
Abstract Processes leading to biomass variation of Ulva
were investigated at two contrasting sites in the eutrophic
Veerse Meer (The Netherlands). Ulva species dominated
at the Middelplaten site, while at the Kwistenburg site 
a mixture of Ulva spp. and Chaetomorpha linum domi-
nated. Total summer macroalgal biomass was higher at
Middelplaten than at Kwistenburg (282 and 79 g DW
m–2, respectively). Growth rates of Ulva spp. were high at
both sites in May 1992 (cage mean 0.28–0.30 day–1), but
quickly dropped to lower values (0.05–0.10 day–1). In
May, growth rates were significantly highest at Kwisten-
burg, while during the rest of the season growth rates
were similar for both sites. Temperature, pH, dissolved
oxygen, salinity, light attenuation, phytoplankton and 
nutrient concentrations did not differ between sites. The
relation between variation in Ulva spp. growth rates and
environmental parameters was analysed using stepwise
multiple regression, showing that light and temperature
were the main variables regulating Ulva spp. growth
rates. As Ulva growth rates were similar for both sites but
biomass was much lower at Kwistenburg it was conclud-
ed that a large amount of produced biomass was lost at
Kwistenburg. Although the exact reason for this remains
unclear, it seems most likely that transport of macroalgae
by wind and waves is a very important factor. This study
shows the importance of simultaneously measuring

growth rates and biomass at a high temporal resolution to
reveal the mechanisms responsible for spatial variation in
macroalgal biomass in shallow coastal areas.
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Introduction

One of the most conspicuous results of eutrophication in
shallow coastal waters is the mass development of mac-
roalgae. In general, the process of eutrophication leads to
a shift in the macrophytobenthic community from slow-
growing seagrasses and macroalgae (for instance Fucus
spp. and Pelvetia canaliculata) to phytoplankton and
fast-growing macroalgae such as Ulva, Enteromorpha
and Cladophora spp. (Sand-Jensen and Borum 1991;
Duarte 1995). The high surface-area to volume ratio of
these mass-forming macroalgae favours rapid nutrient
uptake, high production and rapid growth rates, which
enable them to outcompete the original vegetation 
(Littler and Littler 1980; Hein et al. 1995; Pedersen and
Borum 1997). Eutrophication effects on the benthic 
vegetation of coastal waters are reviewed by Schramm
and Nienhuis (1996) for Europe and by Thorne-Miller 
et al. (1983), Tewari and Joshi (1988), Brown et al.
(1990) and Valiela et al. (1997) for other parts of the
world.

The main processes of eutrophication have been in-
tensely studied, in the field as well as in the laboratory.
Conditions that determine the vulnerability of water bod-
ies to eutrophication and the subsequent development of
mass blooms are high nutrient loadings, a long residence
time and reduced mixing with nutrient-poor (oceanic)
waters (Morand and Briand 1996). However, the season-
al regulation of algal growth and biomass production, the
mechanisms that lead to spatial variation in macroalgal
biomass within one estuary or lagoon, and the interaction
of these two are still poorly understood (Duarte 1995).
Differences between sites in macroalgal biomass may be
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caused by differences in growth, by differences in loss
processes (such as grazing) or a combination of these.
Higher growth rates at one site imply that environmental
conditions at that site are more favourable for macroal-
gal growth. Lack of differences in growth rates between
sites but large differences in biomass imply that a large
amount of biomass produced is lost. Hence, by simulta-
neously recording macroalgal growth rates, biomass and
environmental data with a high temporal resolution (i.e.
weekly to biweekly) it can be assessed whether growth
or loss processes determine spatial variation in macroal-
gal distribution and how growth in its turn correlates to
environmental parameters (Sfriso 1995; Hernández et al.
1997). Thus far, only few studies have addressed spatial
variation in this way (Geertz-Hansen et al. 1993; 
Hernández et al. 1997; Sfriso and Marcomini 1997;
Barthelemy et al. 2001).

Within the framework of the European EUMAC pro-
ject (EUMAC 1994), eight European lagoons and estu-
aries were selected as model systems to study correla-
tions between the temporal, seasonal and spatial varia-
tion in macrophyte biomass and species distribution and
environmental variables. In a previous paper, Malta and 
Verschuure (1997) stressed the importance of light as
the main variable responsible for the between-year vari-
ation in macroalgal biomass at the Dutch site (the
Veerse Meer). Nitrogen was thought to be more impor-
tant for the seasonal regulation of growth and biomass
development. In this study, we compared two sites in
the Veerse Meer, which differ with respect to macroal-
gal biomass and species distribution. The purpose of
this study was to test whether growth or loss processes
are responsible for these between-site differences and to
analyse how growth rates correlate with environmental
variables.

