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ABSTRACT: Seasonal variation in nutrient (nitrogen: N, and phosphorus: P) limitation of phytoplank-
ton biomass growth was studied in the eutrophic estuary, Hjarbak Fjord, Denmark, by use of 4 dif-
ferent types of bioassays. These were (1) long-term (2 d) nutrient addition bioassay, (2) long-term
dilution bioassay, (3) short-term (2 h) nutrient addition bioassay, and (4) short-term dilution bioassay.
Types 1 and 2 were conducted as field incubations where increases in chlorophyll a (chl a) were used
as a growth indicator, while Types 3 and 4 were laboratory incubations with measurement of C-
uptake rates. Bioassays were compared with seasonal variations in carotenoid:chl a pigment ratio
{480:665 nm), nutrient pools (C:N:P ratios) in seston, concentrations of dissolved nutrients (N and P) in
the water, and with the supply of nutrients (N and P) to the photic zone. P-limited growth dominated
from May to August according to most bioassays, whereas N limitation was only significant in the long-
term nutrient addition bioassay in August. Estimates of nutrient loading to the photic zone included
external input from freshwater and marine sources and nutrients regenerated tfrom the sediment. The
molar nutrient loading ratio (N:P) decreased through the summer from values of 290 and 110 for inor-
ganic and total N:P, respectively, in April to a minimum value of 21 and 24 for inorganic and total N:P,
respectively, in August. The minimum value coincided with the lowest inorganic N:P ratio in the sur-
face water (3.5) and with a low ratio (15) of particulate N:P in the water column. Both short- and long-
term nutrient addition bioassays corresponded well with the type of nutrient limitation that could be
predicted from the seasonality in the N:P loading ratio and the inorganic N:P ratio in the surface water.
The dilution bicassays gave less clear results, but may still provide information on possible nutrient lim-
itation in a situation where the external loadings of both N and P are decreased. The carotenoid:chl a
ratio varied between 1.4 and 2.6 with the lowest values in April and October, where nutrient limitation
was less evident, and with the highest value in August. The 480:665 ratio always decreased during
long-term bioassays when nutrient addition stimulated growth, which implies that it may be indicative
of P- as well as N-limited growth.

KEY WORDS: Bioassay - Dilution-bioassay - Estuary - Nitrate - Nutrient limitation - Phosphate - Phyto-
plankton - 480:665 nm ratio

INTRODUCTION

Nutrient addition bioassays as indicators of
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Nutrient limitation of primary producers in aquatic
environments has attracted much attention because
increased supply of a limiting nutrient often leads to
eutrophication and deterioration of the water quality
(reviews in e.g. Hecky & Kilham 1988, Fisher et al.
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1995). In understanding and managing the water qual-
ity of lakes and coastal ecosystems it is therefore
important to have good indicators of nutrient limitation
and, especially, indicators which allow for an identifi-
cation of the most limiting nutrient. The validity of such
indicators is a matter of much debate (lately reviewed
by Fisher et al. 1995). Another line of debate is whether
nitrogen (N) or phosphorus (P) is the most limiting ele-
ment in estuaries, coastal seas, and in lakes, (e.g. Hecky
& Kilham 1988). In freshwater systems phosphorus is
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generally believed to be the most important nutrient in
regulating the primary production, while in marine
systems nitrogen limitation prevails (Howarth 1988,
Nixon et al. 1996). Whether there are fundamental dif-
ferences in processes between freshwater and marine
waters has been investigated, and one possible expla-
nation, in a biogeochemical sense, is that P is regener-
ated more efficiently from marine sediments than from
freshwater sediments (Caraco et al. 1990). Howarth
(1988) suggested that the difference rather should be
explained by different nutrient loading ratios.
Calculations of N and P mass balances in Hjarbeaek
Fjord, Denmark (Jensen et al. 1994), indicated that this
eutrophic estuary could provide a case of P limitation
during much of the growing season. It could also be
expected from the mass balances that P loading to the
photic zone would decrease further in the years follow-
ing 1992. In order to verify that N or P limitation in
estuaries can be predicted from nutrient loadings and
in order to provide a comparison of various indicators
of N and P limitation we tested 4 different types of
bioassays, and 4 ‘indicators’ 6 times during the summer
1995 in the Hjarbak Fjord estuary (Fig. 1, Stn 1). The
survey was primarily based on nutrient addition bioas-
says (e.qg. Maestrini et al. 1984, Schelske 1984, Granéli
et al. 1986) using both short-term laboratory incuba-
tions and long-term field incubations. Since Hjarbak

N
5 dbe ]
P B
\ \ \ (5 Z
\ Y ; =
| \ 4 ,
K' \ = —
AN T— //r
\\~___ 7
\ ) 2 P \‘\\\/ e
\w/‘: s
0 1 2 km & 4

Fig. 1. Map of Hjarbak Fjord, Denmark, and Stns a, b, and 1.

