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Eubosmina maritima- populaation muutokset ympäristömuutoksen seurauksena Sandöfjärdenin
alueella, Suomenlahdella. Tutkin E. maritima- yksilöiden sedimentoituneita subfossiileja selvittääkseni,
kuinka populaatioiden koko ja yksilöiden morfologia ovat muuttuneet rehevöitymiskehityksen ja
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saapumisen jälkeen E. maritima populaation koko laski hieman, mutta vaikutus tasaantui joidenkin
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1.

Introduction

Water ecosystems among other ecosystems have changed and will change in the
future due to human activities. In order to detect the contributors and foresee the
future development, it is important to monitor these changes. The information of
the past changes gives essential information on ecosystem responses to stressors.
Zooplankton hold a keystone position in the aquatic food webs, as they are links
between bottom-up forces (phytoplankton) and top-down forces, such as
invertebrate predators and fish (Nevalainen & Luoto 2013; Korosi et al. 2008,
2013; Jeppesen et al. 2011). Thus Frolova et al. (2014) along with Jeppesen et al.
(2011) state that the cladocera communities can be used as an indicator of the
ecological state of the water ecosystem. Many studies on lake environments have
shown that zooplankton responses to changes in the ecological status of the water
ecosystem are clear and provide information on the status of the area in general.
In some countries, zooplankton monitoring is included in the water surveillance
programs (Jeppesen et al. 2011). Also Gorokhova et al. (2016) suggest that
zooplankton population reflects the environmental status of the water area. To be
able to detect past changes in the ecosystem, it is possible to study sediments
deposited on the bottom of the lake or sea.

1.1

The paleoecological approach

It is often difficult to track past changes due to the lack of appropriate long-term
data. As Smol (2010) notes, the data collection starts usually after the problem
appears and it may be challenging to identify the problem, if there is no
information about the preceding condition. Therefore it is needed to detect past
changes through deposited sediments. Davidson et al. (2006) state that the living
zooplankton communities and their sedimentary remains reflect the environmental
conditions in a similar way, which in terms makes sub-fossil data along the past
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environmental condition data comparable and provides a way to track past
changes in the environment. As there seldom is any accurate surveillance data on
the water ecosystems prior to eutrophication or decent data on cladocera
population, the paleoecological approach may provide further information on the
past changes in the water ecosystem.

1.2

Zooplankton community responses to environmental change

Cladocera feed on phytoplankton, which is why changes in cladocera population
easily reflect changes in nutrient levels. Vakkilainen et al. (2004) refers to the
equilibrium theory of food chain and dynamics (i.a. Hairston et al. 1960; Fretwell
1977), suggesting that increased primary productivity would increase herbivorous
zooplankton. Increased chlorophyll –a concentration seemed to increase the
biomass of small crustaceans in shallow lakes (Vakkilainen et al. 2004). Also
Nevalainen & Luoto (2013) refer to Sweetman and Finney (2003) noting that
zooplankton abundance often increases due to increased nutrients and better food
availability. However, Vakkilainen et al. (2004) found that grazing zooplankton
has been able to control the algae biomass.
The food selectivity of the cladocera may affect the seasonal succession of the
phytoplankton and therefore that may play an important role in the overall
productivity of the water ecosystem (Wetzel 2001, 418). Cladocera filtering rates
seem to increase with increasing body length (Peters & Downing 1984). There is
some variation among cladocera species, but in general the higher the food
concentration, the more selective the cladocera can be, which on the other hand
may affect the algal population. For example, zooplankton prefers cellular forms
of phytoplankton to filamentous or spinuosus forms (Wetzel 2001, 418-425).
Frolova et al. (2014) notes that the diatom composition may reflect to the
cladocera grazing with some species that use diatoms as their main food resource.
Also the algae releasing toxic compounds are often selected against by
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zooplankton (Wetzel 2001, 418-425). In general, the food selectivity by the
cladorera may lead to a differential success of algae in the water ecosystem.
Cladocera are also the main prey for many planktivorous fish but also to predatory
cladocera as well as to copepods. There is evidence of the fish predation affecting
the cladocera population, since the fish feed on larger individuals and predatory
cladocera species (Perca et al. 2010). Cladocera predation therefore may be
directed towards smaller species and individuals (Korosi et al. 2013). This is why
the changes in the cladocera communities may also reflect changes in the food
web and further in the overall status of the water area. As a conclusion, the
cladocera reflect changes in the water ecosystem either driven by the top-down or
bottom- up forces. Due to their position in the food web the cladocera can be used
as environmental indicators of the ecological status of the water ecosystem and
eutrophication.

1.3

Eubosmina maritima

The subject of my research, Eubosmina maritima (P.E. Müller 1867) belonging to
genus Bosmina, is a member of the order of cladocera, the water fleas. Cladocera
vary in size from 0.2 mm to 3.0 mm, with few exceptions. All cladocera have a
distinct head, a cuticular carapace covering the body and antennules that serve as
swimming appendages. Cladocera usually have five pairs of legs, which create
water current through the valves in the head. Cladocera filtrate the food particles
from the current with their setae, as most cladocera are grazing filter feeders, with
exception of a few predatory species. Also scrapers exist among the cladocera
(Wetzel 2001).
Since the cladocera are arthropods their growth occurs periodically and they shed
their exoskeletons multiple times during their lifecycle. Cladocera response to the
changes in environmental conditions, such as eutrophication and predation, can be
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observed in the remains (Korosi et al. 2013). Biological processes disarticulate the
cast skeletons rapidly, but there are differences in between the species, on how
well the subfossil body parts store in the sediment. Bosminid skeleton parts are
chitinous, which tend to store the best. This is why the Bosminid group can be
studied relatively well in paleolimnology. Other members of the cladocera family
have no such large remains, and studies with Daphnia, for example, are mainly
limited to the claws, which are much smaller and therefore more challenging to
study (Frey 1986). Well preserving chitinous remains and the cyclomorphosis
reflecting the changes in the environment make Bosminids an excellent object to
study cladocera responses to environmental change (Korosi et al. 2013).
The Bosminid family is not simple to identify to species level (Frey 1986). This is
why Bosminid group is often treated as one species by the paleoecologists
(Nevalainen 2014, personal communication). Eubosmina maritima, also often
known as Bosmina coregoni maritima, is a subspecies of Bosmina coregoni, not
found in the freshwater environment, but common in the brackish water
environments, such as the Baltic Sea (Boxshall 2001). Both previous names are
used along Bosmina longispina maritima (Kankaala 1983; Viitasalo & Viitasalo
2004). In this thesis, I use the name Eubosmina maritima, or later E. maritima.

1.4

Changes in Bosminid abundance

Increase in the Bosminid abundance has been observed to relate to increasing
nutrient levels and therefore eutrophication (e.g. Liu et al. 2009; Brown et al.
2012; Nevalainen & Luoto 2013). Jeppesen et al. (2011) found an increase in the
abundance and the biomass of the cladocera following the eutrophication
development. Guilizzoni et al. (2012) found the number of pelagic cladocera
increasing with eutrophication process and decreasing with oligotrophication in a
deep Italian lake. Brown et al. (2012) also studied the abundances of another
cladocera, Daphnia sp. and noticed the increase in Bosmina populations occurring
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before the increase in Daphnia populations with increasing eutrophication. This
may reflect differences between those two taxas in their abilities on using food
resources. Frisch et al. (2014) proved that genetic changes have occurred in
Daphnia populations, as the growth rate increased with higher phosphorus
concentrations and young genotypes were less efficient on using P, likely
indicating the adaptation to surplus of the nutrients.

1.5

Changes in Bosminid morphology

Eutrophication has also been proved to be connected to the body size and the
lengths of the appendages on cladocera. Larger cladocera individuals are often
better competitors under low nutrient conditions, whereas eutrophic conditions
reduce the need for competition on food resources (Gliwicz 1990). This is
supported by the results of Korosi et al. (2008) who had similar findings also
among different cladocera taxa, larger species being more abundant in conditions
low in nutrients. Korosi & Smol (2011) found a significant relationship between
total nitrogen concentration (TN) and the Bosminid body size and the antennule
length as high TN seemed to be connected to smaller carapaces and shorter
mucros. On the other hand, Korosi et al. (2009) found no significant difference in
the Bosminid carapace length from pre-industrial time to present, but a trend in
the antennule and mucro length was decreasing.
The overall size of the Bosminid as well as the length of the appendages has been
previously connected to the predatory pressure in numerous studies reviewed by
Korosi et al. (2013). Sakamoto & Hanazoto (2008) note, that the antennule shape
determines the Bosminid vulnerability to copepod predation. Liu et al. (2009)
suggest that larger cladocera are preyed by the fish and smaller cladocera preyed
by the invertebrates. Also the shape and length of the appendages seem to be
related to predation, as gape limited predators, such as predatory cladocera, prefer
individuals with hooked antennules (Liu et al. 2009). Appendages may be
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associated to predation not only as defense mechanism but also how well
bosminid can escape the predator. For example longer appendages serve as
defense against copepod or cladocera predation, but it is also more difficult for the
Eubosmina to swim, and therefore escape from the predator (Lagergren et al.
2007). However, Kerfoot (2006) notes that longer appendages do not provide
better competitiveness when predators are absent. Hellsten et al. (1999) studied
the effects of predation by Leptodora kindtii on Bosminid populations and showed
that extreme morphological traits enhanced the survival from predation. However,
this does not seem to be the case under heavy fish predation. The average body
size of Bosminid decreased under the high fish predation, suggesting that the fish
feed on larger individuals (Nevalainen & Luoto 2013; Nykänen et al. 2010).
Korosi et al. (2013) note that smaller cladocera such as Bosminids, are more
vulnerable to gape- limited predators, whereas larger species are preyed by the
fish.

