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Abstract

Two sediment cores were retrieved from the oxic Inner and Outer Laerdalsfjord, Western
Norway. The fossil diatom record of these cores was used to reconstruct environmental and
climate change over the past 90 years, providing a basis for future ecosystem management of

the Laerdalsfjord.

Two relationships have been observed between climate factors and the fossil diatom
composition. These are (a) a positive relationship between precipitation levels and the relative
abundance of total freshwater diatoms, and (b) a negative relationship between decreased
nutrient upwelling driven by increasing temperatures and the relative abundance of the marine
benthic diatom species Paralia sulcata. These two relationships have also been used to date

the sediment cores.

The gradually decreasing sedimentation rates in the Inner Lardalsfjord after the construction
of a first hydropower plant at Borgund in 1974 and a second hydropower plant at Stuvane in
1988 indicate an impact of the two hydropower plants on the river flow pattern. This impact
has also been observed in decreasing relative abundance of freshwater planktonic diatoms in
the Inner Leerdalsfjord. The relatively stable sedimentation rates and stable relative abundance
of freshwater planktonic diatoms in the Outer Lerdalsfjord suggest that the Outer Laerdalsfjord
is impacted less by the changes in flow pattern of the partially regulated river Lerdalselv

compared to the Inner Leerdalsfjord.

After the construction of the second hydropower plant in 1988 and the loss of the natural delta
between 1995 and 2000, the already existing impact of hydropower plants on the resulting
reduction in flow velocity of the river Laerdalselv has been enhanced. As a result, the low river
flow velocity caused the reduction in nutrients transported out to the Inner and Outer
Lerdalsfjord, which furthermore led to the decreasing relative abundance of marine planktonic
diatoms in the Inner and Outer Lerdalsfjord after 1988. This enhanced effect has also been
shown in an increase in the freshwater benthic diatoms in the Inner Lardalsfjord and their

decrease in the Outer Lardalsfjord after 2000.

This thesis shows that fossil diatom records in recent (0-90 years) Lerdalsfjord sediments

contain environmental signals and can help reconstruct environmental and climate change.
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1. Introduction

Fjords are transition areas between land and ocean environments. They store around 18 Mt of
organic carbon every year with an organic carbon burial rate per unit area being twice that of
the global ocean average (Smith et al., 2015). As such, they are one of the most important
ecosystems on earth (Bianchi et al., 2020). Considering their important role in the global
ecosystem, there is no doubt that the health of fjord ecosystems should be ensured by taking
necessary protection measures. One of the protection measures, the EU Water Framework
Directive, has hence been implemented in Norwegian fjords. Its goal is to achieve good
ecological and chemical conditions in all European aquatic ecosystems, including Norwegian
fjords, by 2021, with a recently extended deadline of 2025 (European Commission, 2014).
Good ecological and chemical conditions are defined in the EU Water Framework Directive as
showing no or only slight deviations from the natural conditions under no anthropogenic
pressures (European Commission, 2014). To achieve this goal in Norway, the ecological and
chemical conditions of Norwegian fjords and aquatic ecosystems are monitored, and the
relevant information is made available to the public in the database “Vann-nett.no” (Vann-

nett.no, 2022).

The Lerdalsfjord is a southern side inlet of the Sognefjord in Western Norway (Figure 1a;1b).
It is one of the Western Norwegian fjords whose chemical and ecological conditions are under
monitoring of the EU Water Framework Directive. However, the data about chemical
conditions and risk evaluation in the Lerdalsfjord is sparce. The most recent reports about the
ecological conditions were published in 1988 and 2007 (Johannessen & Lenning, 1988;
Heggoy et al., 2007).

Since the Lardalsfjord is exposed to climate change of increasing temperature and precipitation
level (Meteorologisk Institutt, 2022b) and potential environmental changes due to human
activities (e.g., Johnsen & Golmen, 1992; Borgund kraftverk, 2021; Engineering.com, 2006),
it is crucial to investigate and monitor its environmental conditions closely. In this thesis,
special emphasis is put on potential environmental impacts of major human induced events,
including the regulation of the river Laerdalselv by the Borgund hydropower plant built in 1974
and the Stuvane hydropower plant built in 1988 (Borgund kraftverk, 2021), and the Lardal
Tunnel building and following reconstruction of a human-built delta between 1995 and 2000

(Engineering.com, 2006) (Figure 1c).
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@ Maristova meteorological station

Figure 1. a). Location of Sognefjord b). Location of Leerdalsfjord c). Locations of Inner and Outer Leerdalsfjord, Leerdal
Tunnel, River Leerdalselv and Erdalselv, Mountain Granosi, Sdta, and Vetanosi, the delta, two hydropower plants and two

measuring stations (White dot lines indicate the main road E16).

To provide the water management agencies with detailed up-to-date information about the
hydrographical, ecological, and chemical conditions of the Lardalsfjord, the Western Norway
University of Applied Science (HVL) has conducted a marine environmental project in the
Laerdalsfjord in 2022. As part of the project, this thesis aims to identify environmental signals
from the fossil diatom records in sediment cores and to reconstruct past environmental and
climate changes in the Lardalsfjord based on the major changes in the diatom composition

over the past 90 years.

Diatoms, which are used as biological indicators in this thesis, are single-celled microalgae
with wide ecological niche breadth (Dixit et al., 1992). They are widely employed for
environmental research due to their quick response to environmental and climate changes and

their wide distribution (Dixit et al., 1992).
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Most diatom-based environmental research focuses mainly on fossil marine diatom records,
such as past environmental changes in the Kolj6 Fjord, Sweden (McQuoid & Nordberg, 2003a),
paleoclimate reconstructions in the Skalafjord, Faroe Islands (Witon et al., 2006), and past
hydrographic changes in the Igaliku Fjord, South Greenland (Jensen et al., 2004). However,
Paetzel & Dale (2010) has pointed out the significance of freshwater diatoms as indicators of
changes in river runoff and precipitation levels on land, when using fossil diatom records in
fjord sediment of the Inner Sognefjord region in Western Norway to reconstruct past climate
changes. Thus, this paper will focus on both marine and freshwater diatoms in sediment cores

in the Leerdalsfjord and interpret their environmental signals.

In addition, Paetzel & Dale (2010) suggested a new relative dating method based on fossil
freshwater diatoms to date their sediment cores retrieved from the glacially influenced
Sogndalsfjord. Compared to absolute radioactive sediment dating methods, this relative
diatom-based dating method is rather time- and cost-efficient. To explore the potential of fossil
diatom records in sediment dating, this thesis will adopt the basic principle of this new dating
method and examine the method in a different, non-glacially influenced fjord system, i.e., the

Leaerdalsfjord in Western Norway.
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2. Objective

This thesis will present possibilities of utilizing fossil freshwater and marine diatom records to
date sediment cores and using the dated record to investigate potential impacts of past climate
changes and human activities on the ecosystem of the Laerdalsfjord. The major aim of this
thesis is thus to shed light on the following main question: Do the diatoms in recent (0-90 years)
sediments from the Lerdalsfjord hold signals of past natural and/or human-caused

environmental and/or climate change?
To answer this main question, the three following objectives are formulated:

Objective 1

Can changes in the diatom composition be used to date two sediment cores from the Inner

and Outer Leerdalsfjord?

A timescale needs to be obtained by dating the sediment cores for the detailed analysis of
diatom composition changes. The timescale will help link a changing diatom composition to a
certain time and help determine the possible causes of these changes. Instead of traditional
dating methods like the recognition of '*’Cs from the Chernobyl accident (Paetzel & Schrader,
1991), or the 2!1°Pb dating method (Koide et al., 1972), a new relative dating method has been
used by Paetzel & Dale (2010) to date young (0-20 years) fjord sediment cores. This new
method is based on the positive relationship between precipitation level and the mineral matter
and freshwater diatom content in fjord sediment cores. This thesis will utilize this dating
method to provide a main timescale for the two sediment cores. An additional relationship
between diatom composition changes and local air (and thus surface water) temperature will

also be examined to suggest another diatom-based relative dating possibility.

Objective 2

Can changes in the freshwater diatom composition in the Inner and Outer Lcerdalsfjord
sediment cores be linked to past natural and/or human-caused environmental and/or climate

change?

Certain environmental and climate changes may cause changes in the freshwater diatom
composition. Thus, this thesis aims to explore the potential of freshwater diatoms as indicators
for past natural and/or human-caused environmental and/or climate changes. Linkages between

changes in the freshwater diatom compositions and past environmental and/or climate changes
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will be constructed by analysing the causes of freshwater diatom composition changes.
Additionally, despite the distance between the core locations in the Inner and Outer
Laerdalsfjord being only around lkm (Figure 1), the Inner and Outer Lardalsfjord may be
impacted by environmental and/or climate changes in different ways due to their different
surrounding environments. Thus, a comparison will be made between the freshwater diatom

composition changes in the Inner and Outer Lardalsfjord in this thesis.

Objective 3

Can changes in the marine diatom composition in the Inner and QOuter Lcerdalsfjord
sediment cores be linked to past natural and/or human-caused environmental and/or climate

change?

Since marine diatoms are one of the main primary producers in fjords (Dixit et al., 1992),
changes in marine diatom concentration (in percentage of the total diatom concentration) can
imply changes in primary productivity in a fjord. In addition, changes in certain environmental
or climate factors, such as stratification, nutrient availability, and temperature (e.g., Paetzel &
Dale 2010), may lead to changes in the relative abundance of certain marine diatom species
with specific ecological tolerances. Hence, this thesis aims to examine the potential of marine
diatoms as indicators for past natural and/or human-caused environmental and/or climate
changes. Linkages between changes in the marine diatom compositions and past environmental
and/or climate changes will be constructed by analysing the causes of marine diatom
composition changes. In addition, since the Inner and Outer Lardalsfjord may be impacted
differently by environmental and climate changes due to their different surrounding
environments (Figure 1), this thesis will compare the marine diatom composition changes in

the Inner Lerdalsfjord with that in the Outer Lardalsfjord.
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3. Settings

To facilitate further diatom-based analysis, this chapter provides background information about
the environmental settings of the Lardalsfjord. These settings include the bathymetry profile,
recent hydrographical and climate changes, and recent human activities in the area close to the
Lerdalsfjord. In addition, detailed information about diatoms will be given, including their
morphology, classification, ecological preferences, and their significance in environmental
research. Furthermore, published literature about the Lerdalsfjord will be summarised in the

scientific setting as a theoretical foundation for this thesis.