Stn 1 was used for bioassay experiments. Stns a and b were

used for measurements of nutrient release from the sediment.

The fjord is separated from the outer fjord system by a

sluice (north of Stn a). Inserted panel shows a map of Den-

mark with the location of the fjord. Interval between depth
contours is 2 m

Fjord occasionally experiences high levels of inorganic
nutrients, we also tested dilution biocassays (sensu
Paerl & Bowles 1987) parallel to the ordinary nutrient
addition bioassays, to show whether N or P could be
potentially limiting in case of decreasing nutrient
levels in the fjord. The carotenoid:chlorophyll a (chl a)
ratio (480:665 nm absorption ratio) in field bioassays
was tested as a supportive indicator for nutrient limita-
tion. An increase in the 480:665 ratio could indicate
nitrogen limitation according to Heath et al. (1990},
where addition of nitrogen is expected to decrease the
ratio in the case of N limitation. Finally the C:N:P ratio
in particulate material was compared to Redfield's
mean atomic ratio for marine phytoplankton, using this
as an indicator of absence of N or P limitation (Redfield
et al. 1963).

STUDY SITE

Hjarbeek Fjord, Denmark (56°32'N, 9°14'E), covers
an area of 24 km? and has a watershed of about
1100 km?® (Fig. 1). Maximum and mean depths are
6.5 and 2 m, respectively. The mean water residence
time calculated from monthly freshwater input and
seawater mixing is approximately 1 mo (Jensen et al.
1994). The estuary was isolated from marine water
sources from 1966 until 1991 by a sluice. During this
time the estuary turned into a freshwater system. Inflow
of nutrient-rich water from the catchment caused eu-
trophication, and in the freshwater period phosphorus
accumulated in the sediment. In 1992 the pool of iron-
bound P in the sediment was estimated to be 70 metric
tons P (Jensen et al. 1994). To decrease the effects of
eutrophication the sluice gate was opened in 1991,
allowing more estuarine water with a lower nutrient
content into the estuary and resulting in an average
salinity of around 10 psu. Hjarbaek Fjord has asillof 2m
depth at the marine boundary. This causes the water in
the outer estuary near the sluice to stratify during the
entire season, but the constant inflow of high density
seawater forces the estuarine bottom water to mix with
the outflowing low density surface water in the mid
estuary, resulting in a residence time for water below
the halocline of only 6 d (Jensen et al. 1994). Thus,
nutrients released from the sediment are rapidly trans-
ported to the surface water. In 1992 the area-specific
loading of N and P from freshwater sources was 75 g N
m2yrland 1.7gPm 2 yr' (Jensen et al. 1994).

MATERIALS AND METHODS

The experiments were carried out during 1995, in
the periods April 3-5, May 1-3, June 6-8, July 13-15,
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August 21-23 and October 2-4. These periods will be
subsequently referred to by the name of the month.
Freshwater inflow and nutrient loading from 4 major
inlets were measured every 3 wk during the year while
salinity and nutrient concentrations in inflowing
marine water and outflowing estuarine water were
measured every second week. The measurements,
covering 85% of the total freshwater input, were per-
formed by the County of Viborg (unpubl. data). The
amount of inflowing seawater was calculated with
time-steps of 1 mo on the basis of freshwater supply
and differences in salinity in inflowing seawater and
outflowing estuarine water. These waterbodies could
be easily identified because of the sill and the sluice
gate (Jensen et al. 1994). In addition to this source of
nutrients for ‘new production’, nutrients were released
from the sediment during the summer. We provide
data for the seasonal variation in this internal loading
from 3 sources: (1) In 1992 monthly measurements of
sediment dissolved inorganic nitrogen (DIN) and dis-
solved inorganic phosphorus (DIP) release at 2 stations
north and south of our sampling site (Fig. 1, Stations
a and b) were performed by Jensen et al. (1994),
(2) Measurements of sediment DIP release at the same
2 stations in 1995 were performed by Rasmussen
(1996) except for the month of April, and finally (3) An
estimate of sediment DIN release in 1995 was obtained
from monthly measurements of the sediment release
rate of total inorganic carbon (Rasmussen 1996) in
combination with the C:N ratio of seston.