Methods

Study area

The study was conducted between March 1994 and March 1995 in
the Veerse Meer, a shallow man-made, brackish (average salinity
= 15–20 psu) lake situated in the southwestern part of the Nether-
lands (Fig. 1). The lake is non-tidal, but from October to April, the
water level is lowered to 0.70 m below mean standard sea level in
order to facilitate its function as a drainage basin: see Nienhuis
(1989, 1992) and Coosen et al. (1990) for details on hydrography
and hydrochemistry. We selected two sites for this study (Fig. 1)
that were contrasting with respect to macroalgal species and bio-
mass distribution (Hannewijk 1988; Van Lent and Verschuure
1994). The first site, Middelplaten, is representative of most of 
the shallow parts of the lake and is situated close to the islands
called the Middelplaten, about 50–75 m from the gully. The sec-
ond site is called Kwistenburg (4.5 km east of Middelplaten). It is
bordering the main gully opposite to the sluices called the
Zandkreeksluis. Water depth in summer in both sites is between
0.70 and 0.90 m.

Macroalgal parameters

The sites were visited at 2-weekly intervals in April and October
1994, weekly from May to October 1994, and monthly from 

November 1994 to April 1995. Biomass was determined by ran-
domly taking three samples with a PVC cylinder (area = 0.16 m2).
The Ulva spp. coverage in each cylinder sample was estimated 
visually and the biomass enclosed was collected, dried for 48 h at
60°C and weighed. To account for the patchy distribution of the
algae (especially at Kwistenburg), it was decided to apply a cor-
rection factor to the coverage in the cylinder. For this purpose, a
relatively large (10×10 m) permanent quadrat (PQ), which was
considered representative for the site, was laid out at both sites.
Weekly macroalgal coverage in the PQ was estimated visually
with an underwater viewer. Biomass was corrected for PQ cover-
age as:

In this way, three independent estimates of PQ biomass were ob-
tained for each site. Applying the correction factor had very little
effect on the calculated biomass values at Middelplaten (where 
algal distribution was quite homogeneous); however, it did change
the biomass values at Kwistenburg to what we feel were more reli-
able estimates of site biomass. This method was tested earlier in a
very extensive mapping study of macroalgal biomass in the Veerse
Meer and was found to give more reliable estimators of biomass,
especially at sites where distribution was patchy (Hannewijk
1988).

Growth rates of the dominant species (Ulva spp.) were deter-
mined from May until the second week of October (last week of
high water level) using cages. The cages, covering the whole 
water column, were vertically divided into three compartments in
order to compare growth rates at different depths (see Malta and
Verschuure 1997 for details). Each compartment contained five
Ulva discs (42 mm diameter), punched from free-floating speci-
mens with a sharpened stainless steel tube. Growth rate per com-
partment was calculated as the natural logarithm in weight in-
crease:

where W0 is the initial and Wt the final dry weight after t days of
incubation. Fifteen discs were kept apart, weighed wet, dried for
48 h at 60°C and weighed again. From these discs a wet weight to
dry weight conversion factor was determined (coefficient of varia-
tion was ranging from 1.5% to 3%), which was applied to calcu-
late the dry weight of the incubated discs. Five cages per site were
used; the cages were cleaned every week. A correction was made
for missing discs and discs that were heavily grazed upon (3.9%
and 0.5% of all incubated discs, respectively) by multiplying the
initial weight by the number of discs found after 1 week divided
by five, assuming that all discs had a similar weight. The amount
of thallus removed by minor grazing was very small (less than
1 mm2 per disc) and was considered to be negligible. It can be 
argued that net growth rates (including grazing) may be more
valuable than potential growth; however, considering the rare 
occurrence of heavy grazing and the point that flushing out of the
cages is probably the most important loss factor, we felt that the
correction was needed to prevent an underestimation of growth.
The Discussion reviews the role of grazing in more detail.

We attempted to measure the growth rate of the other dominant
alga at Kwistenburg, Chaetomorpha linum (O.F. Müll) Kütz. The
algae were loosely wrapped in nylon nets, which were weighed
wet before and after 1 week of incubation in the cages. However,
only negative growth rates were found, probably due to biomass
losses during the procedure. As we doubted the reliability of the
method, we decided not to use these data.

