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Abstract

Eutrophication of estuaries and coastal waters has become a significant problem worldwide. In
the Baltic Sea, where the nutrient load has strongly increased from its natural level, this has led 
to marked changes in the coastal ecosystems. The European Water Framework Directive (WFD) 
requires all surface waters in Europe to fulfill the criterion of “good ecological status”, where
the biological and chemical status departs only slightly from undisturbed baseline conditions by 
2027. The WFD requires the determination of these baseline conditions against which the extent 
of anthropogenic eutrophication and the present ecological status of a system can be assessed.

To provide a means for water quality assessments in coastal waters of the Baltic Sea area, 
a near-shore calibration data set of 49 embayments was collected. It consisted of measured 
environmental data and surface sediment diatom assemblages from the southern coast of Finland. 
The study sites were small, shallow and sheltered with a mean surface area of 211 ha and a mean 
depth of 4.3 m. Salinity showed a clear overall increasing trend from east to west ranging from 0.7 
to 6.4‰. Higher than average nutrient concentrations occurred in estuaries with significant fresh
water input, or close to municipalities, emphasising the significance of local sources to nutrient
concentrations; no clear impacts of loading from the Neva River estuary were detected. Only ca. 
5 % of all sites had good water quality, while most sites (65 %) fell into the class “moderate water 
quality” based on a national classification scheme by the Finnish Environment Institute.

The collected calibration data set was used to explore the relationship between surface 
sediment diatom assemblages and 15 environmental variables with special emphasis on nutrients. 
The main environmental gradients in this data set were represented by nutrients and depth. Total 
dissolved nitrogen (TDN), total phosphorus (TP), depth and salinity all accounted for significant
and independent fractions of variation in the diatom data and together explained 34% of the total 
variation. There were clear changes in diatom assemblage structures along the nutrient gradients. 
Although these changes were gradual, it was possible to identify a number of taxa that were 
more abundant in a particular nutrient environment. Diatom assemblages that were least affected 
by nutrient enrichment included a variety of benthic species (e.g. Rhoicosphenia curvata, 
Staurosirella pinnata, Opephora mutabilis and Bacillaria paxillifer) and a relatively high species 
richness. Several small planktonic taxa such as Cyclotella atomus, Cyclotella meneghiniana and 
Thalassiosira pseudonana were good indicators of highly elevated nutrient concentrations (>600 
µgl-1 TDN and >60 µgl-1 TP) together with low species richness. These taxa could be used as 
potential indicators of the quality of coastal waters in the Baltic Sea. Their first appearance in
regular monitoring could be used as an early warning sign for deteriorating water quality.

In order to define baseline or reference conditions and reconstruct a detailed history of
eutrophication in the study area, long sediment cores were collected from five of the study sites with
varying anthropogenic influence. Two sites (Töölönlahti and Laajalahti) were located in Helsinki, 
the capital of Finland, with predominantly urban catchment areas, while the remaining three sites 



(Fasarbyviken, Pieni Pernajanlahti and Hellänlahti) were mostly impacted by agriculture. The 
cores were dated using 210Pb, 137Cs and, at two sites, spheroidal carbonaceous particles (SCPs). 
Diatom species richness, % abundance of planktonic taxa, and detrended correspondence analysis 
(DCA) primary axis scores, which provide a numerical means to summarise the compositional 
change of diatom assemblages over time, were used to study changes in the trophic status of these 
sites in addition to the ecological information contained in changes in the abundance of individual 
species.

A diatom-based weighted-averaging partial least squares (WA-PLS) transfer function model 
for TDN was developed with a prediction accuracy of 0.09 µg L-1 (log10 units). Its performance 
was assessed using ca. 30 yr records of measured water quality data at four of the sites along 
with numerical measures such as the modern analogue technique (MAT) at all sites. Overall, 
the model tracked well the trends in the nutrient record, although it underestimated very high 
nutrient concentrations during time periods of heavy nutrient loading to the urban embayments. 
Encouraging, however, is the ability of the model to relatively accurately infer nutrient 
concentrations, which are in the range of sites included in the used calibration data set. The 
potential of the multi-proxy approach in a coastal environment was assessed at Laajalahti, where 
reference conditions and eutrophication history were defined using the stratigraphy of diatoms,
sediment geochemistry, stable isotopes, sedimentary pigments, and long-term monitoring results 
of water quality and nutrient loading. 

The urban sites showed marked increases in the abundance of planktonic diatoms and diatom-
inferred total dissolved nitrogen (DI-TDN), and a decrease in species richness starting in the 19th 

– early 20th century with increased urbanisation. At both sites a clear recovery was observed 
after the cessation of waste water loading by the early 1980s. The presently planktonic diatom 
assemblages of these embayments, however, show no change back to the pre-disturbance diverse 
benthic communities. The changes observed in the rural sites were only moderate and occurred 
later starting in the 1940s. No distinct increase in DI-TDN was seen; however, all sites showed 
an increase in small planktonic taxa indicating increased nutrient enrichment and turbidity. These 
small floristic changes could be seen as an early warning signal despite little change in the inferred
nutrient concentrations.

 At four of the sites, significant changes in diatom assemblages and associated DI-TDN
occurred after the 1920s, hence background or reference conditions could be set at early 1900s. 
The multi-proxy study from the urban site Laajalahti defined the mid to late 1800s as realistic
reference conditions. In the case of Töölönlahti, a longer sediment core would have to be taken in 
order to establish pre-urbanisation conditions at the site. This would mean recreating conditions 
that existed in the embayment over 200 years ago. At that time, however, the embayment did not 
exist in its present form due to post glacial land uplift and urban development, but was a more 
open system affected by the open sea. On the basis of these results realistic reference conditions 
for management purposes could be set at the late 1800s. The reference conditions were defined by
generally diverse benthic diatom assemblages (> 80 % benthic taxa) and DI-TDN concentrations 



of ca. 400 µg l-1. The general productivity as indicated by sedimentary organic phosphorus (OP), 
chlorophyll a + its degradation products (ChlaD) and diatoxanthin was low and bottom water 
oxygen conditions were good (Cu:Zn ratio).

The present study shows that in urban estuaries major changes in the nutrient status and 
species assemblages have taken place and that we are still far from a good ecological state of 
these systems. On the other hand, the results indicate that in rural embayments the effects of 
eutrophication on the biota have perhaps been less pronounced than expected. Although these sites 
have crossed an ecologically important threshold, the changes are still only small to moderate. 
At such sites management efforts may be well rewarded: internal loading from sediments would 
likely be a minor problem, as external loading has not been heavy (cf. the urban sites) and hence 
no large nutrient pool has accumulated in the sediments.

The results of this thesis have clear implications for the European Water Framework 
Directive. Diatoms could be applied to water quality classification and monitoring purposes in
the coastal waters of the Baltic Sea area using techniques such as weighted-averaging regression 
and calibration. Analysing dated sediment stratigraphies using diatoms as key indicators or using 
several biological and geochemical proxies can help to assess ecological changes in coastal waters 
over longer time scales (ca. 100-200 yr) and provide information on background conditions. These 
techniques are also a valuable means for detecting early community changes, where water quality 
problems are not yet evident. Thus, they provide a management tool not only for ecosystem 
restoration but also for ecosystem protection. 
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1. Introduction

Coastal seas are highly diverse and productive ecosystems, which makes them a very valuable 
resource from a human perspective. However, as more than three-quarters of the world’s 
population live in coastal catchment areas, they are subject to growing pressures (Vitousek et al. 
1997; Jickells 1998). The increase in the loading and transport rates of the limiting plant nutrients 
nitrogen (N) and phosphorus (P) during the last century (Conley 2000; de Jonge et al. 2002) has 
led to undesirable eutrophication effects in receptive areas. Consequently, marine eutrophication 
of coastal waters has become a significant and wide-spread problem (e.g. Turner & Rabelais
1994; Nixon 1995; Billen & Garnier 1997; Paerl et al. 2003). Eutrophication induces changes in 
the structure and function of coastal foodwebs (Bondsdorff et al. 1997; Jackson et al. 2001; Grall 
& Chauvaud 2002) and results in anoxia and hypoxia of the sea bottom (Jørgensen et al. 1990; 
Gray et al. 2002). 

The trend of recent post-industrial nutrient enrichment can be observed in the Baltic Sea, 
a large semi-enclosed brackish water basin with an extensive, diverse and densely populated 
drainage area. The Baltic Sea is one of the main sea areas of the European Union and, hence, has 
strategic importance to the economic and social development of Europe (EurOCEAN 2004). It 
is, however, extremely vulnerable to anthropogenic disturbance due to its special hydrographical 
conditions, simple ecosystem structures and poor water exchange with the North Sea (Voipio 
1981). The nutrient load of the Baltic Sea has strongly increased from its natural level (Cederwall 
& Elmgren 1990; HELCOM 1990; Wulff et al.1994). Larsson et al. (1985), for example, estimated 
an eightfold increase in P and a fourfold increase in N loading during the last century. Since 
the bulk of nutrient loading is land-derived, shallow coastal areas with often restricted water 
exchange are the areas most impacted by increased nutrient levels. This is manifested as changes 
in phytoplankton species composition and increased plankton biomass (HELCOM 1991), which 
has led to decreased water transparency (Cederwall & Elmgren 1990; Bonsdorff et al. 1997). 
The amounts of filamentous algae have increased (Rosenberg et al. 1990; Mäkinen et al. 1994), 
and nuisance blue-green algal blooms have become a common phenomenon (Melvasalo 1978; 
Plinski 1992; Kauppila & Lepistö 2001). Resulting from increased turbidity and competition with 
fast-growing filamentous algae, the depth penetration of the bladder wrack (Fucus vesiculosus) 
belts has declined (Kautzky et al. 1986; Bäck et al. 2001). Increased primary production increases 
sedimentation and decomposition of organic matter, which has led to anoxia near the bottom in 
susceptible semi-enclosed coastal areas (Rosenberg et al. 1990; Pitkänen et al. 2001). Excessive 
nutrient enrichment of coastal waters can alter the biogeochemical cycle of silica causing 
dissolved silicate limitation (e.g. Conley et al. 1993). This may ultimately change the species 
composition of the spring bloom towards a flagellate-dominated community (Officer & Ryther
1980), which will also affect higher trophic levels. Benthic fauna has responded to increased 
organic sedimentation with decreased species diversity (Pearson & Rosenberg 1978; Bonsdorff 
et al. 1991; Bonsdorff et al. 1997) and increased biomass, except in anoxic areas, where numbers 
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have decreased drastically (see Rosenberg et al. 1990). Although natural phenomena such as 
fluctuations in weather conditions, the large freshwater supply via rivers and the geomorphology
of the coast regulate the hydrodynamics of coastal waters in the Baltic Sea, it is evident that these 
recent changes have been human-induced.  