Integrated water samples from the upper meter of
the water column were collected for bioassays and
nutrient analysis immediately before beginning the
field bioassays. DIN and DIP were measured on What-
man GF/C-filtered samples, and total nitrogen (TN)
and phosphorus (TP) on unfiltered samples (Grasshoff
et al. 1983). The total content of carbon (TC), TN and
TP in seston was measured on subsamples of parti-
culate material collected on precombusted Whatman
GF/C filters. The C and N content were measured
using a CHN Elemental Analyzer EA1108 (Carlo Erba
Instruments), and TP was measured by wet oxidation
with potassium peroxydisulfate (K,S,Og) as described
in Parsons et al. (1984). Data on dissolved silicate
(DSi) concentrations were obtained from the County of
Viborg (pers. comm.). Phytoplankton samples at the
start of the incubation were preserved with Lugol's
solution {Parsons et al. 1984), settled and enumerated
by inverted microscopy to determine the relative spe-
cies composition during each period.

Four different bioassays were carried out: a long-
term bioassay and a dilution biocassay in the field
(about 2 d}, and a short-term bioassay and a dilution
bioassay in the laboratory (2 h). All bioassays were car-
ried out using an integrated sample from the upper

meter of the water column. The bloassay treatments
were addition of N (214 pM NOj7), P (19 pM PO,*),
N+P (same concentrations as when added alone), and
finally controls without nutrient addition. Two repli-
cates were made for each treatment. The additions of
N and P were chosen so that concentrations were at
least doubled compared to maximum concentrations
measured in former years (County of Viborg pers.
comm.). One-way ANOVA was used to test for differ-
ences among treatments and between treatments, and
subsequently multiple comparisons were carried out
using Tukey's test with a discrimination level of p <
0.05.

Long-term bioassays were incubated In the field for
about 18 h in 2.5 1 polycarbonate bottles placed hori-
zontally in Perspex cylinders in a depth corresponding
to half of the Secchi depth. In long-term dilution bioas-
says the estuary water was diluted 4 times with artifi-
cial seawater containing no N or P. Artificial seawater
was a mixture of Solutions 1 and 2 + DSi according to
Parsons et al. (1984). The artificial seawater was
adjusted to the actual salinity and pH before mixing.
The 2.51 bottles were shaken by hand every fifth hour
during the incubation. The increase in chl a during
incubation was used as a measure of biomass accu-
mulation. Chl a was measured photometrically at
665 nm after extraction with 96 % ethanol (Jespersen
& Christoffersen 1987). The absorption at 480 nm was
also measured on the extract to describe the carotenoid
content (Strickland & Parsons 1972). Absorption was
corrected for turbidity measured at 750 nm. At the end
of the incubation, samples from all bottles were pre-
served with Lugol's solution (Parsons et al. 1984) for
determination of algal species composition after incu-
bation.

As for field bioassays, short-term laboratory bioas-
says were carried out both on undiluted water and on
samples that were diluted 4 times with artificial seawa-
ter. Prior to the short-term incubation, a preincubation
with nutrients took place for about 15 h, as recom-
mended by Nyholm & Lyngby (1988). In this way the
effect of the lag phase mentioned by Healey (1979),
resulting from adaptation to the changed nutrient con-
ditions, should be minimized. The preincubation was
carried out in the dark, but according to Healey (1979),
the nutrient-limited algae should have a high uptake
of limiting nutrients both in the dark and in the light.
Subsequently, short-term bioassays were carried out in
the laboratory for 2 h in 20 ml glass vials with addition
of 100 ul NaH"CO, with an activity of 797 KBq cm™ at
in situ temperature and at a light intensity of 553 pE
m™2 5!, Incorporated *C was used as an indicator of
biomass growth. Excess C was removed after incuba-
tion by addition of 1 N HC], whereafter the samples
were left open for 24 h (modification after Christof-
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fersen & Riemann 1990) before adding scintillation
liquid (Insta-Gel®) and counting in a Liquid Scintilla-
tion Analyzer Model 1900 TR, PACKARD-Tri-Carb®.