1.6

The Baltic Sea

The Baltic Sea is relatively small and geologically young brackish water area
located in the Northern Europe. Its catchment area covers 2 300 000 km2 with
approximately 85 million inhabitants (The Baltic Sea experiment 2007).
Therefore Baltic Sea is affected by various human activities. Baltic Sea is also
shallow, the average depth being only 55 m (Kauppila et al. 2004).
Finland’s coastal waters are characterized by plenty of islands and a long, broken
shoreline. Due to the location and a low salinity in the water areas, the Gulf of
Finland is ice-covered during the winter for 30 to 120 days. As the Gulf of
Finland is a continuum of the Baltic proper, the flow of saline water from the
Atlantic rarely reaches the coastal areas of Finland. This is why different subareas in the Baltic Sea differ considerably from each other in environmental
conditions such as salinity. (Kauppila et al. 2004). Salinity in the Baltic Sea varies
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from 2.5% in the Denmark straits to less than 0.5% in the Bothnian Sea
(Hänninen & Vuorinen 2004, 21). A salinity stratification called halocline is
formed in the depth of 60 – 70 m, where the gulf reaches its maximum depth.
Halocline, as well as the thermocline during the summer in the depth of 10 – 30 m
limits the vertical mixing of the water and promotes conditions for oxygen
deficiency near the bottom. (Kauppila et al. 2004; Struck et al. 2000).
The Baltic Sea is affected by human activities such as agriculture, energy
production and traffic. There are differences in the ecological conditions between
different areas, some being highly affected whereas some areas are in better
ecological condition. However, the Gulf of Finland is considered eutrophic.
Eutrophication is a process, where increased external nutrient inputs of mainly
phosphorus and nitrogen, cause increasing algal and plant growth, increased
turbidity and changes in species composition, for example. The nutrient load is
anthropogenic in most cases, ending up to the Baltic Sea in riverine inputs,
atmospheric deposition and direct waterborne discharges. (HELCOM 2014).

1.7

Eutrophication in the Baltic Sea

The nutrient balance in the Baltic Sea has not been studied until the last decades
and especially in terms of the pre-industrial time, a lot of information relays on
models. A model by Gustafsson et al. (2012) has shown, that external nutrient
loads have been increasing since the early 1900’s, the main increase occurring
from 1950’s to 1980’s. Savage et al. (2010) detected an increase in δ15N
concentrations on Swedish coastline around 1970’s while similar development has
been detected in the Southern Baltic (Voss et al. 2000; Struck et al. 2000). Also
the long-term δ13C values increased from 1970’s to 1980’s (Savage et al. 2010).
Savage et al. (2010) note, that the C and N concentrations showed less variation
before 1950’s, indicating no major changes in the primary production before that.
According to Gustafsson et al. (2012) nutrient levels reached their peak in 1980.
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External nutrient loads have decreased since 1980, but there is a storage of
sediment-restored nutrients, which compensates the load reduction. Gustafsson et
al. (2012) suggest, that the nutrient uptake equilibrates slower than the nutrient
load, with about a decade-long delay, whereas the sediment pools equilibrate
about the same time as the uptake. Nitrogen pool seems to adjust relatively soon
to the loads, now being about 10 times the annual load. In 1980, it was about 6.5
times the annual load. This is not the case with the phosphorus pool, which in
1980 was about 20 times the annual load and still in 2000 about 35 times the
annual load. However, the system is about to reach balance between nutrient
supply and loss, when the sediment pools equilibrate (Gustafsson et al. 2012).
It seems that the external nutrient loads from agricultural runoff and later
wastewater discharge have been the main cause to the eutrophication process. The
study by Savage et al. (2012) showed that the long-term water quality change in
the Baltic Sea has mainly been caused by point and diffuse nutrient sources and
not by natural causes.
According to Bonsdorff et al. (2002) the Gulf of Finland has been one of the most
studied sub-areas in terms of eutrophication. They also note that chlorophyll -a,
zoobenthos and fish have been the ecological parameters studied the most often.
In this study, the focus is on zooplankton. Studies on zooplankton in the Baltic
Sea seem to be few. However, zooplankton has been of interest by many
limnologists so there are studies available on the changes in zooplankton in
freshwater environment. Since the Baltic Sea is brackish water, i.e. salinity is well
below levels of the ocean, the ecosystem is similar to the freshwater environment
in the Finnish coastal waters (Hänninen & Vuorinen 2004, 21).
This study was conducted in the coastal area, where nutrient values are naturally
higher than on the open sea. The coastal archipelago creates more shallow and
complex topography and restricts water exchange retaining nutrients in the area
(Bonsdorff et al. 2002). This is why archipelagic areas are more vulnerable to the
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effects of eutrophication and the effects are seen easily. Vallius (2015) found the
sedimentation rate to vary from 0.5 cm per year to almost 3 cm per year. Coastal
areas and sheltered bays have higher accumulation rates (Vallius 2015). Higher
accumulation therefore provides a shorter timescale in the sediment core.
Increased primary production leads to increased organic matter and further
increased decomposition of that matter near the bottom. Decomposition of
excessive organic matter in the bottom water may cause oxygen depletion leading
to anoxic conditions in the areas where the water exchange is rare. This is the case
at deep bottoms. Oxygen depletion may destroy whole benthic communities,
however some species are more tolerant to conditions low in oxygen. (Bonsdorff
et al. 2002.) Oxygen deficiency limits the bioturbation of the sediments (Savage et
al. 2010). Vallius (2006) described anoxic bottoms in the Gulf of Finland as
“black, lacking any benthic life except for a complete mosaic of white becciatoa
bacterial mat”. Lacking the benthic communities in the sediment leads to
lamination as no bioturbation between the annual sedimentation occurs. That kind
of permanent laminations have been found on the coast of Sweden around 1950,
which were probably due to algal production leading to enhanced oxygen demand
in the bottom layers (Savage et al. 2010). Anoxia, on the other hand, is also a
normal condition in the Baltic Sea deep bottoms where the water exchange is rare.
Clear lamination in the sediment enables paleoecological studies since there is no
mixing between the annual sediment layers.
Vallius (2006) and Jonsson et al. (1990) have noted that anoxic bottoms have
increased since the late 1940’s in the main Baltic Sea. Jonsson et al. (1990) also
states that the sedimentation rate would have doubled during the last decades,
which therefore could have lead to increased oxygen depletion at the bottoms.
However, some bottom areas in the northwestern Baltic Sea have been naturally
anoxic for centuries (Vallius 2006).
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1.8

The measures of eutrophication

As eutrophication is a process caused by the increased primary production, total
nitrogen (TN) and total carbon (TC) and their stable isotopes δ15N and δ13C along
with the ratio of TC and TN (later referred as C/N) are typically measured in
terms of evaluating the trophic status of the water ecosystem and as indicators of
environmental change in water ecosystems. Vallius (2015) states that virtually all
carbon in the sediments of Gulf of Finland is organic. In paleolimnology, the
different isotopes can also be used to track C and N sources and pathways
(Gälman et al. 2009). Brown et al. (2012) used paleolimnological data together
with the water-quality monitoring data to detect shifts in trophic conditions. This
might also give further information of the trophic status changes in the Baltic Sea.
The ratio of organic carbon and organic nitrogen in the sediment may be used as
an indicator of nitrogen release during the degradation processes below the few
top centimetres (Voss et al. 2000). According to Oczkowski et al. (2014) also
stable isotopes of C and N can be used, as a portion of the atoms has an extra
neuron making the isotope heavier, which is the case with δ15N and δ13C. The
ecosystem processes prefer light isotopes but retain heavy, which is why the
heavy: light ratio can be used to track sources of nutrients. These values are
announced as δ value for the heavy: light ratio of a sample relative to a standard.
The δ values for the nitrogen are usually positive for δ15N but negative for δ13C.
(Oczkowski et al. 2014.)
Stable isotope values, δ15N and δ13C, in coastal marine sediments indicate changes
in the trophic status of the water ecosystem. In the lake ecosystem, a similar
increase is most likely caused by the external inputs of nitrates (Brown et al.
2012). For example urban wastewaters in general create higher δ15N values than
agricultural run-off (Voss et al. 2000). δ13C is to be more positive, when algae
remove δ12C during the photosynthesis processes causing its depletion in the
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dissolved carbon pool (Brown et al. 2012). δ13C portion of the organic carbon has
been used to reconstruct past CO2 – concentrations in open- ocean surface waters
and to address terrestrially derived particulate organic carbon (POC) and
dissolved carbon (Struck et al. 2000). Voss et al. (2000) found that elevated δ13C
concentrations in the Baltic Sea sediment followed the known eutrophication
development. However, the biological processes in the sediment remove the stable
isotopes, which means that this has to be considered in the sediment studies.
There is approximately 20 % loss of C and 30 % loss of N in the first 5 years after
the sedimentation (Gälman & Rydberg 2008).

