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Abstract

We quantify, compare, and generalize responses of experimental nutrient loadings (LN) on planktonic community
structure and function in coastal waters. Data were derived from three mesocosm experiments undertaken in Baltic
(BAL), Mediterranean (MED), and Norwegian (NOR) coastal waters. A planktonic model with seven functional
compartments and 30–32 different carbon flows fit to all three experiments was used as a framework for flow-rate
estimation and comparison. Flows were estimated on the basis of time series of measured biomass, some measured
flows, and inverse modeling. Biomass and gross uptake rate of carbon of most groups increased linearly with
increasing LN in the nutrient input range of 0–1 mmol N L21 d21 at all locations. The fate of the gross primary
production (GPP) was similar in all systems. Autotrophic biomass varied by two orders of magnitude among
locations, with the lowest biomass and response to nutrient addition in MED waters. The variation of GPP among
sites was less than one order of magnitude. Mesozooplankton dominated by doliolids (Tunicata), but not those
dominated by copepods, presumably exerted efficient control of the autotrophic biomass, thereby buffering responses
of autotrophs to high nutrient input. Among the many factors that can modify the responses of autotrophs to
nutrients, the time scale over which the enrichment is made and the precise mode of nutrient enrichment are
important. We suggest a general concept that may contribute to a scientific basis for understanding and managing
coastal eutrophication.

Coastal eutrophication caused by human activities (an-
thropogenic eutrophication) is a problem in densely popu-
lated coastal regions throughout the world. Reports describ-
ing causes and consequences of enhanced anthropogenic
nutrient emission to the coastal zone are numerous (e.g.,
Schiewer 1998; Colijn et al. 2002). Although it has been
shown beyond reasonable doubt that increased nutrient in-
puts increase the primary production and phytoplankton bio-
mass, there is also evidence for an order-of-magnitude dif-
ference in biomass yield per unit of nutrient input among
systems (e.g., Nixon and Pilson 1983; Borum 1996; Cloern
2001). The ability to predict the ecological response of in-
creased nutrient inputs, however, is still relatively poor. The
ultimate challenge is to establish a simple and unified con-
cept that can form a scientific basis for managing coastal
waters. Freshwater management methods based on simple
input–output models are not directly applicable to coastal
waters (e.g., Vollenweider 1976), but can serve to inspire
development of appropriate models.

Although autotrophic organisms respond to increased nu-
trient loading, the variability in the quantitative response
(e.g., Cloern 2001) demonstrates that factors other than nu-
trient loading rate and nutrient concentration affect autotro-
phic biomass. The underlying reasons are probably complex,
but there is a growing understanding that direct or indirect
predation can affect the structure of the planktonic food web,
thereby mitigating the growth and biomass response of au-
totrophs (Sommer and Stibor 2002; Stibor et al. 2004; Vad-
stein et al. 2004). These interactions have been studied more
extensively in freshwater ecosystems, but there are uncer-
tainties as to whether cascading effects from high trophic
levels act on the autotrophs and the small heterotrophs in

marine systems (Shurin et al. 2002; Sommer and Stibor
2002). We know, however, that large grazers affect the lower
food web structure through predation (Stibor et al. 2004;
Vadstein et al. 2004). Predators therefore likely contribute to
the buffering of the response of autotrophs that follows en-
hanced nutrient supply.

Our objective is to quantify, compare, and generalize
short-term (,3 weeks) responses of planktonic food web
structure and function of contrasting coastal plankton com-
munities to different nutrient inputs. The experiments in-
clude all main plankton groups. Nitrogen (N) and phospho-
rus (P) were supplied in proportions close to the
requirements of autotrophic organisms in natural marine sys-
tems. We particularly emphasize identification of major re-
sponse similarities among three experimental sites. More-
over, we have sought to identify general patterns in the
response of planktonic food webs of possible use for coastal
management, thus contributing to a better understanding of
how planktonic ecosystems respond.

Data for short-term responses of different nutrient inputs
on autotrophic and heterotrophic functional plankton groups
were obtained from three comprehensive, coordinated me-
socosm experiments carried out in Baltic (BAL), Norwegian
(NOR), and Mediterranean (MED) coastal waters. The ex-
periments were carried out in relatively large mesocosms
with equal design, with similar fertilization treatments, sam-
pling, data processing, and scientific approach. The analyti-
cal methods were harmonized as far as possible. We used a
gradient design instead of replicated treatments because the
extended gradient design allows parameterization of the re-
sponses to different nutrient inputs. The goodness of fit of
the data to the models can be assessed with regression anal-
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Table 1. Review of experimental conditions of mesocosm experiments. Locations: BAL, Baltic Sea (southern Finland, Tvärminne); MED,
Mediterranean Sea (northeastern Spain, Bay of Blanes); NOR, Norwegian Coastal current (northeastern Atlantic, central Norway).

Parameter BAL MED NOR

Site description .500 m from shore, depth
.20 m

.700 m from shore, depth
.35 m

.200 m from shore, depth
.20 m

Experimental period Jul–Aug 1996, 21 d Jun–Jul 1997, 21 d Aug–Sep 1997, 18 d
Mesocosm characteris-

tics
8 units (conical), depth 14

m, diameter 2.3 m, vol-
ume 51 m3

5 units (conical, not filled),
depth 14 m, diameter 2 m,
volume 35 m3

7 units (conical), depth 12
m, diameter 2 m, volume
38 m3

Sampling Sampled every day, 11 main
sampling days, integrated
sample from 0–5 m and
6–12 m

Sampled every second day,
11 main sampling days,
integrated sample (1–12
m)

Sampled every day, 11 main
samplings (replicate at day
17), integrated sample
(1–10 m)

Temperature (8C) 9–14 19–21 15–16
Salinity 6 38 31
Inorganic N doses

(mmol L21 day21)
0, 0.14, 0.29, 0.44, 0.59,

0.74, 0.88, 1.03
0, 0.32, 0.64, 2.54, 5.09 0, 0.15, 0.26, 0.44, 0.75,

1.27, 2.16
Nutrient ratios (mol) N : Si : P 5 16 : 16 : 1 N : Si : P 5 20 : 7 : 1 N : Si : P 5 16 : 16 : 1

ysis. We used an established inverse method similar to that
of Vézina and Platt (1988) to estimate the complete set of
carbon flows in coastal planktonic food webs.

Earlier papers from these experiments have reported de-
velopment of ciliates and mesozooplankton in NOR (Gis-
mervik et al. 2002) and dissolved inorganic nutrient concen-
trations, phytoplankton biomass, and community structure in
MED (Duarte et al. 2000).

Materials and methods

Experimental design and nutrient addition—Data were
obtained from three jointly undertaken, coordinated meso-
cosm experiments of equal design, including a total of 20
mesocosms (depth 12–14 m, diameter 2.0–2.3 m, volume
30–50 m3) that were sampled 10–21 times during a period
of 19–21 d (Table 1). The food web carbon flows were es-
timated using inverse mathematical methods (see following)
based on time series for the measured biomasses, concentra-
tions of dissolved and particulate carbon, and selected flow
measurements. The three experimental coastal locations
were very different (Table 1): (1) the Tvärminne archipelago
in the Baltic Sea, southwestern coast of Finland (average
summer chlorophyll a [Chl a] of 2–4 mg m23; Lignell 1990);
(2) a Mediterranean location off the coast of Blanes, north-
eastern Spain (average summer Chl a of 0.2 mg m23; Duarte
et al. 2000); and (3) a tide-driven Norwegian lagoon system
at the coast of central Norway, Hopavågen (average summer
Chl a of 1–3 mg m23).