The setting of functional management targets requires knowledge about the present 
structure and biogeochemical nutrient cycles of coastal ecosystems. A prerequisite for intelligent 
management, however, is to also have information about how community structures and nutrient 
concentrations have varied through time and what the background conditions have been. When 
attempting to assess the onset, trends and magnitude of recent eutrophication one is hampered 
by the lack of reliable long-term data as most contemporary monitoring programs only cover the 
last ca. 30 years. Although hydrographic features have been documented in the Baltic Sea since 
the late 19th century (HELCOM, 1990), nutrients and biota have only been monitored since the 
1960s (Kohonen 1974). The recently implemented European Water Framework Directive (WFD) 
(Anon. 2000) requires the surface waters of the European Union to be of “good ecological status” 
by 2015-2027, where biological and chemical elements depart only slightly from those expected 
under undisturbed conditions. EU member states are expected to 1) develop classification
schemes that describe the present ecological status of surface waters based on information on 
background conditions against which recent anthropogenic disturbance can be assessed, and 2) 
develop efficient and cost-effective monitoring strategies focusing on biological parameters.

Baseline conditions in marine environments can be estimated using methods such as numerical 
models, integrating data from multidisciplinary projects (e.g. Billen & Garnier 1997; Nielsen 
et al. 2003) and data mining from early studies and historical data. At present, however, most 
computer models are limited in their direct relationships to complex, spatially and temporally 
variable ecosystem processes. Data mining, on the other hand, can be compromised by the poor 
quality of archived data. 

The constraints discussed above limit our ability to effectively manage and protect our 
aquatic resources. Without knowledge of past conditions it is difficult to monitor the effectiveness
of nutrient reduction policies, or even know what the appropriate restoration targets for degraded 
ecosystems are. Information about the effect of long-term nutrient enrichment on past ecosystem 
structure and functioning can best be answered using palaeolimnological methods, which use 
the record of chemical and biological changes contained in sediment cores. These archives can 
be opened by analysing the sediment itself (its physical and chemical structure) and the remains 
of different organisms preserved in the sediment, e.g. diatoms, chrysophyte and dinoflagellate
cysts, cladocerans, chironomids, pollen and plant macrofossils (e.g. Smol et al. 2001a, 2001b). 
By dating the sediment using, for example, radioactive isotopes (210Pb, 137Cs, 14C) the information 
contained in the sediment can be transformed into a historiography of a water body (e.g. Appleby 
2001). 

Diatoms (Bacillariophyceae), which are single-celled aquatic algae, are the most widely 
used indicator group in palaeolimnology, as they 1) are present in diverse, numerically abundant 
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assemblages, 2) play an important role in primary production and food web dynamics in aquatic 
ecosystems, 3) have a siliceous cell wall that generally preserves well in freshwater and marine 
sediments, 4) can be identified to species or sub-species level due to their taxonomically distinct
frustules, and 5) are known to be sensitive to environmental change (e.g. Battarbee et al. 2001). 
Due to these characteristics, diatoms have also increasingly been used in contemporary monitoring 
programs for assessing the present water quality of rivers and lakes (Dixit & Smol 1994; Kelly & 
Whitton 1995; Kelly et al. 1998; Eloranta & Soininen 2002). To date, similar use of diatoms has 
not been made in coastal waters. 

Many studies have used knowledge of the ecology and distribution of contemporary species 
to qualitatively interpret past aquatic conditions from subfossil assemblages (e.g. Brugam 1978; 
Engstrom et al. 1985; Stabell 1985; Fritz 1989; Douglas et al. 1994; Anderson et al. 1995; Korhola 
& Blom 1996; Andren et al. 2000; Cooper et al. 2004). The development of weighted-averaging 
(WA) regression and calibration statistical techniques (ter Braak & van Dam 1989; ter Braak & 
Juggins 1993) allow quantitative reconstruction of ecological change from diatom sedimentary 
records using species optima for the environmental variable of interest derived from modern 
calibration data sets. These data sets consist of the present limnology and surface sediment diatom 
assemblages of a sufficient number of sites (usually > 40) along an environmental gradient. The
abundance-weighted average of all species’ optima calculated for each analysed fossil sample 
gives a good estimate of the e.g. nutrient or pH status of the time represented by that sample, 
with statistically reliable errors of prediction (RMSEP) estimated by cross-validation. These 
approaches have been successfully applied to fresh water ecosystems using diatoms with regard 
to e.g. surface water acidification (e.g. Birks et al. 1990; Renberg et al. 1993; Battarbee 1994, Hall
& Smol 1996; Dixit et al. 1999), eutrophication (e.g. Jones & Juggins 1995; Bennion et al. 1996, 
Hall et al. 1997; Bradshaw & Anderson 2001) and climate change (e.g. Fritz et al. 1991; Korhola 
et al. 2000; Bigler et al. 2003). This methodology is not yet common in coastal marine systems. 
Diatom-based transfer functions have been developed by Juggins (1992) for salinity in the tidal 
part of the River Thames, by Jiang et al. (2002) for sea-surface temperature around the shelf-seas 
of Iceland, and by Campeau et al. (1999) for water depth in coastal areas of the southeastern 
Beaufort Sea. The first diatom-based transfer functions for nutrients in coastal systems have been
developed in the Baltic Sea area (Clarke et al. 2003; Paper III in this thesis). 

By combining qualitative chemical and biological proxies representing a range of ecosystem 
components with quantitative reconstructions of individual water chemistry variables, the 
palaeolimnological approach becomes more integrated. Uncertainty in interpretations is reduced 
when using complementary information from changes in a number of different indicators. These 
multi-proxy studies, although laborious, provide a multifaceted insight into past environments 
and their structure (e.g. Lotter et al. 1998; Hall et al. 1999; Birks et al. 2000; Korhola et al. 2002; 
Cooper et al. 2004; paper V in this thesis). 

The term palaeolimnology commonly refers to limnic or lake environments, where the 
majority of studies in this field have been conducted. Palaeolimnological data are much sparser
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from estuarine and coastal waters due to the dynamic, high-energy nature of these environments. 
Resuspension and sediment mixing from tides, waves and currents can result in homogenized 
sediments that lack temporal resolution suitable for palaeolimnological studies. Another concern 
in applying palaeolimnological methods in coastal sites is bioturbation caused by large benthic 
macrofauna. However, the tidal activity is negligible in the Baltic Sea, and the coastline is 
generally broken with fjords and embayments providing environments sheltered enough (e.g. 
fladas) for the accumulation of fine grained sediments. Bioturbation, though, may still be of
concern in these sheltered environments. 

The overall aim of this work was to assess post-industrial eutrophication in coastal waters of 
the Gulf of Finland, which is one of the most affected parts of the Baltic Sea (Pitkänen et al. 1990; 
Kauppila and Bäck 2001). The specific objectives of this study were to:

1) describe the present state of 49 embayments along the southern coast of Finland in terms 
of their physical and chemical characteristics, and to examine the effects of different land-use 
practices on their water quality;
2) determine which environmental variables mostly contribute to the composition and 
distribution of coastal diatom assemblages in the Gulf of Finland, and to describe the present 
diatom assemblage structure along the defined environmental gradients;
3) generate diatom-based transfer functions for quantifying long-term nutrient changes in 
coastal waters and evaluate their performance;
4) define long-term trends in eutrophication and establish ecological background or reference 
conditions at five embayments affected by varying land-use practices;

5) demonstrate the potential of multi-proxy studies in coastal environments by constructing 
a detailed history of disturbance and subsequent recovery in an urban embayment using a 
range of biological and chemical parameters preserved in the sediment record; and 

6) assess the use of diatoms for contemporary water quality classification and monitoring
purposes, and demonstrate their applicability for defining background conditions according 
to requirements of the European Water Framework Directive.
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2. Study area 

The study area was located on the southern coast of Finland from 22º93’E to 27º77’E (Fig. 1), 
which belongs to the hemi- and southern boreal vegetation zones. The bedrock in the eastern 
part of the study area consists entirely of Rapakivi granite, whereas in the western part it mostly 
consists of granite and to a lesser extent of granodiorite and quartz-feldspar schist and gneiss. 
The main soil types are evenly distributed along the coast consisting of till, clay and silt (Suomen 
kartasto 1990). The coastline is characteristically indented and contains many small, sheltered, 
and relatively shallow embayments, which freeze over in the winter. This thesis focused on 49 
such sites (Appendix 1).

Figure 1. The index map shows the Baltic Sea and its bordering countries. In the detailed map 
the calibration data set is outlined and the five long-core sites are indicated by stars.

The catchment areas of the study sites are small; 62% of the embayments have a catchment 
area less than 10 km2. All main types of land use in southern Finland are represented in the 
catchments including agriculture, industrial activities, municipalities and fish farming. A few
catchments are less developed with only some summer cottage dwellings. Many of the catchment 
areas are dominated by forests (mean ca. 73 %), while agricultural land comprises between 0 and 
ca. 34 % with a mean of ca. 13 % (Appendix 1). Only sites in Helsinki have a marked proportion 
of densely built-up urban area in their catchments, while the proportion of sparsely built-up urban 
area (mostly summer cottages) varies considerably. 

Five of the study sites with differing land use practices in the catchment area were chosen for 
a detailed assessment of their eutrophication history (Table 1). The two urban sites are located in 
Helsinki, the capital of Finland. Töölönlahti lies in the centre of the city surrounded by a densely 
built residential area, a railway yard, and a park; Laajalahti is located in the western part of the 
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greater Helsinki area. Extensive urbanisation of the catchment area of Töölönlahti took place 
in the late 19th century, while urbanisation in the Laajalahti catchment area did not start until 
the1920s. Both embayments have received waste water from sewage treatment plants during the 
1900s (1910-1959 at Töölönlahti, and 1957-1986 at Laajalahti).  These sites are still eutrophic 
with annual mean total phosphorus (TP) concentrations of ca. 70 µg l-1 and 65 µg l-1, and a total 
dissolved nitrogen (TDN) concentration of ca. 600 µg l-1 and 400 µg l-1, respectively.  