3.1. Environmental Settings

3.1.1 Bathymetry

The Lardalsfjord, consisting of the Inner and the Outer Laerdalsfjord basin, is a NW-SE-
oriented tributary of the Sognefjord in Western Norway (Figure 1). It is around 9 km long and
around 700 to 2300 m wide and is located around 130 km inland east of the Norwegian coast
(Norgeskart, n.d.). The Lardalsfjord is surrounded by the 1408m high Sita mountain to the
south, the 1209 m high Granosi mountain to the southwest, and the 1134 m high Vetanosi

mountain to the northeast (Figure 1).

The Inner Lardalsfjord basin is connected to the Outer Laerdalsfjord basin by a 46 m deep sill
(Figure 2). The Inner Lardalsfjord basin has a maximum water depth of 55 m (Figure 2) and
the Outer Lardalsfjord basin has a water depth gradually increasing from the sill to 845 m over
a distance of 7 km (Figure 2).
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Figure 2. Bathymetry profile of the Leerdalsfjord, and its depth profile with depth curves of 50m, 100m, 200m, 400m, 600m
and 800m below sea level (Norgeskart, n.d.). Red letters (A, B, C, D) indicate the transect used for reconstruction of

bathymetry profile.
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The river Lardalselv is the major freshwater inlet into the eastern end of the Inner Lardalsfjord
(Figure 1). It runs into the Inner Laerdalsfjord by a reconstructed human-built delta (Figure 1;
Figure 10). It gains its freshwater mainly by precipitation and melted snow since the river is
not fed by glacial meltwater. In contrast, the Outer Lardalsfjord receives freshwater supply

from both the river Lardalselv and the river Erdalselv (Figure 1).

3.1.2 Hydrography
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Figure 3. Three vertical layers (brackish water, intermediate layer, basin water) of a Norwegian fjord, and basin circulation
principle (Aksnes et al., 2019). Dissolved oxygen concentrations in basin water and in ocean water are shown as Op and Os

respectively.

The Lerdalsfjord contains three vertical water layers due to temperature differences and
salinity caused density differences (Figure 3). The thin surface layer consists of brackish water
with the lowest density. The intermediate layer is composed of Norwegian Coastal Water
(Aksnes et al., 2019). Depending on the sill depth, the basin water contains either Norwegian
Coastal Water or North Atlantic Water or a mixture of both (Aksnes et al., 2019).

Based on the data of CTD (Conductivity, Temperature, and Depth) measurements (Figure 4),
the Inner Lardalsfjord has a surface brackish layer from Om to 9m with a salinity level lower
than 28PSU and a density level lower than 20g/cm?. In contrast, the salinity and density of the
intermediate layer from 9m to 46m increases continuously to a maximum level of 33PSU and
26g/cm’, respectively, at the water depth of 46m (Figure 4). The oxygen level of the basin water

layer below 48m decreases to a minimum level of 3.9mgO,/1 (Figure 4).

Compared to the Inner Lerdalsfjord, the surface brackish layer in the Outer Lardalsfjord is

thinner and there is no basin water layer (Figure 4). The surface brackish layer ranges from Om
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to 8m with a salinity level lower than 28PSU and a density level lower than 23g/cm?® (Figure
4). The intermediate layer consists of a shallow intermediate layer from 8m to 46m and a deep
intermediate layer below 46m water depth (Figure 4). The salinity and density of the water
shows a first gradual increase in the shallow intermediate layer to 33PSU and 26g/cm?,
followed by a second increase in the deep intermediate layer to 34PSU and 27g/cm? (Figure

4). The oxygen level decreases gradually in the intermediate layer from 9mgO>/1 to 6.3mg0,/1
(Figure 4).

The basin water in the Inner Lerdalsfjord at the depth of 50m shows a slightly higher density
of 27g/cm? and a slightly lower temperature of 8°C compared to the Outer Lardalsfjord in the

same depth (Figure 4). This can be explained by a basin water exchange in the Inner

Lardalsfjord in the winter in 2021.

Inner Leerdalsfjord CTD Measurements Outer Leerdalsfjord CTD Measurements
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Figure 4. Salinity, temperature, density, and oxygen values of the Inner and Outer Leerdalsfjord in September 2022, vertical
layers (brackish water, intermediate layer, basin water) in Inner and Outer Leerdalsfjord (No basin water layer in the Outer

Leerdalsfjord). The red solid line is used for comparison at 50m water depth between the Inner and Outer Leerdalsfjord.

Regarding the oxygen level in the Lardalsfjord, the dissolved oxygen concentration in the
Inner Lardalsfjord drops in the basin water layer from 8mgO2/1 to 3.9mgO>/1, while the Outer
Lerdalsfjord shows a good dissolved oxygen concentration with the lowest value of 6.3mg0O»/1

based on the dissolved oxygen concentration standards (European Environmental Agency,

2022) (Figure 5).

17



Oxygen Classification
Comparison Inner and Outer Leerdalsfjord

o 2 4 & 8 10 12
o

Oxygen Classification | Oxygen Level (mg/l) ’
Very bad 0-2 a0
bad 24 =
moderate 4-6 = i
good >6

|

80

——=e0Oxygen Outer Fjord [mg/1] —e0xygen Inner Fjord [mg/1]

Figure 5. Oxygen levels in different water depths in Inner and Outer Leerdalsfjord measured in September 2022 with
classification standards set by the European Environmental Agency (2022)

Compared to 1987 and 2006, the dissolved oxygen concentration in the Inner and Outer
Lardalsfjord in 2022 is lower (Figure 6). For example, the dissolved oxygen concentrations in
the Inner and Outer Lardalsfjord at the depth of 5Sm in 2022 are around 10.5mgO>/1 while the
values in 1987 and 2006 are around 12mgO»/1 (Figure 6).

Oxygen Concentration [mg/l] Outer Fjord Oxygen Concentration [mg/l] Inner Fjord
1986 - 2022 1987 - 2022
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Figure 6. Historical records of oxygen concentration with water in Inner and Outer Leerdalsfjord in 1987, 2006 and 2022
(Johannessen & Lonning, 1988; Heggoy et al., 2007).

Considering that increasing temperature can lead to decrease in dissolved oxygen concentration
(Blumberg & Di Toro, 1990), the low dissolved oxygen concentration in the Laerdalsfjord in
2022 can be caused by a gradual increase in water temperature in both Inner and Outer
Lerdalsfjord since the 1970s (Figure 7). The water temperatures at water depth of 10m in the
Inner and Outer Laerdalsfjord show an increase from 7°C in 1968 to 12.5°C in 2022 (Figure 7).
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Figure 7. Historical temperature records in the Outer Leerdalsfjord at 10m water depth (blue line) and at 50m water depth
(vellow line) and that in the Inner Leerdalsfjord at 10m water depth (blue line) and 20m water depth (green line) during the
period between 1968 and 2022 (Torbjorn Dale 2023, personal communication).

Another possible reason for the low dissolved oxygen concentration in the Lardalsfjord in
2022 can be the less frequent basin water circulation. Basin water circulation plays a key role
in supplying new oxygen to the stagnant basin water with a low oxygen level (Aksnes et al.,
2019). When the density of the Norwegian Coastal Water or North Atlantic Water at sill level
outside the basin exceeds the density of the basin water, the coastal or oceanic oxygen rich
water will flow into the basin and replace the stagnant basin water (Darelius, 2020). With the
rising temperature and decreasing oceanic water density observed along the Norwegian coast,
basin water circulation in the Norwegian fjords has become less frequent, which can
furthermore lead to longer stratification periods in the Norwegian fjords and lower oxygen

levels in the fjord basins (Darelius, 2020).
3.1.3. Climate change

The Leardalsfjord is located within a generally mild and rainy marine climate zone
(Meteorologisk institutt, 2022a). However, since the Lerdalsfjord is relatively far away from
the coast, the temperature in winter can drop below 0°C and the average precipitation level of
750mm/year is rather moderate compared to the coastal areas with an average precipitation

level of over 3,500mm/year (Meteorologisk institutt, 2022a).

The historical annual average temperature data from the meteorological stations Lardal,
Lardal/Tenjum, Laerdal/Moldo, and Lardal IV (Appendix 8) between the years 1870 and 2022
is used in this thesis to show the past air temperature changes in Lardal (and hence surface

water temperature changes in the Lardalsfjord). The annual air temperature remains at a stable
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level of 6.5°C on average between 1870 and 1920, followed by an increase to 7.5°C between
1920 and 1940 (Figure 8a). Between 1940 and 1980 the annual air temperature decreases to
5.5°C on average (Figure 8a). After 1980 the annual air temperature shows a continuous

increase and reaches a current average level of around 7.5°C (Figure 8a).

To show the past changes in runoff of the river Laerdalselv into the Leerdalsfjord, the historical
annual precipitation records between 1896 and 2022 from the Maristova meteorological station
are used in this thesis (Appendix 7). The data from the Maristova meteorological station is
chosen since this station is close to the main water source area of the river Lerdalselv. The
annual precipitation level shows a gradual increase from 700mm on average in 1970 to 800mm
on average in 2022 (Figure 8b). The continuous increase in both precipitation and temperature

level after 1980 indicates a climate warming trend after 1980.

(a) Annual average temperature (Lzerdal) (°C) (b) Annual average precipitation (Manstova) (mm)

Figure 8. (a). Annual average temperature records from 1870 to 2022 in Leerdal (Meteorologisk institutt, 2022b). (b).
Annual average precipitation records from 1896 to 2022 in Maristova meteorological station (Meteorologisk institutt,

2022b).