Duplicate samples of algal material were dried for 48 h at
60°C and ground using a bullet mixer. The carbon and nitrogen
content was determined on a Carlo-Erba NA 1500 CHN analyser.
Phosphorus content was determined using the colorimetric proce-
dure of Chen (1956), after tissue destruction with HNO3-HCl in 
a microwave oven (Nieuwenhuize and Poley-Vos 1989). Addition-
ally, pieces of macroalgae were stored at –80°C in tinfoil. The
samples were freeze-dried and ground in a bullet mixer and tissue
chlorophyll a and b were determined using reverse-phased HPLC
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(Millipore Waters) according to Brown et al. (1981) after over-
night extraction in the dark in a 90% acetone solution.

Water column parameters and light

During each visit, air and surface water temperature and weather
conditions were recorded. Water samples were taken at mid-depth
at each site with 1-litre PVC bottles and filtered over Schleicher &
Schuell No. 6 glass fibre filters that had been weighed before fil-
tration. Two filters were dried for 48 h at 60°C and weighed after
20 min of cooling in a desiccator to determine the seston content.
The other filters were stored in tinfoil at –80°C and later extracted
overnight in the dark in 90% acetone. The extract was analysed
for chlorophyll a and b using reverse-phased HPLC (Millipore
Waters) according to Brown et al. (1981). The water was analysed
for nitrate+nitrite, ammonium and phosphate on a Skalar 5100 
autoanalyzer and salinity was measured using a WTW micropro-
cessor salinity meter mounted with a WTW KLE 1/T electrode. At
each visit, water samples (n=5) were taken at mid-depth in bottles
of approximately 100 ml capacity (exact volume was determined
by weighing with Aqua dest) and dissolved oxygen was deter-
mined using the Winkler titration method (Grasshof et al. 1983).

Hourly incident irradiance (I0) was measured with a LI-190SA
quantum meter fitted with a PAR (400–700 nm) sensor, which was
situated on top of the NIOO-CEMO building in Yerseke (approxi-
mately 30 km from the field sites). Light attenuation was mea-
sured at four depths in the Veerse Meer with a LiCor light meter,
connected to a 2π PAR (400–700 nm) photon sensor. Reflection
was calculated as the difference between above- and just below-
surface irradiance. Because this method is sensitive to wave ac-
tion, an overall average reflection of 11.7% (±3.3) was used in the
irradiance calculations. A weekly attenuation coefficient (k) was
calculated by averaging the attenuation coefficients for the four
depths. Weekly incident irradiance (Iz) at depth z was then calcu-
lated using the Lambert-Beer equation (Jerlov 1970).

Data analysis

Differences between sites in water column parameters, light,
weekly algal growth rates and chemical composition of the algae
were examined for significance using a t-test. Water chlorophyll,
seston, oxygen and nutrient concentrations and tissue nutrient con-
centrations were log-transformed in order to avoid heteroscedas-

ticity (tested with a Bartlett test for homogeneity; Sokal and Rohlf
1995). Differences in growth rates among cage compartments
were tested for significance using a one-way analysis of variance
followed by a Tukey-Kramer a posteriori test where there was a
significant ANOVA result. To detect relations between nutrient
concentrations in the water and in the plant tissue, Pearson corre-
lation coefficients were calculated. The degree of variation in
weekly mean growth rate that can possibly be explained by the 
simultaneous effect of the environmental parameters (dissolved in-
organic nitrogen, phosphate, salinity, temperature, light and tissue
nutrient concentrations) was estimated using a multiple stepwise
regression analysis (Sokal and Rohlf 1995). For the regression
equation and further explanations, see the Results and Discussion
sections. The data for the correlations and the multiple regressions
were transformed in the same way as for the ANOVA and t-tests.
In all cases, significance level was set at 5% probability.

Results

Macroalgae parameters

At Middelplaten, macroalgal biomass consisted almost
entirely of two free-floating Ulva L. species: Ulva 
curvata (Kütz.) De Toni and Ulva scandinavica Bliding.
Identification problems, resulting from taxonomic uncer-
tainties (Malta et al. 1999) made a quantitative compari-
son of the relative contribution of each species to the to-
tal biomass impossible; therefore only total Ulva spp.
biomass is be taken into account. At Kwistenburg, Ulva
spp. dominated, together with Chaetomorpha linum. The
Ulva biomass consisted of the same species as were
found at Middelplaten. The biomass of other algae found
at both sites was negligible (less than 1% of Ulva spp.
and Ulva spp. and C. linum biomass at Middelplaten and
Kwistenburg, respectively; data not shown).