Table 1. Description of the five long-core sites. Values for catchment and surface area are rounded
up. Approximate mean depth was estimated from charts. To = Töölönlahti, La = Laajalahti, PP = 
Pieni Pernajanlahti, Fa = Fasarbyviken, Ha = Hellänlahti

Two of the rural sites, Pieni Pernajanlahti and Hellänlahti, are estuaries, where riverine 
loading is the main external nutrient source. Consequently, these sites have large catchment 
areas (356 km2 and 386 km2, respectively) of which agricultural land comprises ca. 26 % (Pieni 
Pernajanlahti) and 15 % (Hellänlahti), while the rest is almost entirely covered by forests. At 
Hellänlahti, three fish farms, which are located in the outer part of the estuarine complex Virolahti,
which Hellänlahti is part of, may also affect the water quality of the site. Both sites are presently 
eutrophic with an annual mean TDN concentration of ca. 400 µg l-1 and 390 µg l-1, and a TP 
concentration of ca. 45 µg l-1 and 50 µg l-1, respectively. The third rural site, Fasarbyviken, is a 
small embayment. Its catchment area is dominated by forests (ca. 69 %), while agricultural land, 
which is mainly located in the immediate vicinity of the site, covers ca. 24 %. A relatively large pig 
farm (appr. 700 heads) located in the catchment may affect the water quality of the embayment, 
as the manure is spread on nearby fields. Fasarbyviken is moderately eutrophied with an annual
mean TDN concentration of ca. 370 µg l-1 and a TP concentration of ca. 40 µg l-1. 

      
Urban sites Rural sites

To La PP Fa Ha
      

Location 60.18ºN, 60.18ºN, 60.38ºN, 60.37ºN, 60.58ºN, 
24.93ºE 24.87ºE 25.90ºE 25.98ºE 27.77°E

Catchment area (km2) 4.7 / 0.4 52 356 18 386
Surface area (km2) 0.2 5.3 9.0 1.3 2.0
Appr. mean depth (m) 2.0 2.4 5.0 2.0 1.6
Transparency (m) 0.7 1.0 1.2 1.0 0.8
Salinity (‰) 4.8 5.4 4.4 4.8 3.7
TDN (µg l-1) 600 393 398 365 385
TP (µg l-1) 68 63 45 39 48
Chl a (µg l-1) 46 14 17 13 17
      



15

3. Materials and Methods

3.1. Sample collection and laboratory analyses

The 49 sites chosen for the calibration data set of modern limnology and surface sediment diatom 
assemblages were all lake-like, i.e. relatively small and semi-enclosed to ensure undisturbed 
sedimentation and to ascertain that the fossil diatom assemblages of the sediments originate from 
the assemblages of the overlying waters. Little or no previous information on the water quality 
of these embayments was available. Forty-five of the study sites were visited six times between
August 1996 and February 1998 to encompass the seasonal variability in water chemistry. Four 
additional sites were included in the data set and were sampled in February and August 1998 to 
increase the number of sites at the high end of the nutrient gradients (sites 46-49). 

An estimate of maximum water depth of each embayment was undertaken in August 1996, 
except for the four sites sampled in 1998. Each site was traversed by boat along a few transects 
(number of transects depending on the size of the embayment) with a portable echo sounder 
and the maximum depth recorded in meters. In many cases the depth could be read off a chart. 
An approximate surface area was determined from 1:50 000 maps using a digitizer. Sampling 
procedures for physical and chemical analyses are given in detail in paper I (p. 117-118). In 
summary, water samples were collected close to the deepest point of each site at 1 m depth. 
One surface sample each visit was considered to be representative as the sites are shallow and 
generally not stratified during the summer months. For the determination of chlorophyll a (Chl-
a), however, a composite of three samples was taken. Nutrient analyses and field measurements
of physical and chemical variables were carried out four to six times during the sampling period, 
except for the four additional sites with only two measurements. Other variables, mainly ionic 
chemistry, were measured less frequently (two to four times) as their concentrations tend to 
fluctuate less.

Surface sediment samples were collected at the same location as the water samples with 
a small gravity corer (Glew 1989). The top 1 cm was extracted for analysis of modern diatom 
assemblages and stored in small plastic bags at 4 °C. The long-core sites were sampled with a 
Mini- Mackereth corer (Mackereth 1969) in September 1998, except for Töölönlahti, which was 
sampled in October 2003. The cores were taken from the deepest area at all sites, and sectioned 
into 1 cm intervals. The main characteristics of the obtained sediments were described and sub-
samples were stored at 4 °C in small plastic bags. 

All laboratory and statistical analyses carried out in this study are listed in Table 2. The 
papers in which a detailed description of the methods can be found are also indicated.
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3.2. Sediment dating

The most widely used methods for dating recent (post-industrial) sediments covering the last ca. 
150 years include radioisotopic techniques such as 210Pb and 137Cs. 210Pb is a naturally occurring 
radioisotope in the uranium (238U) decay series, which is constantly produced by natural processes 
and constantly decaying. It has a half life of 22.26 years suitable for constructing chronologies 
over ca. the last century. The 210Pb activity of sediments has two components: supported and 
unsupported 210Pb. Unsupported 210Pb is deposited from the atmosphere at a constant rate, while 
supported 210Pb is derived from the in situ decay of the parent radionuclide 226Ra. Problems using 
this dating method may arise with e.g. unsupported 210Pb transport from the catchment area via 
erosion, loss of 210Pb inputs via outflow, and spatial redistribution of 210Pb deposits with e.g. 
sediment focusing (e.g. Smol 2002). Despite these potential problems this method has given 
reliable results in the great many studies in which it has been employed. Two models are generally 
used for calculating the sediment dates: the constant rate of supply model (CRS) and the constant 
initial concentration model (CIC) (Appleby et al. 1978). The former is more frequently used, the 
latter, however is more suitable in cases with large changes in sediment accumulation rates (e.g. 
slump events, sediment focusing). 
To pinpoint certain time periods in sediment stratigraphies, it is possible to use radioisotopes 
produced by the nuclear industry. The most common isotope used is 137Cs. Stratospheric testing 
of atomic weapons has been a major source of 137Cs starting in 1952 and peaking in 1962-1963. 
After the banning of stratospheric testing the concentrations dropped steadily. This radioisotope 
was also released in the Chernobyl (Russia) nuclear power plant accident in 1986, the fallout from 
the plume was, however, confined to areas in the former Soviet Union, Europe and Turkey, where
this isotope can be detected as a clear peak (exceeding the 1963 marker) in recent sediments. The 
main problem associated with this dating method is post-depositional mobility of 137Cs. This often 
results in a “tail” extending to depths preceding stratospheric nuclear weapons testing; the 1963 
peak, however, generally remains fixed (Smol 2002). For a detailed description of 210 and 137Cs 

dating see Appleby (2001).  
 Spheroidal carbonaceous particles (SCPs), which are formed when fossil fuels are burned at 

high temperatures, can be used as additional chronological control in sediment profiles (Tolonen
et al. 1992; Rose, 2001). There are easily discernible changes in SCP concentrations, which are 
notably consistent wherever analysed, as the concentrations follow major changes in global 
fossil fuel combustion. This method does not produce a detailed chronology, but provides a few 
chronological tie-points (e.g. the start of the record in ca. the mid 1800s and the concentration 
peak in ca. the 1970s, depending on the region). 

The four sediment cores collected in 1998 were analysed for 210Pb, 226Ra and 137Cs by 
direct gamma assay in the Liverpool University Environmental Radioactivity Laboratory, using 
Ortec HPGe GWL series well-type coaxial low background intrinsic germanium detectors. The 
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technical procedures are described in Appleby et al. (1986, 1992). Sediment chronologies were 
calculated using the constant rate of supply (CRS) and the constant initial concentration (CIC) 
210Pb dating models together with chrono-stratigraphic dates determined from the 137Cs record. 
To obtain a chronology for the Töölönlahti core, it was correlated using % LOI with another 
core from a previous study, which was dated using 210Pb, 137Cs and spheroidal carbonaceous 
particles (SCP) (Tikkanen et al. 1997). This was possible, as there were distinctive changes in 
% LOI. Chronologies for the cores collected in 1998 are given in Paper IV, Table 3. Spheroidal 
carbonaceous particles were also analysed from Laajalahti to provide additional support for the 
dating. 

4. Results and discussion

4.1. The present 

4.1.1. Limnological properties of the study sites

The study sites had a mean surface area of ca. 2 km2 and a mean depth of 4.1 m. Their surface 
water salinity ranged from 0.7 to 6.4‰, spanning the salinity gradient in the Gulf of Finland 
(Haapala & Alenius 1994). Salinity showed a clear overall increasing trend from east to west 
following the open sea salinity gradient caused by the large River Neva estuary at the eastern end 
of the Gulf of Finland.  The lowest levels, however, were always associated with sites receiving 
river input of fresh water. Water transparency was lowest in the shallow and more eutrophied 
embayments, ranging between 0.3 m and 3.5 m. Generally, the sites were turbid having a mean 
transparency of only 1.5 m. Reductions in Secchi depth readings during the last decades are 
clearly visible in long-term data series from the open Baltic Sea (Launiainen et al. 1989) as well 
as from coastal areas (Bonsdorff et al. 1997). 

The nutrient concentrations of the sites ranged between 248-2068 µg l-1 total dissolved 
nitrogen (TDN) and 15-86 µg l-1 total phosphorus (TP) with mean concentrations of 419 µg l-1 

and 37 µg l-1, respectively. Chlorophyll-a, reflecting primary productivity varied between 3 and
152 µg l-1 with a mean of 13 µg l-1. Only ca. 5 % of all sites had good water quality according 
to the water quality classification used by the Finnish Environment Institute (Antikainen et al.
2000). Ca. 65% had moderate water quality with the rest of the sites mostly falling into the class 
of poor rather than bad water quality (Table 3). The sites of the present study were classified
using mean TP and Chl-a concentrations. TDN concentrations could not be used, as this water 
quality classification scheme does presently not include nitrogen as a variable for coastal waters.
The mean values for nutrients and Chl-a showed no correlation with longitude (Paper I: Fig. 
2), and thus did not follow the trend of increasing concentrations from west to east observed at 
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more pelagic stations (Pitkänen et al. 1990; Perttilä et al. 1995). Higher nutrient values regularly 
occurred in the vicinity of large rivers or close to urbanised areas (Paper I: Fig. 2). 