3.1.4 Recent human activities

The Lardalsfjord is located close to the township of Lardal with a population of 2117 people
in January 2022 (SSBS API, 2022). Human activities in this region may exert an influence on
the ecological and chemical conditions of the Lardalsfjord. In the following section, the details

of several major human activities and their potential environmental impacts will be illustrated.
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The first hydropower plant with a capacity of 212MW was constructed in Borgund in 1974,
while the second hydropower plant with a relatively low capacity of 19MW was built in
Stuvane in 1988 (Borgund kraftverk, 2021). To facilitate hydropower-based energy production,
the river flow in the river Lerdalselv is partially regulated although the river still maintains a
natural seasonal flow pattern (Figure 9). Based on the data from the Slthun measuring station
(Figure 9) between 1961 and 2008 and the data from the Stuvane measuring station (Figure 9)
between 1987 and 2008, the mean flow velocity in Szlthun has decreased by 20% from 24m?/s
by 1974 to 19m>®/s by 2008, while the mean flow velocity in Stuvane has increased by 30%
from 22.4m%/s by 1988 to 30.7m>/s by 2008 (Torbjern Dale 2023, personal communication).

Figure 9. River regulation of Borgund and Stuvane hydropower plants (hydropower plants are marked with two triangles,

the regulated river flow is marked by solid red lines, Scelthun and Stuvane measuring stations are marked with two dots).

In addition, to boost the local economy and attract more tourists, the original natural delta has
been reconstructed with the rock masses from building of the Laerdal Tunnel between 1995 and
2000 (Engineering.com, 2006). As a result, 70% the natural delta has been lost and the
equilibrium between the river and the natural ecosystem in the delta cease to exist after the loss

of natural delta (Figure 10).

Laerdalsayri 1961 ;. ; 7 Leerdalsgyri 2017

Figure 10. Differences between natural delta in Leerdal in 1961 and human-built delta in 2017 (Klamer, 2017) (delta is

marked with red dot lines).
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3.2 Diatoms

Diatoms are single-celled microalgae from the algal class Bacilariophyceae with sizes ranging
from 1um to over Imm (Kociolek et al., 2023). As primary producers in aquatic ecosystems,
they can be found in almost all marine, brackish, and freshwater ecosystems with sufficient
light and nutrient conditions (Dixit et al., 1992). The Chlorophylls a and ¢ and the golden-
brown pigments contained in their cells allow them to perform photosynthesis efficiently
(Kociolek et al., 2023). Apart from their role in the global cycling of oxygen and carbon, they
are also crucial to the global cycling of silica since they need opaline silica (Si02*2H,0) for
the cell walls of their frustules (Kociolek et al., 2023). Due to their resistant opaline cell walls,
they are well-preserved even in sediments with a period of millions of years and thus are widely
utilized for sediment analysis (Dixit et al., 1992). In the following section, the morphology,
classification, ecological preferences, and application of diatoms in scientific research will be

explained in detail to facilitate further diatom analysis.
3.2.1 Morphology

The opaline cell wall of diatoms, also known as frustule, fully encloses the protoplast and is
located outside of the plasma membrane (Kotzsch et al., 2017). The frustule consists of two
nanopatterned porous bio-silica building blocks, namely two valves resembling a pillbox
bottom and lid, and one girdle band that connects the two valves (Kotzsch et al., 2017; Lewis,
1984; Mitra et al., 2018) (Figure 11). The lid or the older and bigger valve is called epitheca,
while the bottom or the younger and smaller valve is called hypotheca (Mitra et al., 2018)
(Figure 11). In most diatom cells, the valves are radially or bilaterally symmetrical and
connected by a cylindrical girdle (Figure 11), while there are some exceptions with
asymmetrical valves or bent girdle bands (Round et al., 1990). Since the frustule is divided into
two building blocks, valves, and girdle bands, the morphology of each diatom cell can be
determined from two principal orientations, namely the valve view and the girdle view,
depending on if the girdle bands or the valves appear in the face view or are parallel to the line
of sight (Round et al., 1990) (Figure 11). In the process of asexual reproduction via mitosis,
the old epitheca develops a new hypotheca while remaining an epitheca (Lewis, 1984). In
contrast, the old hypotheca develops a new hypotheca and becomes an epitheca itself (Lewis,
1984). The cell division in the process of asexual reproduction leads to a decrease in the average
size of diatom cells since new valves must fit inside the old valves (Lewis, 1984). To

compensate for the decrease in the size of cells due to asexual reproduction, diatoms can also
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produce auxospores through sexual reproduction (Pérez-Martinez et al., 1992). Auxospore
formation can be triggered by favourable environmental conditions like an increase in nutrient

availability and by the high percentage of small-sized cells (Pérez-Martinez et al., 1992).

Hypotheca

(a) Girdle View (b) Valve View

Figure 11. Girdle view (a) and valve view (b) of a marine benthic diatom, Achnanthes brevipes Agardh, its frustule consists

of an epitheca, a hypotheca and girdle bands (Matthias Paetzel 2023, personal communication,).

Despite of critics about this morphogenetic classification method, diatoms can be divided into
centric and pennate diatoms in a descriptive sense based on the shape of valves and the pattern
of the valve surface (Mitra et al., 2018; Medlin, 2009; Alverson et al., 2006). The centric
diatoms with a discoid, solenoid, or cylindrical cell shape show radiating patterns from the
centre (Mitra et al., 2018). The pennate diatoms with an elongated and fusiform, oval, sigmoid,
or roughly circular shape, on the other hand, contain elongated valves, which are bilaterally
symmetric along an apical axis, and a sternum, which is a longitudinal silica element of the
valve of pennate diatoms (Mitra et al., 2018; Round et al., 1990). The sternum, known as the
first silica deposited in the valve formation process, is positioned either along the apical axis

(Figure 12), or along the valve margin as in the Eunotia species (Round et al., 1990).

In many raphid diatoms (i.e., diatoms with a raphe system), the sternum contains a raphe system
(Round et al., 1990). A raphe system consists of one or two slits (i.e., an opening within diatom
cell walls) and is positioned like the sternum either along the apical axis or along the valve
margin (Cox, 2012). As shown in Figure 12, if there are two slits, the two branches of raphe
can be separated by a central nodule, which is a silica thickening area in raphid diatoms (Cox,

2012; Round et al, 1990).

Another element of a diatom cell is a stria, or striae in the plural (Figure 12). A stria refers to a
row of alveoli or a single alveolus when the alveolus spans from the apical axis to the valve
margin (Ross et al., 1979). In centric diatoms, striae are positioned along the radius of a valve,
while striae are positioned transapically in pennate diatoms (Figure 12) (Ross et al., 1979).

Three features of striae are often used for diatom identification, including density, orientation,
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and seriation (Ross et al., 1979). Density refers to the number of striac in 10 um of
circumference (Ross et al., 1979). There are three common types of orientation, namely radiate,
parallel, or convergent (Ross et al., 1979). The seriation of striae can be uni-, bi-, or multiseriate

(Ross et al., 1979).

Figure 12. A Scanning Electron Microscope (SEM) Image of Cavinula cocconeiformis with sternum, raphe, central nodule,

and striae (Otu & Spaulding,2011).

3.2.2 Classification

Due to its wide distribution around the globe, diatoms have a high phylogenetic diversity and
are the most species among autotrophic algae (Kociolek et al., 2023; Archibald, 2017). There
are over 75,000 named taxa while more than 200,000 species may exist (Kociolek et al., 2023).

Since centric and araphid diatoms are not monophyletic, the morphological classification of
diatoms (i.e., diatoms are divided into centric, araphid pennate and raphid pennate groups) shall
not be employed for the taxa classification (Medlin, 2009). A new classification method is
introduced by Medlin & Kaczmarska (2004), which takes both morphology and molecular
phylogenetic relationships into consideration and reflects more accurately the evolution
process of diatoms than the morphological classification method (Medlin & Desdevises, 2020).
This diatom classification, also known as CMB (Coscinodiscophyceae, Mediophyceae and
Bacillariophyceae) hypothesis, divides diatoms into three categories: Coscinodiscophyceae for
radial centric diatoms, Mediophyceae for polar centric diatoms and radial Thalassiosirales, and

Bacillariophyceae for pennate diatoms (Medlin & Desdevises, 2020) (Figure 13).
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Figure 13. Example of diatom classification based on the CMB (Coscinodiscophyceae (marked in yellow), Mediophyceae
(marked in green) and Bacillariophyceae (marked in blue)) hypothesis (Theriot et al., 2009).

3.2.3 Ecological preferences

Diatoms have a wide ecological niche breadth, especially in terms of temperature, salinity,
trophic level, and pH level. Their distribution ranges from hot springs in the tropic regions to
the ice in the arctic regions, from the most dilute freshwater to salty inland lakes with a salinity
level higher than the open ocean, from the most oligotrophic environments to the outlets of
sewage treatment plants with a high trophic level, and from acid mine drainage water with a
very low pH level of 2.5 to an alkaline water column with a high pH level of above 10 (Kociolek
et al., 2023).

Different diatom species possess different levels of ecological tolerance and show the
maximum growth rates under different ecological conditions. As primary producers, light is
one of the key ecological factors for their bloom. Additionally, given their opaline (Si02*2H,0)
cell walls, the availability of certain nutrients, especially nitrogen (N), phosphorus (P), and
silicium (Si), can also impact the growth rate of diatoms. Furthermore, marine diatoms can be
more affected by the change in salinity level while freshwater diatoms are more sensitive to a

change in pH level (Dixit et al., 1992).

Depending on the habitat preferences, diatoms can be divided into planktonic diatoms that
spend most of their life cycle in the water column and benthic diatoms that live at the bottom

of the water column. Planktonic diatoms live either as single cells or join each other in chains
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to form colonies given their relatively small sizes (Kasim & Mukai, 2006). Benthic diatoms
can be either free-living or attached to plants or rocks. Based on their living environments,
benthic diatoms can be subdivided into epiphytic (attached to other plants), epipsammic (on

sand), epipelic (on the sediment), and epilithic (attached to rock surfaces) (Dixit et al., 1992).
3.2.4 Application of diatoms in scientific research

Diatoms have been widely employed as biological indicators for both short-term and long-term
climate and environmental changes, such as global warming and cooling, eutrophication,
acidification, or metal contamination (Dixit et al., 1992). There are various methods to utilize

diatoms in environmental research.