Water was enclosed by successive sinking to 10–14-m
depth and lifting of the enclosures. The MED mesocosms
were only two-thirds filled to prevent rupture from wave
action due to the exposed location. If needed, volumes were
adjusted by pumping and the mesocosms were moored to
keep them apart, thus minimizing shading. The mesocosms
were efficiently mixed by wave action propagating through
the flexible walls.

Each experimental run involved 5–8 mesocosms that were
run as single-factor experiments of 18–21-d duration, with
different daily nutrient enrichment to the mesocosms at con-

stant N : Si : P ratio (Table 1). Nutrient addition, sampling,
and operational procedures were similar, but adapted to the
local conditions. A general objective was to ensure that the
maximum enrichment resulted in saturation of the autotro-
phic biomass response. The highest maximum enrichment
was therefore given to MED and the lowest to BAL (Table
1). The range was 0–1 mmol N L21 d21 for BAL (linear
series of loadings, 50% NO and 50% NH ); 0–5.1 mmol2 1

3 4

N L21 d21 for MED (exponential series of loadings, 100%
NH ); and 0–2.2 mmol N L21 d21 for NOR (exponential1

4

series of loadings, 50% NO and 50% NH ). BAL and NOR2 1
3 4

were enriched with nutrients every day and MED every sec-
ond day. The nutrients were delivered by lowering an open-
ended plastic tube of 10–12-m length to about 1–2 m above
the bottom of the mesocosms, followed by filling of the tube
with nutrient solution with a volume equal to that of the
tube, and finally emptying the tube by lifting it to the sur-
face. No visible growth of attached organisms on mesocosm
walls was observed during the experiments.

Sampling and analytical methods—Integrated water sam-
ples (0–6 m from BAL, 0–13 m from MED, 0–10 m from
NOR) were collected and transferred to 25-liter containers
at 0600–0830 h every day in BAL and NOR, and every
second day in MED. From the pooled sample, phytoplankton
and microzooplankton samples were taken every second day
and preserved with 5 ml L21 acidic Lugol or glutaraldehyde
(in MED, 1% final concentration). Bacteria including Ar-
chaea, picocyanobacteria, and heterotrophic nanoflagellates
were preserved with glutaraldehyde (in MED, paraformal-
dehyde, 1% final concentration). Mesozooplankton were
sampled every second to fourth day using a net (,100 mm)
or integrated water samplers. If the latter, the plankton were
subsequently collected into 25-liter containers and concen-
trated on a 35-mm screen. All of the mesozooplankton sam-
ples were preserved with 5 ml L21 acid Lugols. Each me-
sozooplankton sampling removed ,0.1% of the standing
stock in BAL and NOR and ,2% in MED.

The food web (dominant taxonomic groups; Table 2) was
divided into three size classes of autotrophs and four groups
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Table 2. Review of dominant groups of organisms assigned to the functional food web components and references for principal methods
for estimation of biomass. BB, biovolume-based estimate; LB, length-based estimate; MS, obtained with microscope; IA, obtained by
image-analyzing system; FC, obtained by flow cytometer (Duarte et al. 2000).

Food web component

Location

BAL MED NOR

A1 pico-autotrophs Picocyanobacteria, ,2 mm,
BB–MS, 0.22 pg C mm23

Picocyanobacteria, ,2 mm,
BB–FC, 0.123 pg C mm23

(Waterbury et al. 1986)

Picocyanobacteria, ,2 mm, BB-
IA, 0.21 pg C m23 (Booth 1993)

A2 nano-autotrophs Autotrophic and mixotroph-
ic flagellates (2–10 mm),
BB–MS, 0.11 pg C mm23

Autotrophic and mixotrophic
flagellates (2–10 mm), auto-
trophic ciliates, BB–FC, 0.22
pg C mm23 (Børsheim and
Bratbak 1987)

Diatoms, ,20 mm, auto-trophic
flagellates, small dinoflagellates
,20 mm, BB–MS, group-specif-
ic regressions (Strathmann
1967)

A3 micro-autotrophs Heterocapsa triquetra, 15–
25 mm, BB–MS, 0.11 pg
C mm23

Diatoms and dinoflagellates,
.10 mm, BB–MS, group-
specific regressions (Strath-
mann 1967)

Diatom colonies, dino-flagellates,
autotrophic ciliates, BB–MS,
group-specific regressions
(Strathmann 1967)

H1 pico-heterotrophs Bacteria, ,1 mm, BB–MS,
0.10 pg C mm23 (Fager-
bakke et al. 1996)

Bacteria, ,1 mm, BB–FC, pg C
cell21 5 0.12 (mm3 Cell21)0.7

(Norland 1993)

Bacteria, ,1 mm, BB–IA, 0.16 pg
C mm23 (Vadstein and Olsen
1989)

H2 nano-heterotrophs Flagellates (heterotrophic
nanoflagellates, 2–10
mm), BB–MS, 0.22 pg C
mm23 (Børsheim and
Bratbak 1987)

Flagellates (heterotrophic nano-
flagellates, 2–10 mm), BB–
FC, 0.22 pg C mm23

(Børsheim and Bratbak 1987)

Flagellates (heterotrophic nanofla-
gellates, 2–8 mm), bacterivore
ciliates, BB–IA, 0.22 pg C
mm23 (Børsheim and Bratbak
1987)

H3 micro-heterotrophs Ciliates, .20 mm, rotifers,
dinoflagellates, copepod
nauplii, BB–MS, 0.20 pg
C mm23 (Putt and
Stoecker 1989); cope-
pods, see H4

Ciliates, .20 mm, BB–MS,
0.20 pg C mm23 (Putt and
Stoecker 1989); tintinnids,
0.053 pg C per mm3 (lorica
volume)21 (Verity and Lang-
don 1984)

Ciliates, 20–50 mm, appendicular-
ia, copepod nauplii, BB–MS,
0.19 pg C mm23 (Putt and
Stoecker 1989); for copepods,
see H4

H4 meso-heterotrophs Calanoid copepods, cladoc-
erans, BB–MS, 0.052 pg
C mm23 (Mullin 1969)

Doliolids, copepods, cladocer-
ans, LB–MS, group-specific
regressions (Cushing et al
1958)

Calanoid and cyclopoid copepods,
cladocerans, LB–MS, group-
specific regressions (Gismervik
et al. 2002)

of heterotrophs, all according to their functional role and size
(Fig. 1). A1 constituted picoplankton (,2-mm equivalent
spherical diameter [ESD]), mainly solitary picocyanobacter-
ia. A2 (2–20-mm ESD) and A3 (20–200-mm ESD) consisted
of diatoms, dinoflagellates, and other autotrophic flagellates.
H1 comprised heterotrophic bacteria including Archaea (,1-
mm ESD); H2 comprised heterotrophic nanoplankton (main-
ly flagellates); H3 comprised microzooplankton dominated
by ciliates, rotifers and nauplii; and H4 comprised mesozoo-
plankton, mainly copepods, cladocerans, and doliolids (Table
2).