The exponential growth constant (u) for phytoplank-
ton was calculated for all bioassays as u = In(N/Np)/t,
where N, is the size of the phytoplankton population
after the time t (days), and Ny is the initial population
(Reynolds 1984). Growth rate calculations were based
on changes in chl a concentration for long-term bioas-
says, and on calculated carbon uptake (measured by
4C incorporation) relative to initial carbon content
(measured by a CHN analyzer) in short-term bioas-
says.

RESULTS

The nutrient loading from various sources to the
water body above the halocline in Hjarbeaek Fjord is
shown in Fig. 2. Most of the N loading came from the
freshwater input, whereas the source of P loading var-
ied by season. In spring P primarily came from the
freshwater input, but during the summer most P came
from sediment release or was imported across the
marine boundary. The resulting N:P ratio of the com-
bined nutrient loadings was relatively high during
most of the season, with a maximum at 112 and 294 in
April and a minirnum of 24 and 21 in August for TN:TP
and DIN:DIP, respectively.

The concentrations of DIN and DIP in the surface
water varied during the season (Fig. 3a). The highest
value of DIN (~215 uM) occurred in April. The concen-
tration decreased gradually thereafter to a minimum in
August (~2 pM) followed by a small rise in October.
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Fig. 2. Loading of inorganic (DIN and DIP) and total N and P, and
molar N:P ratios of the loadings to Hjarbaek Fjord during 1995
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Fig. 3. Seasonal variation of (a) DIN and DIP concentrations
and (b) DIN:DIP ratio in surface water of Hjarbaek Fjord

The DIP concentration was very low from April to July
(~0.1 puM), but in August and October higher concen-
trations prevailed (~0.6 and ~0.35 pM, respectively).
The resulting DIN:DIP ratio in the surface water
(Fig. 3b) had a maximum of 2000 in May and a mini-
mum of 3 in August. DSi concentration was >25 to
225 pM during the experimental period, except in July
where a minimum of about 4 pM occurred. The C:N:P
ratio in the particulate material (seston) showed a
somewhat variable pattern (Fig. 4a,b). The C:N ratio in
April of about 20 was very high compared to the other
months, where it was between 8 and 11. It should be
noted that the weather in April was much more windy
than in any of the other experimental periods and that
resuspension of sediment and detritus occurred. The
C.P ratio was below 100 in April, and increased to
around 210 in June-July, whereafter it fell gradually to
about 100 in October. The N:P ratio was quite low,
about 5 in April, but increased to about 20 in
June-July, and finally decreased to slightly
below 16 in October.

The seasonal variation in the phytoplankton
community structure, surface water chl a and
Secchi depth is given in Fig. 5. The phytoplank-
ton population (Fig. 5a) in April and May was
dominated by the diatoms Nitzschia spp. and
Diatoma tenuis, respectively. In April and May
cyanobacteria, primarily Oscillatoria plancton-
ica and some unidentified more or less circular
colonies (probably Microcystis sp. and Aphan-
othece sp.), were also present in large numbers,
and these species dominated in June and July.
Green algae were also present in June and July,

200

primarily Scenedesmus spp. and especially
100 Chlorella sp.. The freshwater algae probably
o came from the inner part of the estuary. In

August cyanobacteria dominated completely
(O. planctonica, Merismopedia sp. and uniden-
tified circular colonies). This was also true in
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Fig. 4. (a) Molar C:N and C:P ratios and (b) molar N:P ratio in
particulate material from surface water. No measurement of
TP in May. Error bars indicate standard deviation

October although more green algae (e.g. Oocystis sp.,
Pediastrum cf. duplex, Scenedesmus spp.) and diatoms
(primarily D. tenuis) were present. The Secchi depth
(Fig. 5b) varied between 42 and 90 cm, lowest in
August, and the chl a concentration varied between
23 and 134 pg 1!, with minimum in May and maximum
in October.

Field bioassays with undiluted seawater indicated no
N or P limitation in April (Fig. 6a), whereas a signifi-
cant indication of P limitation was found in May and
June. In July only addition of both N and P resulted in
a significantly increased growth. N limitation was
significant in August, whereas minor P limitation
occurred in October. In general only small differences
are observed when field bioassays are compared to
dilution bioassays (Fig. 6b). Most noteworthy is the
complete difference in the August results, where dilu-
tion bioassay significantly indicates P limitation. In
July and October the indications of P limitation in dilu-
tion bioassay were not significant as in the bioassay.

