeding on mi-
crozooplankton.

Another topical issue is the relative importance of large
and small zooplankton in the grazing of phytoplankton. Fig-
ure 7c shows the fraction of the daily primary production
grazed by these classes of zooplankton. The total fraction
grazed changes on a daily basis from 100% to ,50%; the
lower values occurred mainly during the phytoplankton
bloom when the zooplankton grazing rates were unable to
keep up with phytoplankton growth rates. Microzooplankters
are the dominant herbivores, with an average ratio of me-
sozooplankton to microzooplankton herbivory of 0.08; such

a low proportion has been found in a number of recent pro-
cess studies in the North Atlantic (Morales et al. 1991; Bur-
kill et al. 1993; Gifford et al. 1995).

The overall carbon budget—The results from the two
models give two different scenarios for obtaining a balanced
carbon budget. If model 2 is correct, phytoplankton respi-
ration and DOC excretion are small fractions of the GPP,
and a large subsidy from the DOC pool over the 20 d is
required. However, if the more reasonable model 1 scenario
is correct (i.e., there is a small increase in the DOC), phy-
toplankton respiration and excretion must be large fractions
of GPP, resulting in a GPP that is 2.3 times the observed
primary production estimate obtained from the 24-h 14C in-
cubations. Obviously, this high ratio of GPP to 14C produc-
tion could be reduced if it were assumed that the measured
community respiration was greatly overestimating the true
value, but we have no reason to suspect this to be the case.
The comparison made by Bender et al. (1992) of 14C pro-
duction estimates with gross production obtained from H2

18O
incubations during the spring bloom at the NABE site at
478N, 208W is very useful. They found that the 14-hr 18O
estimate of gross production was 1.55-fold greater than the
14-hr 14C estimate and that the latter quantity was 1.25-fold
greater than the 24-hr 14C production. Thus, the gross pro-
duction was 1.94-fold greater than the 24-hr 14C production,
which is not very different from the factor of 2.3 obtained
from model 1. This fact, coupled with our belief that the
model 1 DOC temporal change is more consistent with other
observations, leads us to prefer the model 1 carbon budget
to that of model 2.

The flow diagram of the model 1 carbon fluxes averaged
over the 20-d period are shown in Fig. 8. The first point of
interest is the contribution of the various biological com-
ponents to community respiration (Fig. 9b). Overall, phy-
toplankton contributed 30% of the respiration, bacteria con-
tributed 38%, and micro- and mesozooplankton is
contributed 27% and 5%, respectively. Fifty-seven percent
of the respiration came from the organisms ,5 mm in size
(picophytoplankton, nanophytoplankton, and bacteria), a re-
sult that is supported by the size-fractionated respiration
measurements made by Williams (1981b), who concluded
that .50% of the respiration came from organisms in this
size class. Heterotrophic organisms contributed 70% of the
total respiration, a value somewhat higher than the 60% es-
timated by Bender et al. (1992) for the 1989 spring bloom
at 478N, 208W. The DOC uptake by bacteria is quite a high
proportion (35%) of the GPP, although because of the low
bacterial GGE (17%) the bacterial production was only 6%
of GPP (14% of NPP). Furthermore, of the DOC taken up
by bacteria 95% is eventually respired, either by bacteria
(83%), microzooplankton (10%), or mesozooplankton (2%).
These results are comparable to those of the mesocosm ex-
periments of Ducklow et al. (1986), who showed that over
a 13-d period, 78% of an added radioactive tracer was re-
spired as CO2. Our results provide further support for the
hypothesis put forward by Ducklow et al. (1986) that het-
erotrophic bacteria act more as a sink than a link in the
marine euphotic zone food web.

The largest contribution to the downward POC flux is
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Fig. 8. Daily carbon flows (gC m22 d21) averaged over the 20-d experiment predicted using
model 1. Values within the boxes give the change in standing stock over the same period.

sinking microphytoplankton (56% overall), with mesozoo-
plankton fecal pellets contributing 44% (Fig. 9a). The im-
portance of the sinking of large phytoplankton in the down-
ward POC flux is consistent with the observations that
relatively intact diatoms make up a large proportion of re-
cently sedimented material on the ocean floor in the NE
Atlantic (Billett et al. 1983). The estimated downward POC
flux was only 5% of the GPP, less than half the value esti-
mated by Bender et al. (1992) for the NABE experiment
carried out during the spring bloom in the same area the
previous year. Sediment trap data from this area of the NE
Atlantic analyzed by Newton et al. (1994) showed that the
annual average POC flux in 1989 at 3,100 m was 3–4 times
higher than that in 1990. Furthermore, Boyd and Newton
(1995) showed that the primary production for the 2 yr was
broadly comparable, and they attributed the interannual
change to differences in the size structure of the dominant
phytoplankton species. They used a food web model to show
that the relative increase in smaller phytoplankton in 1990
resulted in a POC flux from the surface layer during spring

1990 that was half that for the same period in 1989. The
model results presented here support this conclusion.

General conclusions—One of the aims of modern biolog-
ical oceanography is to quantify the role played by the biotic
components of the ecosystem in the flux of carbon and nu-
trients in the ocean. This objective is hampered both by the
complexity of the marine food web and the difficulty of ob-
taining the necessary observation sets. In this study, we tried
to construct a carbon budget for a 20-d period of the spring
bloom from the available observations by fitting the data
with a size-structured ecosystem model. In a sense, the mod-
el was used to combine our prior understanding of the food
web with the necessarily imperfect observation set to deter-
mine a self-consistent carbon budget. However, it was not
possible to obtain a unique solution because of the absence
of data on DOC concentrations and, to a lesser extent, in-
adequate data on micro- and mesozooplankton biomass. This
problem highlights the need to improve methods of sampling
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Fig. 9. Sources of downward POC flux (a) and community res-
piration (b) predicted using model 1.

these variables to achieve a better understanding the carbon
budgets of the upper ocean.

Despite these problems, the solution obtained by making
the prior assumption that the DOC concentration should re-
main broadly constant over the period of the cruise (model
1) predicted a DOC change during the period of the phyto-
plankton bloom that is consistent with observations from
other areas. However, to achieve a balanced budget for this
case it was necessary to assume that gross primary produc-
tion was over twice that determined by the 14C measurements
and that a high proportion of this gross production was ex-
uded as DOC by the phytoplankton. The uptake and respi-
ration of this DOC by bacteria with a low growth efficiency
then makes a major contribution to the community respira-
tion. The bacteria are acting more as a sink in the food web
than a link to higher trophic levels, and there is supporting
evidence for this view of how carbon flows through the eu-
photic zone. The results of this study strongly indicate the
need for further observational programs in which the sam-
pling strategy is specifically targeted to resolving these is-
sues.

Another important result of this work was that the differ-
ent roles in the ecosystem played by small and large organ-
isms could be quantified; the small phytoplankton (,5 mm),
bacteria, and microzooplankton made the major contribution
to the community respiration, and the large phytoplankton
and mesozooplankton were the source of the downward POC

flux. These findings show the importance of size structure
for the future development of generic ecosystem models.
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