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ABSTRACT: Increasing nutrient loads have characterized the Baltic Sea during the last century. However, the detection of long-term trends in the water column has been difficult due to both paucity of
data and high variability. Analysis of water quality data with robust non-parametric methods has
shown statistically significant increases in total nitrogen, total phosphorus, nitrate (NO3),and dissolved
inorganic phosphate, although with considerable spatial and temporal differences. Significant decreases in dissolved silicate (DSi) and ammonium (NH,) concentration have also been reported. We
report here significant decreases in the DSi:DIN ratio (where DIN, dissolved inorganic nitrogen, is the
sum of NO3, NO2, and NH4 concentrations) in the Baltic Sea from 1970 to 1990. The molar ratios prior
to the formation of the spring bloom are now approaching u n ~ t ywith
,
further decreases expected with
continued eutrophication of the Baltic Sea. This can be explained by an increased net sedimentation of
biogenic silica due to increased primary production attributable to increased nutrient loading. While
the Baltic proper is generally assumed to be N limited, declining DSi:DIN ratios indicate that spring
diatom growth may become DSi limited in the near future, as the optimal DSi:DIN ratio for diatom
growth is approximately 1:l.This decrease in the DSi:DIN ratio cannot be statistically detected in the
river input to the Baltic proper. Only a few significant tests were found in the sea, with both upward and
downward trends detected. Ecological implications of this observed reduction in the DS1:DIN ratio may
include DSi-limited diatom growth and changes in species composition and, subsequently, food web
dynamics.
KEY WORDS: Dissolved silicate . Inorganic nitrogen . Nutrient ratio . Trend test. Eutrophication . River
load . Baltic Sea

INTRODUCTION

Increased diatom production, due to eutrophication,
usually leads to increased sedimentation of diatom
silica, e.g. biogenic silica (BSI). Ultimately this results
in a decline in the water column pool of dissolved
silicate (DSi). Such changes were first reported for
the North American Great Lakes (Schelske & Stoermer
1971, 1972). Similar changes have been reported for
the Baltic Sea (Sandkn et al. 1991). Recent studies of
the sediments in the Mississippi river delta (USA)
revealed an increasing deposition of BSi, probably
caused by increased riverborne nutrient loads (Turner
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& Rabalais 1994).In fact, these changes seem not to be
a regional feature but occur in many freshwater and
marine ecosystems throughout the world (Conley et al.
1993).
Schelske & Stoermer (1971, 1972) hypothesized that
the limitation of diatom flora through reduced DSi
supplies would lead to drastic and undesirable changes
in the ecosystem. They argued that the phytoplankton
community is likely to be dominated by green algae
and cyanobacteria during the summer season if DSi is
limiting for diatom growth. This has been discussed in
detail in the context of eutrophication in coastal and
marine systems by Officer & Ryther (1980). Egge &
Aksnes (1992) have shown that the availability of DSi
can control phytoplankton species composition and
biomass. The increases in toxic algal blooms that have
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been observed globally are attributed (Smayda 1989,
1990) to increased loading of nitrogen (N) and phosphorus (P),while the DSi load is unchanged. One such
toxic algal bloom has been studied in some detail by
Maestrini & GraneLi (1991). They found that the 1988
Chrysochromulina polylepis bloom in the Kattegat on
the Swedish west coast was preceded by a spring
diatom bloom that exhausted the water masses of DSi
and, to some degree, P but not N . However, no consistent data on frequency and spatial distribution of green
algae and cyanobacteria blooms are yet available for
the Baltic Sea.
Trend analysis of pelagic nutrient time series have
been performed within HELCOM's (Helsinki Commission) assessment work for the Baltic Sea (e.g. Nehring
et al. 1990), but with questionable statistical methods
(e.g. linear regression). A similar monotonic trend
analysis of P and N compounds using statistically more
robust methods (Sanden & Rahm 1992) for the period
1970 to 1990 revealed statistically significant increasing concentrations of N and P totals (N,,, and P,,,) as
well as nitrate (NO3) and dissolved inorganic phosphate (DIP) at almost all investigated sites in the Baltic
Sea. Ammonium (NH4) was, however, decreasing in
the same areas. This was also true for the DSi concentration, which significantly decreased in the same
region from 1968 to 1986 (Sanden et al. 1991). An
analysis of trends in D1N:DIP (DIN = dissolved inorganic nitrogen) ratios (L. Rahm, P. Sanden, F. Wulff
& A. Danielsson unpubl.), over the same period and
region, gave only a few significant, decreasing trends
in the trophic layer. Decreasing inorganic ratios were
found only in the Eastern Gotland Basin while decreasing total ratios were detected in both the Eastern
and Western Gotland Basin.
Conley et al. (1993) recognize 2 different types of
modification of the nutrient pool. One occurs when the
N and P load to the system increases but supply of DSi
does not. The other is coupled to a reduction of DSi
in the water column due to changes in the biogeochemical cycling of Si as increased diatom production
results in increased deposition and retention of BSi in
sediments. In basins with long residence times for DSi,
even small changes in recycling rates may have large
impacts on the pools (Schelske 1975). Wulff & Stigebrandt (1989) reported residence times of 11, 15 and
18 yr for the Bothnian Bay, Bothnian Sea and Baltic
proper, respectively.
To conclude, there are good reasons to investigate
the growth conditions for diatoms in the Baltic proper
with respect to the ongoing changes in its nutrient
status. The increased nutrient load may disrupt the
biogeochemical cycles and may lead to changes in
diversity and composition of marine organisms. This is
investigated in this work by examining DSi:DIN ratios