Biomass was determined on basis of cell counts and bio-
volume, determined by epifluorescence microscopy (Porter
and Feig 1980), image analysis, or flow cytometry (Duarte
et al. 2000). The biomass was converted from biovolume to
carbon according to carbon to biovolume ratios given in Ta-
ble 2. The biomass of large zooplankton was also estimated
on the basis of counts and length measurement under the
microscope, followed by conversion to carbon using group-
specific regressions (Table 2).

Samples for determination of dissolved inorganic N
(DIN), dissolved inorganic P (DIP), and dissolved organic
carbon (DOC) were taken daily or every second day from
the integrated water sample after prescreening through 200-

mm nylon nets (,200-mm fraction). DIN and DIP were an-
alyzed immediately after filtration through precombusted
(4508C, 4 h), acid-washed (10% HCl) GF/F glass-fiber fil-
ters. DOC in the filtrate was analyzed by catalytic high-tem-
perature combustion and infrared detection. POC was col-
lected on precombusted, acid-washed GF/F glass-fiber filters
(as for DIN and DIP), and analyzed in CHN (carbon, hydro-
gen, nitrogen) analyzers. The analytical methods were those
commonly used for seawater (Web Appendix 1, http://www.
aslo.org/lo/toc/vol_51/issue_1_part2/0488a1.pdf). Detrital
carbon (DeC) was calculated as the difference between mea-
sured total particulate organic carbon (POC; ,200 mm) and
total plankton carbon biomass, termed biotic carbon (BiC).

Flow measurements included primary production (mea-
sured in three size fractions in BAL and NOR), bacterial
production, respiration (MED and BAL, measured in three
size fractions in BAL), carbon release (not measured in
NOR), sedimentation, and some grazing rates (measured in
MED) (Web Appendix 1).

Flow-rate estimation—The simple planktonic food web in
Fig. 1 formed the frame for the flow network reconstructions
in all experiments. The flows include four or more input
terms: primary production by autotrophic groups (A1, A2,

http://www.aslo.org/lo/toc/vol_51/issue_1_part_2/0488a1.pdf
http://www.aslo.org/lo/toc/vol_51/issue_1_part_2/0488a1.pdf
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Fig. 1. Generic food web structure and carbon flows forming
basis for the carbon flow network constructions. Flows from A1
and H1 to H4 (broken arrows) were only included in MED. Release
of DOC from H1 (exudation, excretion, lysis) was included in BAL
and NOR (broken symbol). The compartments of DOC and DeC
and flows to and from these compartments, including sedimentation
of DeC, are not included.

and A3) and uptake of dissolved organic carbon (DOC) by
bacteria (H1). Up to 17 output terms expressed the release
of DOC from all components, release of detrital particulate
organic carbon from heterotrophs (DeC), and respiratory
CO2 from all components. Predation by zooplankton (H2,
H3, and H4) was represented by 8 flows in BAL and NOR
and 10 flows in MED. In the latter, the doliolid-dominated
mesozooplankton (H4) also grazed on picoplankton (A1 and
H1; Katechakis et al. 2002). Finally, sedimentation of DeC
closed the pelagic mass balance. More flows could have been
introduced, but this would have made the results less robust.
The inputs included 36–99 measured flows and 90–110 mea-
sured stocks for each experiment. All confidence limits given
for mean values presented below refer to 1 standard error of
the mean (61 SE).

A mass balance equation is associated with each flow net-
work compartment, relating the net rate of change to the
sums of flows in and out of the compartment. The resulting
system of equations is always underdetermined (i.e., more
unknowns than equations). Additional equations arise from
any measured flow, such as primary production. Solutions,

however, must satisfy a number of a priori inequality con-
straints that can be derived from general physical and phys-
iological limitations (Web Appendix 2: http://www.aslo.
org/lo/toc/volp51/issuep1ppart2/0488a2.pdf). The systems of
equations and the inequality constraints were solved for the
unknown flows with the Vézina and Platt (1988) algorithm,
which yielded constrained minimum norm least square so-
lutions. These will henceforth be called inverse solutions,
and the associated vector elements will be termed recon-
structed flows.

Net rates of change were estimated from the difference
between initial and final values in a quadratic polynomial
fitted to the whole time series, augmented with initial mea-
surements from all enclosures (assuming that they started
from identical initial conditions). All mass balance equations
involved accordingly measured changes; steady state was not
assumed in any mass balance.

The key element in the first part of the Vézina–Platt al-
gorithm is a matrix factorization called the singular value
decomposition (SVD), one of the most stable numerical
methods for solving a least squares problem. The second part
applies a least-distance algorithm to a subset of the SVD
solution (corresponding to the most significant singular val-
ues), such that the inequality constraints are satisfied. Choos-
ing the number of singular values is a problem. Although it
would be natural to use the rank of the equation system if
the measurements were error free, this is seldom possible.
Vézina and Platt (1988) recommended graphing the solution
and the residual norms for different numbers of singular val-
ues and choose the one closest to the curve intersection. In
our experience, the inversion algorithm is often unable to
find a solution when the number of singular values is close
to the rank of the system. Unfortunately, this can only be
detected by substituting the solution into the original con-
straints (which will then be violated). We have therefore in-
cluded as a default approach a linear search for the highest
rank solution that satisfies the constraints. The measured
rates (Table 3) were used to check the goodness of fit of the
flow rate estimated by the inverse problem solution proce-
dure. We used Matlab software (MathWorks) for our imple-
mentation of the Vézina–Platt algorithm.

Results

The average concentration of DIN was high at the highest
nutrient input rates (LN ) in MED and NOR mesocosms, but
not in BAL, which also showed the lowest concentrations
(Fig. 2A). DIP accumulated with increasing LN in BAL and
NOR and at the highest rate of nutrient input in MED (Fig.
2B). Generally, accumulation of DIN and DIP was tempo-
rary, occurring during the first week of the experiments (not
shown). The overall variation in nutrients suggest that on
average, the phytoplankton of MED mesocosms was poten-
tially P limited, that of BAL was potentially N limited, and
that of NOR was N limited, but close to the Redfield ratio.

The functional planktonic groups A1, H1, and H2 con-
tained to great extent the same main taxonomic groups of
organisms in the three locations, whereas the species/group
composition of A2, A3, H3, and H4 was highly diverse (Ta-

http://www.aslo.org/lo/toc/vol_51/issue_1_part_2/0488a2.pdf
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Table 3. Linear regression of carbon biomass and gross carbon uptake of autotrophic and heterotrophic components versus nitrogen
loading rate (LN, i.e., slope of regression, r2, in parentheses). Significance level: ns, p . 0.05; *p , 0.05; **p , 0.01; *** p , 0.001).