In general there were only small changes in the rel-
ative composition of phytoplankton species during
long-term bioassays {not shown). Only in August did
we observe an increased number of diatoms after the
incubation in the dilution bioassay. This change did not
occur in ordinary long-term bioassay.

P addition in the short-term laboratory bioassay,
caused a similar positive effect on C uptake rates in
May, June and July (Fig. 7a) as was observed for field
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Fig. 5. {a) Seasonal variation in (a) the natural algae assem-
blage and (b) the chl a and Secchi depth of Hjarbaek Fjord
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Fig. 6. (a) Bioassay and (b) dilution bioassay in long-term field

experiments. Biomass increase (chl a increase) in response to

enrichment with N, P or N+P relative to control. Error bars

are standard error. "Significantly higher growth than control
according to Tukey's test (p < 0.05)

bioassays as measured by biomass accumulation. A
similar tendency was also seen in August, though not
significant. No N or P limitation was detectable in the
short-term bioassay in April and October. Regarding
the short-term dilution bioassay in the laboratory
(Fig. 7b) the picture was somewhat blurred due to a
high variation within each treatment.

The 480:665 ratio in the long-term bioassays de-
creased in May and June after addition of P and N+P
(Fig. 8a). No significant changes in the ratio occurred
in April, July and October. In August the ratio de-
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Fig. 7. (a) Bioassay and (b) dilution-bioassay in short-term

laboratory experiments. Biomass increase (*C uptake) in

response to enrichment with N, P or N+P relative to control.

Error bars are standard error. *Significantly higher growth
than control according to Tukey's test (p < 0.05)

creased after addition of N and N+P. In the dilution
bioassay the 480:665 ratio decreased in May, June and
August after addition of P and N+P (Fig. 8b). No signif-
icant changes in the ratio occurred in April, July and
October. There was a significant difference between
the initial 480:665 ratio and the final 480:665 ratio in
control bottles after incubation in all periods except in
April. Initial 480:665 ratios were higher except in
bioassays in August and October, and in the dilution
bioassay in October where the controls were higher.

The exponential growth constant (u) in the different
bioassays (Table 1) was generally higher in short-term
than in long-term bioassays, with rates varying
between 0.01 and 1.12. Occasionally i was negative in
the field dilution bioassay experiments.
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Fig. 8. Carotenoid:chl a ratio in (a) bioassay and (b) dilution

bioassay. No start value was measured in April. Error bars are

standard error. "Significantly lower ratio than control accord-
ing to Tukey's test (p < 0.05)

In Table 2 the results from all bioassay experiments
are summarised. The assessment of the nutrient limita-
tion as inferred from (1) nutrient loading ratios and
concentrations of inorganic nutrients in water, and
(2) seston C:N:P ratios was based on the following cri-
teria regarding atomic ratios: (1) N limitation prevails if
inorganic N:P < 10 and P limitation prevails if N:P > 30
(from Dortch & Whitledge 1992) and (2) P limitation
prevails if sestonic C:P > 106:1 and N limitation pre-
vails if C:N >6.6 as for marine phytoplankton (Redfield
et al. 1963). Nutrient limitation was evaluated from
water column nutrient concentrations by comparing
with half-saturation constants of uptake (Kutnent) for
planktonic populations (Fisher et al. 1995). The ob-
served inorganic nutrient levels were compared with
Kpin = 0.5-1.0 uM (Kno,no, and Kup, are equal) and
Kpo, = 0.1-0.2 uM to suggest possible limitation. Nutri-

Table 1. Exponential daily growth rates [p = In(N;/Ny}/t] for phytoplankton in bioassays