Concentrations of dissolved silica (DSi) ranged between 0.24 and 2.25 mgl-1 with a mean 
of 0.56 mg l-1 (Appendix 1). The concentrations decreased markedly during the spring bloom 
and were low throughout the summer, being, on average, 0.30 mg l-1 or less. Concentrations of 
DSi have decreased over the last few decades in the Baltic Sea as a result of increased diatom 
production and the resultant increase in sedimentation of silica in the spring (Wulff & Rahm 
1988; Sandén et al. 1991). Increased diatom spring blooms are a clear indication of increased 
nutrient availability, which has been reported in several studies both in freshwater and marine 
systems (Conley et.al. 1993).  A detailed description of the physical and chemical properties of 
the study sites can be found in paper I.

4.1.2. Diatom assemblages

Due to the shallowness of the calibration data set sites (< 10 m, with one exception), the majority of 
diatom taxa found in this study were benthic, many of which occurred at low relative abundances. 
Only 14 taxa occurred at a maximum abundance over 10%, most of these were either planktonic 
or belonged to the genus Fragilaria (incl. revised genera), which composed the bulk of benthic 
assemblages (on average 35%). Fragilaria spp. were dominant in the shallow sites and had a 
strong, negative correlation to the percentage of planktonic taxa (r = -0.87, p ≤ 0.01), which clearly 
increased with depth (Fig. 2). The correlation between the percentage abundance of planktonic 
taxa and depth (r = 0.53, p ≤ 0.01), although being statistically significant, was not as strong as
might have been expected due to the increased amount of small, weakly silicified planktonic
taxa in shallow, eutrophic embayments. Species richness of the modern diatom assemblages (as 
estimated by rarefaction) varied considerably ranging from 39 at the deepest site of the data set 
(22 m, site 39), which was heavily dominated by Cyclotella choctawhatcheeana, to 103 at a 
relatively large site (13) with low nutrient and chlorophyll-a concentrations. In general, species 
richness was lowest at both ends of the depth range. The average species richness of all sites was 
75 taxa. 

 According to this study, both nitrogen and phosphorus, together with depth and salinity, 
account for significant and independent fractions of variation in the composition of coastal diatom

      
Variable High Good Moderate Poor Bad
Total phosphorus (µg l-1) < 12 12-20 20-40 40-80 > 80
Chlorophyll a (µg l-1) < 2 2-4 4-12 12-30 > 30
      

Table 3. An extract of the water quality classification used by the Finnish Environment Institute
for coastal waters (Antikainen et al. 2000). Only total phosphorus and chlorophyll a are shown.
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assemblages of the Gulf of Finland and, altogether, explained 34% of the total variation. Depth 
explained most variance (10.4%), followed by TDN (7%), TP (7%) and salinity (6.3%). The low 
conditional effects between the variables emphasise the largely independent influence of each
variable on diatom distributions in this dataset (Paper II, Table 2). 

Figure 2. Selected characteristics of the surface sediment diatom assemblages: % abundance 
of Fragilaria spp. and planktonic taxa and species richness. The sites were sorted according to 
depth. A locally weighted scatterplot smooth (lowess, span 0.45) was fitted to all graphs to help
detect major trends.

4.1.3. Linking limnology, land use and diatom community structure

The main environmental gradients in the modern calibration set of diatoms and associated 
environmental data were represented by nutrients and nutrient-related variables and depth (Fig. 3). 
The nutrient gradients were strongly related to urban development (municipalities, industry) rather 
than agriculture. Agriculture is an important factor influencing water quality (and consequently
diatom assemblages); however, the proportion of agriculture in the catchment areas of this study 
was low to moderate (mean 13%, range 0-34%, Appendix 1). The relationships between catchment 
land use, nutrient gradients and diatom assemblages will most likely change with the inclusion 
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of sites with predominantly agricultural catchments, such as those being included as part of an 
ongoing national research programme BIREME funded by the Finnish Academy. 

The deeper, slightly more saline sites in the data set (e.g. 39, 43, 44, 35) were least affected 
by nutrient enrichment, and consequently had high transparency and relatively low chlorophyll 
a concentrations. The catchments of most of these sites were dominated by forests (Figure 3). 
These embayments supported relatively diverse (species richness ca. 75 taxa) diatom communities 
including mostly benthic taxa, e.g. Rhoicosphenia curvata, Staurosirella pinnata, Opephora 
mutabilis, Navicula phyllepta and Bacillaria paxillifer, except for the deepest site (39), which 
was dominated by the planktonic Cyclotella choctawhatcheeana (abundance 72% of the whole 
assemblage).  

The catchment areas of moderately eutrophied embayments (e.g. 3, 4, 7, 20, 27, 34, 36, 45, 
49) were, in general, less forested (more disturbed) than the previous group. These sites showed 
higher nutrient concentrations and productivity, and lower water transparency compared to the 
least affected sites in this data set. Species richness was highest (on average > 80 taxa) in the 
deeper sites of this group, defined by planktonic taxa such as Thalassiosira levanderi, Skeletonema 
costatum, Aulacoseira subarctica, Asterionella formosa and Stephanodiscus parvus. The higher 
species richness could possibly be attributed to the moderate nutrient enrichment, as intermediate 
levels of productivity have been shown to increase the diversity of aquatic communities (e.g. 
Dodson et al. 2000; Irigoien et al. 2004). It may, alternatively, be explained by the freshwater 
input received by some of these sites, which is also indicated by the higher abundance of the 
latter three mostly freshwater taxa. The generally small and almost enclosed embayments in this 
group clearly exhibited lower species richness (mean ca. 65 taxa) due to the dominance of small 
Fragilaria taxa (incl. revised genera), such as Fragilaria elliptica agg., Fragilaria amicorum, 
Staurosira cf. construens var. venter and Fragilaria exigua. The predominance of Fragilaria 
spp. in shallow coastal embayments and in recently developed coastal lakes is a typical feature 
of the lake isolation succession in the Baltic Sea area caused by post glacial isostatic land uplift 
(Stabell 1985; Seppä & Tikkanen 1998). Mass occurrences of opportunistic and fast-reproducing 
Fragilaria spp. appear to be associated with environmental instability due to increased turbidity, 
changes in salinity or higher nutrient supply (e.g. Haworth 1976; Denys 1990).
The most eutrophied sites in the data set (e.g. 23, 24, 33, 46, 47) had a large proportion of urban 
area in their catchments (mean 41 %, range 9-81 %). These sites had high nutrient and chlorophyll 
a concentrations (mean TDN, TP and Chl-a: ca. 990, 70 and 55 µg l-1, respectively); due to the 
high productivity they were also very turbid (mean water transparency ca. 0.7 m).
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Figure 3. CCA ordination diagram showing the relationship between species A), sites B), and 
selected environmental variables. The first two ordination axes were statistically significant (p
≤ 0.001) and together accounted for 24 % of the variance in the species data. Catchment land 
use classes were included in the CCA analysis as passive variables, which do not influence the
definition of the ordination axes, but are added to an existing ordination by projection. These five
classes are indicated by stars (Agr = agriculture, For = forests, Uspa = sparsely built-up urban 
area, UDen = densely built-up urban area, Ind = industrial area)
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These sites supported an average species richness of only ca. 64 taxa, which is concordant 
with the finding that anthropogenic eutrophication often decreases the species richness of algal
communities (e.g. Wetzel 2001). Taxa typical of these sites included small planktonic species such 
as Cyclotella atomus, C. meneghiniana and Thalassiosira pseudonana (Fig. 3). The increased 
relative abundance of small planktonic taxa may be a result of several factors, including e.g. 
higher nutrient requirements of these species, high turbidity of the sites limiting benthic diatom 
growth, and dissolved silicate limitation, which is caused by prolonged nutrient enrichment of 
a water body (e.g. Schelske et al. 1983; Conley et al. 1993). Under such conditions taxa with 
low silica requirements, like the small planktonic taxa in this study, will be strong competitors 
(Tilman et al. 1982). There are, however, no clear trends in the dissolved silicate concentration of 
the studied sites (paper I). 

4.2. The past 

4.2.1. Constructing chronologies

The dating results are given in detail in Paper IV, hence only a shorter summary will be given 
here. All sites sampled in 1998 contain reasonably good 210Pb records with gradually declining 
concentrations of unsupported 210Pb (Fig. 4). At these four sites, the period represented by the 
total 210Pb activity before reaching equilibrium with the supporting 226Ra was about 100 years. At 
Laajalahti and Hellänlahti, this occurred at a depth of ca. 20-25 cm, whereas at Pieni Pernajanlahti 
and Fasarbyviken equilibrium was reached at a greater depth of 60 and 75 cm, respectively. 

All four cores taken in 1998 had a well-resolved subsurface peak of 137Cs activity, 
recording the fallout from the 1986 Chernobyl accident. At Laajalahti and Hellänlahti, it was not 
possible to distinguish a peak recording the 1963 nuclear weapons fallout maximum, whereas at 
Pieni Pernajanlahti and Fasarbyviken this incidence was observed as a small shoulder on the 137Cs 
profile at depths of 31.5 and 48.5 cm, respectively.

Applying the 1986 137Cs date as a reference point, composite model 210Pb chronologies 
(using both CIC and CRS) were constructed for Laajalahti and Hellänlahti. 210Pb dates for Pieni 
Pernajanlahti and Fasarbyviken were calculated using the CRS model, together with the 1986 and 
1963 depths of the 137Cs stratigraphy, following methods outlined in Appleby (1998). At Laajalahti 
and Hellänlahti, the sediment accumulation rate appears to have been relatively uniform during 
the first half of the 20th century. During the early 1980s accumulation rates increased dramatically 
and contemporary values are calculated to be ca. 0.6 cm y-1 and 0.83 cm y-1, respectively. At Pieni 
Pernajanlahti, the sediment accumulation rates were relatively uniform until 1940. 
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Figure 4. Radiometric chronology of Laajalahti, Fasarbyviken, Pieni Pernajanlahti and Hellänlahti 
showing CRS and CIC model 210Pb dates together with the 1986 depth determined from the 137Cs 
stratigraphy.  Also shown are the corrected 210Pb dates and sedimentation rates. Unsupported 210Pb 
and 137Cs are plotted on the right side.
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Since then accumulation rates at Pieni Pernajanlahti have increased generally, with peaks in the 
early 1950s, ca. 1980, and during the past few years.  The mean post-1963 sediment accumulation 
rate has been 0.96 cm y-1. At Fasarbyviken, accumulation rates increased sharply between 1950-
80 reaching peak values of more than 1.5-2 cm y-1 in the 1980s and 1990s. 