at selected monitoring stations in the Baltic Sea for the
period 1970 to 1990. This trend analysis will be discussed in relation to changes in input load, in nutrient
concentrations and in D1N:DIP ratios.
Nutrient inputs. The atmospheric load of DIN to the
Baltic Sea is estimated by Granat (1990) to have
doubled from 1955 to 1990, although the rate of change
was weak during the 1980s. The spatial distribution
shows a marked northwest-southeast trend with a
deposition factor roughly 4 times larger in the south as
compared to the north. The annual atmospheric NI,,
load to the Baltic Sea based on mean inputs from 1982
to 1987 (Rosenberg et al. 1990) was approximately 25,
51 and 41% of the Nt0, input for the Bothnian Bay,
Bothnian Sea and Baltic proper, respectively. The
corresponding estimates for the atmospheric load of
DSi are lacking, but assumed to be insignificant with
regard to the Baltic Sea.
The riverborne input of nutrients (N and P) has
recently been estimated by P. Stalnacke, A. Grimvall,
K. Sundblad & A. Tonderski (unpubl.). It was shown
that the total annual average riverborne inputs of N,,,
and DIN to the Baltic Sea (input to the Sound, the Belt
Sea and the Kattegat not included) are 700 kt and
410 kt, respectively, which are higher than previous
estimates (Larsson et al. 1985, Rosenberg et al. 1990,
HELCOM 1993). Regarding long-term changes in the
riverborne load, a small increase of N,,, can be detected for the 1980s as compared to the 1970s (Fig. 1A).
The increase was, to a large extent, explained by
changes in river runoff. Stalnacke et al. (unpubl.)
pointed out that the estimate for organic N (Norg)to the
Baltic proper is somewhat uncertain due to the sparse
data from the Baltic states and Russia, and could therefore skew the N,,, estimates. In order to get the total
land-based input to the Baltic Sea, K. Sundblad
(Linkoping University, pers. comm.) estimated the
direct coastal discharges (i.e.municipalities and industries) to be approximately 80 kt N annually during the
late 1980s.
According to Larsson et al. (1985) an 8- and 4-fold
increase in the supply of P and N, respectively, from
the land and atmosphere has occurred during this century in the Baltic Sea. The DSi load, on the other hand,
should have remained unaltered or perhaps decreased
due to construction of reservoirs connected to increased numbers of hydroelectric power stations and
the eutrophication of these waters. Grimvall et al.
(1991) examined data from 18 rivers in the Baltic Sea
region for the period 1972 to 1989 and found remarkably few statistically significant trends in N concentrations, even though the majority of the rivers showed an
upward tendency. These findings have been further
strengthened in an extended study (K. Sundblad, A.
Grimvall & P. Stdlnacke unpubl.). Statistically signifi-
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includes, however, all N compounds, irrespective of
their labile or refractory character. Hence one must
consider this as a lower limit for the ratio. The corresponding ratios based on the pools in the sub-basins
become 1.3, 1.1 and 1.2 when based on the above
premises. The higher ratios for the pelagic pools reflect
the more effective N sinks compared to Si.
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Fig. 1 Annual riverborne export of (A) nitrogen (after StA1nacke et al, unpubl.) and (B) dissolved silicate species with
the annual river runoff to the Gulf of Bothnia and to the Baltic
proper