Analysis of fossil diatom records in the sediment cores is one of the common methods for the
analysis of long-term climate and/or environmental changes. For example, climate and
environmental changes in the Skalafjord (Faroe Island) during the past 5400 calibrated '“C
years BP (Before Present) have been reconstructed based on the freshwater and marine diatom
composition changes in sediment cores (Witon et al.,2006). In another example, Taylor et al.
(2001) employed the temperature preferences of different diatom species to reconstruct the

Holocene paleoclimate change in the Antarctic Peninsula.

The changes in the abundance, morphology and genetic features of certain diatom species can
also be utilized to detect short-term environmental changes since the morphological and genetic
features of diatom species may change under certain stress factors. For example, early aging in
Thalassiosira sp. and Skeletonema marinoi is used to indicate a shortage of silicic acid and iron
in the paper published by Lauritano et al. (2015). Another example is the monitoring of metal
contamination situation in Lac Dufault (Québec, Canada) based on the diatom composition

changes and morphological characteristics changes of certain species (Cattaneo et al., n.d.).

3.3 Scientific settings

Considering the significance of the ecosystem in the Lerdalsfjord, several environmental

analyses have been carried out in this region during the past 40 years.

The first environmental research in the Lardalsfjord was conducted in 1987 due to the rising
public concerns about potential polluting influences of sewage discharge on the fjord
ecosystem (Johannessen & Leonning, 1988). The hydrography, sediment, and benthic fauna in

the Laerdalsfjord were examined to evaluate the impacts of sewage discharge (Johannessen &
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Lonning, 1988). To alleviate potentially polluting environmental impacts, this research
suggested to release sewage water into a deeper level of the fjord (Johannessen & Lenning,

1988).

The second environmental research was carried out in 1992 by the Norwegian Institute for
Water Research (Norsk institutt for vannforskning) to examine the potential environmental
impacts of the dumping of surplus masses from planned tunnel building on the fjord ecosystem
(Johnsen & Golmen, 1992). The hydrographical changes, including temperature, salinity,
density, and flow velocity, were monitored between 1980 and 1990 (Johnsen & Golmen, 1992).
This environmental investigation has concluded that the overall negative environmental impact
is rather insignificant (Johnsen & Golmen, 1992). However, since the released tunnel masses
may affect benthic flora and fauna and may change the turbidity and eutrophic level of the
Lardalsfjord, dumping in the summer (from May to August) was not recommended (Johnsen

& Golmen, 1992).

A more recent marine biological investigation was conducted between August and September
2006 to examine the biological and chemical conditions of the Lardalsfjord and to classify the
environmental quality of the Laerdalsfjord based on the guidelines from the Norwegian Climate
and Pollution Agency (Statens Forurensningstilsyn) (Heggey et al., 2007). Various ecological
factors, including temperature, salinity, density, oxygen content, turbidity, grain size of the
sediment, macrofauna, macroalgae, and chemical pollutants, were investigated using the
samples collected from chosen locations (Heggoy et al., 2007). This investigation concluded
that no pollution is found in these locations, and the environmental quality of the Laerdalsfjord
is good based on the definition of good ecological and chemical conditions set by the EU Water

Framework Directive in 2014 (European Commission, 2014) (Heggoy et al., 2007).

Two most recent research in 2018 and 2020 aimed to reconstruct the flooding history in the
area near the Lardalsfjord by examining marine sediments cores collected from the Inner
Lardalsfjord (Gjerdingen, 2018; Haflidason, 2020). In these two papers, the sedimentation
rates in the Laerdalsfjord were calculated, ranging from 0.25 cm/year to 0.33 cm/year over the
last 1000 years (Gjerdingen, 2018; Haflidason, 2020). These “C-based sedimentation rates

provide benchmarks for the dating of sediment cores from the Lardalsfjord.

Furthermore, the Western Norway University of Applied Science (HVL) has conducted a
marine environmental project in the Lardalsfjord in 2022. This marine environmental project

investigated the ecological and chemical conditions of the Lardalsfjord from the following
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aspects: hydrography of the Lardalsfjord and the Leardalselv (the hydrographic data is shown
in Figure 4, 5, 6 and 7), chemical pollution in the Laerdalsfjord and the river Leardalselv,
foraminifera, macroalgae, and sediment analysis (including analysis of particular matter,

geochemistry and fossil diatom records).

The data of chemical conditions in the Lardalsfjord and the Lardalselv shows a moderate level
of the PAH Anthracene in the Innermost part of the Inner Lerdalsfjord, a low to moderate level
of Zinc in the river Lardalselv and the Inner Lardalsfjord basin, as well as a moderate to a
high level of Tributyltin (TBT) in the river Lardalselv and the Inner Laerdalsfjord. To improve
the chemical conditions, the sources of TBT and other metal pollutants shall be investigated

and mitigated (Matthias Paetzel 2023, personal communication).

Like diatoms, foraminifera are also widely utilized as biological indicators of environmental
change due to their wide distribution, high abundance, and well-preserved conditions as fossil
records. Foraminifera are hence used in the 2022 project to indicate historical environmental
and climate changes, and the level of biodiversity in the Lardalsfjord based on the requirement
of the EU Water Framework Directive. In this foraminifera analysis, the high precipitation level
during the period 1976-1993 was indicated by the increase in the abundance of foraminifera.
This analysis also pointed out that the biodiversity in the Inner Laerdalsfjord is in a moderate

level and needs to be improved in the future (Marianne Nilsen 2023, personal communication).

Another biological indicator, macroalgae, was also investigated with the help of an underwater
drone. Based on the percentage of red, green, and opportunist algae, the shore index was
calculated and the ecological condition of the Laerdalsfjord was determined as moderate. The
underwater investigation also pointed out the need for further investigations into the ecological
impacts of the trash dumped into the Laerdalsfjord, and the distribution of deepwater coral and
sea pens. Since sea pens are sensitive to bad water quality and their habitats are vulnerable,

protection measurements need to be taken (Marianne Nilsen 2023, personal communication).

Sediment cores collected from the Inner and Outer Lerdalstjord were also analysed based on
changes in grain size, mineral matter, organic matter content (Oppermann 2023, in progress),
and changes in magnetic susceptibility and geochemistry (Hartmann 2023, in progress). The
changes in geochemistry and particular matter have indicated the effect of changes in
precipitation levels and the impacts of hydropower plants and dumping of tunnel masses. The

fossil diatom record in these sediment cores will be analysed in this thesis.
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4. Materials and Methods

In this chapter, the procedures of data collection and data analysis will be explained.

4.1. Data collection

The smear slide method of Rothwell (1989) will be utilized for the diatom analysis in this
thesis. The data collection process consists of three steps, including sampling of sediment cores

(material), preparation of smear slides and diatom counting.
4.1.1. Sampling of sediment cores (material)

On August 30", 2022, two sediment cores with intact sediment-water interfaces were retrieved
using a Niemisto (1974) corer at the sampling station 1 in the Inner Laerdalsfjord (Location 1
at 52.6m water depth; number 1 in Figure 19) and the sampling station 2 in the Outer
Laerdalsfjord (Location 2 at 123m water depth; number 2 in Figure 19) (Table 1). The sediment
core MF2022-2 from the Inner Laerdalsfjord is 23cm long while the core MF2022-3 from the
Outer Leardalsfjord is 28cm long (Table 1). After retrieving the two sediment cores, a general
description of both cores was made based on visual inspections of structures, texture, and

particulate matter and a colour estimation using the colour code of Munsell (1994).

Based on sedimentation rates obtained by Gjerdingen (2018) and Haflidason (2020), the two
sediment cores consist of sediment deposited during the past around 90 years. Thus, the term

“recent sediments” used in this thesis refers to sediments with a time span of about 90 years.
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Figure 14. Bathymetry profile of the Inner Leerdalsfjord (Station 1) and the Outer Leerdalsfjord (Station 2). Sampling
stations 1 and 2 marked with red numbers. Red letters (A, B, C, D) indicate the transect used for the reconstruction of the

bathymetry.
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Table 1. Coordinates, water depth and sediment penetration (core length) of two sediment cores MF2022-2 (Station 1, Inner
Leerdalsfjord) and MF2022-3 (Station 2, Outer Leerdalsfjord).

Core name | Station name Longitude (North) Latitude (East) | Water depth | Sediment penetration

(Core length)
MF2022-2 1 61°6'28.84228"N 7°27'9.30960"E 52.6m 23.0 cm
MF2022-3 2 61°6'22.66596"N 7°25'41.53737"E 123.0m 28.0cm

4.1.2 Preparation of smear slides

Since this thesis is part of a marine environmental project and the whole project investigated
not only fossil diatom records but a variety of sediment parameters, the parallel analysis of all
parameters is essential. The parallel analysis of sediment parameters should preferably take
place within the same material, in this case within smear slides (Paetzel & Dale, 2010). Hence,
the smear slide method of Rothwell (1989) was utilized in this thesis. Another advantage of the
smear slide method is its time- and cost-efficiency. The smear slide method requires only a
small sample (<1 mm?), and the preparation and analysis of smear slides can be carried out in

a relatively short time. In addition, the smear slide analysis is non-destructive and repeatable.
The smear slides were prepared in the following procedure:

1) The collected sediment cores were cut into two halves.

2) Since the sedimentation rate is around 0.25 to 0.33cm/year, a frequency of 0.5cm is chosen
for subsampling. The sediment cores were then subsampled continuously at the frequency
of 0.5cm. Each sediment subsample thus contains a sediment deposition of around 1 to 2
years on average.