Location

BAL MED NOR

Biomass of component
A1
A2
A3

0.5061.25 (0.026) ns
105614 (0.91) ***
440673 (0.86) ***

0.3760.15 (0.68) *
0.2960.28 (0.26) ns
4.7961.79 (0.71) *

20.6266.20 (0.002) ns
266630 (0.94) ***
89616 (0.86)

H1
H2
H3
H4

4.7260.91 (0.82) ***
22.2964.09 (0.05) ns

16.062.7 (0.85) ***
6.2866.15 (0.15) ns

1.3860.34 (0.85) *
0.1960.20 (0.23) ns

0.06460.013 (0.89) **
0.1360.59 (0.02) ns

7.5161.76 (0.78) **
2.2860.82 (0.61) *
10.261.4 (0.91) ***
3.2765.01 (0.08) ns

DeC
Sum A
Sum H
Sum A : Sum H

150683 (0.35) ns
575686.2 (0.88) ***

25.966.79 (0.708) **
5.7961.30 (0.767) **

31.1610.8 (0.73) *
5.4662.19 (0.675) ns
1.7860.25 (0.946) **

0.14460.086 (0.481) ns

130618 (0.91) ***
360646.6 (0.923) ***
23.168.31 (0.606) *
2.6160.37 (0.909) ***

Gross carbon uptake/ingestion
GPP of A1
GPP of A2
GPP of A3

2.4263.31 (0.082) ns
10168.08 (0.963) ***
144613.1 (0.953) ***

1.1661.35 (0.197) ns
13.664.34 (0.765) ns
14.264.30 (0.784) *

11.462.24 (0.836) **
14865.2 (0.994) ***
25.364.99 (0.837) **

GHU of H1
GHU of H2
GHU of H3
GHU of H4

24.369.69 (0.511) *
4.0264.69 (0.109) ns
33.964.74 (0.895)***
32.768.53 (0.710) **

9.3261.38 (0.938) **
3.0161.65 (0.526) ns
0.4761.43 (0.035) ns
16.763.97 (0.855) *

45.664.90 (0.945) ***
14.560.85 (0.983) ***
46.660.87 (0.998) ***
48.761.94 (0.992) ***

DeC formation
GPP of Sum A
GHU of Sum H

23.2615.9 (0.264) ns
235616.0 (0.973) ***

70.6612.0 (0.853) **

3.3065.50 (0.107) ns
28.969.55 (0.753) ns†
20.266.89 (0.741) ns‡

87.162.93 (0.994) ***
18166.8 (0.993) ***
11062.5 (0.997) ***

† p 5 0.0566.
‡ p 5 0.0611.

ble 2). The initial biomass of the food web components dif-
fered greatly between the sites (Fig. 3A and BiC in Fig. 3B).
Thus, the oligotrophic MED waters exhibited the lowest bio-
masses of all components except for H4. The initial biomass
of BAL and NOR waters were higher and similar, but the
initial H4 mesozooplankton biomass was particularly low in
BAL. Initial particulate DeC (Fig. 3B) was high and similar
in MED and BAL and somewhat lower in NOR. DOC was
the main component of organic C in all systems, and the
initial values of DOC and total C were far higher in BAL
than in MED and NOR (Fig. 3C).

The biomass of most of the functional components, in-
cluding DeC, responded positively to enhanced nutrient in-
put rate (Fig. 4), but 9 out of 24 components did not respond
significantly (p . 0.05; Table 3). Most of the components
showed a stronger response to increased LN in BAL and
NOR mesocosms than in MED, in particular the eukaryotic
phytoplankton (A2 and A3), which accumulated little in
MED. A1 biomass, however, responded slightly yet signifi-
cantly to enhanced nutrient input only in MED. The biomass
of A3, H1, and H3 responded significantly in all experi-
ments, whereas the response of H4 was insignificant (p .
0.05). Copepods, which dominated H4 of the NOR com-
munities, did respond to nutrient addition, but most strongly
at intermediate nutrient loadings. This may be a consequence
of inappropriate nutrition quality of the diatoms (Nejstgaard
et al. 2001; Gismervik et al. 2002).

The gross primary production (GPP) and gross heterotro-
phic uptake (GHU) increased significantly with increasing

LN for 15 out of 21 plankton components and DeC formation
increased significantly in NOR (Fig. 5; Table 3). GPP of A1
responded relatively weakly compared to GPP of the other
autotrophs in all experiments, and the group responded
weakly significantly in NOR (Table 3). GPP of A3 increased
significantly in all experiments (p , 0.05).

GHU by H1 (i.e., DOC uptake) increased significantly
with increasing nutrient inputs in all communities (p ,
0.05). BAL exhibited the highest uptake rates, but the stron-
gest response to increased LN was found in NOR (Table 3).
GHU of most zooplankton groups (H2–H4; i.e., C-ingestion
rates) increased with increasing nutrient input in all NOR
communities, but only sporadically in BAL and MED (Fig.
5; Table 3). A2 phytoplankton was the main food source for
ciliates in BAL and NOR communities (see Web Appendix
3, http://www.aslo.org/lo/toc/volp51/issuep1ppart2/0488a3.
pdf). Mesozooplankton (H4) consumed mainly A2 and A3
and also small quantities of H3 in BAL and NOR.

It is noteworthy that both the feeding and biomass re-
sponses of H3 in MED were insignificant (Fig. 3). H4 was
the main consumer in MED, exceeding the grazing rate of
the protozoa (H2 and H3) by a factor of 5. The H4 zoo-
plankton had access to picoplankton in MED, but not in
BAL and NOR (Fig. 1), because doliolids which dominated
H4 in MED feed on a broad spectrum of food sizes, includ-
ing picoplankton (Katechakis et al. 2002). Nanoheterotrophs
(H2), however, still were the main consumers of picoplank-
ton (A1 and H1) in all experiments (Web Appendix 3).

The accumulation of autotrophic (SumA or A) and het-

http://www.aslo.org/lo/toc/vol_51/issue_1_part_2/0488a3.pdf
http://www.aslo.org/lo/toc/vol_51/issue_1_part_2/0488a3.pdf
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Fig. 2. (A) Average concentration of DIN and (B) DIP in BAL,
MED, and NOR mesocosms as a function of nitrogen loading rate
(LN) of the mesocosms. Loading rates of P and Si were proportional
to those of N (Redfield proportions; Table 1).

Fig. 3. (A) Initial carbon biomass of functional groups and (B,
C) biotic and abiotic organic carbon components in BAL, MED,
and NOR mesocosms (organisms in Table 2).

erotrophic (SumH or H) biomass was far lower in MED than
in BAL and NOR, which showed similar and highly signif-
icant biomass responses (Fig. 6A,B; Table 3). Autotrophic
biomass accumulation was insignificant (p . 0.05) in MED,
but the heterotrophic biomass increased significantly with
increasing LN (p , 0.01; Table 3). All response curves
showed a roughly linear response at nutrient input rates ,1
mmol N L21 d21.

In MED, the ratio A : H stayed ,1 even at the highest rate
of nutrient input while increasing by almost one order of
magnitude with increasing LN in BAL and NOR (Fig. 6E).
This suggests a consistently higher grazing pressure over the
whole range of nutrient input in MED than in BAL and
NOR.