The core taken from Töölönlahti in 2003 was correlated with a previously dated core using 
%LOI, as easily discernible changes occurred in the % LOI profiles. The original core was dated
using 210Pb, 137Cs and spheroidal carbonaceous particles (SCP). As the 210Pb dating proved to be 
problematic, more weight was given to the 137Cs and SCP dating, which were in good agreement, 
and were supported by the pollen record of park trees and known land use changes in the catchment 
area. The mean sedimentation rate of the core during the 20th century was ca. 0.6 cm y-1. A more 
detailed discussion regarding the chronology of the site is given in Korhola & Blom (1996) and 
Tikkanen et al. (1997). 

The Laajalahti core was additionally analysed for SCPs. The established 210Pb chronology 
agreed well with the SCP record from this site, which showed a rapid increase in particle 
concentration starting in the late 1930s with a clear sub-surface peak at 1975, consistent with the 
known energy consumption data from the Helsinki area (P. Leeson, unpublished data). The SCP 
method has been shown to give fairly reliable age determinations for lake and coastal sediments 
in Finland (e.g. Tolonen et al. 1992), and can thus be used as an independent control for 210Pb 
dating when determined from the same core.

In many cases it is difficult to find undisturbed high-resolution sediment records in marine
environments due to sediment reworking caused by e.g. tides and currents. The sites chosen for 
this study are sheltered and are likely to have more in common with lake sediment records than 
many marine basins. This is indicated by the relatively undisturbed 210Pb profiles shown in Figure
3, which clearly contrast to the near uniform 210Pb profiles that occur in a number of marine
coastal sediments. 

4.2.2. Changes in diatom assemblage structure during the last century

The main changes in diatom assemblages of the five study sites are shown as trends in % planktonic
diatoms, detrended correspondence analysis (DCA) axis 1 scores, and species richness in Figure 
5. DCA axis 1 scores are a numerical means to summarise the compositional change of diatom 
assemblages over time. The DCA scores highly correlated with the abundance of planktonic 
diatoms (Töölönlahti: r = 0.90, Laajalahti: r = -0.99, Fasarbyviken: r = -0.92, Pieni Pernajanlahti: 
r = -0.96, Hellänlahti: r = -0.82; p≤ 0.01 in all cases) indicating that the largest change has 
occurred in diatom life forms, which can be attributed to changes in habitat availability. The 
urban and rural sites showed a very different development of diatom assemblages during the last 
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century (Fig. 5). The two urban sites displayed marked increases in the abundance of planktonic 
diatoms and a decrease in species richness starting in the 19th – early 20th century with increased 
urbanisation. At both sites a clear recovery (expressed as a decrease in the abundance of planktonic 
taxa and an increase in species richness) was observed after the cessation of waste water loading 
by the mid 1980s (Table 4). Diatom taxa defining the hypertrophic periods of these sites included
Cyclotella atomus, C.  meneghiniana, Thalassiosira guillardii and Thalassiosira pseudonana. At 
Töölönlahti, in particular the two Thalassiosira taxa were dominant when the ineffective waste 
water treatment plants were operational (and the nutrient loading presumably highest) between 
1910 and 1959. All of these taxa have been reported thriving in eutrophic waters (e.g. EDDI 
2001; Bradshaw et al. 2002; Gell et al. 2002; MOLTEN 2004; Cooper et al. 2004). In contrast, 
the changes observed in the rural sites were only moderate and occurred later starting in the 1940s 
with the most pronounced changes occurring after the 1960s (Table 4). The relatively late timing 
of the first changes in the diatom assemblages of the rural sites coincided with the intensification
of agriculture in Finland after the Second World War. New fields were cleared and the use of
artificial fertilisers increased dramatically (IFA 1996-2005). All rural sites showed an increase in
small planktonic taxa, although this increase was not in the same order of magnitude compared to 
the heavily impacted urban sites and the taxa favoured by advancing eutrophication were partly 
different. These taxa included Cyclotella choctawhatcheeana, Thalassiosira proschkinae and 
Thalassiosira pseudonana, all reported to increase with anthropogenic disturbance (e.g. Cooper 
1995; Andren et al. 1999; MOLTEN 2004). A small general decrease could be detected in species 
richness at Hellänlahti and Pieni Pernajanlahti over the last century, but this was, again, not as 
dramatic as the decrease observed at the urban sites during the period of waste water loading. It 
should be noted that Töölönlahti showed first signs of eutrophication as early as the beginning of
the 19th century, as urban development around this site started in the early 1800s (Tikkanen et al. 
1996). The assemblage changes prior to the 20th century at this site are discussed in Paper IV, but 
are not included in this summary.

The principal change in the diatom assemblages of all cores occurred in the proportions of 
diatom life forms. An increase in the abundance of planktonic taxa has frequently been reported 
as a response to eutrophication in fresh waters and marine environments (e.g. Cooper and Brush 
1991; Andren et al. 1999; Sayer at al. 1999; Bennion et al 2004; Cooper et al. 2004), as nutrient 
enrichment increases turbidity (via increased planktonic productivity), which favours planktonic 
taxa over benthic. The increased relative abundance of small planktonic taxa with eutrophication 
may also be attributed to other factors such as higher nutrient requirements of these species and 
silica limitation, as discussed earlier. As coastal planktonic diatom communities include far fewer 
taxa than benthic ones, a clear decrease in species richness can be observed when the abundance 
of planktonic taxa is high (Fig. 6).
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Figure 5. Summary diagram of the sites showing the main trends in % abundance of planktonic 
diatoms, diatom assemblage composition (DCA axis 1), and diatom species richness since ca. 
1880. 1 = Töölönlahti, 2 = Laajalahti, 3 = Fasarbyviken, 4 = Pieni Pernajanlahti, 5 = Hellänlahti. 
Sites 1 and 2 are urban, and sites 3-5 rural.
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Although a clear recovery at the urban sites was observed, the presently planktonic diatom 
assemblages of these two embayments show no change back to the pre-disturbance diverse 
benthic communities (Table 4) dominated by Fragilaria spp. but also characterised by several 
other taxa such as Planothidium delicatulum agg., Navicula gregaria, Diatoma moniliformis and 
Rhoicosphenia curvata. A similar situation, where diatom assemblages did not change back to the 
ones characteristic of pre-disturbance conditions after a reduction in nutrient loads, was observed 
by e.g. Anderson et al. (1990) and Lotter (2001). At present, the planktonic assemblages at both 
sites are maintained by internal loading from the sediments (Tikkanen et al. 1997; Paper V) 
as the embayments continue to be nutrient enriched despite decreased external loading, and by 
high turbidity, which has resulted in a loss of submerged macrophytes (Häyren 1921, 1937). 
The resultant decrease in sediment stability further enhances turbidity. This phytoplankton-
dominated state may be preserved despite nutrient reductions due to the inability of aquatic plants 
to recolonise in highly turbid waters. 

   
Trend in eutrophication Urban sites Rural sites
   

Onset of eutrophication early 1800s-1920 After 1940
Worst state ca. 1915-1975 Since 1980s
Recovery Partial since 1980s No recovery
Present departure from 
chemical reference conditions ca. 40 % 0-20%
Biological reference conditions < 20% planktonic taxa (60) < 10% planktonic taxa (8-36)
   

Table 4. Summarised trends in eutrophication, recovery, and estimated departure from chemical 
and biological reference conditions between urban and rural embayments of the Gulf of Finland. 
Biological reference conditions for these shallow embayments, which would naturally support 
mostly benthic diatom communities, were defined as the mean value of % planktonic taxa in
1850 (Laajalahti) / 1880 (rural sites) - 1900, and chemical reference conditions as the mean of 
diatom-inferred TDN during the same time period. Töölönlahti was not included when defining
background conditions. The values in brackets indicate present % abundance of planktonic taxa.

4.2.3. Diatom-nutrient models and their applicability to coastal environments 

One of the basic requirements for the development of weighted-averaging (WA)-based transfer 
functions is that the reconstructed variable is ecologically important in the system of interest, or is 
linearly related to such a variable (Birks et al. 1990). In the present data set, variables accounting 
for significant and independent fractions of variation in the diatom data included depth, TDN,
TP and salinity and the influence of each variable on diatom distributions in this dataset was
largely independent as suggested by variance decomposition. The variance explained by these 
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four variables was relatively low (34 %), but it is typical of datasets containing many taxa and 
many zero values in the species matrix; more important are the associated permutation tests 
showing the statistical significance of the explanatory variables (Paper II, Table 2).

Figure 6. The relationship between diatom-inferred TDN and A) species richness and B) % 
abundance of planktonic taxa in the 137 fossil samples from all long-core sites. 

WA-based transfer functions for freshwaters are generally robust, as the variable being 
reconstructed (e.g. pH, TP, salinity) tends to be the dominant variable controlling diatom 
communities in the collected calibration data sets. Problems do occur when secondary gradients 
are reconstructed (e.g. Anderson 2000). In coastal marine environments, the development of WA 
transfer functions for nutrients is less straightforward than in freshwaters because of the strong 
salinity gradients that can occur in estuaries and coastal waters (e.g. Juggins 1992; Conley et al. 
2000b). Therefore, it is essential that the salinity signal in a coastal calibration set is not overriding 
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the nutrient signal. The salinity gradient along the southern coast of Finland is relatively short; 
hence both nutrients (TDN, TP) explain a higher proportion of the variance in the diatom data 
compared to salinity in the present data set. 

Of several WA techniques assessed (see Birks 1995; Olander et al. 1999), weighted averaging 
partial least squares (WA-PLS) performed best and was used to develop a model for both nutrients. 
The model for TDN performed better than the TP-model in terms of the squared correlation 
between the observed and diatom-inferred values (r2 = 0.73 and 0.57, respectively), and the root 
mean square error of prediction (RMSEP = 0.09log and 0.10log, respectively), as assessed by leave-
one-out cross-validation. A likely explanation can be found in the fact that nitrogen is generally 
the limiting nutrient to phytoplankton growth in most parts of the Baltic Sea with the exception 
of the low-saline Bothnian Bay (e.g. Granéli et al. 1990; Pitkänen 1994). Consequently TDN was 
adopted for further analyses. The fact that TP also significantly explained variation in diatom
assemblages could be attributed to seasonal limitation of TP observed in estuaries (Pitkänen & 
Tamminen 1994; Conley 2000; Meeuwig et al. 2000).  