Long-term experiments

Short-term experiments

Laboratory  Control +N +P +NP
bioassay

Apr 0.40 0.52 0.53 0.56
May 0.16 0.20 0.25 0.24
Jun 0.52 0.56 0.65 0.63
Jul 0.55 0.68 0.83 0.86
Aug 0.80 0.81 0.98 1.06
Oct 0.49 0.47 0.49 0.48
Laboratory

dilution bioassay

Field Control +N +P +NP
bioassay

Apr 0.12 0.12 0.06 0.05
May 0.06 0.01 0.31 0.32
Jun 0.14 0.14 0.35 0.32
Jul 0.05 0.05 0.08 0.18
Aug 0.33 0.45 0.29 0.50
Oct 0.10 0.10 0.14 0.14
Field

dilution bioassay

Apr 0.10 0.12 0.12 -0.004
May -0.18 -0.17 0.07 0.05
Jun -0.04 -0.05 0.10 0.12
Jul 0.08 0.08 0.11 0.13
Aug 0.12 0.14 0.21 0.25

Oct - - - -

Apr 0.90 1.12 1.06 0.96

May 0.08 0.10 0.09 0.08
Jun 0.64 0.62 0.73 0.78
Jul 0.56 0.56 0.47 0.49
Aug 0.06 0.06 0.07 0.08
Oct 0.23 0.23 0.22 0.23
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Table 2. Nutrient limitation in Hjarbeek Fjord, Denmark, 1995 according to different methods and criteria (see ‘Results’). When
limitation was not significant or when uncertain (but indicated) brackets are used. When no limitation was indicated it is
specified as 'None’

Inorganic nutrient loading ratios
Water concentrations of inorganic nutrients
Sestonic C:N:P ratio N

Long-term field bioassay None
Long-term field dilution bioassay None
Short-term laboratory bioassay None

Short-term laboratory dilution bioassay N
Carotenoid:chlorophyll a ratio None
Carotenoid:chlorophyll a ratio (dilution) None

Limitation
May Jun Jul Aug Oct
P P P None P
P P P N P
- (P) (P) None N
P P NP N P
P P None P None
P P P (P) None
None P None None None
P P None N None
P P P P None

ent limitation observed in bioassays, including caro-
tenoid:chl a ratios, was evaluated from significant dif-
ferences between treatments and controls following
incubation.

DISCUSSION

A variety of bioassays and indicators have been
applied in this study to examine which nutrient limited
the phytoplankton primary production during the
growth season. When all the methods used to deter-
mine nutrient limitation in the estuary were compared
they generally provided similar results.

In April as well as in October neither N nor P was
clearly limiting. In May and June all methods indicated
P limitation, and also in July P limitation was indicated
in most approaches. In August there were contra-
dicting observation with the long-term field bioassay
showing significantly different results from the other
bioassays, both regarding N and P addition, whereas
the other methods did not differ significantly. The con-
centration of nutrients in the water indicated N limita-
tion in August, whereas nutrient loading and C:N:P
ratio indicated no limitation because the N:P ratio was
in between N and P limitation. Thus, it seems as if only
the long-term field bioassay reflected the relatively
low nitrogen concentration that was measured in
August.

Indications of a seasonal switch between N and P
limitation has been observed in other estuaries (D'Elia
et al. 1986, Caraco 1988, Webb 1988, Fisher et al. 1992,
Doering et al. 1995). This switch may be due to the sea-
sonality in sediment P release (Jensen et al. 1995, Con-
ley 1999). Doering et al. (1995) found that this variation
was caused by the N:P ratio in the external loading.
The variation in the nutrient loading ratio was in accor-
dance with the nutrient limitations found in most of the
results from the bioassay experiments. Observations of

nutrient limitation, based on the nutrient concentra-
tions in the water column, also agreed with most of the
results from the bioassays. However, an evaluation of
which nutrient limits the phytoplankton primary pro-
duction cannot solely be based on measurements of
nutrient concentrations in the surrounding water, be-
cause nutrient storage in algae due to luxury uptake
may occur (e.g. Dodds & Priscu 1990). This is especially
true for P (Reynolds 1984).

The C:N:P ratio in particulate material can be com-
pared with the Redfield ratio (Redfield et al. 1963} to
ascertain if nutrient limitation occurs. However, the
C:N:P ratio may vary in different algal groups, and the
measurement of the ratio, which for practical reasons
usually is made on seston, can be biased due to the
influence of dead algae as well as non-algal material
and can therefore be unreliable. Thus, in April where
the water was very turbid because of high wind speed,
resuspension may explain the high C:N ratio as well as
the low C:P and N:P ratios since surface sediments are
often depleted in N and enriched in P. Low C:P and N:P
ratios may also be due to luxury uptake of P.

