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Abstract

Short-term changes in phytoplankton and zooplankton biomass have occurred 1-3 times every summer
for the past 5 years in the shallow and hypertrophic Lake SebygArd, Denmark . These changes markedly
affected lake water characteristics as well as the sediment/water interaction . Thus during a collapse of
the phytoplankton biomass in 1985, lasting for about 2 weeks, the lake water became almost anoxic,
followed by rapid increase in nitrogen and phosphorus at rates of 100-400 mg N M-2 day - ' and
100-200 mg P m - ' day - ' . Average external loading during this period was about 350 mg N m -2 day - '
and 5 mg P m -2 day - ', respectively .

Due to high phytoplankton biomass and subsequently a high sedimentation and recycling of nutrients,
gross release rates of phosphorus and nitrogen were several times higher than net release rates . The net
summer sediment release of phosphorus was usually about 40 mg P m -2 day - ', corresponding to a 2-3
fold increase in the net phosphorus release during the collapse. The nitrogen and phosphorus increase
during the collapse is considered to be due primarily to a decreased sedimentation because of low algal
biomass. The nutrient interactions between sediment and lake water during phytoplankton collapse,
therefore, were changed from being dominated by both a large input and a large sedimentation of nutrients
to a dominance of only a large input . Nitrogen was derived from both the inlet and sediment, whereas
phosphorus was preferentially derived from the sediment . Different temperature levels may be a main
reason for the different release rates from year to year .

Introduction

Reduced nutrient loading is not always sufficient
to reduce eutrophication, since nutrients accu-
mulated in the sediment can be released and
provide significant internal loading (BostrOm
et al., 1982; Jacoby et al., 1982). In particular
phosphorus released from the sediment can
severely prevent or delay the recovery of lakes
(e.g . Bengtsson et al., 1975 ; Peterson, 1982) . In
shallow lakes, where the input from the sediment

is generally higher than in deeper lakes, this
internal phosphorus loading sometimes can be a
major contribution to the overall loading of the
lake (Holdren & Armstrong, 1980 ; Lennox,
1984) .

Traditionally, internal phosphorus loading has
been regarded as a function of chemical and
biological interactions, either within the sediment
or between sediment and water . Less attention
has been paid to how the biological structure in
the lake water affects the internal loading . In
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shallow, small and hypertrophic lakes changes in
the biological structure can be very rapid, and
more or less dramatic collapses in phytoplankton
biomass have been reported from many lakes
(Barica, 1975 ; Fott et al ., 1980). These changes
affect the chemical structure in the lake water, but
it is an open question to what extent these col-
lapses can affect the internal loading .

This paper describes collapses in phyto-
plankton biomass and changes in nutrient cycling
that take place every summer in the shallow and
hypertrophic Lake SobygArd, Denmark . The aim
was to determine the impact of these changes on
the interaction between sediment and water,
especially concerning nitrogen and phosphorus
dynamics. A related paper (Jeppesen et al., 1989)
discusses the biological interactions and factors
controlling the collapses . The collapse observed
in 1985 is used as a basis, supported by observa-
tions from 1986 and 1987 .

Study area

Lake Sobygird is a small (0 .39 km 2 ) and shallow
(max. depth 1.9 m, mean depth 1 .0 m) lake
situated in the central part of Jutland, Denmark
(9 ° 48' E, 56 ° 15' N) (see also Sondergaard
et al., 1987). Water residence time is 15 to 30
days, and one main inlet contributes 70-80% of
the total water input. The remaining water comes
from springs around the lake .

For several decades Lake Sobygard received
large quantities of poorly treated municipal waste-
water. Since 1976, however, the wastewater has
been biological treated, and in 1982 a chemical
treatment was introduced to reduce the input of
phosphorus. The external phosphorus loading
thereby decreased from about 30 to 5 g p m -2

year - ' . Correspondingly, phosphorus retention
in the lake changed from highly positive to nega-
tive. Therefore, the internal phosphorus loading
today accounts for about 2/3 of the total phospho-
rus loading. Measurements have revealed a large
pool of phosphorus in the sediment, high enough
to support an internal phosphorus loading for
many years (Sondergaard et al., 1987 ; Sonder-

gaard, 1988). Phosphorus concentrations in the
upper 15 cm of the sediment vary from 6 to 12 mg
P g dw - ' . A major part of this phosphorus is
bound to iron (extractable with NH4C1 or
NaOH) .