cant upward trends for NO3 concentrations have been
found in some rivers of the Baltic states (e.g. in Latvia;
Tsirkunov et al. 1992). A slight downward tendency in
concentration (not statistically significant) has, however, been observed recently and is probably related to
the dramatic drop in commercial fertilizer use in the
Baltic states from 1987 onward.
The DSi and N,,, inputs from the land and atmosphere have been estimated for the period 1971 to 1981
by Wulff & Stigebrandt (1989)to be 129, 150 and 523 kt
DSi yr-' and 29, 128 and 850 kt N,,, yr.' for Bothnian
Bay, Bothnian Sea and the Baltic proper, respectively.
This gives DSi:Nto,ratios (by atoms) of roughly 2.2, 0.6
and 0.3 for the load to the respective basins when the
advective fluxes between them have been adjusted for
(Wulff & Stigebrandt 1989).The estimated input of NtOt

The land-based input of DSi to the Baltic Sea is estimated by combining time series of river water quality
data, gathered from approximately 100 sampling sites
and mainly obtained from national monitoring programmes, with time series of river runoff data (Bergstrom & Carlsson 1994). Linear interpolation in the
water quality series is used to fill in minor gaps while
major gaps are filled in by estimating seasonal components and extrapolating trends from nearby rivers with
a non-parametric test suggested by McLeod et al.
(1983). The contribution from non-monitored coastal
drainage basins is estimated by combining calculated
runoff with observed concentrations from adjacent
rivers. The DSi supply from the large Polish rivers (i.e.
Vistula and Oder) is estimated with the combined data
from the Neman (Lithuanian) and Daugava (Latvian)
rivers. The methods and procedures for the DSi data
follow to a large extent those presented for N and P by
Stdlnacke et al. (unpubl.).The contribution from direct
coastal point sources of DSi is regarded as insignificant.
Time series of DSi and nutrient ratios were analyzed
for trends in both river waters and the sea. Regarding
the river data, the number of sampling sites was
restricted to 10 for rivers discharging into the Baltic
proper and to 12 for the Gulf of Bothnia (see Table 2 ) .
The time period studied varied among sampling sites,
but most data were from 1970 to 1990.
The analyses of the time series of nutrient ratios are
based on simultaneous observations of DSi and the
DIN species, i.e. NO3, NH4 and nitrite (NO2),over the
period 1970 to 1990. The data originate from the
HELCOM databank in Helsinki and the ICES (International Council for the Exploration of the Sea) databank
in Copenhagen. Standard sampling and analytical
methods were used in the chemical analysis
(HELCOM 1984). These techniques did not change
during the test period. There is, unfortunately, a
marked lack of data from the northern part of the Gulf
of Bothnia, especially for the ice-covered seasons,
which will influence the analysis. The study is
restricted to the trophic layer of the entire Baltic Sea,
i.e. 0 to 30 m. Four different seasons were studied
(January to March, April to June, July to September
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and October to December). If more than 1 sample
exists for a given depth interval and season, the
median value was used. Nine stations with relatively
high observation frequency, representing the 3 major
sub-baslns, were chosen for analysis.
The trend test used was a modifled Mann-Kendall
test (Mann 1945, Kendall 1975). This is a nonparametric test for monotonic trends and was adapted
for seasonal data by Hirsch et al. (1982).Hirsch & Slack
(1984) modified the test to account for covariation
between seasons. In essence, the test can be described
as the sum of the number of positive differences
between an observation and all later observations
minus the sum of all negative differences. This value is
then divided by the square root of the variance to form
the standard normal variate.
More formally, the test statistic S is calculated independently over n years for each season g according to