Freshwater bioassay experiments regarding P and N
limitation (reviewed by Elser et al. 1990) show relative
growth responses to enrichment of 4.61 for N+P, 1.97
for P and 1.79 for N as average values, when measured
as the ratio of the response variable in a treatment to
the value in the control. Our relative growth responses
were lower than these average values, which is prob-
ably due to the relatively eutrophic condition in Hjar-
bek Fjord. Elser et al. (1990) found a significantly
higher growth response when both N and P was added
compared to single nutrient addition. In our experi-
ments this response, indicating that both N and P are
in relatively short supply, only occurred in field bioas-
say in July. This was due to the seasonal variation in
nutrient regimes where N and P alternately were pre-
sent in relatively high and low concentrations in Hjar-
baek Fjord. Nutrient limitation was also examined in
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the nutrient-enriched Chesapeake Bay estuary (D'Elia
et al. 1986) using bioassays with continuous cultures
that were run in several weeks. Bioassays showed a
large seasonal variation in the relative growth re-
sponse (up to about 3 and 11 following addition of P
and N, respectively), but like in our experiment, rela-
tively low ratios were observed during the first days.
Thus, a larger relative growth response may have
occurred in Hjarbaek Fjord if the duration of the exper-
iment were longer (e.g. Vince & Valiela 1973).

In the bioassays used in this study the growth rates
were not always equal to maximum growth, because
nutrients were often exploited to below the detection
limit during the long-term incubations. In general,
maximum growth rates vary between 0.21 and 2.9 divi-
sions d™! in freshwater phytoplankton (Reynolds 1984),
and between 0.1 and 5.9 divisions d”! in marine phyto-
plankton (Furnas 1990). Our growth rates were gener-
ally low (0.2 to 1.1 d7!), which may be because we
worked with mixed natural populations and not labo-
ratory cultures, and also because the zooplankton
were not removed prior to the experiments, so the
apparent growth rate may have been reduced due to
grazing. Furthermore, the growth conditions were not
always optimal during our experiments. Higher growth
rates were observed in short-term laboratory bioassays
compared to long-term bioassays. This may be due to
the optimal light conditions during laboratory bioas-
says, and, as discussed above, nutrients were more
likely not to be depleted during short-term than during
long-term bioassays, although a preincubation oc-
curred in short-term bioassays. Growth rates obtained
from short-term bioassays may actually be underesti-
mates as they are based on the relation between “C
incorporation and initial carbon content, the latter of
which may be overestimated due to presence of detri-
tus in the samples.

Dilution bioassays were not needed in the present
study to assess nutrient limitation, because N and P
concentrations were never as high at the same time
that the limiting nutrient could not be identified with
ordinary bioassays. Still dilution bioassay provides an
example concerning what might happen if nutrient
concentrations in Hjarbaek Fjord decreased with a
reduction in both N and P loading. Thus, dilution bio-
assays indicated that P would be limiting during most
of the summer, including August. However, as dilution
influences other factors than nutrient concentrations,
care should be taken when evaluating the results. In
some experimental periods the response to nutrient
enrichment was significantly lower in long-term field
dilution bioassays when compared with the long-term
field bioassays. This was especially true in the cases of
P addition in the months where P seemed limiting, and
could possibly be due to a negative effect of the dilu-

tion of other important substances (e.g. nutrients,
micronutrients, vitamins) that are diluted and may
limit growth, hence negative growth rates were
observed in some cases. The short-term dilution bioas-
says in this study did not provide consistent results
with the high variation observed in the control bio-
assays.

The most notable difference between bioassay and
dilution bioassay was the contradicting results in
August on whether N or P was limiting growth. In the
dilution bioassay significant P limitation was observed,
and there was a higher but not significant enhanced
growth with N addition, and the growth in the com-
bined N+P addition was significantly higher than the P
addition alone, indicating secondary limitation of N. A
similar change from N to P limitation following dilution
was observed by Carrick et al. (1993) at dilutions of
30% and more. The change could possibly be due to
the effect of allelopathic substances. The plankton
community in August was entirely dominated by
cyanobacteria, which may secrete allelopathic sub-
stances that inhibit growth of other algae, in particular
diatoms (Keating 1978). The presence of increased
numbers of diatoms in all bottles from dilution bicassay
after incubation in August, and the fact that the same
change in the algae population did not occur in the
ordinary bioassay, supports this hypothesis. According
to measurements made by the County of Viborg
(authors’ pers. comm.), the DSi was relatively high
(about 150 pM) in August, so no effect would be
expected from addition of artificial seawater contain-
ing DSi. According to Egge & Aksnes (1992) diatoms
can dominate as long as the silicate concentrations are
above 2 pM. As the lowest Dsi concentration was 4 uM
in July (also lowest relative abundance of diatoms), no
DSi limitation seems to occur.