The response of total GPP and total GHU to increasing
nutrient input differed less between the sites than the re-
sponse in biomass (Fig. 6C,D). Thus, GPP was consistently
higher in BAL than in MED and NOR, yet all communities
showed a similar linear response at input rates ,0.7–1 mmol
N L21 d21. Moreover, there was no obvious and systematic
difference in total GHU between the systems for LN ,1
mmol N L21 d21. The variability and the low number of flow
estimates in the higher range of nutrient input rates (.1

mmol N L21 d21) makes comparisons and generalization
about GPP and GHU at high nutrient input impossible. The
low GPP of the MED community for high LN was most
likely a consequence of the lack of biomass accumulation.

GHU was consistently lower, but of same magnitude as
GPP. The GHU : GPP ratio decreased with increasing nutrient
input rate (Fig. 6F) in all systems, with the generally highest
values for MED, in agreement with the high grazing pres-
sure.

Pooled data for all three locations reveal a remarkably
consistent linear pattern of increase in the total zooplankton
grazing rate as a function of GPP (Fig. 7A; Table 4). The
H4 ingestion rate in MED averaged 43% 6 7% of the au-
totrophic production, as compared to 21% 6 3% and 18%
6 2% in BAL and NOR, respectively (not shown). The im-
portance of autotrophic food for the zooplankton increased
with increasing GPP in all systems. The fraction of autotro-
phic food was lowest in MED and highest in NOR (Fig.
7B).

The release of DOC by autotrophs increased with increas-
ing GPP in all systems (Fig. 7C), and the released fraction
was higher in the MED communities (p , 0.01, 24% 6 3%
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Fig. 4. Average biomass of autotrophic and heterotrophic func-
tional groups in BAL, MED, and NOR mesocosms as a function of
the nitrogen loading rate of the mesocosms (LN; Table 1). The
curves express regression lines.

Fig. 5. Average carbon uptake rates of autotrophic and hetero-
trophic functional groups in BAL, MED, and NOR mesocosms as
a function of the nitrogen loading rate of the mesocosms (LN; Ta-
ble 1).

of GPP), as compared to BAL and NOR (13% 6 2% and
9.6% 6 3.5% of GPP, respectively). The DOC release rate
by heterotrophs was generally higher than the DOC release
rate for autotrophs in the NOR and BAL communities. MED
heterotrophs, in contrast, exhibited very low release rates of
DOC (Fig. 7D). The release rate of POC by the zooplankton
(DeC, H2–H4) showed a significant and similar linear in-
crease with increasing GPP in all systems (p , 0.0001, r 2

5 0.627; Fig. 7E). The mean DeC release flow from zoo-
plankton corresponded to 20% 6 2% of GPP.

The community respiration rate was also linearly related
to GPP (Fig. 7F; Table 4) and exceeded GPP for GPP ,51
mg C L21 d21, suggesting that the coastal communities

should be net heterotrophic for lower GPP. Communities
showing higher GPP, i.e., those with loading rates of about
0.15 mmol N L21 d21 (range 0–0.25 mmol N L21 d21; Fig.
6C), would therefore be net autotrophic.

Carbon uptake by the bacteria (H1) was linearly and
equally related to GPP in all systems (Fig. 8A). The y-in-
tercept of the regression curve (32.7 6 5.1 mg C L21 d21)
was significantly .0 (p , 0.0001), indicating a positive
DOC uptake by H1 for zero GPP. GPP exceeds DOC uptake
by H1 for GPP .43 mg C L21 d21 (Table 4).

There was a general and common linear relationship be-
tween the total community DOC release rate and the total
carbon uptake by H1 bacteria (slope 0.749 6 0.0372, p ,
0.0001, r 2 5 0.957; Fig. 8B). DOC uptake of H1 was sig-



496 Olsen et al.

Fig. 6. Average biomass, carbon uptake rates, and ratios be-
tween autotrophs and heterotrophs biomass and activity in BAL,
MED, and NOR mesocosms as a function of the nitrogen loading
rate of the mesocosms (LN; Table 1). (A) Total autotrophic biomass;
(B) total heterotrophic biomass; (C) total carbon uptake in auto-
trophs or gross primary production (GPP); (D) total carbon inflow
in heterotrophs or gross heterotrophic uptake (GHU); (E) total au-
totrophic to heterotrophic biomass (A : H ratio); (F) total GPP to
total GHU ratio.

Fig. 7. Zooplankton- (H2–H4) mediated carbon flows in BAL,
MED, and NOR mesocosms as a function of gross primary pro-
duction (GPP). (A) Grazing rate; (B) the zooplankton fraction of
autotrophic food; (C) total DOC release by autotrophs; (D) total
DOC release by zooplankton; (E) DeC (POC) release by zooplank-
ton; (F) total community respiration rate.

Table 4. Linear regression coefficients describing zooplankton grazing (H2–H4) and bacterial activity (H1) as a function of GPP of
pooled BAL, MED, and NOR data.

Relationship Slope Intercept mg C L21 day21 r2 p

Total grazing by H2–H4 versus GPP
Autotroph grazing by H2–H4 versus GPP
Community respiration versus GPP
DOC uptake by H1 versus GPP

0.47960.056
0.46260.042
0.38560.043
0.23460.027

24.2610.6
3.5567.87
31.468.10
32.765.11

0.804
0.872
0.817
0.806

,0.0001
,0.0001
,0.0001
,0.0001

nificantly .0 for zero food web release of DOC (15.5 6
3.0, p , 0.0001).

The growth efficiency (GE) of all heterotrophic groups
was inversely related to LN in NOR and for H2 and H4 in
MED, but was significant only for H4 in NOR (p , 0.01;
Table 5). The GE values, however, were positively related
to nutrient input in BAL. The growth efficiency equaled the
constraining conditions only for H1 and H3 in MED. The
only negative GE value was for H4 in BAL (Web Appendix
2).

A summary of the biomass response (Fig. 9) shows that

nanoautotrophs (A2) and microautotrophs (A3) exhibit
stronger response to nutrient additions than any other com-
ponent (Fig. 9, first column of graphs). The far smaller bio-
mass and response of MED communities illustrate that the
biomass yield per unit of nutrient input is fundamentally
different in MED compared to BAL and NOR. Picocyano-
bacteria (A1), initially the dominating autotrophs in all com-
munities, became unimportant at high nutrient input.

The heterotrophic components showed no or a moderate
response during the 2–3 weeks of increased nutrient input
(Fig. 9, second column). Bacteria (H1) dominated heterotro-
phic biomass in the MED mesocosms, whereas in BAL and
NOR this group dominated together with microzooplankton
(H3, mainly ciliates) and mesozooplankton (H4). The initial

http://www.aslo.org/lo/toc/vol_51/issue_1_part_2/0488a2.pdf
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Fig. 8. Bacterial (H1)-mediated carbon uptake in BAL, MED,
and NOR mesocosms as a (A) function of GPP and (B) total food
web DOC release.

Table 5. Estimated gross growth efficiencies (%GE; g/i 3 100) of heterotrophic groups. Ingestion (i) is the gross carbon uptake in H1
or food ingestion in H2–H4; growth (g) is estimated as Ingestion 2 Respiration 2 DOC release 2 DeC release. POS, positive correlation
between LN and %GE; NEG, negative correlation LN and %GE; ns, p . 0.05; **, p , 0.01; n equals numbers of mesocosm units.