The standard normal variate is then calculated as

This test is robust against non-normal distribution,
extreme values, serial correlation and seasonality, and
it can handle missing and censored data.
To get an estimate of the trend slope we used the
seasonal Kendall slope estimator proposed by Hirsch
et al. (1982).This can be characterized as the median
annual change adjusted for seasonality. More precisely, the slope B is the median of all d,,, where

i=l J=l+l

where X is observed values, n, is the number of nonmissing observations in season g and

This estimator is resistant to extreme values and
unaffected by seasonality in contrast to a linear regression estimator of the slope. All tests were carried out as
2-sided tests since both upward and downward trends
were of interest.

The overall test is then calculated as
RESULTS AND DISCUSSION
9.1

where p is the number of seasons, which is asymptotically normal with 0 mean and variance according
to

where 0; = var(Sg)and ogh= cov(Sq,Sh).The variance
is given by the equation
m

ng(ng - 1)(2ng+ 5) -

1t j (t,

-

1)(2t, + 5)
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where m is the number of tied groups and t, is the size
of the jth tied group. The covariance ogh is estimated
by ir,h according to

where n is the number of years, ng and n h are the
number of observations for seasons g and h respectively and
n-l

Kgh =

C

n
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- ~ 1 )g( x J ~ X1h )l

Brzezinski (1985) reported compositional Si:N ratios
of marine planktonic diatoms in the range 1.12 0.33
for 27 different species and it is reasonable to assume
similar ratios for the species found in the Baltic Sea.
The limiting DS1:DIN ratio for diatom growth depends
on several factors such as the rate of Si recycling in
comparison to other major nutrients and the ability of
diatoms to vary wall thickness and thus cellular Si content with DSi supply (Paasche 1980).The recycling of
N and P is assumed to be rapid relat~veto that of BSi
(Officer & Ryther 1980), and the dissolution of diatom
frustules in sediments is a slow process compared to
the regeneration of other nutrients (Conley & Johnstone 1995). These considerations would allow for a
practical limiting ratio well above the compositional
ratios reported above, whereas adjustments of diatom
Si content would give the opposite result. We suggest a
limiting range of DSi:DIN of -0.5 to 1.5 by atom as an
operational definition.
The actual concentration of DSi will also be important in determining whether diatom production is
limited by DSi or other nutrients. Goering et al. (1973)
and Azam & Chisholm (1976) reported from tracer experiments that DSi uptake was markedly limited at

*
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ambient DSi concentrations of about 1.6 to 3.6 pM.
Egge & Aksnes (1992) also reported DSi limitation of
diatom production for concentrations below 2 FM.
Hence it seems fair to assume a restriction in growth
for concentrations in the range of 1 to 4 PM. The
monotonic DSi trend estimates by Sanden et al. (1991),
for almost the same stations in the Baltic Sea as were
used here, give, a s e n d values for the study period, DSi
concentrations in the range discussed above for some
stations in the Baltic proper. Water column DSi:DIN
ratios for each sub-basin during March (Wulff et al.
1994a), for 5 yr periods over 2 decades, also give
decreasing ratios (Table 1). These findings are indica-

Table 1 DSi:Ntot ratios by atoms based on 5 Yr means of the
water mass in t h e major basins of the Baltic Sea in March
(Wulff et al. 1994). T h e ratio, based on total load to respective basin
& Stigebrandt 1989) and adjusted for interbasin exchange, is shown a t the bottom. -: missing data
B o t h n ~ a nBay

Bothnian Sea

Baltic proper

-

1972-1976
1977-1981
1982-1986
1987-1991

4.9
3.9
2.3

5.7
4.2
3.2

6.3
5.1
4.4
2.8

DSi:N,,,

2.2

0.6

0.3

tors of ongoing large-scale changes in the ecosystem.
However, since the uncertainty in these estimates of
total amounts is unknown, the actual significance level
of this trend cannot be given.