1.9

Cercopagis pengoi

Cercopagis pengoi is a predatory cladoceran, originating from the Ponto-Caspian
area. It was first found in the Gulf of Riga in 1992. The second outburst was
observed as soon as in 1994 (Ojaveer & Lumberg 1995). C. pengoi varies 1.1 –
2.0 mm in size and since its introduction it has become an important prey for the
Baltic herring (Clupea harengus membras) (Ojaveer & Lumberg 1995). C. pengoi
eggs have recently been found in the sediments all over the Northern Baltic Sea
except the northernmost part of the Bothnian Sea (Katajisto et al. 2013).
Therefore it seems that this invasive predatory cladoceran has been able to spread
all over the Baltic proper, Gulf of Finland and Southern Bothnian Bay. Katajisto
et al. (2013) found the highest egg abundances in the Gulf of Finland, where it has
formed the first permanent populations in the Baltic Sea.
Strong reproduction is typical for the beginning of the settlement of invasive
species. In accordance to this, Kotta et al. (2006) found that the abundance of C.
pengoi was the highest in the following years after its invasion to the Baltic Sea,
but later the abundances have dropped to the levels of the early 1990’s. According
to Katajisto et al. (2013) many invasive cladorera species tend to invest on
producing resting eggs in the early stages of their invasion. Katajisto et al. (2013),
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however, did not find this trend in the sediments, where the number of resting
eggs remained relatively same from its invasion until recently. On the other hand,
Panov et al. (2007) refer to studies by Panov et al. (2006) and Krylov & Panov
(1998), where the C. pengoi population has showed strong reproduction after its
introduction to Neva estuary.
Studies reviewed by Ojaveer & Kotta (2015) show that C. pengoi has affected the
food webs in the Baltic Sea. Ojaveer & Kotta (2015) estimate that C. pengoi has
50 to 75% chance to impact on food/prey relations. After the invasion of C.
pengoi, there has been a decrease in E. maritima populations in the Baltic Sea
(Ojaveer et al. 2000; Kotta et al. 2006). The same trend has been noticed in
Bosmina populations in lakes as well (Brown et al. 2012). Findings in the lakes
also support the top-down control by cladocera predators, as Bosmina mucro
lengths have been found to increase after the introduction of C. pengoi and
another predatory water flea Leptodora kindtii (Brown et al. 2012; Manca et al.
2007).
Pollumäe & Kotta (2007) found that E. maritima populations tended to stay below
thermocline, when the C. pengoi abundance was its highest, suggesting E.
maritima being preyed by the C. pengoi, as no previous vertical migration of the
Eubosmina had been observed. This predator- prey relationship may further affect
the zooplanktivorous fish populations, however, the consequences are not clear.
Ojaveer et al. (2000) refer to Gorokhova (1998) noting, that C. pengoi feeding on
small-sized zooplankton may compete for food with the commercial fish stocks
that also feed on small-size zooplankton. On the other hand, C. pengoi has been
found to provide food source for some planktivorous fish and it may also affect
the food web by enhancing the transfers of previously less-utilized
mesozooplankton to planktivorous fish (Ojaveer et al. 2000).
There is evidence that the abundance of E. maritima has decreased in the
following years after the introduction of C. pengoi (Ojaveer et al. 2000; Kotta et
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al. 2006; Ojaveer & Kotta 2015) and that the predatory cladoceras have
influenced the morphology of bosminidae (Brown et al. 2012; Manca et al. 2007).

1.10

The purpose of the study

This thesis is a part of the project Reconstructing past responses of zooplankton to
environmental change using the historical archives of the Baltic Sea sediment
conducted in the University of Helsinki in the department of ecology and
evolutionary biology. The aim of this thesis is to detect changes in the E.
maritima abundance and morphology following the environmental changes:
Eutrophication development in the Gulf of Finland and the introduction of the
predatory invasive cladocera C. pengoi.
More closely, the aim of this thesis is to find out how the eutrophication process
in the Gulf of Finland has affected the E. maritima population abundance and
morphology and how the increased predation pressure has affected the E.
maritima population abundance and morphology, using the introduction of C.
pengoi as an indicator of increased predation of E. maritima.
Past changes are studied from the remains of these cladoceras, deposited in the
sediments in the past approximately 50 years in Sandöfjärden area. The
environmental change is also detected by the measures in the same sediment,
giving the best possible knowledge of the past conditions in that certain area
studied.
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2. Materials and Methods

2.1

Study site

The Sandöfjärden study site is located in Tammisaari archipelago, the western
Gulf of Finland, Baltic Sea (fig. 1). The depth of the sampling site is 27.6 m.
Previous sediment studies in the area have shown laminated sediment layers that
have been produced during the time period from at least the mid-1960’s to the
present. These clearly laminated sediment cores indicate periodic anoxic
conditions in the area (Vallius 2006). Vallius (2006) notes that this coincides well
with the increased use of fertilizers in the Finnish agriculture. Between the years
2009 to 2011 a project called PROPPEN was conducted in the Sandöjfärden area,
aiming at the oxygenation of bottom water and sediments. Oxygen-rich surface
water was pumped to the bottom water layers low in oxygen. According to
Finnish Environment Institute (2012), the oxygenation in the Sandöfjärden area
did not succeed to keep the bottom water oxygenated. Neither did the oxygenation
cause significant nutrient movement to the surface water (Bendtsen et al. 2013).
On the other hand, pumping warmed up the water near the bottom increasing the
oxygen consumption. It is possible, that the effects of this project can be seen in
my results; however, the bottom in Sandöfjärden remained anoxic during the
project (Bendtsen et al. 2013; Finnish Environment Institute 2012).
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Figure 1. The study site Sandöfjärden in Tammisaari archipelago. (Fonecta maps,
online, accessed 12.5.2015)

2.2

Sampling

Sampling was conducted in May 2013 right after the ice melted. The sediment
sampling was done with a GEMAX twin gravity corer with an inner liner
diameter of 90 mm. Four 30 cm long sediment cores were collected (1a, 2a, 2b
and 3a). Each core was sliced in 1 cm subsamples and stored in plastic boxes with
a plastic foil on top of the sediment sample at 3°C in the dark. The subfossil data
collected is analysed from the core 1a, the environmental conditions and the
sediment timing from the core 2b, and the resting eggs for C. pengoi as well as for
E. maritima from the core 2a.
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2.3

Preparation of cladocera subfossil samples

In order to count and measure the subfossils from the sediment samples, the
sediment must be cleaned and concentrated. Pre-treatment in KOH solution
dissolves humic acids and deflocculates the sediment (Frey 1986; Szeroczynska &
Sarmaja-Korjonen 2007) and thus detaches the subfossils from the organic matter.
Therefore the subfossils are easier to see when studying the samples. I weighed
one teaspoon (approximately 5 g) of homogenised sediment of each sample of the
core 1a. I heated each of these subsamples in a beaker on a hot plate in 150 ml of
10% Potassium hydroxide (KOH) at 70−80 C° for 30 minutes, stirring regularly
(Korhola & Rautio 2001). Korhola & Rautio (2001) propose longer treatment for
sediments rich in organic matter. However, Szeroczynska & Sarmaja-Korhonen
(2007) note that treatment over 30 minutes may cause dissolving the chitin
remains of the subfossils.
After the KOH treatment, I washed the sediment in order to remove smaller
particles and to clear the subsample. The sediment was poured in to a sieve with a
mesh size of 48 μm and rinsed thoroughly with tap water until the water coming
through was clear. E. maritima particles that were of my interest, are retained in
the sieve of this size. The residue sediment was then carefully transferred with
water into a 15-ml centrifuge tube with a screw-cap. To colour and preserve the
chitinous subfossils, I added 2 drops of safranin and 5 drops of ethanol to the
subsample. After the treatment, the subsamples were preserved in a cool, dark
room to slow down organic matter decomposition.

2.4

Counting and measuring of subfossils

The mass of each sediment layer subsample from core 1a was recorded before
cleaning the sample for counting the subfossils. The weight was later used when
the abundance of the subfossils (subfossils g-1 of sediment) was calculated. The
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prepared subfossil subsample was also weighted before and after it was used for
microscope counting. This difference in weight allowed me to calculate how big
proportion of the whole sample was counted. For counting subfossils, a known
volume of the carefully mixed sample was taken with a pipette to a Hydro-Bios
Standard Counting Chamber for Zooplankton (9 ml or 22 ml) and some water
added to distribute the subfossils evenly. The subfossil remains were identified,
counted and measured under Leica M125 light microscope, with a varying
magnification but maximum of 160x. I conducted the identification in accordance
with the guides by Szeroczynska & Sarmaja-Korhonen (2007), and Korosi &
Smol (2012).
In this study, the minimum of 200 carapaces and 200 headshields were counted in
each sample based on the methods of Frey (1986) to whom also Brown et al.
(2012) and Guilizzoni et al. (2012) refer. Carapace and headshield are terms used
for the cladocera body parts, headshield for the cladocera head and antennules,
carapace for the cladocera body (fig. 2). The body parts often come apart after the
death of the cladocera individual, which may be challenging when identifying
species. A rule of thumb, the subfossil had to be recognizable to belong to E.
maritima. This way I was able to minimize the risk of counting subfossil parts
originating from an individual already counted. For the headshields, this meant
that individual antennules were not counted, as they may have been counted
within the headshield where they originated. Carapaces were counted if the mucro
(a spike on the carapace) was visible and recognizable. As the carapaces often
split in two after the death of the individual, partial carapaces were counted as
halves. The results were extended to cover the whole sample and announced as
headshields or carapaces per g of sample in wet weight.
The subfossil measurements were performed in the same counting chambers and
with the same microscope as counting. The choice of the chamber depended on
the sample and the 9 ml chamber could only be used when the sample was clear
and low in organic matter, which disturbed the subfossil measurements.
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Magnification used for measuring was 160x and they were conducted from
pictures captured with Leica MC170HD camera connected to the microscope,
with Leica application suite software (LAS V4.5). I measured 35 carapaces and 35
headshields of each sample, which is what Brahney et al. (2010) states to be the
minimum number of measurements required to characterize size structure. This is
what also Nevalainen & Luoto (2013), and Korosi & Smol (2011) used.
I measured the mucro length along the ventral side (fig. 2a.) and the antennule
length from the basal tooth to the tip of the antennule (fig. 2b.) following the
suggestions of Korosi et al. (2008). The total body lengths of the cladocera
remains were estimated from carapace lengths, measured as a straight line from
the posterior-dorsal to the anterioventral corner (fig.2a). If both of the two
antennules, mucros or carapaces of an individual were clear and visible to
measure, the mean size of the pair was used in the analysis.

a.

b.