Due to the high nutrient loading the lake is
hypertrophic. Primary production is up to 1500 g
CM-2 year - ', and Secchi transparency <0 .5 m
most of the summer . Phytoplankton is dominated
by diatoms during spring maxima, and by coccal
green algae in summer and autumn . Cryptophytes
are occasionally of importance (see Jeppesen
et al., 1989). The lake water is well-mixed, without
any vertical or horizontal stratification . Because
of its shallowness, wind action often induces
resuspension of sediment which occasionally
causes a considerable increase in lake water con-
centrations of nutrients and suspended matter
(Jensen & Kristensen, 1986 ; Sondergaard et al.,
1987) .

Rapid changes in phytoplankton biomass have
not only been recorded in 1985 to 1987 as de-
scribed in this paper, but also in the summers
1983 and 1984 (Andreasen et al., 1984 ; Jeppesen
et al., 1989).

Methods

Concentrations of total phosphorus (tot-P), solu-
ble reactive phosphorus (P04-P), total nitrogen
(tot-N), and nitrite + nitrate (NO 2 + 3 -N) have
been monitored intensively during 1985-1987 in
the main inlet, lake centre and in the outlet .
Sampling frequency was 1-3 times a week . In
periods with rapid changes samples were taken
every day in the lake and every 4 hours in the
outlet. Inlet and outlet water was collected by
automatic sampler emptied every 1-4 days . The
outlet concentrations were generally not different
from those in the lake .

Orthophosphate was determined by the
ascorbic acid-molybdenum blue method accord-
ing to Murphy & Riley (1972), and total phospho-
rus as orthophosphate after persulphate digestion
in an autoclave at 200 kPa for 30 min according
to Koroleff (1970) . Ammonium (NH 4-N) was



determined by the phenol hypochlorite method
according to Dansk Standard (1975) modified
from Solorzano (1969), and nitrite + nitrate spec-
trophotometrically after reduction according to
Dansk Standard (1975) and Dahl (1974) . Usually
nitrite concentrations are negligible compared to
nitrate concentrations . Total nitrogen was
measured as NO2 + 3 -N after potassium per-
sulphate digestion according to Dansk Standard
(1975) and Solorzano & Sharp (1980) . Oxygen
was measured continuously at 0 .1 m depth using
an oxygen probe . The probe was calibrated
automatically once a day (Sortkjarr & Jeppesen,
1987). Chlorophyll a was determined spectro-
photometrically after extraction with ethanol
according to Dansk Standard (1975) and
Holm-Hansen & Riemann (1978) .

Results

As described by Jeppesen et al. (1989), the col-
lapses in phytoplankton biomass did not follow
the same pattern from year to year . Furthermore,
the collapses could be divided into different steps
including a pre-clear-water period . The following
results, however, focuse mainly on changes in
nutrient concentrations during and shortly after a
phytoplankton collapse .

In 1985 the variation during summer in the
chemical and biological parameters of Lake
Sobyg'ard was especially characterized by one
event. From the beginning of July to 20 July
phytoplankton biomass, measured as chlorophyll
a, decreased rapidly from about 800 to < 50 pg
chl-a 1 - ' . The decrease occurred in two steps, and
most rapidly from 15 July, reaching a minimum of
12 jig chl-a 1 - ' on 23 July (Fig . 1). This clear-
water period lasted for 3-5 days, after which the
phytoplankton biomass returned to the original
level .

Due to low primary production, but probably
sustained respiration at the sediment/water inter-
face, oxygen concentrations in the lake water
decreased from a hypersaturated level of about
20 mg 02 1 - ' to 1 mg 0 2 1 - ' at the end of the
clear-water period (Fig. 1). Lake water tempera-
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Fig. 1 . Phytoplankton collapse from 18 to 30 July 1985.
Upper: Chlorophyll a and oxygen concentrations in the
outlet. Middle: Total N and NO2 + 3-N in the outlet .