3) The subsample was then homogenized with the help of a droplet of distilled water and a
toothpick. The amount of a needle head (about 1mm?) of the homogenized subsample was
then extracted and transferred onto a clean microscope cover glass. A droplet of distilled
water was then used to disintegrate the needle head sample. To decrease the surface tension
of the distilled water, a drop of Kodak Photo-Flo wetting agent was utilized. Then, the
sample was smeared over the cover glass by a toothpick with an empty margin of 0.5cm on
both short sides of the cover glass.

4) The liquid content in the smear slides was then evaporated on a heating plate with a

temperature lower than 50°C.
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5) Since the diatoms with opaline silica (Si02*2H0) cell walls have a low refractive index
of 1.43 like glass (Fuhrmann et al., 2004), a mounting agent, Naphrax (Brunel Microscopes
Ltd) with a high refraction index of 1.73 was added onto the cover glass to make the finely
silicified structures of the diatom frustules visible for identification. Since Naphrax is
dissolved in highly carcinogenic and cancerogenic toluene, the whole process was carried
out inside a ventilated fume hood cupboard.

6) A standard 75x26mm microscope slide was then mounted onto the cover glass and flipped
over so that the cover glass was on the top.

7) The solvent of the mounting agent, toluene, was then evaporated by heating the slide on
heating plate at a temperature between 100°C and 120°C. After the toluene was evaporated,
the smear slide was cooled down and stored in a box. Due to the mounting agent, the
sediment subsample inside the smear slide can remain in the same position and status for a

long time. Examples of smear slides are shown in Figure 15.

Figure 15. (a) A collection of smear slides for a whole sediment core. (b) A single smear slide with a label showing the

sediment core number and the core depth.

4.1.3. Diatom counting

Despite the advantages of the smear slides method stated above, some concerns about this
method shall not be neglected. One of the main concerns is that single diatoms could be
overlapped by organic or mineral matter. Another concern is that correct diatom determination
can be difficult due to the high similarities between certain species and genera. To address these

concerns, the counting process followed the following rules:

1) A statistically robust number of at least 350 diatoms per smear slide, was counted.
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2)

3)

4)

5)

6)

7)

Diatoms were only counted if more than 50% of their frustule was visible to prevent
repeated counting of one single diatom.

The diatom counting proceeded continuously along three transects across each smear slide
using a Leitz Aristoplan translucent light microscope with 40x magnification.

Most diatoms were determined at the genus level since diatoms within the same genus have
similar ecological preferences (Fourtanier & Kociolek, 1999). Exceptions are Paralia
sulcata, Tabellaria flocculosa, Fragilaria pulchella, and Mastogloia elliptica,
Thalassiosira nordenskioldii and Sceletonema costatum.

Diatoms were identified based on the morphology of the valves. Firstly, diatoms were
classified into centric (Figure 16: 4) and pennate diatoms based on their general shape.
They were further subdivided into diatoms with arcuate (Figure 16: 6,7,9), straight (Figure
16: 2,5), or sigmoid (Figure 16: 10) shapes by closer examination. Other features included
the existence of a short sharply pointed tip (Figure 16: 3,7), the existence of a raphe (Figure
16: 1,2,3,6), the existence and shape of a central nodule (Figure 16: 1,2,3,6), three features
of striae including density, orientation, and seriation (Figure 16: 1,2,3,6,7), as well as the
formation of colonies (Figure 16: 5,8).

The final determination of the genus was made by comparing the main features of a diatom
and the pictures of the diatom (examples of these pictures are shown in Figure 16).
Although the pictures only show the most common appearance of a diatom and appearances
of a diatom can vary depending on the circumstances, the clear features of the valves shown
in the pictures ensured the reliability of the determination result.

Since percentages of single diatom genera among all the diatoms were later calculated
during the data analysis, all the diatoms had to be counted regardless of if they could be

clearly identified. Diatoms that could not be clearly identified were recorded as “others”.

Figure 16. Different diatom valves: (1) Achnanthes (2) Fragilaria pulchella (3) Caloneis (4) Thalassiosira nordenskioeldii
(5) Sceletonema costatum (6) Cymbella (7) Eunotia (8) Tabellaria flocculosa (9) Rhoicosphenia (10) Nitzschia(Smith, 1853).
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4.2. Data analysis

Based on the data collected, the sediment cores were dated by utilizing the diatom-based dating
method introduced by Paetzel & Dale (2010). Another dating possibility based on an additional
relationship between air (and thus surface water) temperature and the relative abundance of
certain diatom species will also be examined. With the available timescale of the sediment
cores, the major diatom composition changes in both cores will be identified, compared, and

linked to the possible past environmental and/or climate changes.
4.2.1 Data processing

Results of the diatom counting for core MF2022-2 and core MF2022-3 were firstly recorded
in two excel tables shown in Appendix 1 and Appendix 2 respectively. Diatoms were grouped

into five categories, namely “marine planktonic”, “freshwater planktonic”, “marine benthic”,

“freshwater benthic” and “others” based on their habitat and salinity preferences.

The diatom species were divided into freshwater and marine diatoms since freshwater diatoms
are transported from land into the fjord and can indicate changes in precipitation levels and
runoffs, while marine diatoms grow in the fjord and can reflect environmental and climate (and
consequently hydrographic) changes in the fjord. The category, brackish water diatoms, was
not relevant in this thesis, since this thesis focuses on the fjord environment, while there are
only a few real brackish water diatoms living in land-locked brackish water based on the
definition of Snoeijs (2001) (i.e. brackish water diatoms are species that only exist in the

transitional zones between freshwater and marine environments).

The marine diatom species were further subdivided into marine planktonic and marine benthic
diatoms since the marine benthic diatoms are more sessile and receive more impacts of local
environmental and climate changes compared to the marine planktonic diatoms (Cantonati et
al., 2021). Freshwater diatoms were also subdivided into freshwater planktonic and freshwater
benthic diatoms since freshwater benthic diatoms, whose transportation partially depends on

river flow velocity (Stevenson, 1983), can indicate changes in river flow pattern.

Since the ornamentation and morphology of valves of most centric diatoms could not be clearly
identified and most centric diatoms are marine planktonic species (Serddio & Lavaud, 2020;
Not et al.,2012), they were recorded as “round type diatoms” and assigned to the “marine
planktonic” category. Since these “round type diatoms” may belong to different genera rather

than one single genus, their relative abundances will not be specifically analysed. Only centric
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diatoms that can be clearly determined as Thalassiosira nordenskioeldii were counted as

“Thalassiosira nordenskioeldii”.

The relative abundances of each diatom genus and each category in the core MF2022-2 and
the core MF2022-3 are presented in percentage of total diatom counts in two excel tables shown

in Appendix 3 and Appendix 4, respectively.

X-Y scatter graphs of the relative abundance of each category and each diatom genus presented
versus depth in the core MF2022-2 and the core MF2022-3 were then created in Excel and are
shown in Appendix 5 and Appendix 6, respectively. To facilitate further comparison, the Y-axis
of all graphs is set to the same scale, extending from 30 cm to 0 cm sediment depth. The interval
of the data points in the graphs is set to 0.5 cm since both sediment cores were subsampled
continuously at the frequency of 0.5 cm. For example, the value of a subsample of 10-10.5 cm
sediment depth is shown at the point of 10.25 cm sediment depth. The X-axis of the graphs of
total freshwater, total marine, freshwater planktonic, freshwater benthic, marine planktonic,

and marine benthic diatoms is also set to the same scale, ranging from 0 to 70%.

Based on the relative abundances of each diatom genus and category, the common and the
abundant diatom genera were then identified. A table that shows the pictures of these genera
and their morphology and ecological preferences was then created to provide a theoretical basis
for further diatom analysis. The criteria for the diatom relative abundance suggested by Scherer
& Koc (1996) were utilized. Common diatom genera show a relative abundance between 5%
and 20% while the relative amount of abundant diatom genera is between 20% and 60%

(Scherer & Koc, 1996).

In addition, correlations between the different diatom genera and the five categories were tested
by running the Pearson Correlation Test with a two-tailed significance. As the diatom relative
abundances can be affected by various factors, a value between 0.44 and 1 (Howarth &
Sinding-Larsen, 1983), instead of between 0.7 and 1 (e.g. Ratner, 2009), is defined as a positive
correlation while a value between -0.44 and -1 indicates a negative correlation (Howarth &
Sinding-Larsen, 1983). The values that are closer to 1 or -1 imply a stronger correlation than
values less close to 1 or -1. The results of the correlation tests served as a basis for further

selection and analysis of the diatom graphs.

Furthermore, for the diatom species, whose relative abundance shows a clear positive or
negative relationship with the depth of sediment cores, a linear trendline with the equation and

the R-squared (R?) value was added on its X-Y scatter graphs presented versus depth. R-
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squared (R?) value implies the extent to which the changes in variable (a) the relative
abundance of this diatom species is related to the changes in variable (b) depth in sediment

cores. A higher R-squared (R?) value indicates a stronger relationship and vice versa.
4.2.2 Diatom-based dating

A timescale of both sediment cores was developed prior to further data analysis by applying
the relative dating method introduced by Paetzel & Dale (2010) based on the relationship
between precipitation level and the relative abundance of total freshwater diatoms. The
principle behind this method is that enhanced precipitation can lead to increased transportation

of freshwater diatoms into the fjord (Paetzel & Dale, 2010).

Considering that the average sedimentation rates range from 0.25 to 0.33 cm/year (Gjerdingen,
2018; Haflidason, 2020) and the time span of two sediment cores is around 90 years, a graph
of the average historical precipitation levels every three year from 1930 to 2020 was computed
based on the data from the Maristova meteorological station (Meteorologisk institutt, 2022b)
(Figure 19). Compared to the graph of annual average historical precipitation level (Figure 8),
the frequent fluctuations within 0-3 years were smoothened in this graph and the peaks and low
points can be more easily pointed out. This graph was then compared to the graphs of the

relative abundances of total freshwater diatoms in both sediment cores.

Based on the principle of this dating method, a decrease in precipitation would coincide with a
decrease in the relative abundance of total freshwater diatoms. Together with the already known
average sedimentation rates (Gjerdingen, 2018; Haflidason, 2020), the low points in both
graphs were matched with each other and sedimentation rates were then calculated between the
low points through dividing the depth differences between low points in the freshwater diatom

graph by the time differences between the corresponding low points in the precipitation graph.