Algae were completely absent from Middelplaten
from January to April (Fig. 2A). Biomass build-up 
started in the second week of May and lasted for about
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Fig. 1 Location of the study
area and the study sites



10 weeks, when the maximum biomass was reached
(282 g DW m–2). Four weeks later, biomass levels de-
creased to around 150 g DW m–2 and remained more or
less stationary. At the end of October, a short increase
was observed followed by a decomposition phase in
which the biomass decreased and eventually disappeared
completely. At Kwistenburg, biomass build-up started at
the beginning of June (Fig. 2B). Compared to Middel-
platen, total macroalgal biomass levels were low during
summer (maximum in August 79 g DW m–2). At the end
of September, biomass increased six-fold within a period
of 2 weeks. Biomass distribution became very patchy in
this period, as is illustrated by the high standard devia-
tions. By the end of the year almost all the algae had dis-
appeared from the site.

Initial growth rates of Ulva spp. at Middelplaten were
high (cage mean 0.28–0.30 day–1) but decreased quickly
after two weeks to a cage mean of 0.10 day–1 in June
(Fig. 3A) and remained relatively constant for the rest of
the time (around 0.05 day–1). At Kwistenburg Ulva
growth rates were also high at the beginning of May and,
overall, decreased after 2 weeks (Fig. 3B). However, the
decline was less steep than at Middelplaten. Cage mean

growth rates were significantly higher at Kwistenburg
than at Middelplaten during the last week of May, the
first three weeks of June and in the third and fourth week
of July (t-test, P<0.05–0.001). During the first week of
July and the first, third and last week of August, growth
rates were slightly, but significantly, higher at Middel-
platen (t-test, P<0.05–0.001). For all other weeks, the
differences were not significant. The mean annual
growth rate was not significantly different between Mid-
delplaten (0.086 day–1) and Kwistenburg (0.096 day–1).
Testing between corresponding compartments gave the
same results as testing between the cage means. As ex-
pected, growth rates were highest in the upper cage com-
partment (A) and lowest in the lowest compartment (C)
with the middle compartment (B) having intermediate
values at both sites (Fig. 3). Differences between A and
C were always significant for both sites for most of the
year (ANOVA, P<0.05–0.001).

Ulva spp. (Middelplaten) and C. linum (Kwistenburg)
showed comparable trends in the seasonal cycles of 
tissue nitrogen (N), carbon (C) and phosphorus (P)
(Fig. 4A–C). Tissue N and P levels were high at the end
of the winter and spring, decreased during biomass
build-up and increased again after this period, eventually
reaching their initial high levels during the decomposi-
tion phase. Tissue C pronounced a less obvious pattern
in both species. Annual average tissue C was lower 
and tissue P was higher for C. linum than for Ulva spp.
(t-test, P<0.001 for both C and P), while annual average
tissue N levels were similar. A significant correlation
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Fig. 2a, b Biomass values (g DW m–2, n=3) of macroalgae in the
Veerse Meer (The Netherlands) from April 1994 until March
1995. A Biomass of Ulva spp. at the Middelplaten site; B biomass
of Ulva spp. (closed circles, full line) and Chaetomorpha linum
(open circles, dotted line) at the Kwistenburg site. Vertical lines on
x-axis represent weeks. Error bars represent +1 SD for Ulva spp.
and –1 SD for C. linum

Fig. 3 Growth rates (day–1, n=5) of Ulva spp. in 1994 in compart-
mented cages in the Veerse Meer (The Netherlands) at Middelplaten
(A) and Kwistenburg (B). Growth rates of top compartment (dots,
full line), middle compartment (circles, dotted line) and lower com-
partments (triangles, dotted lines). Error bars represent +1 SD. Ver-
tical lines on x-axis represent weeks



was found between dissolved inorganic nitrogen (DIN)
and tissue N for Ulva spp. but not for C. linum (Table 1).
Tissue P in Ulva spp. showed a significant negative 
correlation with dissolved inorganic phosphorus (DIP),
the correlation for C. linum was insignificant. Tissue N
and P and tissue N and C were positively correlated in
both species. 