Lower: Total phosphorus and PO,-P in the outlet.
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ture during the clear-water period was between 17
and 19 'C .

During the clear-water period both total nitro-
gen and nitrate increased markedly (Fig . 1). The
increase in nitrate started on 20 July when the
concentration of chlorophyll decreased to
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< 50 tg chl-a 1 - ', and continued until 28 July
when chlorophyll reached a level of 300-400 tg
chl-a 1 - ' again. Apart from minor fluctuations,
the increase rate of nitrate in this period was
consistently about 130 mg N m-2 day - ' .
External nitrogen loading during the collapse was
about 350 mg N m -2 day - ' (Table 1) .

At the time of the phytoplankton collapse the
external input of phosphorus varied between 3 .9
and 5.3 mg P m - 2 day -', while the output of
phosphorus from the lake increased from 10 to
53 mg p m -2 day - ' . This increase in net internal
phosphorus loading was reflected in rapidly in-
creasing lake-water concentrations of both ortho-
phosphate and total phosphorus (Fig . 1). From
20 July to 28 July, orthophosphate thus increased
from 0.24 to 0 .96 mg P 1 - ', and total phosphorus
from 0.37 to 1 .33 mg P 1- ' . Corrected for input
and output, the average net release of phosphorus
from the sediment for an 8-day period during the
phytoplankton collapse was 145 mg p m -2
day -' .

Contrary to 1985, the development of phyto-
plankton in 1986 was characterized by several
periods with rapid changes and relatively low
biomass, although the phytoplankton biomass in
1986 did not reach the same low level as in 1985 .
The first and most complete phytoplankton col-
lapse appeared at the end of June, followed by
others in late August, September and October,
respectively (Fig . 2). At the collapse in June

Table 1 . Average P and N concentrations in main inlet and external P and N loadings during selected periods .

chlorophyll a decreased from about 800 µg chl-a
1 - ' on 10 June to about 50µg chl-a 1 - ' from 28
June to 1 July. Minimum biomass was reached on
29 June with 38 tg chl-a 1 - ' . The collapses that
appeared later in the year were less marked .

Oxygen was not measured continuously during
the collapse in June, but measurements indicate
that oxygen concentrations may have been well
below 5 mg 02 1 - ' . Ammonium increased at a
rate of 65 mg NH4-N m -2 day - ' . Lake water
temperature during the collapse was from 22 to
24 OC.

Total nitrogen and nitrate did not increase to
the same degree as during the collapse in 1985 .
Nitrate increased at a rate of 30 mg N0 3-N m -2
day - ' (Fig . 2). There are only few measurements
of total nitrogen in this period, but at the end of
the collapse total nitrogen began to increase con-
currently with the increase in phytoplankton
biomass. The increase-rate was about 150 mg N
m -2 day - ' .

Concurrently with the decrease in phyto-
plankton biomass, phosphate concentrations in-
creased from mid-June . The increase in total
phosphorus did not start significantly until 28
June, when phytoplankton biomass had reached
a level of 50 tg chl-a 1 - ' . The increase rate of both
total phosphorus and phosphate was consistently
about 0.20 mg P 1 - ' day -' (Fig. 2) . Corrected for
input and output from the lake, average net re-
lease of phosphorus from the sediment in this

tot-P PO,-P tot-N NO2 + 3 -N

mg 1 - ' mgm-2

day - '
mg I` mgm-2

day - '
mg 1 - ' mg m-2

day - '
mg 1 -' mgm -2

day - '

1985 0 .30 10 .7 0.030 1 .07 10 .5 500 8 .5 400
15-30 July 0 .25 4.6 0.020 0.37 10 .0 350 8 .0 330

1986 0.25 12 .6 0.020 1 .0 9 .5 440 8 .5 400
24 June-4 July 0 .20 4.8 0.015 0 .38 10 .0 250 9 .5 220

1987
25 May-18 June 0.20 - 0.020 11 .0 10 .0
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period was 240 mg P m - 'day -' . Total phospho-
rus continued to increase for some time after the
collapse, and remained high until mid-July .