Another alternative dating possibility was also examined in this thesis. This approach is based
on a negative relationship between temperature levels and the relative abundance of the marine
diatom species Paralia sulcata that prefers well-mixed water with nutrient upwelling
(McQuoid & Nordberg, 2003b). The principle behind this method is that an increase in the air
(and thus surface water) temperature level could lead to less frequent water circulation and a
longer stratification period in water column (Aksnes et al., 2019), which could furthermore

result in a decreasing concentration of Paralia sulcata.
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To smoothen the data and make major temperature changes more visible, a graph of the average
historical temperature levels every three year from 1930 to 2020 was computed based on the
records in the Laerdal, Lerdal — Tenjum, Laerdal - Moldo and Laerdal Iv meteorological stations
(Meteorologisk institutt, 2022b) (Figure 20; Figure 21). A comparison was then conducted
between the temperature graph and the graphs of the relative abundance of Paralia sulcata in

both sediment cores.

Based on the principle of this dating method, peaks in the graph of Paralia sulcata can be
matched with low points in the temperature graph, while low points in the graph of Paralia
sulcata can be associated with peaks in the temperature graph. Sedimentation rates were then
calculated through dividing the depth differences between two peaks or low points in the graph
of Paralia sulcata by the time differences between the corresponding low points or peaks in

the temperature graph.

After obtaining the sedimentation rates and time scales based on these two relative diatom-

based dating methods, the results were compared with each other to verify their reliability.
4.2.3 Analysis of major changes

Based on the diatom graphs and the correlation test results, major changes in the freshwater
and marine diatom compositions were highlighted. These major changes were the focus of the
further diatom analysis. To show the corresponding timing of these major changes, the depth
scales of the diatom graphs were converted into time scales, using the available dating results

based on the relative dating method introduced by Paetzel & Dale (2010).

Potential environmental and/or climate factors that led to these changes were then identified
based on the knowledge about the ecological preferences of marine diatom species for the
respective biotic and abiotic factors and the deposition patterns of freshwater diatom species,
as well as the information about past climate changes and local human activities in the

Lerdalsfjord.

In addition, a detailed comparison of the diatom composition changes between the Inner and
Outer Laerdalsfjord was conducted to examine the similarities and differences of impacts of
external influential factors (climate and environmental factors) on the Inner and Outer
Leaerdalsfjord. The observed differences and similarities will be shown in a simple box model

of the Lardalsfjord.
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5. Results

This chapter will present all the major results obtained in the processes of data collection and
data analysis, including a general description of both sediment cores, two sets of dating results
based on two diatom-based relative dating methods, major changes in the marine and
freshwater diatom compositions, major results of the correlation test between different diatom
genera, major changes of common and abundant diatoms, as well as a table of the morphology

and ecological preferences of the common and abundant diatoms.

5.1. General description of both sediment cores

The whole core MF2022-2 reveals blackish colour variations with a gradually upward changing
structure from a layer with lamination to a patchy layer and then to a homogenous wet layer
(Figure 17). It consists of a layer with lamination at the depths from 23 to 17 cm in black (2.5Y
2.5/1), a layer with lamination at the depths from 17 to 11 cm in black (5Y 25/1), a patchy layer
at the depths from 11 to 3 cm in black (5Y 25/2), and a homogenous wet layer at the depths
from 3 to 0 cm in black (2.5Y 2.5/1) (Figure 17).
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Black (2.5Y 2.5/1)

Figure 17. Sediment core MF2022-2 from the Inner Leerdalsfjord and its layers with different colours and structures.

The whole core MF2022-3 reveals a homogenous structure, darker in colour in the bottom and
lighter in colour in the upper 23 cm (Figure 18). It consists of a wet layer at the depths from 28
to 26 cm in black (5Y 2.5/1), a dry layer at the depths from 26 to 23.5 cm in very dark grey
(5Y 3/1), a wet layer at the depths from 23.5 to 23 cm in very dark grey (5Y 3/1), a dry layer
at the depths from 23 to 3 cm in dark grey (5Y 3/2), and a wet layer at the depths from 3 to 0
cm in black (5Y 2.5/2) (Figure 18).
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Figure 18. Sediment core MF2022-3 from the Outer Leerdalsfjord and its layers with different colours and structures.

5.2. Dating based on the relationship between precipitation and the relative abundance
of freshwater diatoms

In core MF2022-2 from the Inner Lardalsfjord, the relative abundance of total freshwater
diatoms shows noticeable decreases at 15.75cm, 11.25¢m, 6.75c¢m, and 1.75¢cm sediment depth
(Figure 19). Based on the positive relationship between precipitation levels and the relative
abundance of freshwater diatoms and the average sedimentation rates in the Laerdalsfjord
(Gjerdingen, 2018; Haflidason, 2020), these four low points in total freshwater diatom graph
were matched with the low points in the precipitation graph in 1969, 1981, 1996 and 2014.
Since the depth of 1.75cm was dated as 2014 and the average sedimentation rates range from
0.25 to 0.33cm/year (Gjerdingen, 2018; Haflidason, 2020), the first point in the diatom graph
of the Inner Lardalsfjord may represent the year 2019 or 2020, instead of 2022. In other words,

the surface might be lost in the core sampling process.

To ensure the reliability of the dating result, the peaks in the precipitation graph in 1972, 1984,
1990, 1999, 2005 and 2011 were also matched with the peaks in total freshwater diatom graph
of the Inner Lerdalsfjord at the depths of 14.25cm, 10.25¢m, 8.75cm, 5.25c¢m, 3.25¢cm, and

2.25cm correspondingly.

Based on the depth differences and the already known timescale at certain depths, the
sedimentation rates of the core from the Inner Lardalsfjord were calculated and are 0.38
cm/year from 1969 to 1981, 0.30cm/year from 1981 to 1996, and 0.27cm/year from 1996 to

2014. An example of the sedimentation rate calculation is as follows:

Sedimentation rate=(11.25¢cm—6.75c¢m)/(1981-1969) year=0.375cm/yvear (round up to 0.38cm/year)
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In core MF2022-3 from the Outer Laerdalsfjord, the relative abundance of total freshwater
diatoms shows noticeable decreases at the depths of 27.25cm, 16.75¢m, 13.25¢m, 9.25¢m, and
3.25cm (Figure 19). These five low points in the total freshwater diatom graph of the Outer
Lardalsfjord were matched with the low points in the precipitation graph in 1936, 1969, 1981,
1996 and 2014.

To make sure that the dating result is reasonable, the peaks in the precipitation graph in 1972,
1984, 1990, 1999, 2005 and 2011 were matched with the peaks in the total freshwater diatom
graph of the Outer Lardalsfjord at the depths of 15.25¢m, 12.25cm, 10.75¢m, 8.25¢m, 6.75cm,
and 4.25cm correspondingly. Since the precipitation level shows no remarkable increase after
2014 and between 2005 and 2011, the peaks in the total freshwater diatom graph of the Outer
Lardalsfjord at the depths of 2.25cm and 5.75c¢m were identified as enhanced deposition events

of unknown causes.

Based on the same calculation method as shown above, the sedimentation rates of the core
from the Outer Lardalsfjord were calculated and are 0.32cm/year from 1936 to 1969, 0.29
cm/year from 1969 to 1981, 0.27cm/year from1981 to 1996, 0.30cm/year from 1996 to 2014
and 0.3 1cm/year from 2014 to 2022. The deposition events at the depths of 2.25¢cm and 5.75¢cm

were subtracted during the sedimentation rate calculation.

Since the dating for both sediment cores before 1969 is uncertain, matches between the
precipitation graph and total freshwater graph were only conducted until 1969, except for a
match between the low point in 1936 in the precipitation graph and the low point at the depth
of 15.25cm in total freshwater diatom graph of the Outer Lardalsfjord.
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Figure 19. Dating result of core MF2022-2 from the Inner and core MF2022-3 from the Outer Leerdalsfjord based on the

relationship between total freshwater diatoms and precipitation levels until 1969 (except for 1936 in the Outer Leerdalsfjord).
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5.3. Dating based on the relationship between temperature and the relative abundance of
Paralia sulcata

The average annual temperature and the relative abundance of Paralia sulcata show an
opposite pattern in the Inner and Outer Lardalsfjord after 1973 in the temperature graph and
at the sediment depth from 13.75cm to Ocm in the Paralia sulcata graph of the Inner
Leaerdalsfjord and at the sediment depth from 14.75cm to Ocm in the Paralia sulcata graph of
the Outer Laerdalsfjord (Figure 20; Figure 21). Since this opposite pattern after 1973 is utilized
to date the two sediment cores, timescales are developed until 1973 (Figure 20; Figure 21). The

data points prior to 1973 fall into the grey shaded area of both figures.

In core MF2022-2 from the Inner Leerdalsfjord, Paralia sulcata shows significant decreases at
the depths of 13.75cm, 1.75cm, and a noticeable increase in the depth of 6.75cm (Figure 20).
Based on the negative relationship between the temperature level and relative abundance of
Paralia sulcata, and the already known average sedimentation rates (Gjerdingen, 2018;
Haflidason, 2020), these three low points and one peak in the Paralia sulcata graph were
matched with the three peaks and one low point in the temperature graph in 1973, 2013 and
1994. Since the depth of 1.75c¢cm was dated to 2013 and the average sedimentation rates range
from 0.25 to 0.33cm/year (Gjerdingen, 2018; Haflidason, 2020), the first point in the Paralia
sulcata graph of the Inner Lardalsfjord may correspond to the year 2018 or 2019, instead of

2022. In other words, there was a surface loss in the core sampling process.

To ensure the reliability of the dating result, four peaks in the temperature graph in 1982, 1988,
1998, 2004 were also matched with the decreases in the Paralia sulcata graph of the Inner
Lardalsfjord at the depths of 11.25cm, 9.25¢m, 5.75¢m, and 3.25¢m correspondingly (Figure
20). One low point in the temperature graph in 1979 was also matched with the peak in the
Paralia sulcata graph at the sediment depths of 12.25¢m correspondingly (Figure 20).