The two urban sites Töölönlahti and Laajalahti showed similar responses to urbanization 
and waste water loading in their diatom-inferred TDN (DI-TDN) (Figure 7). Concentrations of 
DI-TDN in both cores increased concurrent with increasing urbanization of the catchment areas 
(Laakkonen and Lehtonen 1999; Laurila & Laakkonen 2004). The inferred TDN concentration in 
the lower part of the core was substantially higher (Fig. 7) and the increase occurred somewhat 
earlier in Töölönlahti, most likely due to the more central location of the embayment in the 
gradually growing city in the late 1800s.  Highest DI-TDN (2948 µg l-1 and 826 µg l-1) were 
observed during the period of waste water loading to these embayments (1910-1959 and 1957-
1986) followed by a clear decrease in concentrations after closure of the waste water treatment 
plants and the diversion of wastewaters elsewhere. There was, however, an unexpected decrease 
in DI-TDN concentrations at Töölönlahti between ca. 1920-1950, when diatom assemblage 
structure and known land use changes in the catchment area would have suggested the opposite. 
This will be discussed in more detail in the following paragraph. 

At the three rural sites DI-TDN concentrations were considerably lower (< 480 µg l-1) and 
displayed very different trends. Although diffuse nutrient loading from agriculture is the most 
important single anthropogenic source of nutrients to Finnish coastal waters (Pitkänen 1994), the 
effects are likely to be moderate in this study, as the catchment areas of the rural sites are mostly 
forested with agriculture comprising < ca. 30 % of the catchments. The reconstructed TDN for 
Fasarbyviken showed little variation throughout the core (Fig. 7), whereas DI-TDN fluctuated
moderately in the Pieni Pernajanlahti core (Fig. 7) and appeared to be to some extent positively 
correlated with the mean flow of the River Ilolanjoki (r = 0.48) (data, which are not shown here,
was provided by the Uusimaa Regional Environment Centre from the 1970s onwards). As River 
Ilolanjoki is the main source of external loading into Pernajanlahti, changes in the mean flow
would affect the nutrient concentrations of the embayment. At Hellänlahti there was a distinct 
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increase in the mid 1980s after relatively stable concentrations throughout most of the 1900s. 
This could be attributed to increased riverine nutrient loading and the onset of fish farming at the
site. 

Figure 7. Summary diagram of the sites showing the main trends in the diatom-inferred TDN 
since ca. 1880. 1 = Töölönlahti, 2 = Laajalahti, 3 = Fasarbyviken, 4 = Pieni Pernajanlahti, 5 = 
Hellänlahti.

Although diatom-nutrient inference models are a sophisticated tool offering a quantitative 
means for reconstructing past nutrient concentrations directly, there also are potential problems and 
errors associated with these models, for example: 1) Inclusion of benthic diatom taxa in models, 
which are essentially designed to estimate open-water nutrient concentrations. The distribution 
of benthic diatoms is likely to be related to factors such as water depth, light availability and 
variations in substrate rather than to open water nutrients directly (e.g. Allen 1971; Bennion 
1995; Michelutti et al. 2003). This problem applies to the rural cores of this study, which were 
dominated by benthic species. However, studies from the Baltic Sea show that nutrient enrichment 
of shallow coastal areas also affects benthic diatom assemblages by increasing production and 
changing the assemblage composition (e.g. Sundbäck and Snoeijs 1991). 2) Species shifts in the 
diatom stratigraphy could be caused by factors other than the variable being reconstructed. This 
was likely to be the case at Töölönlahti. The decrease in DI-TDN concentrations was mainly 
due to a marked decline in the relative abundance of Cyclotella atomus, which has the highest 
TDN optimum in our calibration data set and the dominance of Thalassiosira guillardii, which, 
although a eutrophic species, has a clearly lower TDN optimum (Appendix 2). The observed shift 
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between the two taxa may have been caused by silica limitation of the system with increasing 
nutrient concentrations, more intensive diatom blooms and resulting depletion of silica from 
the water column (e.g. Schelske et al. 1983; Conley et al. 1993). 3) Species optima may be 
poorly modeled if a) their response curves to the variable of interest are truncated at one end 
of the environmental gradient (Birks et al. 1990), and b) they have a broad range of tolerance, 
as the optima for such taxa tend to lie at the centre of the gradient covered (see Bennion et al. 
2001). An example of each case in this data set is shown in Fig. 8.  4) High seasonal variability 
in nutrient concentrations requires a sufficient amount of measurements for defining a reliable
yearly mean to be used in the WA-models. It is important that the measurements also include 
the periods relevant to diatom growth (see e.g. Bradshaw et al. 2002). High-frequency water 
sampling however, is both time-consuming and costly (in cases where no monitoring data is 
available). In this study, the yearly mean for TDN in based on four measurements, due to the 
large geographical coverage of the study sites and limited person-power. Monitoring data for 
most study sites were not available. The measurements, however, cover all seasons and should 
provide a good estimate of the general trophic status of the study sites. 5) Preservation problems 
of diatom frustules may occur for reasons related to e.g. water chemistry and physical abrasion. 
The composition of fossil assemblages can be distorted due to differential dissolution of taxa 
or diatoms could be completely missing due to poor preservation (Ryves et al. 2001). In this 
study diatom preservation was generally good; valves were neither severely dissolved nor broken 
beyond identification. 6) Poor analogues of fossil assemblages with the modern calibration data
set (Birks 1998), which decreases the reliability of inferences made using present day species 
assemblages and their environment. 

As there are a number of potential problems involved with diatom-nutrient model development, 
there is a need to carefully evaluate and validate the obtained reconstructions. This can be done 
by using e.g. long-term monitoring records of water chemistry and statistical measures such as 
the modern analogue technique (MAT) and the measure of goodness-of-fit. Four of the sites have
a measured total nitrogen (TN) record of ca. 30 years (provided by the Finnish Environment 
Institute, data not shown), which enabled the validation of the reconstructions for the upper part 
of the cores. The DI-TDN concentrations were compared with the annual, seasonally weighted 
mean TN concentrations. When comparing the records, it should be noted that in the study area 
TDN composes only ca. 60-70% of TN (Paper III, pp. 326-327). 

The main trends in the measured TN of the urban sites were recorded reasonably well by the 
diatom-inferred TDN. However, the actual TN concentrations were systematically underestimated 
by the transfer model during the most pronounced eutrophication period of Laajalahti (Paper III, 
Fig.3); the inclusion of more sites at the high end of the TDN gradient could increase the accuracy 
of the model over this part of the gradient. There was a reasonably good agreement between the 
measured and diatom-inferred values since the 1990s at Laajalahti and since 1975 at Töölönlahti 
(Paper IV) giving some confidence to the DI-TDN reconstruction of these sites over nutrient
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ranges covered by the calibration data set. The clearly underestimated TDN-reconstruction 
at Laajalahti could partly be explained by poorly modelled optima for the common eutrophic 
taxa (e.g. Cyclotella atomus, C. meneghiniana, Thalassiosira pseudonana), which showed 
truncated response curves to TDN (e.g. Fig. 8). This could strongly influence the inferred TDN
concentrations. Although the model was capable of inferring TDN concentrations as high as 3000 
µg l-1 at Töölönlahti, concentrations during the time of waste water loading at this site were likely 
to be much higher, as is indicated by monitoring data from Laajalahti, where concentrations as 
high as ca. 5000 µg l-1 were measured. 

Figure 8. Plots of species % percentage abundance against annual mean TDN concentration for 
the calibration data set of 49 surface sediment samples. Cyclotella atomus shows a truncated 
response curve to TDN, while Fragilaria elliptica agg. exhibits a broad range of tolerance to 
TDN.  

The TN values at Fasarbyviken were moderately underestimated by the model, whereas at 
Hellänlahti, the measured and diatom-inferred values compare quite well both before and after the 
increased concentrations in the mid 1980s (Paper IV). The monitoring data at both sites displayed 
peaks of high (> 1000 µg l-1) TN concentrations, which were not recorded in the DI-TDN. These 
peaks, were, however only short-lived (1-3 years), and may have been smoothed out in the diatom-
inferred TDN reconstruction.  The explanation for the underestimated N values at Fasarbyviken 
may be the dominance of benthic Fragilaria taxa throughout this core. Fragilaria spp. have a 
wide range of ecological tolerance, which make them poor indicator taxa, and their optima for a 
given variable tend to lie close to the centre of the covered environmental gradient, influencing
the performance of the transfer model (see Bennion et al. 2001). At Pieni Pernajanlahti, which 
has no continuous monitoring record, the DI-TDN value for the surface sample (387 µg l-1) was in 
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good agreement with the measured annual mean TDN value (398 µg l-1), which adds confidence
in the reconstruction of the site.  

Only Töölönlahti appeared to have many fossil samples with poor modern analogues in 
the training set (Paper IV, Fig. 3). This lack of modern analogues especially during the most 
pronounced eutrophication period results, in part, from the high abundance of Thalassiosira 
guillardii, a taxon that only occurred at low abundances in the training set, and from the rarity of 
extremely eutrophied sites in the training set (Paper III, pp. 326-327). Many of these samples also 
had a poor fit to TDN. This would indicate that the TDN reconstruction for Töölönlahti should 
be interpreted with some caution. Laajalahti showed good analogues with the modern training 
set throughout the core with only one sample having a poor fit to TDN (Paper IV, Figure 3).
This is somewhat surprising, as the monitoring record from Laajalahti indicates concentrations 
as high as ca. 5000 µg l-1, whereas the training set only includes sites < 2000 µg l-1. This would 
suggest that the diatom assemblages of Laajalahti have not responded to these anomalously high 
nutrient concentrations occurring in the embayment in the 1960s and 1970s, which is supported 
by the clearly underestimated TDN-reconstruction. The fossil samples of the rural sites generally 
had good modern analogues in the training set. Samples with poor analogues usually had a high 
abundance of taxa, which were rare in the training set, e.g. Cocconeis placentula at Hellänlahti 
and Diatoma tenuis at Pieni Pernajanlahti. 

4.2.4. The multi-proxy approach in a coastal environment

Combining quantitative inferences of nutrient concentrations from diatom-based transfer functions 
with geochemical and biological records preserved in long sediment cores allows us to provide 
environmental reconstructions based on both empirical modelling and the ecological information 
contained in a range of geochemical and biological proxies. By observing changes in a number of 
different indicators, it is possible to obtain a more complete picture of ecosystem response to the 
changing environment and reduce uncertainty in interpretation. 