Figure 2. The measurements done for E. maritima subfossils. a) Carapace. Mucro
length was measured along the ventral side; the total size of the carapace was
measured as a straight line from the posterior-dorsal to the anterioventral corner b)
Headshield. Antennule length was measured from the basal tooth to the tip.

In order to minimize the effect of learning to the results, the samples were
prepared in random order. As the measurements were done manually by hand,
there is always a risk of having an error in terms of the exact measurement point,
e.g. to interpret the exact starting point of mucro or the widest part of the
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carapace. This error, however, was present in all the measurements, as the same
methods were used throughout the data collection.

2.5

Preparation of environmental change samples

Subsamples from the sediment core 2b were weighted for wet weight, freeze
dried, and weighted again for dry weight by PhD Anu Vehmaa. The dry
subsamples were dated for

137

Cs by gamma spectrometry (Geological Survey of

Finland). Sedimentation rate and age of the sediment layers were estimated from
the high 137Cs loadings created by Chernobyl nuclear plant accident in April 1986
and the nuclear testing in the Pacific Ocean in 1960’s. In Sandöfjärden the
sedimentation rate is approximately 0.6 cm/year (Kotilainen, A. 2014; personal
communication).
Along the timing, also the environmental variables were measured by PhD Anu
Vehmaa from the core 2b. Total carbon (TC) and nitrogen (TN) and their stable
isotopes δ13C and δ15N were measured by mass spectrometry. TC refers to the
particulate organic carbon, as Vallius (2006; 2015) notes that the carbon in the
Gulf of Finland is in organic form effectively. Also the C/N ratio was measured.
For cladocera resting egg data, the sucrose floating method according to Marcus
(1984; 1989) was used. The eggs belonging to C. pengoi as well as the eggs
belonging to E. maritima were identified and counted with Leica MZ12
stereomicroscope by phD Anu Vehmaa. However, I used only C. pengoi data in
this study as an indicator of predation.

20

2.6

Statistical analysis

Sediment core data is stratigraphic, meaning that the samples of the same core
form a time series (Birks 2012a, 21) where each sediment layer is related to the
adjacent layers and also dependent by the depth hence the time creating temporal
autocorrelation. Therefore the observations cannot be treated as independent
samples.
I calculated averages and standard deviations for all the 35 morphology
measurements made from each sample and used them in the statistical analysis of
the measurement data. The number of E. maritima subfossils in the samples and
their morphological measurements were checked for normality and possible
outliers. The values were not normally distributed. For as well the E. maritima
data as for the environmental data, I used square root (sqrt) transformation,
because it performed the data slightly closer to normal distribution. I left out 5 top
layers because of the organic matter decomposition, which could have affected the
environmental variables and therefore the results. Gälman et al. (2008; 2009) note
that the changes in the C and N concentrations in the sediment may be caused by
the diagenetic processes in the most recent (1-10 years old) sediment layers.
Usage of these layers might lead to false interpretations on the environmental
state of the area. I conducted the data analysis with software R 3.0.2 (R Core
Team 2015).
Explanatory variables in the analysis should not have higher correlations with
each other than with the response variables (Zuur 2007; 2009), which is why I
tested the collinearity of different environmental variables using the variance
inflation factor (VIF) values according to Zuur et al. (2007; 2009). If the value is
higher than 3, there are collinearity between two or several variables, and the
variable with the highest VIF should be dropped from the data. Based on VIF
values, I decided to drop TN and use δ15N, TC, δ13C, the ratio of C:N and the
abundance of C. pengoi resting eggs as covariates. For explaining the abundance
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of E. maritima in the samples, I chose the variable “headshields” instead of
“carapace” for this analysis, because headshields were slightly more abundant of
the two body parts counted.
I made a detrended correspondence analysis (DCA) using the vegan-package for
R (Oksanen et al. 2015) to the whole data set with E. maritima (morphology and
abundance) and environmental variables to reveal if linear constrained ordination
methods were appropriate for further analysis. Simpson & Hall (2012, 581)
suggest that if gradient lengths are less than 2 SD units, species responses are
generally monotonic along the gradient and linear based models can be used. The
gradient lengths turned out to be short (0.7 and 0.3 SD units), therefore I
continued with redundancy analysis (RDA) also from the vegan-package
(Oksanen et al. 2015).
I applied RDA on the sqrt transformed environmental data with selected
covariates on the correlation matrix to find out if changes in the Eubosminapopulations are explained by the environmental changes, i.e., eutrophication and
introduction of the new predator (Cercopagis). Because my interest was on
observations, so population changes in between the sediment layers, I decided to
use distance triplot instead of correlation triplot (Zuur et al. 2007, 212). According
to Birks (2012b, 337), if one data set can be regarded as response variables (E.
maritima) and other data set as explanatory data set (environmental data), the
statistical relationships between these two data sets can be assessed with
constrained ordinations, such as redundancy analysis and the associated Monte
Carlo permutation test.
I used Monte Carlo permutation test to check which explanatory variables are the
most important, which least important and which irrelevant. In addition, I
performed variance partitioning to separate the effects of the environment from
the temporal autocorrelation created by the stratigraphic data. Variance
partitioning reveals which part of the variation in Eubosmina morphology is
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explained purely by the eutrophication variables and by C. pengoi, and which part
of the variation in Eubosmina data is shared between the environment and
temporal autocorrelation. I also clarified graphically the relationship of the
Eubosmina data and the environmental variables that best represent the
environmental change. The graphs are fitted with LOESS (Cleveland 1979); also
known as locally weighted scatterplot smoother. This method gives more weight
to points near the point whose response is being estimated and less weight to
points further away, guarding against deviant points distorting the smoothed
points. It is a method often used with non-parametric data, as there are no linearity
assumptions of conventional regression.

3. Results

3.1

Sediment chronology

The approximate sediment dating (fig. 3.) shows the peak in

137

Cs level in depths

24 and 25 cm, which is likely simultaneous to the nuclear testing at the beginning
of the 1960’s. The other peak in depths 15-16 cm was probably caused by the
Chernobyl nuclear accident in 1986. The estimate for the sedimentation rate is 6
mm per year in upper layers, whereas in deeper layers the sediment becomes
tighter and therefore one layer consists of a longer period of time of
sedimentation. However, these values can be only estimations, as the
sedimentation rate varies a lot due to the conditions. In Sandöfjärden the
sedimentation rate is approximately 0.6 cm/year. I left out the top 5 layers of
sediment that could have affected the results. This is equivalent to approximately
8 years.
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Figure 3. Radioactive 137Cs timing of the sediment core Sandöfjärden 2b.

3.2

Changes in E. maritima population

Abundance
E. maritima population has increased in number in the last 15 sediment layers (fig
4.). Considering the timing, that is in the last 25 to 30 years (fig. 3.). The counted
number of E. maritima subfossils, both carapaces and headshields, reveal an
increase in the amount of E. maritima in the depth of 16 cm, after around the mid
1980’s. Some variation among depths still exists, but the overall trend seems to be
increasing.
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Figure 4. The counted abundances of the E. maritima subfossils in Sandöfjärden
1a core. Abundance announced as subfossils/g sediment wet weight.

Morphology
The variation in E. maritima size is measured as standard deviations for each
sediment layer. E. maritima antennules (fig. 5) were the longest on average at
sediment depths 3, 7 and 17 cm, shortest at depths 11, 12 and 10 cm. Antennules
were the longest at the depth of 3 cm, being 0.124 mm on the average. The
shortest antennules were found at the depth of 11 cm, 0.097 mm on average. The
antennule length varied the least at the depth 19 cm (std = 0.015 mm) and the
most (std = 0.031 mm) at the depth 11 cm.
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Figure 5. The variation in the measured E. maritima antennule lengths by depth.
Box plots show the median of the data as the line in the middle of the box, and the
box is to show the data values included in the 25% over and under the median.
The whiskers show minimum and maximum values, however the outliers,
meaning considerably different values, are shown as circles.

E. maritima carapaces (fig. 6) were the biggest on average at depths 14, 23 and 5
cm, smallest at depths 4, 27 and 17 cm. The average size of the carapaces at the
depth 4 cm was 0.214 mm and 0.267 mm at the depth 5 cm. However, also the
variation measured as standard deviation of the carapace sizes was the highest at
the depth of 5 cm (0.057 mm). The least amount of variation in carapace sizes was
observed in the depth of 9 cm (std = 0.032 mm).
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Figure 6. The variation in the measured E. maritima carapace lengths by depth.
Box plots show the median of the data as the line in the middle of the box, and the
box is to show the data values included in the 25% over and under the median.
The whiskers show minimum and maximum values, however the outliers,
meaning considerably different values, are shown as circles.

E. maritima mucros were the shortest at the depth of 5, 12 and 13 cm. The
average mucro/carapace ratio was 0.179 at the depth of 5 cm. The longest mucros
in relation to carapaces were at depths 24, 9 and 27 cm. The higher the ratio value,
the longer is the mucro in relation to the carapace, i.e., the animal size. The
highest mucro/carapace ratio at the depth of 24 cm was 0.232. The most variation
in mucro size was at 26 cm of depth (std = 0.063) and the least amount of
variation at 1 cm depth (std = 0.035). However, the box plot reveals significant
outliers for the depth 27 cm (fig. 7).
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Figure 7. The variation in the E. maritima mucro size by depth measured as the
ratio of mucro length and carapace length. Box plots show the median of the data
as the line in the middle of the box, and the box is to show the data values
included in the 25% over and under the median. The whiskers show minimum and
maximum values, however the outliers, meaning considerably different values, are
shown as circles.