Based on the depth differences and the already known timescale of certain sediment depths,
the sedimentation rates of the core from the Inner Leardalsfjord were calculated and are
0.33cm/year from 1973 to 1994, and 0.26cm/year from 1994 to 2013. An example of the

sedimentation rate calculation is as follows:

Sedimentation rate=(13.75cm—6.75cm)/(1994—1973) year=0.33cm/vear (round up to 0.38cm/year)
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Figure 20. Dating result of core MF2022-2 from the Inner Leerdalsfjord based on the relationship between the relative

abundance of Paralia sulcata and temperature level until 1973 (the part before 1973 is highlighted in grey in both graphs).

In core MF2022-3 from the Outer Leerdalsfjord, Paralia sulcata shows significant decreases at
the sediment depths of 25.25cm, 15.25¢m, and 2.75¢m and a noticeable increase at the sediment
depth of 8.75cm (Figure 21). Based on the available average sedimentation rates in the
Lardalsfjord (Gjerdingen, 2018; Haflidason, 2020), these three low points and one peak in the
Paralia sulcata graph were matched with the three peaks and one low point in the temperature
graph of 1940, 1973, 2013 and 1994. To ensure the reliability of the dating result, four peaks
in the temperature graph in 1982, 1988, 1998, 2004 were also matched with the decreases in
the Paralia sulcata graph at the depths of 12.75cm, 11.75cm, 7.75cm, and 5.75cm
correspondingly (Figure 21). Four low points in the temperature graph in 1979, 1985, 2001,
2007 were also matched with the peaks in the Paralia sulcata graph at the depths of 13.75cm,
12.25¢m, 7.25¢m, and 3.75cm (Figure 21).

Based on the depth differences and the already known timescale, the sedimentation rates of the
core from the Outer Lerdalsfjord were calculated and are 0.33cm/year from 1940 to 1973,
0.31cm/year from 1973 to 1994, and 0.32cm/year from 1994 to 2013.
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Figure 21. Dating result of core MF2022-2 from the Outer Leerdalsfjord based on the relationship between the relative
abundance of Paralia sulcata and temperature level until 1973 (the part before 1973 is highlighted in grey in both graphs).

5.4. Major changes of the freshwater diatom compositions in both sediment cores

Since the total percentage of freshwater, marine and other diatoms in both sediment cores is
100% and the percentage of other diatom is very low (£10%), the relative abundances of total
freshwater diatoms and total marine diatoms show an opposite pattern in both cores (Figure

22; Figure 24; Figure 26; Figure 28).

In core MF2022-2 from the Inner Lerdalsfjord, total freshwater diatoms account for more than
50% of the total diatoms except at the depths of 9.25¢cm and 7.75cm, which verifies the
dominant position of freshwater diatoms (Figure 22). The changes of total freshwater diatoms
are largely determined by the changes of freshwater planktonic diatoms, whose relative

abundances range from 30% to 60% among all diatoms (Figure 22).

Freshwater planktonic diatoms showed a pronounced upward decrease between the depth of
14.25c¢m and 7.25cm from 1974 to 1995 and recovered to the original level gradually between
the depth of 7.25c¢m and 5.75c¢m from 1995 to 2000 (Figure 22; Figure 23). Freshwater benthic
diatoms showed a slight upward increase around the depth of 9.25¢cm in 1988, followed by a
further upward increase around the depth of 5.75cm in the year 2000 (Figure 22; Figure 23).
Its average percentage increased from around 10% to around 12% (Figure 22). Total freshwater
diatoms follow the changing pattern of freshwater planktonic diatoms, namely decreasing from

1974 to 1995 and returning to the original level between 1995 and 2000 (Figure 23).
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Figure 22. The relative abundances of total freshwater diatoms, freshwater planktonic diatoms, and freshwater benthic

diatoms in core MF2022-2 from the Inner Leerdalsfjord presented versus depths.
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Figure 23. The relative abundances of total freshwater diatoms, freshwater planktonic diatoms, and freshwater benthic
diatoms in core MF2022-2 from the Inner Leerdalsfjord presented versus time (part before 1969 without certain dating
results is highlighted in grey).

In more than 80% of core MF2022-3 from the Outer Lardalsfjord, total freshwater diatoms
account for more than 50% (Figure 24), which shows the dominant position of freshwater
diatoms in the total diatom composition. Freshwater planktonic diatoms with relative
abundances ranging from 25% to 55% among all diatoms are in a dominant position among

total freshwater diatoms (Figure 24).

Freshwater planktonic diatoms showed a noticeable upward increase at the depth of 7.75 cm in
2000 (Figure 24; Figure 25). Its average percentage increased from around 40% to around 45%

(Figure 24). In contrast, freshwater benthic diatoms showed a slight upward decrease between
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the depth of 7.75 cm and 0 cm during the period from the year 2000 to 2020 (Figure 24; Figure
25). Its average percentage dropped from around 15% to around 10% (Figure 24). Since the
freshwater planktonic and benthic diatoms show an opposite pattern in the upper 5 cm, total
freshwater diatoms remain at a relatively stable level across the whole sediment core with

minor fluctuations (Figure 24; 25).
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Figure 24. The relative abundances of total freshwater diatoms, freshwater planktonic diatoms, freshwater benthic diatoms

in the core MF2022-3 from the Outer Leerdalsfjord presented versus sediment depth.
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Figure 25. The relative abundances of total freshwater diatoms, freshwater planktonic diatoms, freshwater benthic diatoms
in the core MF2022-3 from the Outer Leerdalsfjord presented versus time (parts before 1969 without certain dating results

are highlighted in grey).

The changes in the freshwater diatom composition in both cores show pronounced differences.
The relative abundance of freshwater planktonic diatoms in core MF2022-2 from the Inner

Laerdalsfjord dropped between 1974 and 1995 and returned to a stable level around 2000, while
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the relative abundance of freshwater planktonic diatoms in core MF2022-3 from the Outer
Lerdalsfjord showed no noticeable changes between 1974 and 2000 and increased slightly
after 2000 (Figure 23; Figure 25). In addition, the relative abundance of freshwater benthic
diatoms in core MF2022-2 from the Inner Leardalsfjord increased firstly after 1988 then after
2000, while their relative abundance in the core MF2022-3 from the Outer Lerdalsfjord
reduced continuously after 2000 (Figure 23; Figure 25).

5.5. Major changes in the marine diatom compositions in both sediment cores

In core MF2022-2 from the Inner Lerdalsfjord, marine planktonic diatoms with relative
abundances ranging from 20% to 50% are in a dominant position among all marine diatoms
(Figure 26). Thus, the changes of total marine diatoms are proportionally more impacted by

the changes of marine planktonic diatoms than by the changes of marine benthic diatoms.

Marine planktonic diatoms showed a significant increase between the depth of 14.25c¢m and
9.25cm from 1974 to 1988, followed by a gradual decrease between the depth of 9.25¢cm and
Ocm from 1988 to 2020 (Figure 26; Figure 27). Marine benthic diatoms showed a gradual
decrease across the whole core (Figure 26). Its average percentage decreased from around 9%

to around 5% (Figure 26).

Total marine diatoms show the combined changes in both marine planktonic and marine
benthic diatoms. Its relative abundance increased upward during the period from 1974 to 1988

and decreased upward continuously during the period from 1988 to 2020 (Figure 27).
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Figure 26. The relative abundances of total marine diatoms, marine planktonic diatoms, and marine benthic diatoms in core

MF2022-2 from the Inner Leerdalsfjord presented versus sediment depth.
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Figure 27. The relative abundances of total marine diatoms, marine planktonic diatoms, and marine benthic diatoms in core
MF2022-2 from the Inner Leerdalsfjord presented versus time (parts before 1969 without certain dating results are
highlighted in grey).

In core MF2022-3 from the Outer Lerdalsfjord, marine planktonic diatoms with relative

abundances ranging from 25% to 50% dominate the marine diatom composition (Figure 28).

Marine planktonic diatoms showed a slight upward decrease around the depth of 7.75c¢m in
2000 (Figure 28; Figure 29). Its average percentage between the depth of 16.75cm and 7.75cm
is around 40% while the average percentage between the depth of 7.75c¢cm and Ocm is only
around 35% (Figure 28). Marine benthic diatoms showed a first upward decrease between the
depth of 14.25cm and 10.25cm from 1974 to 1985, followed by a second upward decrease
between the depth of 10.25¢cm and Ocm from 1985 to 2022 (Figure 28; Figure 29). Its average
percentage dropped from around 6% to around 2% (Figure 28).

Despite the dominant position of marine planktonic diatoms, the changes of total marine
diatoms are almost equally influenced by the changes of both marine planktonic and marine
benthic diatoms. Its relative abundance reduces continuously upward throughout the whole

core from around 45% to around 40% on average (Figure 28).
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Figure 28. The relative abundances of total marine diatoms, marine planktonic diatoms, and marine benthic diatoms in core

MF2022-3 from the Outer Leerdalsfjord presented versus sediment depth.
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Figure 29. The relative abundances of total marine diatoms, marine planktonic diatoms, and marine benthic diatoms in core
MF2022-3 from the Outer Leerdalsfjord presented versus time (parts before 1969 without certain dating results are
highlighted in grey).

In both cores, the relative abundance of marine benthic diatoms showed a noticeable gradual
upward decrease across the whole cores, and the relative abundance of marine planktonic
diatoms decreased after the 1990s (Figure 27; Figure 29). However, an increase in the relative
abundance of marine planktonic diatoms between 1974 and 1988 can only be observed in core
MF2022-2 from the Inner Lardalsfjord, while their relative abundance in core MF2022-3 from
the Outer Lardalsfjord showed no significant change during that period (Figure 27; Figure 29).
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5.6. Major results of the correlation test

The positive and negative correlations in core MF2022-2 and core MF2022-3 with the absolute
values of correlation coefficients (r) being between 1=0.44 and r=1 (Howarth & Sinding-
Larsen, 1983) are shown in Table 2 and Table 3 respectively. The complete results of the
correlation test (including the correlation coefficients r<0,44) in core MF2022-2 and core

MF2022-3 are shown in Appendix 9 and Appendix 10.