The urban embayment Laajalahti was chosen for a detailed multi-proxy study. It was analysed 
for the stratigraphy of diatoms, sediment geochemistry, stable isotopes and sedimentary pigments 
(Paper V). The results of these analyses were compared with long-term monitoring results of 
water quality, nutrient loading and known land-use changes in the catchment area. Five phases 
were distinguished in the eutrophication history of Laajalahti: 1) the pre-industrial phase (before 
ca. 1815), 2) the phase of slight human disturbance (ca. 1815-1900), 3) the onset of anthropogenic 
impact (ca. 1900-1955), 4) the severe pollution phase (ca. 1955-1975), and 5) basin recovery 
and the phase of internal loading (from ca. 1975 onwards) (Paper V, Fig. 8). These phases were 
based on a principal components analysis (PCA) including diatom indices and the geochemical 
variables BSi, TN, TC, TP, OP and Cu:Zn ratio.  
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During phase 1, sedimentary nutrient levels in Laajalahti were quite stable, but showed a 
slow increase during phase 2, which was interpreted as an indication of slight nutrient enrichment. 
This could be attributed to post-glacial isostatic land uplift, as embayments become more 
enriched by nutrients during their isolation process, which was also supported by changes in 
the grain size of the sediment and in the diatom community structure, where small Fragilaria 
taxa dominated the assemblages. Annual average concentrations of DI-TDN were ca. 400 μg l-1. 
The predominance of benthic over planktonic taxa and the overall diverse diatom assemblages 
suggest undisturbed conditions in the embayment during both periods, although the abundance 
of planktonic diatom taxa started to increase slowly after the 1820s, indicating an increase in 
anthropogenic disturbance.

Phase 3 was characterised by a slow rise in the population and the lack of treatment of 
wastewaters (Laakkonen & Lehtonen 1999). Wastewater loading spread to a wider area, as the 
network of wastewater pipelines extended to the western part of Helsinki. The nutrient loads 
into the embayment were estimated to be similar to the loads in 1986, which was the last year 
the municipal treatment plant was operational. The increase in nutrient enrichment, indicated by 
DI-TDN and sedimentary δ15N, and the subsequent increase in organic production (measured 
as organic phosphorus (OP)) resulted in deterioration of oxygen conditions near the bottom as 
indicated by the sedimentary copper: zinc (Cu:Zn) ratio. Nutrient enrichment also changed the 
biotic community structure; planktonic diatom taxa increased markedly while species richness 
decreased relative to its natural level. Increased chlorophyll a + its degradation products (ChlaD) 
concentrations indicated a general increase in algal biomass. 

Phase 4 was characterised by heavy wastewater loading and a clear start of the recovery due 
to purification activities in the treatment plant at the end of this phase. The nutrient levels of the
estuary during this phase were highly elevated despite the decline of nutrient concentrations at the 
start of the 1970s (Paper V, Fig. 2). Changes in the biotic community structure reflected changes
in nutrient levels. The abundance of Cyclotella atomus and C. meneghiniana, both indicators of 
eutrophication, increased during this stage. The increased dominance of planktonic taxa suggests 
significant nutrient enrichment evidenced by simultaneous peaks of nutrients (sedimentary TN,
OP and DI-TDN) and pigments (ChlaD and diatoxanthin). Additionally, a clear loss of species 
richness was observed. The peak of the Cu:Zn ratio most likely indicates anoxia, which could 
be verified by the monitoring data showing low oxygen concentrations in the near-bottom water
layer in the early 1970s. 

Phase 5, starting from ca. 1975, was characterised by substantial internal loading and the 
termination of external wastewater loading in 1986. The decline of DI-TDN and OP since the 
late 1980s reflected the closure of the wastewater treatment plant. However, nutrient levels in the
water column have not decreased since the 1990s, which is explained by internal loading from 
the sediments. The clear increase in OP in the reactive sediment surface (top 3 cm) is mainly 
a consequence of remineralisation and decomposition of fresh organic material. Contrary to 
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expectations, the stable isotope δ15N concentrations did not decrease after termination of external 
waste water loading. The further increasing concentrations after the closure of the waste water 
treatment plant could be explained by increased denitrification activity.

Based on present measured nutrient concentrations, productivity and the community structure 
of the biota, Laajalahti is still eutrophic. This is indicated by declining diatom species richness 
since the late 1980s, the continuing dominance of planktonic taxa in the diatom assemblages, 
frequent cyanobacterial blooms and high abundance of green algae (Pesonen et al. 1995). 

There was generally a good agreement between the sedimentary record and the monitoring 
data. The steep decline in DI-TDN in the mid 1970s could be validated by the data on N loading 
and concentrations in the water (Paper V, Fig. 2, 6). Sedimentary OP as a rough measure of 
organic production showed a decreasing trend from the 1970s towards the top of the core. Similar 
decreases could also be seen in the monitoring data of P. The decline of DI-TDN and OP since the 
late 1980s reflected the closure of the wastewater treatment plant. Despite the lack of data before 
1968, the wastewater loading most probably peaked at the end of the 1960s, which was estimated 
on the basis of the length of the wastewater pipeline and the population density of Helsinki (see 
Laakkonen & Lehtonen 1999). 

Some sediment proxies did not follow trends in monitoring data or known changes in land use. 
This was especially the case with the sediment records of TC, TN and TP, as their concentrations 
increased towards the top of the sediment core. However other geochemical proxies reliably 
reflected changes in the monitoring data. A detailed discussion on problems and potential of the
geochemical proxies will be presented in the doctoral thesis of Sanna Vaalgamaa, and hence no 
further discussion will follow here with the brief exception of biogenic silica. Concentrations 
of biogenic silica (BSi) in the sediment reflect diatom production of aquatic systems (Conley &
Schelske 2001). Surprisingly no significant increase in BSi concentrations could be observed in
Laajalahti during the peak nutrient loading at the end of the 1960s (Paper V, Fig. 6). This contrasts 
with data from the open sea areas of the Baltic, where large increases in down-core BSi have 
occurred during the last ca. 50 years attributed to eutrophication (A. Clarke, pers. comm.). The 
results from Laajalahti may be explained by silicate limitation of diatoms and competition with 
other phytoplankton groups such as cyanobacteria, green algae and flagellates, which might have
responded more strongly to the highly elevated nutrient concentrations. 

By using several proxies for tracing the eutrophication history of Laajalahti, it was possible 
to gain insight into longer-term changes in nutrient concentrations (DI-TDN, OP), general 
productivity of the system (OP, ChlaD), diatom productivity (diatoxanthin), diversity patterns 
(diatom species richness) and bottom water anoxia (Cu:Zn ratio). The diatom indices (DI-TDN, 
species richness, and % planktonic diatoms) employed here proved to be good indicators of 
changes in the trophic status when validated against the existing monitoring data, and hence 
could be applied alone in similar studies. By analysing other proxies in addition to diatoms, the 
story becomes more complete. According to this study, proxies best suited for defining the trophic
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development of coastal sites of a similar setting included diatom indices, sedimentary pigments 
and organic phosphorus. 

5. Use of diatom indices in coastal management of the Baltic Sea 

Diatoms are increasingly being used in the management of freshwaters (e.g. Dixit et al. 1992; 
Battarbee 1994; Dixit & Smol 1994; Kelly & Whitton 1995; Kelly et al. 1998; Passy & Bode 
2004). The situation is, however, very different in coastal monitoring and management. For 
example, diatoms are presently not part of the quality elements of the Water Framework Directive 
in coastal waters. Although they are indirectly included in the WFD as part of the phytoplankton, 
many diatom taxa can not be identified to species level in live plankton counts, which hampers
the accuracy of ecological interpretations. This study suggests that surface-sediment diatom 
assemblages could provide an additional and useful means to describe and monitor the state 
of coastal waters. Although the changes in the diatom assemblages along the sampled nutrient 
gradients were gradual, there were a number of taxa that were more abundant in a particular 
nutrient environment. These taxa could be used as potential indicators of the quality of coastal 
waters in the Gulf of Finland. Taxa such as Rhoicosphenia curvata, Staurosirella pinnata, 
Opephora mutabilis, Navicula phyllepta, Bacillaria paxillifer and Pauliella taeniata preferred 
lower N concentrations (< ca. 400 µg l-1), whereas taxa preferring low P environments were 
scarcer. Many Fragilaria spp. were most abundant in moderate nutrient concentrations. However, 
as other factors such as depth and morphology of coastal embayments also play an important role 
in the ecology of these taxa, their use as indicators of moderate nutrient concentrations may be 
problematic. High occurrences of Fragilaria spp. are frequently associated with environmental 
instability (e.g. Haworth 1976, Denys 1990). Thus, the dominance of these species could also be 
a first indication of increased anthropogenic disturbance. Small, centric, planktonic taxa such as 
Cyclotella atomus, Cyclotella meneghiniana and Thalassiosira pseudonana appear to be good 
indicators of highly elevated nutrient concentrations (> ca. 600 µg l-1 TDN and ca. 60 µg l-1 TP). 
Coastal systems, where these taxa are abundant, already have a poor water quality (Paper II). The 
first appearance of these taxa (and other small, centric species) indicates the start of biological
change and could hence be used in regular monitoring as an early warning sign of deteriorating 
water quality (see Battarbee 1999). Compared to e.g. water chemistry monitoring, which requires 
numerous point measurements for assessing changes in nutrient concentrations over longer time 
scales, surface sediment diatom assemblages represent an integrated sample of all habitats over 
one to several years, which greatly economises routine monitoring. New techniques in ecology 
such as Bayesian Belief Networks (Trigg et al. 2000) could be applied to the classification of the
ecological status of coastal waters sensu WFD using similar diatom data sets. Calibration data 
sets like these can also be used for biomonitoring schemes by calculating species nutrient optima 
using weighted-averaging based techniques (e.g. Schönfelder et al. 2002, DeNicola et al. 2004); 
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The abundance-weighted average of all species’ optima gives a good estimate of the nutrient 
status of a site with statistically reliable errors of prediction. 

The recent European Water Framework Directive (WFD) (Anon., 2000) requires all surface 
waters in Europe to fulfill the criterion of “good ecological status”, where the biological and
chemical status departs only slightly from undisturbed baseline conditions, during the realisation 
period 2015-2027. These baseline conditions need to be determined in order to assess the extent 
of anthropogenic eutrophication and the present ecological status of a system (see Andersen et al. 
2004). The long-term perspective gained from reliably dated sediment records can provide details 
of reference conditions, the timing and rate of ecosystem response to nutrient enrichment, and, 
in cases of sufficient temporal resolution, an indication of natural variability beyond that offered
by most neo-ecological studies (e.g. Smol 1992; Anderson 1995; Hall & Smol 1999) or the most 
advanced dynamic model.