Carapace length (fig. 6) show an increasing trend during the time period
represented by the sediment layers from 18 cm to 15 cm, while the
mucro/carapace ratio (fig. 7) has an decreasing trend during the time represented
by depths from 17 to 14. This reveals that the mucro length decreased in relation
to the carapace size during that period of time. Mucros are the longest and the
carapaces the biggest at the depth of 5 cm. Antennule length measurements do not
reveal any clear trends, but the shortest average lengths are in the time period for
the depths of 10-12 cm coinciding with the short mucros at the 12 and 13 cm of
depth.
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3.3

Changes in the environment

The organic nitrogen concentration has clearly increased at the sampling site since
the last 7 cm of sedimentation, but in the δ15N increasing trend may be seen for a
longer time, even from the depth of 25 cm (fig. 8.). However, increase in total N
and decrease in δ15N appear simultaneously in the past 7 to 8 years. A similar
trend may be noted in the results of carbon concentrations, where especially the
total carbon concentration has increased since the last 8 to 7 cm (fig. 9.). The ratio
of carbon and nitrogen has decreased, suggesting an increase in external load in
nitrogen concentrations. I have left out the 5 uppermost layers of the sediment
from the further data analysis, as sediment decomposition is still going on and that
would likely affect the results.

Figure 8. Measured concentrations of the a) total organic nitrogen and b) δ15N in
the sediment core 2b.
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Figure 9. Measured concentrations of the a) ratio of organic carbon and nitrogen,
b) total organic carbon and c) δ13C in the sediment core 2b.

The resting egg data of C. pengoi shows the appearance of this predatory water
flea at the depth of 10 cm (fig. 10.). At the depth of 26 cm, one C. pengoi resting
egg was found.
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Figure 10. The counted number of C. pengoi resting eggs in the sediment core
Sandöfjärden 2a.

3.4

E. maritima response to environmental change

The average antennule length seemed to increase with the abundance of C.
pengoi, but later decreased (fig 11a.). Antennule length response to eutrophication
is not clear either (fig 11b.). Antennules tend to be longer when δ15N is low and
again when δ15N increases.
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Figure 11. a) E. maritima antennule length in relation to C. pengoi resting eggs in
the sediment, and b) E. maritima antennule length in relation to δ15N. X- axis
presents the covariates; δ15N and the abundance of the C. pengoi), Y- axis
presents the average length of the antennules (mm). The curves are fitted with
locally weighted scatterplot smoothing (LOESS).

E. maritima carapace size was the greatest, when the abundance of C. pengoi
resting eggs was low. There is a decrease in carapace size with a higher
abundance of C. pengoi (fig. 12a.). In terms of eutrophication, E. maritima
carapaces are largest with the highest δ15N values, but only until a certain point
(fig. 12b.). The effect levels out on δ15N values larger than about 4.1.
The variation in E. maritima carapace size shows that the presence of C. pengoi
may decrease the variation in the E. maritima carapace size, however the effect is
highly influenced by one observation with high C. pengoi resting egg abundance
(fig. 12c.). δ15N on the other hand does not show any clear trends in E. maritima
carapace size variation (fig. 12d).
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Figure 12. a) E. maritima carapace size in relation to C. pengoi resting eggs in
the sediment, b) E. maritima carapace size in relation to δ15N. c) E. maritima
variation in carapace size in relation to C. pengoi resting eggs in the sediment, and
d) E. maritima variation in carapace size in relation to δ15N. X- axis presents the
covariates; (δ15N and the abundance of the C. pengoi), Y- axis presents the
average size of the carapaces (mm). The curves are fitted with locally weighted
scatterplot smoothing (LOESS).
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5.0

The presence of C. pengoi may increase the mucro length in relation to the
carapace size (fig. 13a.). The average mucro length in relation to the carapace size
is higher when the δ15N is low (fig. 13b.) indicating eutrophication effect on
mucro size.
There seems to be more variation in mucro sizes in relation to the carapace size
when C. pengoi is absent but the introduction of C. pengoi seemed to decrease the
variation in the mucro length (fig. 13c.). Increasing δ15N values do not seem to
have an effect on the variation in the mucro size in relation to the carapace size
(fig. 13d.).
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Figure 13. a) E. maritima mucro length in relation to C. pengoi resting eggs in
the sediment, b) E. maritima mucro length in relation to δ15N, c) E. maritima
mucro length variation in relation to C. pengoi resting eggs in the sediment, and
d) E. maritima mucro length variation in relation to δ15N. X- axis presents the
covariates; (δ15N and the abundance of the C. pengoi), Y- axis presents the
average mucro/carapace ratio. The curves are fitted with locally weighted
scatterplot smoothing (LOESS).
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E. maritima abundance seems to be affected by both environmental variables; C.
pengoi and δ15N. E. maritima abundance is low with a high number of C. pengoi
(fig. 14a). However, it seems that a low number of C. pengoi does not affect the
E. maritima population, but a high number of the predator decreases the number
of Bosminidae. Eutrophication instead seems to have a clear affect on E.
maritima. There is an increasing trend in the abundance data of the E. maritima
with increasing δ15N (fig. 14b).
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Figure 14. a) E. maritima abundance in relation to C. pengoi resting eggs in the
sediment, and b) E. maritima abundance in relation to δ15N. X- axis presents the
covariates (δ15N and the abundance of the C. pengoi), Y- axis presents the
counted abundance of E. maritima. The curves are fitted with locally weighted
scatterplot smoothing (LOESS).
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5.0

3.5

RDA results

I conducted the RDA analysis to find out, how E. maritima population has
changed with respect to environmental change. In the triplot (fig. 15.), the angles
between response variables, so E. maritima abundance and morphology (black
lines) and explanatory variables, meaning eutrophication and C. pengoi (red
arrows) represent correlations. The smaller the angle between the variables the
stronger is the correlation. The longer the line, the stronger is the effect. However,
RDA distance triplot does not reveal correlations between response variables. The
numbers indicate the sample depths and can be projected perpendicularly on the
lines for response variables.
In the RDA triplot (fig. 15.) the first axis seems to be negatively associated with
eutrophication and sediment depth (thus time), and the second axis positively with
C. pengoi. The plot indicates that E. maritima abundance, measured as the
number of headshields, has a positive and strong correlation with δ15N. In
addition, carapace size is positively correlated with δ15N. This indicates that
increasing E. maritima population and also increasing E. maritima carapace size
are related to eutrophication. Another positive correlation is between the variation
in antennule length and TC, whereas TC and antennule length are negatively
correlated. This means that there is more variation in the antennule length with
higher TC, but the average antennule length decreases with increasing TC. The
abundance of C. pengoi and the variation in E. maritima carapace size and the
variation in mucro length are negatively correlated, meaning the more C. pengoi,
the less variation in E. maritima size and shape. The depth of 9 cm distinguishes
from all the other depths, as it was the sediment layer with the highest abundance
of C. pengoi. It was also the layer with the longest average mucro length.
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Figure 15. RDA distance triplot, where black lines represent response variables,
red arrows explanatory variables. Triplot represents the relationship between
explanatory environmental variables and variables in the E. maritima data. The
smaller the angle between the variables the stronger is the correlation. The longer
the line, the stronger is the effect. The numbers indicate the sample depths and can
be projected perpendicularly on the lines for response variables.

Based on the RDA analysis, the sum of all canonical eigenvalues is 0.33, thus
33% of the variation in E. maritima data is explained by all the explanatory
variables. Of this 33%, the first 2 axes explain 74% (λ as cumulative % of sum of
all canonical eigenvalues). This is the variation presented above in the triplot.
Thus the first 2 axes explain 24 % of all of the variation (table 1.).
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Table 1. Numerical output of RDA applied to E. maritima data with the
environmental data. The sum of all canonical eigenvalues is 0.33 and the total
variance is 1.
Axis λ
λ as λ as
λ as % of sum
λ as cumulative % of
%

cumulative

of all canonical

sum of all canonical

%

eigenvalues

eigenvalues

1

0.177 17.7

18

53.9

54

2

0.067 6.7

24

20.5

74

3

0.048 4.9

29

14.9

89

4

0.019 1.9

31

5.9

95

5

0.010 1.0

32

3.3

98

6

0.005 0.5

33

1.6

100

The explanatory power of the model is not statistically significant (Permutation
test for rda under reduced model, F = 1.46, p= 0.091). This means that the values
in the model have smaller portion of explained variation than a random
contribution is and these results provide little evidence that the variation in E.
maritima population had been caused by the environmental change.
When observing each explanatory variable alone, Monte Carlo permutations
(table 2.) in the RDA analysis show that the depth is the only significant
explanatory variable (p=0.015), meaning that depth explains a larger portion of
the variation in the E. maritima data than a random contribution is. The order of
the explanatory values in the table 2 is equal to the explanatory values and the
length of the arrows in the triplot, indicating the significance of a variable in the
model. However, AIC (Akaike Information Criterion) is a numeric description of
the explanatory value, where a lower AIC indicates higher explanatory value of
the model. With the AIC (table 2.) I clarified the explanatory power of the RDA
model numerically. Adding C. pengoi to the model increased the explanatory
value of the model, even though the p-value for C. pengoi is not significant. This
means that depth and C. pengoi together explain a larger portion of the variation,
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than a random contribution is. However, adding more environmental variables
measured in this study to the model does not lead to lower AIC, meaning that the
explanatory power of the model does not improve by adding more explanatory
variables in it.
Table 2. Numerical output of the significance of all the environmental variables
in explaining the changes in E.maritima population. Df is for degrees of freedom,
AIC is for Akaike information criterion, F for the F-value of the variance analysis
and P is for the p-value describing the statistical significance of the explanatory
variable.
Variable
Df
AIC
F
Pr(>F)
Depth

1

47.938

3.6578

0.015

SqrtCercopagis

1

47.633

2.1241

0.055

sqrtC/N

1

48.223

1.2188

0.265

sqrt δ15N

1

49.252

0.7924

0.510

sqrtTC

1

50.363

0.6874

0.665

Sqrt δ13C

1

51.700

0.4837

0.820

Variance partitioning analysis (table 3.) shows that the depth alone explains
4.16% of the variation in E. maritima morphology and abundance. The effect of
the environmental change (eutrophication and C. pengoi) is 19.05% of the
variation. The collinearity between the measured environmental variables and the
sample depth explains 9.56% of the E. maritima variation. Thus, the variation
explained by eutrophication and C. pengoi is larger than the variation that cannot
be separated of temporal autocorrelation. A large portion of the variation still
remains unexplained in this study.
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Table 3. Variance partitioning analysis of the eutrophication variables and the
introduction of C. pengoi in explaining changes in the E. maritima population.
Environmental variables refers to eutrophication and C. pengoi effect together.
Step
Explanatory variables
Variance
A

Pure depth

0.0416

B

Pure Environmental

0.1905

C

Shared

0.0956

D

Residual

0.6723

Total

1.00

4.