Trends in river load
It was estimated that the Baltic Sea received on avera g e approximately 750 kt DSi annually from 1970 to
1990 from surrounding rivers (Fig. 1B).The DSi concentrations in the observed time series were quite stable
during the entire period, and the annual fluctuations can
largely be explained by changes in runoff (Fig. 1B).The
rather sparse data from the Baltic states a n d Russia a n d
the total lack of data for the large Polish rivers, Vistula
and Oder, contribute to the uncertainty in the load estimates and make it difficult to draw conclusions about the
true DSi suppply from rivers to the Baltic Sea. However,
the estimates are likely to be in the right order of magnitude.
The trend analysis of DSi concentrations and nutrient ratios in the investigated rivers (Table 2) showed
only a few statistically significant trends. In the 10
rivers discharging into the Baltic proper, 1 positive
trend a n d 1 negative trend were detected for the ratios
of DSi:DIN (significance level a = 0.05). For DSi, 3 pos-

Table 2. Monotonic trend analysis on dissolved sil~cateand ratios of DSi.~norganicN in river waters d ~ s c h a r g i n ginto the Gulf of
Bothnia and the Baltic proper. Only rivers with a runoff above 50 m%-' a r e presented. Statistical method was based on Hirsch &
Slack (1984) with flow adjustment a n d no assumption of independence
River

Mean
runoff
(m3 S-')

Baltic proper
Motala strom
85 9
Norrstrom (Stockholm) 158 5
Kymijoki
307.7
Neva
2592 0
Narva
452.0
Parnu
57.7
Gauja
70.7
Daugava
697.8
Lielupe
139.8
Nernan
558.6
Gulf of Bothnia
Dalalven
338.7
Ljusnan
222.2
Indalsalven
444.9
Angermana~ven
493.0
Ume alv
444.3
Lule alv
489.8
Kalix alv
287.9
Torne alv
382.1
Kemijoki
539.3
Iijoki
167.4
Oulujolu
258 3
Koken~naenjoki
237 9

Period

n

Dissolved silicate
Mean conc. Test
(pm01 I-')
var

p

Period

DSi:inorganic N
n
Test
var.
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Table 3 Monotonic trend test on simultaneous observations of
DSi:inorganic N at depth interval 0 to 30 m at different
sampling stations in the Baltic Sea. Number of observations,
S statistics, median ratio and estimated slope (yr-l) are presented (See Fig. 2 for station locations)

Jan-Mar
Apr-Jun
Jul-Sep
Oct-Dec

Station Season
B03

Winter
Spring
Summer
Autumn
Total

US50

Winter
Spring
Summer
Autumn
Total

SR5

Winter
Spring
Summer
Autumn
Total

BY27

Winter
Spring
Summer
Autumn
Total

BY31

Winter
Spring
Summer
Autumn
Total

BY32

Winter
Spring
Summer
Autumn
Total

BY38

Winter
Spring
Summer
Autumn
Total

BY15

Winter
Spring
Summer
Autumn
Total

BY5

Winter
Spring
Summer
Autumn
Total

Helsinki

Stock-

Significant decrease

Fig. 2. Significant trends of DSi:DIN ratios for the 4 seasons
a t 9 stations in the Baltic Sea

itive trends (3 out of 10, i.e. 30%) were found. Of the
rivers discharging into the Gulf of Bothnia, 1 significant upward DSi trend was detected (Lule alv River,
Sweden) and only 2 of the rivers, Kemijoki and Iijoki in
Finland, were found to have negative downward DSi
trends.