Location Parameters

Group

H1 H2 H3 H4

BAL (n58) Mean61 SE
Range
Correlation

22.361.1
(18.1–27.1)
POS/ns

11.261.3
(9.7–20.3)
POS/ns

10.360.2
(9.9–11.9)
POS/ns

6.761.8
(22.1–15.0)
POS/ns

MED (n55) Mean61 SE
Range
Correlation

6060* 32.462.6
(25.0–38.5)
NEG/ns

1060† 28.064.6
(14.8–42.4)
NEG/ns

NOR (n57) Mean61 SE
Range
Correlation

17.660.8
(14.3–20.4)
NEG/ns

19.165.4
(9.9–49.0)
NEG/ns

11.060.7
(9.9–15.4)
NEG/ns

8.261.9
(0.7–17.1)
NEG/**

All locations (n520) Mean61 SE
Range

30.164.0
(14.3–60)

19.062.7
(9.7–49.0)

10.560.3
(9.9–15.4)

12.662.5
(22.1–42.4)

* Values equal to upper constraint value; see Web Appendix 2.
† Values equal to lower constraint value; see Web Appendix 2.

ratio of autotrophs to heterotrophs (A : H) varied from 0.3 to
1.5, with the lowest values in MED (Fig. 9, third column).
The ratio increased almost one order of magnitude for high
LN in BAL and NOR waters, while leveling off close to unity
in MED.

Particulate detrital carbon (DeC) clearly dominated partic-
ulate organic carbon (POC 5 BiC 1 DeC) in MED (Fig. 9,
fourth column), and concentrations were generally lower
than in BAL and NOR. The biotic components (BiC) dom-
inated in NOR, which also showed the strongest response in
total POC. BiC and DeC concentrations were comparable in
BAL, but the response to increased nutrient input was most
consistent for BiC.

The estimation of BiC, and therefore also DeC, regrettably
involves major uncertainties. Systematic errors, which may
differ for the sites, may accumulate through counting, bio-
volume determination, and conversion to carbon biomass.
The general patterns of variation found for BiC and DeC
among sites will not, however, be seriously affected by such
errors (Fig. 9). The main pattern of variation is believed to
be relatively robust to these systematic errors involved in
biomass determination of the single groups.

DOC was by far the most important pool of organic car-
bon in all types of coastal waters, and DOC concentrations
in BAL were far higher than in NOR and MED. DOC con-

centrations were comparable in MED and NOR waters de-
spite the much lower biomass of biotic components of the
MED communities.

Unlike autotrophic biomass accumulation, GPP of auto-
trophs was of the same magnitude in all systems (Fig. 10,
first column). Both A2 and A3 became dominant primary
producers in the nutrient enriched BAL and MED commu-
nities, while A2 became dominant in NOR. A significant
response in GPP of A1 with increasing nutrient input was
only found in NOR. The allocation of carbon to net growth,
respiration, and release of DOC was similar in all systems,
but the relative proportion of released DOC was highest in
MED (Fig. 10, third column). Of the carbon uptake of au-
totrophs (SumA), 42–72% was retained in new biomass in
all systems for all nutrient input rates, 17–42% was respired,
and 5–36% was released as DOC.

Gross carbon uptake and grazing rates of the heterotrophic
groups (GHU) showed comparable flows in all systems (Fig.
10, second column). Responses were generally moderate and
variable in BAL. Bacterial (H1) uptake rate, and particularly
the mesozooplankton (H4) grazing rate, responded in MED.
The gross carbon uptake of all heterotrophic groups in-
creased in NOR. Of the carbon uptake of the heterotrophs
(SumH), 7–44% was retained in new biomass across all sys-
tems and nutrient input rates, 16–47% was respired, 1–52%
was released as DOC, and 2–48% was released as DeC (Fig.
10, fourth column). Heterotrophic MED plankton showed
the highest efficiency of carbon allocation into biomass,
highest losses through respiration, and lowest losses of
DOC. BAL and NOR were similar in terms of carbon allo-
cation.

Discussion

Although pelagic mesocosms are useful tools for studying
short-term effects of nutrient perturbation of planktonic com-
munities, extrapolation from our experiments to natural sys-
tems is not straightforward. The effect of anthropogenic
coastal eutrophication cannot easily be experimentally sim-

http://www.aslo.org/lo/toc/vol_51/issue_1_part_2/0488a2.pdf


498 Olsen et al.

Fig. 9. Summary of biomass responses and abiotic carbon components in BAL, MED, and NOR mesocosms added variable doses of
nutrients (LN; Table 1). First column: autotrophic biomass; second column: heterotrophic biomass; third column: total autotrophic (SumA)
and heterotrophic (SumB) biomass (biotic, BiC); fourth column: biotic (BiC) and abiotic organic carbon components (DeC and DOC) (note
different y scale of MED compared to BAL and NOR; predominant organisms in Table 2).

ulated. Experiments of 2–3 weeks’ duration will, for exam-
ple, describe transient responses because the larger zoo-
plankton and their direct and indirect predation effect will
be realized in full only over longer time scales (Gismervik
and Andersen 1997; Gismervik et al. 2002; Vadstein et al.
2004; see following). It is also important that only species
initially present can respond in a closed mesocosm experi-
ment. This is but one problem of the validity of results ob-
tained in short-term mesocosm experiments.

The inverse method allows simultaneous estimation of all
major food web flows, some of which cannot be easily mea-
sured. The method is simply a consistent and standardized
procedure for determining the mass balance between the
components of the food web and its surroundings. The cal-
culated flows can be biased, however, to an extent partly
unknown because of the underdetermined set of equations
and because the trophic structure and the flow constraints
obviously are too simple. Our treatment rests on the as-
sumption that any bias should apply uniformly, thus allow-
ing cross-system comparisons. Importantly, the calculations,

which treat each mesocosm independently, yielded high-rank
solutions that generally formed a uniform pattern with in-
creasing nutrient input rate for all three experiments.

The species composition of the functional groups (Table
2; Fig. 1) showed major differences for the regional coastal
communities, yet relatively consistent patterns were found
in the responses of most of the functional components and
gross uptake flows. This pattern consistently comprised a
linear increase of biomass and uptake flows with increasing
nutrient input rate in the lower range of input rates (,1 mmol
N L21 d21). Another striking feature was the far lower ac-
cumulation of autotrophic (A2 and A3 phytoplankton) bio-
mass at high nutrient input in the MED mesocosms than in
BAL and NOR. A third major observation was the relatively
uniform abundance and low response of picocyanobacteria
(A1) at all locations.

The autotrophic biomass in MED was surprisingly little
affected by nutrient addition. The higher nutrient input rates
for MED than for BAL and NOR (Table 1) were in fact
chosen based on preliminary tests that revealed this low re-



499Planktonic food web response to nutrients

Fig. 10. Summary of responses in gross carbon uptake and metabolic carbon flows in autotrophic and heterotrophic groups in BAL,
MED, and NOR mesocosms with variable doses of added nutrients (LN; Table 1). First column: gross primary production (GPP) of
autotrophic groups; second column: gross heterotrophic uptake (GHU) of heterotrophic groups; third column: net growth, respiration, and
DOC release flows of total autotrophs; fourth column: net growth, respiration, and DOC release flows of total heterotrophs (predominant
organisms in Table 2).

sponse. The absence of biomass accumulation in the MED
mesocosms was not caused by a low primary production
because GPP of the autotrophic groups in MED responded
in a fashion comparable to BAL and NOR (Figs. 5, 6). In
fact, total GPP showed the same quantitative relationship
with LN in the lower range of nutrient input rates (,1 mmol
N L21 d21) for all sites. Yet the nutrients added to MED were
effectively removed from the water and the photosynthetic
activity responded to the nutrient addition. The autotrophic
biomass, in contrast, did not accumulate.