Discussion

4.1

E. maritima abundance indicates eutrophication

Eutrophication has been previously connected to increased abundance of
cladocera and also E. maritima (Liu et al. 2009; Brown et al. 2012; Guilizzoni et
al. 2012; Nevalainen & Luoto 2013). I found a strong positive correlation with E.
maritima abundance and with δ15N, supporting previous results and suggesting
that E. maritima abundance has increased along with the eutrophication
development in the Baltic Sea. The increase in the E. maritima population seems
to be the most remarkable during the last 25 years, occurring along with the
known eutrophication development and the increasing δ15N concentration
detected in the sediments. Increased food availability often increases the biomass
and the abundance of the planktivorous zooplankton (e.g. Vakkilainen et al. 2004;
Nevalainen & Luoto 2013). My results seem to support previous findings on the
eutrophication affecting the abundance of the cladocera, however, other factors
not considered in this study may have influenced the populations as well.
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4.2

Predation pressure effects on E. maritima population

E. maritima population size decreased soon after the introduction of C. pengoi to
the Baltic Sea at the beginning of the 1990’s. This may indicate increased
predation pressure on E. maritima. At that time, C. pengoi resting egg production
was the highest, following a decrease. Kotta et al. (2006) note that a decrease in
reproduction after establishment to a new area has been typical to C. pengoi in
other areas as well. According to Katajisto et al. (2013) egg banks are important
for invasive species in the first phases of their establishment, as the conditions
may change and lead to a failure in reproduction. Earlier a similar decrease in E.
maritima populations has been detected in the Baltic Sea (Ojaveer et al. 2000;
Kotta et al. 2006) and in Bosminid populations in lakes as well (Brown et al.
2012) indicating predation pressure to E. maritima. There was a decrease in the
number of E. maritima, but after a few years since the introduction of C. pengoi,
the trend was unclear. However, my results show only the decrease in E. maritima
population with a high abundance of the C. pengoi resting eggs, which does not
necessarily reflect the C. pengoi abundance in the pelagic water. Katajisto et al.
(2013) as well as Branstrator et al. (2006), suggest that planktonic abundances
correspond with the accumulated number of eggs in the sediment and sedimentary
eggs may be used to detect population changes in a water area, where no water
column data is available.
The effects of C. pengoi on the food web are two- sided. Fish in general feed on
larger individuals, whereas gape- limited predators, such as C. pengoi, feed on
smaller individuals. C. pengoi may compete with planktivorous fish feeding on E.
maritima, increasing the predation pressure on small cladoceras. On the other
hand, it seems that C. pengoi has played an important role on the diet of Baltic
herring (Ojaveer & Lumberg 1995). Also this may have decreased the pressure on
E. maritima. The introduction of C. pengoi may explain some of the decrease in
E. maritima population through increased predation, but this occurred just at the
beginning of the C. pengoi appearance. Planktivorous fish, such as Baltic herring,

42

feeding on C. pengoi instead of E. maritima may reduce the predation pressure on
E. maritima through reduced fish predation and also through a more stabile C.
pengoi population.

4.3

Eutrophication seemed to favour big E. maritima individuals

I found a positive correlation on E. maritima carapace size with δ15N. These
results indicate that not only increasing E. maritima population but also increasing
E. maritima carapace size is positively related to eutrophication. My findings
suggest that E. maritima grows bigger in more eutrophic conditions. However the
increase in body size seems to occur only to a certain point, because the carapace
size did not grow on the highest δ15N concentrations. Oligotrophic water system
usually favours big cladocera in terms of food resources, but as eutrophication
reduces the need for competition, the smaller cladocera benefit from increased
food availability. In many cases it has been found that eutrophication decreases
the number of big cladocera individuals favouring the small (Gliwicz 1990;
Korosi et al. 2008; Korosi & Smol 2011). This, however, was not the case in this
study and in terms may reflect changes in the food web or other conditions in the
water ecosystem, where the conditions have changed more favourable to E.
maritima. Because the increase in E. maritima carapace size seemed to occur only
to a certain point, it may be possible that with a larger data set the development
would appear similar to what Gliwicz (1990), Korosi et al. (2008), and Korosi &
Smol (2011) found. It would also be interesting to study, how the population
relations have changed among different cladocera species.
I found another positive correlation between the variation in antennule length and
total carbon (TC) whereas TC and antennule length are negatively correlated. This
may show that there is more variation in the antennule length in a more eutrophic
ecosystem, but the average antennule length may decrease with continuing
eutrophication. Also Korosi et al. (2009) found a similar decreasing trend from
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pre-industrial times up to present caused by increased nutrient levels in the water
area. The average mucro length in relation to the carapace size is higher when
δ15N is low which may indicate that long mucros become more common in
eutrophic conditions. Korosi & Smol (2011) however found short mucros more
common in higher N lakes.

4.4

E. maritima morphology indicates increased predation

I found a negative correlation between C. pengoi and both, E. maritima carapace
size and variation in mucro length, suggesting that the higher the C. pengoi
abundance, the smaller the E. maritima carapaces and the lower the variation in
mucro sizes. It seems that at the beginning of its introduction, when the C. pengoi
abundance was its highest, larger E. maritima individuals were preyed by C.
pengoi. The variation in E. maritima carapace size was slightly smaller with a
high number of C. pengoi, but no clear differences were observed.
There is some evidence of increased mucro lengths on Bosminas related to
predation (Brown et al. 2012; Manca et al. 2007), but my results did not clearly
reveal such trend although the mucros were the longest in the depth of 9 cm where
also the C. pengoi abundance was the highest. This distinguishes in the RDA plot
where the lines for C. pengoi and mucro/carapace lines point to the same direction
and may reflect E. maritima response to predation.
In the E. maritima morphology, I found a slight decrease in the antennule length
after the introduction of C. pengoi. According to Liu et al. (2009) gape-limited
predators, such as C. pengoi, prefer individuals with hooked antennules. However,
it was not possible to measure the antennule curve in this study, so it remains
unclear whether the C. pengoi has preferred hooked antennules.
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The decrease in the antennule length may be associated not so much on the ability
to defend against C. pengoi, but on other factors. Lagergren et al. (2007) assessed
the possible effects of the Bosminid morphology to the swimming abilities, as
they noticed that the Bosminids with long antennules swam slower than the ones
with normal antennules. Swimming speed may be connected to the food gathering
where fast swimmers are able to get on the good source sooner. However the
lower speed may decrease the risk of encountering a predator, being an advantage.
These, however, are just suggestions and no evidence has been presented
(Lagergren et al. 2007).

4.5

The explanatory value of the model

The trends that are perceptible in the scatterplots and in the RDA distance triplot
give directions of the effects of the environmental change on E. maritima
population. The analysis provides correlations of which factors seem to be
connected.
Statistical analyses show that the sediment depth, thus time, is the only significant
explanatory variable. However, adding more environmental variables to the model
does not provide better explanatory value. Therefore statistical proof is that the
main explanatory variable of the ones tested in this study in explaining changes in
the E. maritima abundance and morphology is depth and the second best
explanatory variable is the predation pressure by C. pengoi. It is possible, that
other variables not considered in this study could have provided a better
explanatory value.
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4.6

Challenges and factors of uncertainty

Stratigraphic data is a challenge for regular statistical methods. The sediment
layers are adjacent to each other, which means that they cannot be treated as
independent samples required in many other common statistical methods. In many
studies, the data has been described figuratively (e.g. Brown et al. 2012;
Nevalainen & Luoto 2013, Nevalainen 2014, personal communication), which is
what I also did in addition to RDA analysis. A figurative presentation may
provide better understanding about phenomenon that may be difficult to detect on
statistical analysis and allow discussing results without statistical significances. It
is possible that a larger data set would have revealed more significant explanatory
values, however, some trends can be seen in the figures even now.
Also the autocorrelation in the data provides an error term in the analysis. I have
taken this into account in the variance partitioning analyzes. I also minimized the
error effect caused by time in the environmental variables by leaving out the first
top layers of the data, because in those layers there are likely still some biological
processes going on. However, this also decreased the size of the data, and thus the
possibility to find statistically significant trends.
I found the first appearance of C. pengoi in 27 cm of depth, which was decades
earlier than any known information on its introduction to the Baltic Sea. Also
Brown et al (2012) as well as Katajisto et al. (2013) found solitary eggs in the
samples of deeper layers, before the known introduction of C. pengoi to the water
area studied. It is not possible to know, whether some C. pengoi individuals had
found their way to the Baltic Sea already then, whether the egg had ended up to
that sediment layer due to bioturbation, or whether the edges of the samples were
contaminated during the sampling. However, C. pengoi eggs were not found for
about 18 years after the single eggs were found, which is why the contamination
during sampling seems more probable in Sandöfjärden case.
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In the past there may have been changes in the conditions that cannot be
considered. It is not always possible to separate the exact cause and effect,
because ecological relations are complex and indirect effects may appear.
For example, it is possible that eutrophication has changed ecosystem conditions
to predators, which in turn may have caused an indirect response on E. maritima.
Longer mucros, for example, usually indicate higher predation pressure. Often the
changes in the abundance have been connected with the changes in the trophic
status of the water ecosystem, whereas morphology responses have been
considered to reflect predation pressure on Bosminids, but there may have been
other factors that could not be taken account in here. For example water turbidity
and thus visibility may have affected predation.
In paleoecological studies, the uncertainties are always present and it is not
possible to eliminate them all, when studying past deposited sediments. Also
conducting such studies in laboratory conditions to have completely comparable
data is not possible. The error term presented with paleoecological data is also
something that every researcher has to consider. Larger dataset increases the
statistical significance of the results, but within the limits of the time an effort for
my study, it was not possible to collect and analyze more data. It is likely that
with more data, there would be more evidence and statistical significance on the
effects of environmental changes to E. maritima population.