In the first part of summer 1987 the seasonal
development in phytoplankton was dominated by
one major but relatively long-lasting collapse .
This year it occurred already in early June, when
chlorophyll a decreased from 430 tg chl-a 1 - ' on
20 May to < 25µg chl-a 1 - ' from 2 to 14 June
(Fig. 3) . Minimum concentrations of chlorophyll
a were reached on 3 June with 3,4g chl-a I -', and
on 11 June with only 1,4g chl-a 1 - ' . Lake water
temperature during the collapse was from 13 to
15 0 C.
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Fig. 2 . Phytoplankton collapse from 24 June to 4 July 1986. Upper: Chlorophyll a concentrations in the outlet . Middle : Total
N and NO 2 13-N in the outlet. Lower: Total phosphorus and P04-P in the outlet.

Nitrate did not reach the same low concentra-
tions before the collapse as in the previous years,
probably because of the generally lower phyto-
plankton biomass in 1987. At the beginning of the
clear-water period in late May concentrations
were about 1 .1 mg N03-N 1 - ', but decreased to
about 3.1 on 18 June (Fig . 3), corresponding to an
increase rate of 90 mg N0 2 + 3-N m-2 day - ' .
Total nitrogen increased at approximately the
same rate. The ammonium increase rate was
75 mg NH4-N in - ' day- ' .

Total phosphorus concentrations in lake water
decreased during May until 3 June, after which
the concentrations increased at a rate of 50 mg
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Fig. 3 . Phytoplankton collapse from 26 May to 18 June 1987 .
Upper: Chlorophyll a concentrations in the outlet .
Middle: Total N, N0 2 13N and NH4-N in the lake .

Lower: Total P and P0 4-P in the lake .

tot-P m - 2 day -' (Fig. 3). Phosphate concentra-
tions started to increase from 25 May, but most
rapidly from 3 June at a rate of 40 mg P04-P m - 2

day -' .

Discussion

Marked seasonal variations in nutrient concen-

Otsuki et al., 1981). However, because of the very
high nutrient level in both water and sediment, the
variations in Lake Sebygard are large compared
with most other lakes . This is also reflected in the
rates of increase or decrease which take place in
both the biological and chemical structure .

It is remarkable that the changes in phosphorus
and nitrogen concentrations usually start almost
exactly at or just prior to the date when phyto-
plankton biomass reaches its minimum-typically
when chlorophyll a has decreased to < 100 µg
chl-a 1 - ' . This supports the interpretation that the
changes in nutrient concentration are related to
the decreasing phytoplankton biomass . Average
net increases of nitrogen and phosphorus during
the periods of phytoplankton collapse are given in
Table 2 .

Increase of nitrogen :

Most of the nitrogen input to the lake, mainly in
the form of nitrate, is either denitrified or incorpo-
rated as organic nitrogen in the phytoplankton .
Denitrification may contribute significantly to the
total removal of nitrogen in eutrophic lakes
(Andersen, 1974 ; Kasper, 1985). Additionally,
the very high primary production and nitrogen
uptake by phytoplankton in Lake SobygArd, to-
gether with the shallow water, causes a high sedi-
mentation of organic matter and thereby a re-
moval of nitrogen from lake water to sediment .
Secondarily, this sedimentation creates a poten-
tially high consumption of oxygen and nitrate at
the sediment water interface .