According to Agustı́ and Duarte (2000), the very small
biomass response of MED phytoplankton to nutrient addition
was accompanied by an apparently high phytoplanktonic ly-
sis rate. Our data, however, suggest that efficient grazing by
H4 was the principal factor counteracting phytoplankton
blooms in MED. The initial H4 biomass was relatively high
(Fig. 3), and the doliolids that dominated H4 were capable
of consuming most of the small-sized plankton groups (Ka-
techakis et al. 2002). Although the grazing activity in-

creased, the biomass of H4 did not increase significantly
with increasing nutrient input (Fig. 5; Table 3). The higher
grazing pressure in MED than in BAL and NOR was also
reflected by a consistently lower and nonresponsive A : H
ratio (p 5 0.48 for A : H vs. LN in MED; Table 3). While
H4 ingestion rate in MED averaged 43% 6 7% of the au-
totrophic production, it averaged 21% 6 3% and 18% 6 2%
in BAL and NOR, respectively.

The reduction in GPP in the most strongly fertilized MED
mesocosms (Fig. 6C) is in good agreement with strong graz-
ing control. The suppression of phytoplankton biomass lim-
its carbon assimilation to the extent that it became limited
by the maximum specific growth rate of the autotrophs. The
specific growth rate of these MED mesocosms (net PP 3
biomass21) was 2.8–2.9 d21, very high for temperatures of
19–218C.

It is widely accepted that the initial structure of the plank-
tonic food web in mesocosm experiments to some extent will
have an effect on the final results. Our arrangement of the
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species into functional groups probably reduced the impor-
tance of initial species composition because species within
each particular functional group would perform similar eco-
logical roles in the ecosystem. It is nevertheless very likely
that the high initial biomass and the dominance of doliolids
in MED might have been important for the later grazing
control during the nutrient perturbations. Predominance of
copepods in MED could have caused a completely different
succession. We believe that the results for BAL and NOR
are fairly representative for the summer–autumn situation in
these locations, implying that nutrient input would normally
yield an increase in the phytoplankton biomass.

Although differing among localities, the picocyanobacter-
ia predominant in A1 generally formed the dominant auto-
trophic group initially (Fig. 3A), but increased nutrient input
resulted in structural changes. Their GPP was similar to that
of A2 and A3 at low LN (Figs. 4, 5), suggesting that pico-
cyanobacteria were important at all locations (Lignell 1990;
Agawin et al. 1998). The picocyanobacteria, however, re-
sponded weakly following the increasing nutrient input, nev-
er becoming predominant in fertilized communities. This is
compatible with the suggestion that picocyanobacteria are
fairly nutrient sufficient at the ambient nutrient concentration
(Moutin et al. 2002), and therefore controlled mainly by
grazing or viral infection (Fuhrman 1999). The small vari-
ation in the response pattern of the picocyanobacteria among
locations might support recent findings that unicellular cy-
anobacteria in the open ocean, previously called Synecho-
coccus (3–10 mm), may be capable of assimilating atmo-
spheric nitrogen (Zehr et al. 2001). We found no significant
response in either biomass or GPP of picocyanobacteria in
the N-limited BAL phytoplankton. In the N-limited or nu-
tritionally balanced NOR phytoplankton, GPP responded,
but not biomass. In contrast, a small response was evident
in both biomass and GPP (lower range of nutrient input) in
the P-limited MED phytoplankton (Table 3).

Our results reveal a consistent pattern for the utilization
of the primary production by zooplankton and bacteria in
the three different coastal food webs (Figs. 7, 8; Table 4).
Grazing rates of the heterotrophic zooplankton, carbon up-
take rates of the bacteria, the release rates of dissolved and
particulate carbon by heterotrophs, and community respira-
tion rates were all linearly related to GPP in the entire range
of 10–400 mg C L21 d21. Moreover, we observed a similar
response pattern for all locations in terms of allocation of
the consumed carbon of heterotrophs to new growth, respi-
ration, and defecation (i.e., DOC and DeC release; Fig. 10).
There were differences among the heterotrophic functional
groups in the three locations, but ranges in total heterotro-
phic uptake and metabolism were similar. The observed dif-
ferences in metabolic carbon allocation between groups and
locations are revealed by the estimated average growth ef-
ficiencies of carbon and their range of variation (Table 5).
The estimated GE values for all heterotrophic groups were
in agreement with data from the literature (Straile 1997; Na-
gata 2000). Estimates that hit the constraint value in two
cases should be judged with care.

The relationship between community respiration and GPP
(Fig. 7F; Table 4) was similar to that previously derived from
comparative analyses of planktonic communities (Duarte

and Agustı́ 1998). This study interpreted communities with
GPP ,50 mg C L21 d21 as net heterotrophic, and our critical
value of 51 mg C L21 d21 (Table 4) was indeed very close.
Thus, communities receiving very small nutrient inputs (0.15
mmol N L21 d21, range 0–0.25 mmol N L21 d21) tended to
be temporarily heterotrophic, partially depending on the
amount of DOC stored in the system or derived from alloc-
thonous sources. This is consistent with the finding that con-
sumption of DOC by bacteria can exceed GPP in unproduc-
tive communities (,40 mg C L21 d21; del Giorgio et al.
1997).

The average percent DOC release of GPP by autotrophs
among communities and nutrient inputs (14% 6 2%, range
6–36%, n 5 20) was in good agreement with the average of
13% for contrasting ecosystems compiled by Baines and
Pace (1991) and 10–20% compiled by Nagata (2000). This
DOC flow, however, was insufficient to satisfy the require-
ments of bacteria. Our results suggest that heterotrophs were
responsible for two-thirds of the total DOC production by
the food web. Moreover, the food web DOC production rate
was closely correlated to the DOC taken up by the bacteria
(Fig. 8B; slope of curve 0.749 6 0.0372, p , 0.0001). No-
tably, the bacteria assimilated more DOC than the amount
released by the food web below a DOC release rate of 62
mg C L21 d21 and less than that above this value. This sug-
gests that the DOC concentration will be reduced at small
nutrient input. Carbon must therefore partially be derived
from external sources, from accumulated DOC from past
algal blooms or from allocthonous DOC inputs. Conversely,
during high nutrient inputs and high DOC production, the
bacterial demand can be exceeded, leading to an accumu-
lation of DOC (Williams 1995).