5. Conclusions
My aim in this thesis was to find out, if and how E. maritima population in the
Baltic Sea correlates with the environmental changes. Zooplankton hold a
keystone position in the aquatic food webs, which means that changes in their
populations may lead to changes elsewhere in the ecosystem.
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E. maritima population abundance and morphology (mainly overall body size) in
the Baltic Sea correlated with the detected signs of eutrophication. I found little
indications on the effects of eutrophication on the length of their appendages. The
body parts have likely changed more due to the increased planktivory by fish and
in response to the introduction of C. pengoi. C. pengoi has been adapted to the
diet of Baltic herring, that may have balanced the situation for E. maritima and
relieved the predation pressure on E. maritima. The response of E. maritima on
the new predator seems to be short, because after some time the effect is not that
clear.
My results support previously noted arguments, that zooplankton is a good
indicator of ecological status. Also when cladocera communities may be studied
with paleoecological studies, it would be possible to detect changes in the past
and therefore foresee changes in the future. This study also shows, that ecological
relations are complex and it is difficult to separate one cause from another or
know exact consequences.

6. Acknowledgements
Thanks to my supervisors Ulrika Candolin and Anu Vehmaa for your guidance
during the project. Especially I want to thank Anu Vehmaa, for your patience with
guiding me through the statistical analysis and support and understanding with all
my questions. I also want to thank Jan Weckström for your advice on
paleolimnological statistics. Thank you Miia Mannerla and Anna Johanson for
your help and support with the microscope. For my friends and family, I want to
say thank you for all the support during this project. Finally I want to thank
Societas pro Fauna et Flora Fennica and Ympäristön ystävät foundation for the
financial help much appreciated.

48

7. References
Bendtsen, J., Gustafsson, K.E., Lehtoranta, J., Saarijärvi, E., Rasmus, K. &
Pitkänen, H. 2013: Modeling and tracer release experiment on forced
buoyant plume convection from coastal oxygenation. – Boreal
Environment Research 18: 37-52
Birks, H.J.B. 2012a: Overview of Numerical Methods in Palaeolimnology. In
Birks, H.J.B., Lotter, A., Juggins, S. & Smol, J.P (ed.): Tracking
Environmental Change Using Lake Sediments - Data Handling and
Numerical Techniques. Springer 2012.
Birks, H.J.B. 2012b: Introduction and Overview of Part III. In Birks, H.J.B.,
Lotter, A., Juggins, S. & Smol, J.P (ed.): Tracking Environmental Change
Using Lake Sediments - Data Handling and Numerical Techniques.
Springer 2012.
Bonsdorff, E., Rönnberg, C. & Aarnio, K. 2002: Some ecological properties in
relation to eutrophication in the Baltic Sea. - Hydrobiologia 475/476: 371–
377.
Boxshall, G. 2001: Cladocera (Branchiopoda). In: Costello, M.J., Emblow, C. &
White, R. (ed.) 2001: European register of marine species – A check-list of
the marine species in Europe and a bibliography of guides to their
identification. Museum national d'histoire naturelle, Paris 2001
Brahney, J., Routledge, R., Bos, D.G. & Pellatt, M.G. 2010: Changes to the
Productivity and Trophic Structure of a Sockeye Salmon Rearing Lake in
British Columbia. North American Journal of Fisheries Management, 30:
433-444
Branstrator, D. K., Brown, M. E., Shannon, L. J., Thabes, M. & Heimgartner, K.
2006: Range expansion of Bythotrephes longimanus in North America:
Evaluating habitat characteristics in the spread of an exotic zooplankter. Biological Invasions. 8:1367–1379
Brown, M.E., Curtin, T.M., Gallagher, C.J. & Halfman, J.D. 2012: Historic
nutrient loading and recent species invasions caused shifts in water quality
and zooplankton demography in two Finger Lakes (New York, USA) - J.
Paleolimnol. 48:623–639.
Cleveland, W.S. 1979: Robust Locally Weighted Regression and Smoothing
Scatterplots. - Journal of the American Statistical Association 368: 829836.

49

Davidson, T.A., Sayer C.D., Perrow, M.R., Bramm, M. & Jeppesen, E. 2006: Are
the controls of species composition similar for contemporary and subfossil cladoceran assemblages? A study of 39 shallow lakes of contrasting
trophic status. J. Paleolimnol. 38: 117-134.
Finnish Environment Institute 2012: Artificial oxygenation may improve the
status of coastal waters. Press release. Online, cited 10.1.2016. Available
at http://www.syke.fi/enUS/SYKE_Info/Communications_material/Press_releases/Artificial_oxyg
enation_may_improve_the_s(3332)
Fonecta maps, available at
https://www.fonecta.fi/kartat/Sand%C3%B6fj%C3%A4rden%20%28Vatt
en%29,%20RASEBORG?lon=23.530539487416068&lat=59.9293841839
65695&z=11&l=TOP
Frey, D.G. 1986: Cladocera analysis. In: Berglund BE (ed) Handbook of
Holocene palaeoecology and palaeohydrology. Wiley, Chichester, pp 667–
692
Frisch, D., Morton, P.K., Chowdhury, P.R., Culver, B.W., Colbourne, J.K.,
Weider, L.J. & Punidan, J.D. 2014: A millennial-scale chronicle of
evolutionary responses to cultural eutrophication in Daphnia. – Ecology
letters 17: 360 – 368.
Frolova, L., Nazarova, L., Pestryakova, L. & Herzschuh, U. 2014: Subfossil
Cladocera from surface sediment in thermokarst lakes in northeastern
Siberia, Russia, in relation to limnological and climatic variables. - J
Paleolimnol 52:107–119
Gliwicz, M.Z. 1990: Food thresholds and body size in cladocerans. – Nature 343:
638-640.
Gorokhova, E., Lehtiniemi, M., Postel, L., Rubene, G., Amid, C., Lesutiene, J.,
Uusitalo, L., Strake, S., Demereckiene, N. 2016: Indicator properties of
Baltic zooplankton for classification of environmental status within
Marine Strategy Framework Directive. PLoS ONE 11:7.
Gustafsson, B.G., Schenk, F., Blenckner, T., Eilola, K., Meier, M.H.E., MüllerKarulis, B., Neumann, T., Ruoho-Airola, T. & Savchuk, E.Z. 2012:
Reconstructing the Development of Baltic Sea Eutrophication 1850–2006.
- Ambio 41:534–548.

50

Guilizzoni, P., Levine, S.N., Manca, M., Marchetto, A., Lami, A., Ambrosetti,
W., Brauer, A., Gerli, S., Carrara, E.A., Rolla, A., Guzzella, L. & Vignati,
D.A.L. 2012: Ecological effects of multiple stressors on a deep lake (Lago
Maggiore, Italy) integrating neo and palaeolimnological approaches. - J.
Limnol. 71(1): 1-22
Gälman, V., Rydberg, J. & Bigler, C. 2009: Decadal diagenetic effects on δ13C
and δ15N studied in varved lake sediment - Limnol. Oceanogr. :917–924
Gälman, V. & Rydberg, J. 2008: Carbon and nitrogen loss rates during aging of
lake sediment: Changes over 27 years studied in varved lake sediment. Limnol. Oceanogr. 53: 1076–1082
HELCOM, 2014. Eutrophication status of the Baltic Sea 2007-2011 - A concise
thematic assessment. Baltic Sea Environment Proceedings No. 143
Hellsten, M., Lagergren, R. & Steanson, J. 1999: Can extreme morphology in
Bosmina reduce predation risk from Leptodora? An experimental test. Oecologia 118:23 - 28
Hänninen, J. & Vuorinen I. 2004: Itämeri. In Walls, M. & Rönkä, M. (ed.) 2004:
Veden varassa – Suomen vesiluonnon monimuotoisuus. Edita Publishing
Oy. Helsinki 2004.
Jeppesen, E., Nõges, P., Davidson, T.A., Haberman, J. Nõges, T. Blank, K.,
Lauridsen, T.L., Søndergaard, M. Sayer, C., Laugaste, R., Johansson, L.S.,
Bjerring, R. & Amsinck, S.L. 2011: Zooplankton as indicators in lakes: a
scientific-based plea for including zooplankton in the ecological quality
assessment of lakes according to the European Water Framework
Directive (WFD) - Hydrobiologia 676:279–297
Jonsson, P., Carman, R. & Wulff, F. 1990: Laminated Sediments in the Baltic: A
Tool for Evaluating Nutrient Mass Balances. - Ambio 19: 152-158.
Kankaala, P. 1983: Resting eggs, seasonal dynamics, and production of Bosmina
longispina maritima (P. E. Müller) (Cladocera) in the northern Baltic
proper. – Journal of Plankton Research 5: 53-69.
Katajisto, T., Karjala, L. & Lehtiniemi, M. 2013: Fifteen years after invasion: egg
bank of the predatory cladoceran Cercopagis pengoi in the Baltic Sea. Marine Ecology Progress Series 482: 81-92.
Kauppila, P., Pitkänen, H. Räike, A., Kiirikki, M., Bäck, S. & Kangas, P. 2004:
The Baltic Sea Waters around Finland: Eutrophication continues despite
decreased nutrient loading. In: Eloranta, P (ed). 2004: Inland and Coastal
Waters of Finland. University of Helsinki, Palmenia Centre for Continuing
Education, Palmenia Publishing. Saarijärvi 2004.