By use of sedimentation traps, the sedimen-
tation of organic matter in Lake SobygArd, prior
to the phytoplankton collapse in 1985, has been
estimated as 4-6 g C m -2 day- ' (Kristensen &
Jensen, 1987), and on average 800 mg N m -2
day - ' . Thus the external input of about 350 mg
N m -2 day - ', besides the outlet of organic nitro-

trations are not unusual in eutrophic lakes
(Raaphorst & Brinkman, 1984; Yosida, 1982 ;



Table 2 . Lake water temperature, average net increase of nitrogen and average net release of phosphorus during the collapses ;
in mg m-'day -' .

gen (average 120 mg N m -2 day - '), is usually
compensated by high rates of both denitrification
and sedimentation . Depending on the denitrifica-
tion rate, the recycling and release of nitrogen
from the sediment must according to this mass
balance be of the order of 600-800 mg N m -2
day - ' .

During the phytoplankton collapse, however,
phytoplankton biomass and therefore sedimenta-
tion is low, and the nitrogen concentration in the
lake water will increase due to continued input of
nitrogen from both inlet and sediment . The in-
crease of nitrogen in 1985 during the collapse was
mainly due to an increase of nitrate . The increase
rate of 130 mg N m -2 day - ' must be due to the
input of nitrate from the inlet which is not further
taken up by phytoplankton, and/or a nitrification
of ammonium released from the sediment. Un-
fortunately, we have no measurements of am-
monium in this period, but according to the se-
quence in following years there must have been a
marked increase of ammonium concentration
during the collapse . The start of the increase of
nitrate about 20 July corresponds very well to the
time when phytoplankton and thereby sedimenta-
tion reached very low levels. Problems concerning
release rates of nitrogen from the sediment,
nitrification and denitrification activities during
the collapse are, however, not yet completely
elucidated .

The enhanced increase rate of total nitrogen at
the end of the collapse in 1985 may partly be
explained by the development of anoxic condi-
tions in the beginning of the clear-water period .
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Anoxia may shift a major part of the respiration
at the sediment surface from using oxygen to using
nitrate. Correspondingly, denitrification is in-
creased. At the end of the collapse, however,
when the lake water becomes oxic, part of the
respiration will shift back to using oxygen, and
thereby decrease the denitrification . Moreover,
the increasing phytoplankton biomass at the end
of the collapse with increased demand for nitrogen
will tend to diminish the importance of denitrifica-
tion .

The pattern of nitrogen increase in 1985 was
supported by the development in both 1986 and
in 1987, although the increase in those years was
not as marked. Changes in temperature (Kamp-
Nielsen, 1974), different phytoplankton minima
and changed external nitrogen input (Table 1)
may be reasons for the differences in nitrogen
increase rates from year to year .

Increase of phosphorus :

The internal phosphorus loading in Lake
Sebygard is usually restricted to the period from
April to December. The net release of phosphorus
in connection with phytoplankton collapses, and
afterwards when phosphate is accumulated in the
lake water, is therefore important for the overall
internal phosphorus loading .

The increase in phosphorus concentration
during phytoplankton collapses was very
pronounced over all three years . The increase in
P04-P usually starts before phytoplankton has

Period Temp. ° C NO, , 3-N tot-N PO, -P tot-P

1985
15-30 July 17-19 130 130-400 145 145

1986
24 June-4 July 22-24 0-30 (150) 240 240

1987
25 May-15 June 13-15 90 90 40 50
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reached its minimum, whereas the increase in
total phosphorus does not start until the phyto-
plankton biomass is close to zero . This pattern
reflects first a release of phosphate from decom-
posing phytoplankton combined with decreased
phytoplankton phosphate uptake, and second an
increase of total phosphorus due to decreased
sedimentation of phosphorus . The same me-
chanism as proposed for the increase in nitrogen
is thus valid also for phosphorus, although the
increase in total phosphorus is solely caused by an
internal loading.

The daily sedimentation of phosphorus prior to
the phytoplankton collapses in 1985 has been
calculated as 125 mg p m-2 (Kristensen &
Jensen, 1987). During the collapse input from the
inlet and output through the outlet have been
calculated as respectively 4 and 17 mg p M -2
day - ' . If the gross release rate of phosphorus
during the collapse is unchanged, and water con-
centration is corrected for in- and output, this
means that in the absence of sedimentation of
organic phosphorus the increase of phosphorus
concentration in the lake water would be 130 µg
P 1 - ' day - ' . This increase rate fits well the one
actually observed. Therefore, during phyto-
plankton collapse the net release or increase of
phosphorus approaches the gross release rate .
Accordingly, the occurrence of phytoplankton
collapses provides an excellent opportunity to
study gross release rates of phosphorus in a
natural system .