Total chlorophyll contents of Ulva spp. rapidly de-
creased to less than 1.5 mg g DW–1 during the build-up
phase, increased again in August, and remained stable
for the rest of the observation period (Fig. 5A). The
chlorophyll a:b ratio increased from an initial 1.1–1.3 
to 1.8–2.3 during the remaining period (Fig. 5B). For 
C. linum, total chlorophyll levels were around 1.5–
2.0 mg g DW–1 at the beginning of the build-up phase
and increased six-fold in July and August, followed by a
period of high values (Fig. 5A). During the decomposi-
tion phase, total chlorophyll content decreased again.
The chlorophyll a:b ratio showed large fluctuations,
reached a maximum value of 4.0 in spring and decreased
again to approximately 1.8–2.0 in autumn and winter
(Fig. 5B). A significant positive correlation was found
between total chlorophyll content and tissue N content in
both species (Table 1).

Environmental parameters

Annual average water temperature, salinity, pH, attenua-
tion coefficient (k), chlorophyll levels and oxygen did
not differ significantly between sites (Table 2). Chloro-
phyll a levels in the water in 1994/1995 were always be-
low 10 mg m–3 for both sites, apart for two peak values
in April and the beginning of May (values up to 50.5 mg
m–3 for Middelplaten and 100 mg m–3 for Kwistenburg).
Dissolved oxygen levels showed minimal fluctuations,
except for peaks in April and October 1994 and one in
March 1995, occurring at both sites at the same time.
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Fig. 4 Tissue carbon (A), nitrogen (B) and phosphorus (C) con-
tent (% DW) of Ulva spp. at Middelplaten (closed circles, full
line) and Chaetomorpha linum (open circles, dotted line) at the
site Kwistenburg in the Veerse Meer (The Netherlands) from April
1994 until March 1995. Vertical lines on x-axis represent weeks

Table 1 Pearson correlation coefficients (r) between different
variables from the water and macrophytes at the two sampling
sites (data from Figs. 2, 3, 4, 5 and 6 and from Table 2). Macroal-
gal data (tissue nutrients and pigments) are for Ulva spp. at 
Middelplaten and C. linum at Kwistenburg; n=30 for Middelplaten
and n=20 for Kwistenburg

r (Middelplaten) r (Kwistenburg)

DIN DIP –0.64*** –0.47*
Tissue N DIN 0.56** 0.34 ns
Tissue P DIP –0.50** –0.05 ns
Tissue N Tissue P 0.57** 0.65**
Tissue N Tissue C 0.35* 0.67**
Tissue N Total pigments 0.57** 0.73***

Significant correlations are denoted: *P<0.05; **P<0.01;
***P<0.001; ns not significant.

Fig. 5 Total tissue chlorophyll content (A) and chlorophyll a:b ratio
(B) of Ulva spp. at Middelplaten (closed circles, full line) and
Chaetomorpha linum (open circles, dotted line) at Kwistenburg in
the Veerse Meer (The Netherlands) from April 1994 until March
1995. Vertical lines on x-axis represent weeks
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Table 2 Ranges and means (±SD) of water column parameters at
two sites in the Veerse Meer (The Netherlands) from April 1994 to
April 1995. Temperature is water surface temperature, k is attenu-
ation coefficient, n=32 for all variables except for pH (n=29) and k
(n=27)

Middeplaten Kwistenburg

Temperature (°C) Range 5.9–24.1 5.9–24.1
Mean 13.8±4.2 13.8±4.2

Salinity (psu) Range 9.6–17.4 10.9–17.5
Mean 14.6±1.4 15.0±1.3

pH Range 7.9–8.9 8.1–8.8
Mean 8.6±0.1 8.5±0.1

Seston (mg l–1) Range 5.6–45.0 6.6–27.1
Mean 12.6±4.3 11.7±3.5

k (m–1) Range 0.5–2.2 0.4–1.6
Mean 0.9±0.3 1.0±0.3

Planktonic chlorophyll Range 0.9–30.4 1.1–59.6
(mg m–3) Mean 7.0±6.6 8.3±10.1

Oxygen (mg l–1) Range 6.6–23.6 6.6–22.3
Mean 11.2±0.1 9.6±0.2

Table 3 Partial regression coefficients and ANOVA test results of
stepwise multiple regression analysis relating growth rate of Ulva
spp. in the Veerse Meer (The Netherlands) in 1994 to: water col-
umn parameters [dissolved inorganic nitrogen (DIN), dissolved in-
organic phosphate (DIP), salinity, temperature and light at mid-
depth] at Middelplaten (1) and Kwistenburg (5); water column 

parameters excluding phosphate and salinity at Middelplaten (2)
and Kwistenburg (6); and salinity, light at mid-depth, water tem-
perature and plant tissue nitrogen and phosphorus (3) and temper-
ature, light and plant tissue N (4) at Middelplaten. See Table 1 and
Figs. 2, 3, 4, 5 and 6 for data