51

Kerfoot, W.C. 2006: Baltic Eubosmina morphological radiation: Sensitivity to
invertebrate predators (induction) and observations on genetic differences.
Arch. Hydrobiol. 167: 147 – 168
Kotta, J., Kotta, I., Simm, M., Lankov, A., Lauringson, V., Pollumae, A. &
Ojaveer, H. 2006: Ecological consequences of biological invasions: three
invertebrate case studies in the north-eastern Baltic Sea. - Helgol Mar. Res
60: 106–112.
Korhola, A & Rautio, M. 2001. Cladocera and other branchiopod crustaceans. In:
Smol J.P., Birks, H.J.B. & Last, W.M. (edit.) Tracking Environmental
Change Using Lake Sediments. Vol. 4: Zoological Indicators Kuwer
Academic Publishers, Dordrecht. p. 5-41.
Korosi, J.B., Kurek, J. & Smol, J.P 2013: A review on utilizing Bosmina size
structure archived in lake sediments to infer historic shifts in predation
regimes. - J. Plankton Res. 35: 444–460
Korosi, J.B. & Smol, J.P. 2012: An illustrated guide to the identification of
cladoceran subfossils from lake sediments in northeastern North America:
part 1—the Daphniidae, Leptodoridae, Bosminidae, Polyphemidae,
Holopedidae, Sididae, and Macrothricidae. - J Paleolimnol 48:571–586.
Korosi, J.B. & Smol, J.P. 2011: Distribution of cladoceran assemblages across
environmental gradientsin Nova Scotia (Canada) lakes. - Hydrobiologia
663:83–99.
Korosi, J.B., Paterson A.M., Desellas, A.M. & Smol, J.P. 2009: A comparison of
pre-industrial and presend-day changes in Bosmina and Daphnia size
structure from soft-water Ontario lakes. – Can. J. Fish. Aquat. Sci., 67:
754-762.
Korosi, J.B., Paterson A.M., Desellas, A.M. & Smol, J.P. 2008: Linking mean
body size of pelagic Cladocera to environmental variables in Precambrian
Shield lakes: A paleolimnological approach. - J. Limnol., 67: 22-34.
Lagergren, R., Hellsten, M. & Stenson, J.A.E. 1997: Increased drag, and thus
lower speed: a cost for morphological defence in Bosmina( Eubosmina)
(Crustacea: Cladocera). - Functional Ecology 11: 484-488
Liu, G., Zhengwen, L., Yanling, Li., Feizhou, C., Binhe, G. & Smoak, J.M. 2009:
Effects of fish introduction and eutrophication on the cladoceran
community in Lake Fuxian, a deep oligotrophic lake in southwest China. J Paleolimnol 42:427–435.

52

Manca, M., Torretta, B., Comoli, P., Amsinck, S. L. & Jeppesen, E. 2007: Major
changes in trophic dynamics in large, deep sub-alpine Lake Maggiore
from 1940s to 2002: a high resolution comparative palaeo-neolimnological
study. - Freshwater Biology 52: 2256–2269.
Marcus, N. 1989: Abundance in bottom sediments and hatching requirements of
eggs of Centropages hamatus (Copepoda: Calanoida) from the Alligator
Harbor region, Florida. - Biol. Bull. 176: 142-146
Marcus, N.H. 1984: Recruitment of copepod nauplii into the plankton: importance
of diapause eggs and benthic processes. - Mar. Ecol. Prog. Ser. 15: 47-54
Nevalainen, L. & Luoto, T. 2013: Limnological deterioration forces community
and phenotypic changes in cladocera: Tracking eutrophication in
Mallusjärvi, a lake in Southern Finland. – Boreal Environment Research
18: 209-222.
Nykänen, M., Malinen, T., Vakkilainen, K., Liukkonen, M. Kairesalo, T. 2010:
Cladoceran community responses to biomanipulation and reoligotrophication in Lake Vesijärvi, Finland, as inferred from remains in
annually laminated sediment. - Freshwater Biology 55: 1164–1181.
Oczkovski, A., Markham, E., Hanson, A. & Wigand, C. 2014: Carbon stable
isotopes as indicators of coastal eutrophication. Ecological Applications
24: 457–466.
Ojaveer, H. & Kotta, J. 2015: Ecosystem impacts of the widespread nonindigenous species in the Baltic Sea: literature survey evidences major
limitations in knowledge. - Hydrobiologia. 750:171–185.
Ojaveer H., Simm M., Lankov A. & Lumberg A. 2000: Consequences of invasion
of a predatory cladoceran. ICES CM 2000/U: 16. International Council for
the Exploration of the Sea, Copenhagen
Ojaveer, H. & Lumberg, A. 1995: On the role of the Cercopagis (Cercopagis)
pengoi (Ostroumov) in Pärnu Bay and the NE part of the Gulf of Riga
ecosystem. – Proc. Estonian Acad. Sci. Ecol. 5: 20 – 25.
Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O'Hara,R.B.,
Simpson, G.L., Solymos, P., Stevens, H.H & Wagner, H. 2015: Vegan:
Community Ecology, Package. R package version 2.2-1. Available at:
http://CRAN.R-project.org/package=vegan
Panov, V.E., Rodinova, N.V., Bolshagin, P.V. & Bycheck, E.A. 2007: Invasion
biology of Ponto-Caspian onychopod cladocerans (Crustacea: Cladocera:
Onychopoda). - Hydrobiologia 590:3–14.

53

Perca, M-E., Desmet, M., Enters, D. Reyssf, J-L. 2010: A century of bottom-upand top-down-driven changes on a lake planktonic food web: A
paleoecological and paleoisotopic study of Lake Annecy, France. Limnol.
Oceanogr., 55: 803–816
Peters, H.P. & Downing, J.A. 1984: Empirical analysis of zooplankton filtering
and feeding rates. - Limnol. Oceanogr., 29: 763-784.
Pollumäe, A. & Kotta, J. 2007: Factors describing the distribution of the
zooplankton community in the Gulf of Finland in the context of
interactions between native and introduced predatory cladocerans. Oceanologia, 49: 277-290.
R Core Team: 2015. R: A language and environment for statistical computing. R.
Foundation for Statistical Computing, Vienna, Austria. URL
https://www.R-project.org/
Sakamoto, M. & Hanazoto, T. 2008: Antennule shape and body size of Bosmina:
key factors determining its vulnerability to predacious Copepoda.
Limnology 9: 27-34.
Savage, C., Leavitt, P.R. & Elmgren, R. 2010: Effects of land use, urbanization,
and climate variability on coastal eutrophication in the Baltic Sea. Limnol. Oceanogr. 55: 1033 – 1046.
Simpson, G.L. & Hall, R.I. 2012: Human Impacts: Applications of Numerical
Methods to Evaluate Surface-Water Acidification and Eutrophication. In
Birks, H.J.B., Lotter, A., Juggins, S. & Smol, J.P (ed.): Tracking
Environmental Change Using Lake Sediments - Data Handling and
Numerical Techniques. Springer 2012.
Smol, J.P. 2010: The power of the past: using sediments to track the
effects of multiple stressors on lake ecosystems. - Freshwater Biology 55:
43–59.
Struck, U., Emeis, K., Voss, M., Christiansen, C. & Kunzendorf, H. 2000:
Records of southern and central Baltic Sea eutrophication in delta C-13
and delta N-15 of sedimentary organic matter. - Marine Geology 164:
157–171
Szeroczynska, K. & Sarmaja- Korjonen, K. 2007: Atlas of Subfossil Cladocera
from Central and Northern Europe. Friends of the lower Vistula society,
Poland 2007.
The Baltic Sea Experiment 2007. Online. Cited 7.4.2015. Available at
http://www.baltex-research.eu/background/catchment.html

54

Vakkilainen, K., Kairesalo, T., Hietala, J., Balayla, D., Becares, E., Van de Bund,
W., Van Donk, E., Fernandez-Alaez, M., Gyllstrom, M., Hansson, L.,
Miracle, M., Moss, B., Romo, S., Rueda, J. & Stephen, D. 2004: Response
of zooplankton to nutrient enrichment and fish in shallow lakes: a panEuropean mesocosm experiment. - Freshwater Biology 49: 1619–1632.
Vallius, H. 2015: Sediment and carbon accumulation rates off the southern coast
of Finland. - BALTICA 28: 81–88
Vallius, H. 2006: Permanent seafloor anoxia in coastal basin of the Northern Gulf
of Finland, Baltic Sea. - Ambio 35: 105-108.
Viitasalo, S. & Viitasalo, M. 2004: Predation by the mysid shrimps Mysis mixta
and M. relicta on benthic eggs of Bosmina longispina maritima
(Cladocera) in the northern Baltic Sea. – Mar. Ecol. Prog. Ser. 281: 155–
163.
Voss, M., Larsen, B., Leivuori, M. & Vallius, H. 2000: Stable isotope signals of
eutrophication in Baltic Sea sediments. - Journal of Marine Systems 25:
287–298
Wetzel, R.G. 2001. Limnology – lake and river ecosystems. 3rd edition. Academic
press, San Diego
Zuur, A.F, Ieno, E.N. & Elphick, C.S. 2009: A protocol for data exploration to
avoid common statistical problems. - Methods in Ecology & Evolution.
Journal compilation 2009. British Ecological Society.
Zuur, A. 2007: Principal component analysis and redundancy analysis. In Zuur.
A., Ieno, E. & Smith, G. 2007: Analysing Ecological Data. Springer, New
York

55