The net release rates or approximated gross
release rates recorded in 1985 to 1987 during col-
lapses varied from 50 to 240 mg p m -2 day - ' .
These are very high rates compared to values from
other lakes (e.g . Stevens & Gibson, 1977 ;
Bostr6m et al., 1982), but are supported both by
the measured sedimentation rates (Kristensen &
Jensen, 1987) and by experiments with un-
disturbed sediment cores in the laboratory
(Sondergaard, 1987 ; Sondergaard, 1989) . The
reason for the very high release rates is probably
the unusually high phosphorus concentrations in
the sediment, which create a potentially high
release rate. Environmental conditions, such as a
high decomposition rate due to a large sedimenta-

tion, frequent occurrence of resuspension, and a
high proportion of iron-bound phosphorus sensi-
tive to changes in redox potential and pH, are
regarded as major factors causing the release
(Sondergaard, 1988 ; Sondergaard, 1989) .

The large variations in the release rates from
year to year (Table 2) might partly be caused by
the different temperature levels . Temperature can
have a major effect on the release rate of phospho-
rus (Kamp-Nielsen, 1975 ; Lee, 1977 ; Kelderman
& Van der Repe, 1982 ; Psenner, 1984). Above
15 °C Kamp-Nielsen (1975) found that an in-
crease in temperature by 5 ° C would lead to a
doubling or more in the release rate of phosphorus .
This strong temperature-dependence is compar-
able to Lake Sobygdrd in the temperature range
14-18 'C, although not 18-22 ° C where the in-
crease in release rate is less pronounced . The
temperature-dependent release of phosphorus in
Lake Sobygdrd signifies that a relatively large pro-
portion of the net primary production in this shal-
low lake is decomposed in the sediment, and not
in the lake water . This decomposition is very tem-
perature-dependent, and if the release of phos-
phorus, as proposed by several authors (Lee,
1977 ; Psenner, 1984), is strongly affected by
microbial and benthic activity, this might explain
the temperature-dependent release. The tempera-
ture-dependence has been supported by experi-
ments with undisturbed sediment cores (Sonder-
gaard, 1987 ; Sondergaard, 1989). In these
experiments the average release rate was deter-
mined to 20-30 mg P m - 2 day -' at 10 ° C depen-
dent on, e.g ., pH, and to 130 mg P in - 'day at
20 OC.

Besides the decreased sedimentation of phos-
phorus during the collapses, the low oxygen con-
centrations could promote a redox dependent re-
lease of phosphorus (Bostrom et al., 1982). How-
ever, there are no indications that gross phospho-
rus release is enhanced during phytoplankton col-
lapse . The increased net release seems solely to be
a matter of reduced sedimentation .

To summarize, rapid changes of phytoplankton
biomass occur more or less dramatically every
summer in the shallow and hypertrophic Lake
SobygArd. These changes lead to considerable



changes also in the chemical structure mainly
because of reduced sedimentation of organic
nitrogen and phosphorus .

Nitrogen concentrations increase during the
phytoplankton collapse because of decreased
sedimentation of organic N but continuing high
input of N from the inlet and sediment. The
recycling of nitrogen between sediment and water
is very important for the overall nitrogen pathway .

Usually gross release of phosphorus is several
times greater than the net release, only counter-
balanced by a large sedimentation. During a col-
lapse, however, phosphorus sedimentation is re-
duced to near zero, and net release of phosphorus
will be close to the gross release rate . The release
rate of phosphorus seems to be temperature-
dependent .

Thus lake water nitrogen and phosphorus con-
centrations during phytoplankton collapse are
changed from being dominated by both a large
sedimentation (output) and a large input (N from
the inlet and sediment, and P from the sediment)
to being dominated by only a large input of
nutrients .
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