1 Dependent variable 2 Dependent variable

Independent variables Ulva spp. growth Middelplaten Independent variables Ulva spp. growth Middelplaten
Constant 0.74*** constant 0.17*
DIN ns DIN ns
DIP –0.22** temperature –0.02**
Salinity –0.03* light 0.001**
Temperature ns
Light ns
F 17.42*** F 7.45**
R2 0.59 R2 0.36

3 Dependent variable 4 Dependent variable

Independent variables Ulva spp. growth Middelplaten Independent variables Ulva spp. growth Middelplaten
Constant 0.86*** Constant ns
Tissue N ns Tissue N 0.28*
Tissue P 0.36** Temperature –0.01*
Salinity –0.03** Light 0.002***
Temperature ns
Light ns
F 22.24*** F 7.08**
R2 0.65 R2 0.44

5 Dependent variable 6 Dependent variable

Independent variables Ulva spp. growth Kwistenburg Independent variables Ulva spp. growth Kwistenburg
Constant 1.39*** Constant ns
DIN ns DIN 0.08**

DIP ns Temperature ns
Salinity –0.07*** Light 0.001*
Temperature –0.01**
Light ns
F 35.76*** F 7.76**
R2 0.75 R2 0.37

Significant partial regression coefficients and F values are marked: *P<0.05; **P<0.01; ***P<0.001; ns not significant.

The April peak coincided with a phytoplankton bloom,
the other two were observed immediately after the
change in the water level. At both sites, the raising of the
water level had a significant effect on salinity (t-test,
P<0.001) and seston levels (t-test, P<0.001).

Dissolved inorganic phosphate (DIP) levels increased
during macroalgal biomass build-up and decreased
again during the decomposition phase (Fig. 6A). Con-
centrated agricultural run-off after heavy rainfall proba-
bly caused the peak value at both sites in September
1994. Total dissolved inorganic nitrogen (DIN) levels
increased during the decomposition phase, followed by
a sharp decline during the build-up phase, leading to
low values (Fig. 6B). The significant negative correla-
tion coefficients between DIN and DIP at both sites
clearly express these contrasting patterns (Table 1). A
peak value for DIN was observed in October. High DIN
values (over 200 µM) were reached in winter 1995 at
both sites. During the build-up phase, DIN consisted
mainly of ammonium (70–100% of DIN) at both sites,
while during the rest of the year nitrate+nitrite were the
main constituents of the DIN (80–95%). Mean annual



DIN and DIP concentrations were not significantly dif-
ferent between sites.

Relations of environmental parameters 
and tissue nutrient levels with growth rates

Testing the simultaneous effects of all environmental 
parameters on weekly average growth of Ulva spp. with
a multiple regression analysis resulted in a negative par-
tial correlation of growth with salinity and DIP, explain-
ing 59% of the variation (Table 3). Leaving out salinity
and DIP (as explained in Discussion) resulted in a nega-
tive partial correlation of growth with temperature and a
positive correlation with light, explaining 36% of the
variation. Replacement of the water nutrient concentra-
tions (DIN and DIP) by tissue N and tissue P (as ex-
plained in Discussion) returned a positive partial correla-
tion with tissue P and a negative correlation with salini-
ty, explaining 65% of the variation. When tissue P and
salinity were excluded, 44% of the variation was ex-
plained by tissue N (positive), temperature (negative)
and light (positive).

At Kwistenburg, a negative partial correlation with
salinity and temperature explained 75% of the variation.
When salinity and DIP were excluded, 37% of the varia-
tion was explained by DIN (positive) and light (posi-
tive). Testing of the different cage compartments gave
similar results for both sites.