Trends in the water mass
The results of the trend analysis in the Baltic Sea are
shown in Table 3 and Fig. 2. Significantly decreasing
trends ( p < 0.05) for the DSi:DIN ratio on an annual
basis were found at all stations investigated (of the
order 5 to 10% yr-l) even when serial independence
was not assumed. This corroborated previous trend
tests of the Baltic Sea (Sanden et al. 1991, Sanden &
Rahm 1992) with regard to the inverse response of
DSi to N o 3 concentrations in the water mass.
The few observed downward trends in the DSi:N
ratio of the river load support the hypothesis that the
decrease in DSi:DIN ratio in the sea cannot be
explained by a corresponding decrease in river input.
Finally, there are few indications of changes in the

n

Median Test var.

p

Slope

riverine loads of N and DSi to the respective basins,
except those coupled to interannual variations in freshwater runoff (Fig 1). The long-term increase in atmospheric N deposition (Granat 1990) may alter the DSi:N
ratio of the load, but recent investigations indicate that
the increase in atmospheric N deposition leveled off
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during the 1980s (L. Granat, Stockholm University,
pers. comm.).
Significant decreases in the DSi:DIN ratio over the
test period were primarily observed during winter. The
pre-spring bloom is the most crucial time period in any
investigation of DSi limitation of primary production.
These results corroborate the more coarse, but robust,
estimates by Wulff et al. (1994b) based on 5 yr means
of total amounts for the Baltic Sea subbasins. Extrapolation of the present ratios using the estimated monotonic slope to the end of the investigation period yields
ratios for the top 30 m within or near the production
limits suggested by the Redfield ratio. Hence it seems
reasonable to assume that the spring bloom may soon
become DSi limited. Regional differences in trends are
also discernible, with lower trends observed in the
northern Baltic Sea, and may be related to differences
in recycling rate (Conley et al. 1993). In addition, the
spring bloom occurs later and is smaller in the phosphorus-limited oligotrophic subarctic Bothnian Bay
than in the other basins (Wulff et al. 1994a).
The relative ratio between DSi and DIN is, however,
of minor importance a s soon as biological activities
begin after the winter season. Because the recycling
rates for the 2 fractions differ substantially, with N
recycling rates rapid in comparison with those of Si, N
limitation of production is more probable than DSi
limitation of production. More important for the limitation of the primary production is the concentration of
DSi after the start of the spring bloom. Extrapolation of
the monotonic trends in Sanden et al. (1991),based on
average concentration and the estimated trend, to 1991
for the spring season (April to June) suggests very low
concentrations in the photic zone. Nature is, however,
rarely linear in its behaviour. We can only suggest that
it is probable that the Baltic ecosystem is approaching
a DSi-limited state for the diatom portion of the spring
bloom. Multiannual studies of species composition a r e
needed to verify our hypothesis. There are some recent
observations from the southern part of the Baltic
proper that corroborate our expectations. For example,
Munk-Sorensen & Nielsen (1992) reported DSi:DIN <2
and DSi concentrations < l pM after the spring bloom.
The large-scale effects of a DSi-limited spring bloom
are unclear, although both Schelske & Stoermer (1972)
and Officer & Ryther (1980) have pointed out the risk of
drastlc and undesired changes to the whole ecosystem.
The remedy is obviously a coordinated decrease in
both N a n d P load. A decrease in only the N load may
favour only cyanobacterial N fixation and green algal
blooms. On the other hand, the economic realities of
the countries around the Baltic Sea probably exclude a
major remedy action (Wulff & Niemi 1992). Clever use
of the 'bottlenecks' of the system is probably a more
convenient way to lessen the load on this system. It is
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in this perspective that one should look a t the present
work, which identifies a n ongoing change towards a
DSi-limited spring bloom in the ecosystem. Hypothetically, a shift away from a diatom-dominated system
may have far-reaching consequences on nutrient recycling processes (Conley et al. 1993). The system would
probably go from one characterized by the efficient
biologically mediated deposition of organic matter
wlth efficient nutrient sink to a highly recycled system
and Inefficient nutrient sinks with the sediments playing a reduced role in nutrient recycling processes.
While diatom bloon~sare mainly deposited, cyanobacteria often come to surface in the terminal phase of
their blooms, whereafter they a r e primarily degraded
in the trophic layer with the released nutrients to b e
easily taken u p by biota again.
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