During the 2 d of long-term incubation, some
changes in the species composition may occur as pre-
viously stated. Therefore, we consider the long-term
bioassays to measure the potential limitation of this
‘new’ population, and its ability to transform the added
nutrients into growth, while the short-term bioassay,
using H*COy -incubation as an indicator of growth,
likely provides better information of which nutrient
actually limits the growth of the natural algae popula-
tion. Minor changes might have taken place during the
15 h preincubation which could affect the term ‘short-
term’ bioassay results, although the results obtained by
long-term and short-term bioassays agreed well. How-
ever, different results were obtained in August, where
the *C incubation indicates a tendency of P limitation.
Explanation of this difference could be found in the use
of different indicators of growth. Paerl & Bowles (198%)
found using bioassays, that in a case of N limitation, N
addition resulted in a chl a increase, but not in an
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increased 'C uptake. In other cases they found indica-
tions of N limitation from both indicators, though still
most clearly with chl a as an indicator. Compared with
¥C incorporation in August the apparent N limitation
found according to the changes in chl a could therefore
be overestimated.

No cyanobacteria with heterocysts were observed in
August, but still N fixation could have occurred, as
some non-heterocystous species have been found
capable of N fixation (Griffiths et al. 1987, Anand &
Murugesan 1996). Some cyanobacteria are capable of
N storage (Carr 1988), which leads to the possibility
that these reserves were sufficient to cover the needs
during short-term incubation, but not during long-term
incubation. Meanwhile, the concentration of DIP was
quite high in August (also after a long-term incuba-
tion), and also the N:P loading ratio indicated a possi-
bility for N limitation.

The 480:665 ratio depends on other factors than just
nutrient limitation. The ratio may vary with the sea-
sonal occurrence of phytoplankton species (Margalef
1968), because different algal groups have different
ratios (Heath et al. 1990). In the present study we
observed small but significant differences between
start and control ratios which may be caused by minor
changes in the algae assemblage during incubation.
Watson & Osborne (1979) found the highest 480:665
ratios (>2.4) in cases of extreme N limitation, and ratios
of 1.4 to 2.4 and <1.4 at moderate or no N limitation,
respectively. In contrast Schluter et al. (1997) found the
highest values in nutrient-replete cells, and proposed
that this may be due to light adaptation in their exper-
iment, causing decreased amounts of chlorophyll and
increased synthesis of carotenoids. They also observed
a decrease in the 480:665 ratio when nutrients were
added in cases with potential nutrient limitation. Our
results are in accordance with Watson & Osborne
(1979) since we observed a high 480:665 ratio (about
2.6) when N limitation was indicated in August by
long-term bioassay, and the lowest values (about 1.4)
in April and October when no or only little nutrient
limitation was indicated. Still, the start values in the
480:665 ratio were high (1.7 to 1.9) in May-July where
P limitation was indicated in most biocassays. The
observation that the 480:665 ratio decreased during
long-term incubation in August agrees with results
found by Heath et al. (1990) in long-term bioassays
concerning indications of N limitation, but the 480:665
ratio also decreased when P was added and P limita-
tion was significant according to bioassay. Thus, a high
480:665 ratio is not necessarily an indication of N limi-
tation, but a decrease in the ratio seems to be useful as
a general indicator of N and/or P limitation. According
to the present study, the ratio is not specific for N lim-
itation alone. Since the ratio may vary with the com-

position of dominant species, it must be supplemented
with other indicators or analysis, for instance bioassay
experiments.

This study provided a case of an estuary being P lim-
ited during most of the season. It also provided a case
of an estuary, where N versus P limitation as verified
by the various bioassays, corresponded well with the
limitation predicted from the seasonal changes in the
nutrient loading ratios and surface water nutrient con-
centrations. However, this may not always be the case
(Fisher et al. 1995), and in such situations, and in cases
where nutrient loading data are difficult to obtain,
bioassays may be a valuable tool and an indicator of
phytoplankton nutrient limitation.
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