Discussion

Algal biomass distribution

The occurrence of large differences between sites in spe-
cies distribution and biomass has been reported earlier
and could in some cases be attributed to environmental
parameters, such as salinity, nutrient loading and turbidi-
ty (Josselyn and West 1985; Thom and Albright 1990;
Brouwer et al. 1995; Valiela et al. 1997). Spatial differ-
ences are in these studies mainly attributed to better 
environmental conditions for macroalgal growth; how-
ever, actual growth rates or daily biomass production
were rarely measured. As we pointed out in the Introduc-
tion, simultaneous measurements of growth rates and
biomass development will reveal whether growth or loss
processes are responsible for spatial differences: a lack
of difference in growth rates but large differences in bio-
mass implies the loss of biomass. In the Veerse Meer,
growth rates at Kwistenburg were equal to those at 
Middelplaten during most of the season and even higher
in May and June (Fig. 4), while biomass was much lower
at Kwistenburg. Hence we conclude that biomass loss
processes caused the spatial heterogeneity in the Veerse
Meer. Similar conclusions were drawn for Ulva spp. bio-
mass at sites in the lagoon of Venice, Italy (Sfriso 1995)
and the Palmones estuary, Spain (Hernández et al. 1997).

The most important loss processes for macroalgal bio-
mass are decomposition (Sfriso 1995), grazing (Geertz-
Hansen et al. 1993) and transport by waves and wind
(Lowthion et al. 1985; Soulsby et al. 1985; Vergara et al.
1997). Anoxic conditions, which often occur in dense
mats, accelerate algal die-off and thereby elevate decom-
position rates (De Casabianca-Chassany 1989). One
would thus expect that the site with the highest biomass
(Middelplaten) would be more sensitive to these process-
es, which makes them unlikely causes of the difference
between the sites. It has been shown that grazing by 
invertebrates and birds can reduce macroalgal biomass
considerably (Coosen et al. 1990; Seys et al. 1991; 
Geertz-Hansen et al. 1993; Horne et al. 1994). Experi-
ments carried out by Kamermans et al. (2002), however,
show that there is a low grazing pressure on inverte-
brates in the Veerse Meer, which does not differ between
sites. Moreover, they showed that invertebrates can even
have a stimulating effect on macroalgal growth by clear-
ing Ulva thalli of diatoms. Bird grazing takes place
mainly during the late summer and autumn when the dif-
ference between sites is already evident; thus we assume
that grazing was also not responsible for the observed
difference. Several authors have suggested the impor-
tance of wind and currents as important factors for trans-
port of free-floating macroalgae (Flindt et al. 1997; 
Hernández et al. 1997; Salomonsen et al. 1997). In the
Veerse Meer, transport from the more exposed site at
Kwistenburg may be more important as a loss factor than
at Middelplaten. Wind-driven transport may also explain
the marked increase in autumn at both sites. Future re-
search should examine and quantify the role of transport,

217

Fig. 6a, b Nutrient concentrations in the surface water of the
Veerse Meer (The Netherlands) at Middelplaten (closed circles,
full line) and Kwistenburg (open circles, dotted line) from April
1994 until March 1995. A Total inorganic phosphorus (DIP, µM);
B dissolved inorganic nitrogen (DIN, µM). Vertical lines on x-axis
represent weeks



to better understand both the spatial and seasonal dynam-
ics of macroalgal biomass.

Seasonal variation, relation with environmental 
parameters

Roughly, three to four phases in the Ulva spp. biomass
dynamics could be distinguished in the Veerse Meer: a
period without biomass, a period of rapid growth and
biomass increase, followed by a more stationary period
and finally a period in which biomass disappears again.
From December to May there is no above-ground bio-
mass at all. Kamermans et al. (1998) have shown that
during this phase Ulva spp. fragments survive buried in
the sediment. Viable remainders of these fragments can
initiate the spring biomass build-up, so we can speak of 
a dormant phase. Temperature, wind (to uncover the 
buried thalli) and probably also light (both intensity and
day length) are the variables that determine the onset of
growth (Kamermans et al. 1998).

Multiple regressions explained a limited, but signifi-
cant, part of the variation in cage growth rates during the
rest of the year. Tissue nutrient concentrations proved to
be better in accounting for the variation in Ulva growth
than nutrients in the water. This can be explained by the
capacity of Ulva spp. for luxury uptake and storage of
nutrients. When nutrient concentrations in the water de-
crease, the algae can then grow on their internal reserves
(Fujita 1985; Viaroli et al. 1996; Pedersen and Borum
1997). However, the results should be interpreted with
care, as intercorrelation of the independent variables can
greatly influence the outcome of a multiple regression
analysis (Robertson et al. 1993; Sokal and Rohlf 1995).
It is very likely that the correlations with phosphate/tis-
sue P and salinity are the result of these intercorrelations
and have no causal meaning. Both DIP and salinity in-
creased during the year. Considering the concentrations
and the negative correlation of phosphorus with tissue P
for Ulva at Middelplaten, neither phosphorus limitation
nor phosphorus toxification seem a likely cause of varia-
tion in Ulva spp. growth in the Veerse Meer. A negative
effect of increasing salinity is very unlikely, as the opti-
mum salinity for growth of Ulva spp. is still higher than
that observed in the Veerse Meer (Bliding 1968; Koeman
and Van den Hoek 1981; Dickson et al. 1982).