Three main conclusions emerge from our experiments.
First, in all communities, the gross carbon uptake rate in
autotrophic and heterotrophic plankton increased linearly
with increasing LN in the lower range of nutrient input rates
(,1 mmol N L21 d21). The rate of increase was similar at
the three locations. Second, the autotrophic and heterotro-
phic biomass in all communities increased linearly with in-
creasing LN in the lower range of nutrient input rates (,1
mmol N L21 d21). Still the biomass and the rate of increase
with increasing LN were different in the three communities,
but of the same magnitude in BAL and NOR. Third, the fate
of the GPP in the communities was generally the same, and
the pattern of metabolic flows of assimilated carbon in au-
totrophic and heterotrophic organisms was comparable in all
communities.

Our data do provide strong support for a linear response
of biomass and uptake in the lower range of nutrient input
rates, but not in the higher range, primarily because of few
representative data and because of the deviation from line-
arity. In the scenario that follows, we assume that the re-
sponse patterns of biomass and gross uptake are linear with
LN and that the quantitative response given by the slope of
the biomass (B) versus LN and gross uptake (U) versus LN

curves are variables (Fig. 11A). These slopes, which quan-
tify biomass accumulation and gross uptake versus LN, are
termed the response slopes gB and gU, respectively. We sug-
gest that g will respond systematically to, for example, the
rate of water exchange, time scale of the event, variation in
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Fig. 11. Conceptualized scheme for the response of autotrophic
biomass as a function of the nitrogen loading rate (LN). (A) General
scheme of response curve with variable response slope g and y
intercept (y0) for autotrophic biomass (gB and B0) and GPP (gU and
U0); (B) variation of biomass response for different cases (see de-
tails in text); (C) variation of GPP response for different cases (see
details in text); (D) response slopes for biomass (gB) and GPP (gU)
as a function of the average A : H ratio of the three sampling lo-
cations. Bars express 1 standard error; regression coefficients in
Table 6.

Table 6. Regression data with estimates of response slope g for biomass (gB) and for GPP (gU) for curves shown in Fig. 11B, C.

Relationship Case, locations
gB61 SE

mg C mmol N21 day
B061 SE
mg C L21 r2 p

Biomass
Sum A versus LN

Sum A versus LN

Sum A versus LN

Sum A versus LN

Mean 3 week; BAL, NOR
Mean 3 week; MED
Peak bloom; BAL, NOR
Seasonal lagoon; NOR

522640.8
12.062.01

1,1806189
92.5621.2

58.2625.6
9.4962.65
91.26119
13.7610.1

0.932
0.947
0.765
0.865

,0.0001
,0.05
,0.0001
,0.05

gU61 SE
mg C mmol N21

U061 SE
mg C L21 day21 r2 p

Gross primary production
GPP versus LN

GPP versus LN

GPP versus LN

Mean 3 week; BAL, MED, NOR
Peak bloom; NOR
Seasonal lagoon; NOR

225625.7
353612.2

97.469.63

37.7615.3
32.9612.6
7.2364.63

0.836
0.994
0.981

,0.0001
,0.0001
,0.01

the grazing pressure, and inherent physiological capabilities
of the predominant organisms. The curve intercepts the y
axis in B0 and U0 for biomass and gross uptake at zero nu-
trient input, respectively.

We restrict the discussion of the above conceptual model
to autotrophic biomass and its gross carbon uptake, or GPP.
The concept, however, is in principle applicable also to het-
erotrophic biomass and GHU. The value of gB can in prin-
ciple vary from zero to the maximum autotrophic commu-
nity yield times day (YM 3 day, with YM comparable to

Q ; the inverse subsistence quota for the limiting nutrient21
0

[Droop 1983]). The value of gU can in principle vary from
zero to the maximum growth yield of the autotrophic com-
munity (YM).

Figure 11B,C illustrates data presented here and some oth-
er relevant field data. The upper dotted line of Fig. 11B
shows the combined data for BAL and NOR mesocosms and
expresses the peak of autotrophic biomass found in these
experiments (new data). The solid line expresses the average
3-week response of autotrophic biomass for combined BAL
and NOR data, and the lowest nearly horizontal line express-
es data for MED (taken from Fig. 6A). The broken line
illustrates the response of the average autotrophic biomass
during summer (June–September) found in a 5-yr fertiliza-
tion experiment of an open coastal NOR lagoon system (area
275,000 m2, retention time 7–10 d; Olsen et al. unpubl. data).
The lagoon was continuously fertilized at rising tides and
sampled weekly during June–September in 1998 and 1999
(addition of 0.20 and 0.40 mmol N L21 d21 in 1998 and 1999,
respectively; N : Si : P 5 14 : 2.5 : 1). The years 1996–1997
and 2000 served as nonfertilized controls. Methods of bio-
mass determination and scientific treatment (e.g., Fig. 1)
were identical as in the NOR mesocosm experiments.

The peak biomass response according to the combined
BAL and NOR data was typically twice that of their average
3-week response (Table 6). This average response, however,
was about 5–6 times higher than the seasonal response in
the NOR lagoon, while the 3-week responses of MED was
far lower than in the NOR lagoon. The maximum values of
biomass found in the lagoon (not shown) were comparable
to the average NOR biomass. Factors which may have con-
tributed to these differences include a sustained water ex-
change of 11–14% per day in the lagoon (e.g., Nixon et al.
1996), a planktonic food web structure better adapted to the
final effect of the large grazers, and the grazing capability
of the large grazers.

The GPP versus LN relationship of autotrophs showed
smaller variation among experiments than biomass versus LN

(Fig. 11C; Table 6). The 3-week average (solid curve) is for
all locations (taken from Fig. 6C). The peak GPP values
were taken from NOR (new data) because they are most
relevant for comparisons with the lagoon. BAL consistently
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showed higher GPP values (not shown). gU for the peak
response of GPP was 1.6 times higher than gU for the 3-
week average response (Table 6), which again was 2–3 times
higher than for the seasonal response in the NOR lagoon.
The peak GPP values in the lagoon was comparable to the
average 3-week values in NOR.

Fig. 11B,C shows a wide variation in autotrophic biomass
response to variable nutrient input in coastal locations. Au-
totrophic biomass and gB varied up to ;50 and ;100 times
at equal nutrient input rate, respectively. The variation in
GPP response was narrower than that for the biomass (Fig.
11C), even with the higher BAL peak values included (not
shown). GPP and gU in Fig. 11C varied up to 2.5 and 3.6
times, respectively. Our experiments suggest that grazing can
affect g (Fig. 11D), and both gB and gU are related to grazing
pressure, here expressed as the average A : H ratio for the 3-
week periods. gB (biomass) appears to respond strongly to
this ratio whereas gU (GPP) does not. An implication of the
results is that only certain taxonomic groups of mesozoo-
plankton, in this case the doliolids belonging to Tunicata
(Katechakis et al. 2002), were able to maintain efficient graz-
ing control. A mesozooplankton dominated by copepods
cannot maintain the same efficient control. Our mesocosms
data represented short-term (3-week) responses, but we be-
lieve that they are relevant to open systems.

Again, we emphasize that environmental factors that may
cause variation in biomass and GPP are the time scale of the
observations, the rate of water exchange, grazing pressure,
and high autotrophic lysis rate. Finally, we conclude that the
general concept proposed is valid for any time scale and
open systems, but we suggest that efforts to quantify the
response functions of g should be made for seasonal to long-
term time scales, which are most important for management.
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