At four of our sites, significant changes in diatom assemblages and associated DI-TDN
occurred after the 1920s, hence background or reference conditions could be set at early 1900s. 
The multi-proxy study from the urban site Laajalahti defined the mid to late 1800s as realistic
reference conditions. At Töölönlahti, the length of the sediment core was not sufficient to establish
pre-urbanisation conditions. Defining reference conditions at this site may be problematic as
it requires recreating conditions that existed in the embayment centuries ago. Over this time 
scale other factors, such as post glacial land uplift, will also affect the physical and chemical 
environment and consequently the biota. Such a situation was observed at Laajalahti, where the 
diatom assemblage structure pre-1800 reflected a more open system compared to the present
(Paper V). These examples emphasise the importance of taking natural variability of these systems 
into account in order to establish realistic reference conditions, which could be used as a basis 
for restoration schemes. The results suggest that reference conditions for management purposes 
could be set at the late 1800s in coastal waters of southern Finland.

The established reference conditions were defined by generally diverse benthic diatom
assemblages that were characterised by small Fragilaria spp. Based on the multi-proxy study, 
the general productivity as indicated by sedimentary organic phosphorus (OP) and sedimentary 
pigments was low and bottom water oxygen conditions were good (Cu:Zn ratio). The diatom-
inferred TDN, however, was surprisingly high (ca. 400 µg l-1 TDN corresponding to ca. 600 
µg l-1 TN in the study area) (Table 4), which could be attributed to longer term (102-103 yr-1) 
anthropogenic influence and higher natural leaching in catchment areas with clay-rich soils such as
those in this study (Suomen kartasto 1990) (see paper IV for a more detailed discussion). Another 
reason for the higher than expected reference TDN concentrations could be the dominance of 
Fragilaria spp., as their optima for TDN lie close to the centre of the sampled TDN gradient 
of the calibration data set (mean ca. 420 µg l-1 / median ca. 350 µg l-1 in the present study). The 
established reference conditions seem to, however, represent relatively stable systems before 
recent, post-industrial anthropogenic eutrophication (Paper IV, Fig. 3, 5).  

In addition to detailed studies of individual sites, diatom indices can be used for multi-
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site regional assessment of coastal waters in the Baltic Sea area by applying them to the top 
1-cm interval of sediment (representing present conditions) and to deeper sediment material 
(representing pre-disturbance conditions) to determine the present departure from the background 
nutrient status across a more extensive area (the “top-bottom” approach) (e.g. Cumming et al. 
1992; Bennion et al. 2004). A prerequisite for this method is knowledge of the approximate 
sediment accumulation rates of the area to be sampled in order to estimate the required depth for 
the bottom sample. As sediment accumulation can vary considerably from site to site, and as it is 
time-consuming and expensive to date a large number of sites, this may be problematic. However, 
as studies on well-dated cores become more abundant, they may give a relatively reliable range 
of accumulation rates to be expected in these kinds of coastal embayments. As this kind of work 
is well in progress in the Baltic Sea area (undertaken in projects such as DETECT and DEFINE 
http://www.helsinki.fi/bioscience/ecru/projects), this sampling strategy could provide an effective
management tool in the near future in coastal areas of the Baltic Sea with clear applications to the 
EU Water Framework Directive. 

6. Conclusions 

The 49 study sites scattered along the southern coastline of Finland exhibited a wide range of 
physical and chemical conditions reflecting patterns of different land-use types, river inputs and
other local influences. All sampled embayments were generally small, sheltered, shallow, and
characterised by relatively turbid water. There was a clear increasing trend in salinity from east 
to west due to the strong influence of the large River Neva estuary. Most studied sites fell into the
category of moderate water quality according to the classification used by the Finnish Environment
Institute (Antikainen et al. 2000). At present only ca. 5 % of all sites have good water quality. 
The mean values for nutrients and Chl-a did not follow the trend of increasing concentrations 
from west to east observed in the open sea (Pitkänen et al. 1987), but higher nutrient values were 
observed at sites with freshwater input from rivers or close to the urbanised areas emphasising the 
importance of local influence on the nutrient status of sheltered coastal embayments.

The main environmental gradients in the modern calibration set of diatoms and associated 
environmental data were represented by nutrients and nutrient-related variables (Chl-a, 
turbidity), depth and salinity. The nutrient gradients were strongly related to urban development 
(municipalities, industry) rather than agriculture. Although agriculture is an important factor 
influencing water quality, the proportion of agriculture in the catchment areas of this study was
only low to moderate (mean 13 %). Of the key  gradients, depth, TN and TP best explained 
the variation in the composition of diatom assemblages along the southern coast of Finland. 
Additionally salinity accounted for a significant and independent fraction of variation in the
diatom data, but explained less of the total variation than the three other variables, which can be 
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explained by the relatively short salinity gradient in this study (< 6 ‰). Although the changes in 
diatom assemblage structures along the nutrient gradients were gradual, it was possible to identify 
clear response patterns. Taxa that were more abundant in a particular nutrient environment were 
also observed. Diatom assemblages that were least affected by nutrient enrichment included a 
variety of benthic species (e.g. Rhoicosphenia curvata, Staurosirella pinnata, Opephora mutabilis 
and Bacillaria paxillifer) and a relatively high species richness, whereas the most eutrophied sites 
were defined by a marked presence of small planktonic taxa such as Cyclotella atomus, Cyclotella 
meneghiniana and Thalassiosira pseudonana and a clearly reduced species richness. These taxa 
could be used as potential water quality indicators in coastal environments of the Baltic Sea 
together with indices such as species richness and the abundance of planktonic species.

The sediment record at five sites chosen for a detailed study of changes in trophic status
indicated that the principal change in the diatom assemblages of all cores occurred in the 
proportions of diatom life forms. As nutrient enrichment increases turbidity, planktonic taxa are 
favoured over benthic forms. Since coastal planktonic diatom communities include far fewer taxa 
than benthic ones, a clear decrease in species richness can be observed at those sites showing a 
marked increase in planktonic taxa. 

The quantitative transfer function approach showed both potential and problems when 
applied to these five sites in order to study post-industrial trends in nutrient concentrations.
Overall, the diatom-TDN models performed reasonably well as shown by assessment using 
long-term monitoring data and statistical measures such as the modern analogue technique. The 
general trends in TDN concentrations were reconstructed reliably, but very high concentrations 
during heavy nutrient loading were systematically underestimated. Short-lived peaks of high TN 
concentrations in the monitoring data were also not recorded in the diatom-inferred TDN most 
likely due to the “smoothing” nature of sediment records. Important, however, is the ability of the 
model to relatively accurately infer nutrient concentrations, which are in the range of the sampled 
gradient of the used calibration data set.

The urban sites showed marked increases in the abundance of planktonic diatoms and diatom-
inferred TDN, and a decrease in species richness starting in the 19th – early 20th century with 
increased urbanisation. At both sites a clear recovery was observed after the cessation of waste 
water loading by the mid 1980s. In contrast, the observed increase in the rural sites was only 
moderate and occurred later starting in the 1940s, which could be attributed to intensification of
agriculture in Finland after the Second World War. No distinct increase in diatom-inferred TDN 
was seen at the rural sites, except at Hellänlahti. However, all sites showed an increase in small 
planktonic taxa. These floristic changes could be seen as an early warning signal despite the lack
of change in the inferred nutrient concentrations. 

By using the multi-proxy approach for tracing the eutrophication history of one urban site, 
Laajalahti, it was possible not only to assess longer-term changes in nutrient concentrations 
(DI-TDN) and  diversity patterns (diatom species richness), but also trace changes in general 



42

productivity (OP, ChlaD), diatom productivity (diatoxanthin), and bottom water anoxia (Cu:
Zn ratio). Although diatom indices alone proved to be good indicators of trophic change at the 
studied site, the history of eutrophication became more comprehensive when additional proxies 
were analysed. Proxies that appear to be best suited for defining the trophic development of
similar coastal sites in the Baltic Sea included diatom indices, sedimentary pigments and organic 
phosphorus. 

Although a clear recovery at the urban sites was observed (expressed as a decrease in the 
abundance of planktonic taxa and DI-TDN, and as an increase in species richness), the presently 
plankton-dominated diatom assemblages of these two embayments show no change back to the 
pre-disturbance diverse benthic communities. Both urban embayments continue to be nutrient 
enriched due to internal loading (Tikkanen et al. 1997; Paper V), which supports high productivity 
and high turbidity, and favours planktonic diatom assemblages. This suggests that decreased 
external loading can be counteracted by internal loading from a nutrient pool accumulated in 
the sediments during the period of high external loading. Hence, after the initial improvement 
following reduced nutrient loads, no further improvement occurs. This phytoplankton-dominated 
state may be preserved despite nutrient reductions due to the inability of aquatic plants to 
recolonise in highly turbid waters. 

The present study shows that in urban estuaries major changes in the nutrient status and 
species assemblages have taken place and that these systems are still far from good ecological 
status. On the other hand, the results indicate that in rural embayments the effects of eutrophication 
on the biota have perhaps been less pronounced than expected. Although these sites have crossed 
an ecologically important threshold, the changes are only small to moderate. At such sites 
management efforts may be well rewarded: internal loading from sediments would likely be a 
minor problem, as external loading has not been heavy (cf. the urban sites) and hence no large 
nutrient pool has accumulated in the sediments.

The results presented here show that palaeolimnological methods, which are widely used 
in fresh waters, can also be successfully applied to the more complex coastal environments in the 
Baltic Sea area for reconstructing long-term (> 100 yr) changes in coastal ecosystems affected by 
eutrophication. The diatom indices used in this study (DI-TDN, species richness, and % planktonic 
diatoms) proved to be good indicators of changes in the trophic status when validated against the 
existing monitoring data and known land use changes. Whether the quantitative transfer function 
approach is applicable to coastal areas outside the Baltic requires further study. These methods, 
however, will not be applicable everywhere, but in suitable environments of constant sediment 
accumulation. Palaeolimnological techniques show clear applicability within the EU Water 
Framework Directive for defining trophic reference conditions as well as for current water quality
monitoring in coastal waters of the Baltic Sea area.
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