For the reasons explained above, we excluded phos-
phorus and salinity from the analysis, which resulted in a
positive relation of growth with tissue N and light and a
negative relation with temperature. The degree to which
an alga is nitrogen-limited can be determined by compar-
ing the observed tissue N levels of the algae with the so-
called critical tissue N levels determined in experimental
set-ups (i.e. the nitrogen level below which growth rates
decrease; Morand and Briand 1996). Critical values de-
termined for Ulva spp. range from 2.0% to 2.4% DW
(Fujita et al. 1989; Lavery and McComb 1991; Pedersen
1994). As tissue N levels of Ulva spp. at Middelplaten
were close to or below the critical values at the end of

the build-up phase, it is concluded that nitrogen limita-
tion may have occurred during this period, causing the
transition from the build-up period to a more stationary
period. The increase in tissue nitrogen during the station-
ary and the decomposing phase is probably mainly due
to the leakage of nitrogen-free compounds from decom-
posing thalli (Hanisak 1993; Viaroli et al. 1996). How-
ever, self-shadowing, leading to strong light limitation
and luxury uptake of nitrogen, may also increase the av-
erage tissue N of a dense algal mat, as suggested by
Vergara et al. (1998). Studies on such vertical gradients
in macroalgal mats are very rare; however, they certainly
deserve more attention as they can be helpful in explain-
ing some components of the complex dynamics of mac-
roalgal biomass (Vergara et al. 1998 and references
therein; Malta 2000). Although tissue N data for Ulva
spp. at Kwistenburg were not available, the results of the
multiple regression analysis and the observed similar
pattern in seasonal variation in growth suggest that here
also nitrogen has been limiting for some part of the 
season.

Light and temperature also showed a significant cor-
relation with growth, supporting the earlier conclusion
that light was the main growth-limiting variable during
the build-up phase (Malta and Verschuure 1997). Both
the higher growth rates in the upper cage compartments
during the first weeks of the season and the observed low
chlorophyll a:b ratio and the high total chlorophyll 
content of Ulva spp. in spring support their conclusion
(Ramus et al. 1976; Henley and Ramus 1989). Tempera-
ture may have affected growth rates in two ways. High
water temperatures (over 20°C) have been shown to in-
hibit growth in Ulva lactuca from the North Sea (Fortes
and Lüning 1980), although Malta et al. (1999) still
found high growth rates for U. scandinavica from the
Veerse Meer at 25°C. Another way in which temperature
can affect the biomass variation is by stimulating respira-
tion, causing temporal anoxia, resulting in die-off and
decomposition (Sfriso et al. 1987). We observed indica-
tions of anoxia – black sediment and sulphuric smell 
(E.-j. Malta and J.M. Verschuure, personal observation)
– at both sites in the Veerse Meer. In this way, tempera-
ture-enhanced decomposition, possibly together with
bird grazing, could be the variables that determine the
transition from the stationary phase to the decomposition
phase.

If and to what extent growth of C. linum is regulated by
the same parameters of Ulva spp. remains unclear. The tis-
sue N of C. linum in Veerse Meer was always well above
the critical value of 1.15% DW found by Pedersen and
Borum (1996), so we conclude that growth of C. linum
was not nitrogen-limited. Light might have been limiting
during the build-up phase, considering the low chlorophyll
a:b ratios. The thick mats of C. linum started decomposing
in October–November and were totally anoxic at certain
locations, leading to the formation of H2S and elemental
sulphur in the water column (E.-j. Malta, personal obser-
vation). This, most probably, has led to the final decline of
the alga.
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Conclusions

This study has demonstrated that measurements of in situ
growth and/or production rates are of vital importance in
revealing the mechanisms that are responsible for the 
observed spatial and seasonal variation of macroalgal
biomass. In the Veerse Meer, growth was not found to be
responsible for spatial heterogeneity in macroalgal bio-
mass. Future studies should pay special attention to loss
processes in macroalgal populations, especially to wind-
and current-driven transport.
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