In core MF2022-2 from the Inner Lardalsfjord, total freshwater planktonic diatoms show a
positive correlation with total freshwater diatoms with a correlation coefficient (r) of r=0.95
(Table 2). Eunotia sp. and Tabellaria flocculosa show a positive correlation with total
freshwater planktonic diatoms with a correlation coefficient (r) of r=0.81 and r=0.55
respectively (Table 2). Mastogloia elliptica shows a positive correlation with total freshwater
benthic diatoms with a correlation coefficient (r) of r=0.68 (Table 2). Total freshwater
planktonic diatoms are in a negative correlation with total freshwater benthic diatoms with a

correlation coefficient (r) of r=-0.53 (Table 2).

Total marine planktonic diatoms show a positive correlation with total marine diatoms with a
correlation coefficient (r) of r=0.90 (Table 2). Round type diatoms and Chaetoceros sp. show
a positive correlation with total marine planktonic diatoms with correlation coefficients (r) of
r=0.86 and r=0.50 respectively (Table 2). There is no correlation between Thalassiosira
nordenskioldii and total marine planktonic diatoms (correlation coefficient (r) of r=0.37).
Paralia sulcata shows a positive correlation with total marine benthic diatoms with a
correlation coefficient (r) of r=0.61(Table 2). Both Paralia sulcata and total marine benthic
diatoms are in positive correlation with depths of sediment cores with a correlation coefficient

(r) of =0.59 and r=0.47 respectively (Table 2).

In core MF2022-3 from the Outer Lardalsfjord, total freshwater planktonic diatoms show a
positive correlation with total freshwater diatoms with a correlation coefficient (r) of r=0.86
(Table 3). Eunotia sp. shows a positive correlation with total freshwater planktonic diatoms
with a correlation coefficient (r) of r=0.80 (Table 3) while there is no correlation between
Tabellaria flocculosa and total freshwater planktonic diatoms (correlation coefficient (r) of
=0.13). Mastogloia elliptica shows a weak positive correlation with total freshwater benthic
diatoms with a correlation coefficient (r) of r=0.44 (Table 3). Total freshwater planktonic
diatoms are in a negative correlation with total freshwater benthic diatoms with a correlation

coefficient (r) of r=-0.66 (Table 3).
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Total marine planktonic diatoms show a positive correlation with total marine diatoms with a
correlation coefficient (r) of =0.88 (Table 3). Chaetoceros sp. and Thalassiosira nordenskioldii
show a positive correlation with total marine diatoms with a correlation coefficient (r) of r=0.63
and r=0.58 respectively (Table 3). There is no positive correlation between round type diatoms
and total marine diatoms (correlation coefficient (r) of r=-0.08). Paralia sulcata shows a
positive correlation with total marine benthic diatoms with a correlation coefficient (r) of
r=0.78(Table 3). Both Paralia sulcata and total marine benthic diatoms are in positive
correlation with depths of sediment cores with a correlation coefficient (r) of r=0.84 and r=0.80

respectively (Table 3).

Table 2. Significant correlations in Core MF2022-2 with absolute value of correlation coefficient (r) of ¥>0,44 (Howarth &

Sinding-Larsen, 1983). Variable A and B refer to the two variables whose correlation coefficient is calculated.

Variable A Total Freshwater Total Marine Total Freshwater Total Marine

Variable B Freshwater/Marine Freshwater/Marine Total Freshwater Planktonic Total Freshwater Planktonic
Correlation Coefficient 0,98 -0,98 0,95 -0,94

Variable A Total Freshwater Planktonic Total Marine Total Freshwater Total Freshwater Planktonic

Variable B Freshwater/Marine Total Marine Planktonic Total Marine Planktonic Total Marine Planktonic
Correlation Coefficient 0,92 0,90 -0,90 -0,88

Variable A
Variable B
Correlation Coefficient

Freshwater/Marine
Total Marine Planktonic
-0,87

Total Marine Planktonic
Round type diatoms
0,86

Achnanthes (Marine Benthic)
Total Marine Benthic
0,83

Eunotia (Freshwater Planktonic)
Total Freshwater Planktonic
0,81

Variable A Eunotia (Freshwater Planktonic) Eunotia (Freshwater Planktonic) Eunotia (Freshwater Planktonic) Round type diatoms
Variable B Total Marine Total Freshwater Freshwater/Marine Total Freshwater
Correlation Coefficient -0,81 0,80 0,79 -0,79
Variable A Round type diatoms Round type diatoms Total Benthic Round type diatoms
Variable B Total Marine Freshwater/Marine Total Marine Benthic Total Freshwater Planktonic
Correlation Coefficient 0,77 -0,77 0,74 -0,73
Variable A Fragilaria (Freshwater Benthic) Mastogloia (Freshwater Benthic) Eunotia (Freshwater Planktonic) Tabellaria (Freshwater Planktonic)
Variable B Total Benthic Total Freshwater Benthic Total Marine Planktonic Depth
Correlation Coefficient 0,70 0,68 -0,67 0,64

Variable A
Variable B
Correlation Coefficient

Paralia (Marine Benthic)
Total Marine Benthic
0,61

Total Freshwater Benthic
Fragilaria (Freshwater Benthic)
0,60

Eunotia (Freshwater Planktonic)
Round type diatoms
-0,60

Paralia (Marine Benthic)
Depth
0,59

Variable A
Variable B
Correlation Coefficient

Total Benthic
Achnanthes (Marine Benthic)
0,57

Tabellaria (Freshwater Planktonic)
Mastogloia (Freshwater Benthic)
-0,57

Tabellaria (Freshwater Planktonic)
Total Freshwater Planktonic
0,55

Gomphonema (Freshwater Benthic)
Depth
-0,55

Variable A
Variable B
Correlation Coefficient

Tabellaria (Freshwater Planktonic)
Total Marine Planktonic
-0,55

Total Freshwater Benthic
Total Benthic
0,53

Total Freshwater Benthic
Total Freshwater Planktonic
-0,53

Tabellaria (Freshwater Planktonic)
Total Freshwater Benthic
-0,51

Variable A

Variable B
Correlation Coefficient

Chaetoceros (Marine Planktonic)

Total Marine Planktonic
0,50

Paralia (Marine Benthic)

Total Benthic
0,49

Diatoma tenuis Agardh (Freshwater
Planktonic)
Meridon (Marine Planktonic)
-0,49

Total Marine Benthic

Depth
0,47

Variable A
Variable B
Correlation Coefficient

Sceletonema (Marine Planktonic)
Depth
0,47

Melosira sp. (Freshwater Benthic)
Total Freshwater Benthic
0,47

Tabellaria (Freshwater Planktonic)
Total Marine Benthic
0,45

Fragilaria (Freshwater Benthic)
Total Freshwater Planktonic
-0,45

Variable A
Variable B
Correlation Coefficient

Mastogloia (Freshwater Benthic)
Depth
-0,45

Tabellaria (Freshwater Planktonic)
Total Freshwater
0,44

Surirella (Marine Benthic)
Others
0,44
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Table 3. Significant correlations in Core MF2022-3 with absolute value of correlation coefficient (r) of r>0,44 (Howarth &

Sinding-Larsen, 1983). Variable A and B refer to the two variables whose correlation coefficient is calculated.

Variable A Total Marine Total Benthic Total Marine Benthic Total Marine
Variable B Total Freshwater Total Freshwater Benthic Achnanthes (Marine Benthic) Total Marine Planktonic
Correlation Coefficient -0,94 0,89 0,88 0,88
Variable A Total Marine Total Freshwater Total Freshwater T. Nordenskiéldii (Marine Planktonic)
Variable B Total Freshwater Planktonic Total Marineine Planktonic Total Freshwater Planktonic Depth
C ion C -0,88 -0,88 0,86 0,86
Variable A Paralia (Marine Benthic) Caloneis (Marine Benthic) Total Freshwater Planktonic Total Marine Benthic
Variable B Depth Licmophora (Marine Planktonic) Eunotia (Freshwater Planktonic) Depth
Correlation Coefficient 0,84 0,83 0,80 0,80
Variable A Total Marine Benthic Round type diatoms Total Benthic Total Benthic
Variable B Paralia (Marine Benthic) Depth Total Marine Benthic Depth
Correlation Coefficient 0,78 -0,78 077 077
Variable A Total Benthic Paralia (Marine Benthic) Total Freshwater Planktonic T. Nordenskioldii (Marine Planktonic)
Variable B Eunotia (Freshwater Planktonic) T. Nordenskiéldii (Marine Planktonic) Total Marine Planktonic Round type diatoms
Correlation Coefficient -0,76 A s
Variable A Total Benthic Total Benthic Total Freshwater Benthic Eunotia (Freshwater Planktonic)
Variable B Total Freshwater Planktonic Fragilaria (Freshwater Benthic) Eunotia (Freshwater Planktonic) Depth
Correlation Coefficient 2 0.71 -0.71 -0.69
Variable A Total Marine Total Freshwater Benthic Total Benthic Total Benthic
Variable B Eunotia (Freshwater Planktonic) Fragilaria (Freshwater Benthic) Achnanthes (Marine Benthic) Melosira sp. (Freshwater Benthic)
Correlation Coefficient -0,69 0,67 0,66 0,66

Variable A
Variable B
Correlation Coefficient

Total Marine Benthic
Round type diatoms
-0,66

Total Freshwater Benthic
Total Freshwater Planktonic
-0,66

Freshwater Planktonic
Freshwater Benthic
-0,66

Total Benthic
Paralia (Marine Benthic)
0,65

Variable A
Variable B

T. Nordenskiéldii (Marine Planktonic)
Chaetoceros (Marine Planktonic)

Total Freshwater Benthic
Melosira sp. (Freshwater Benthic)

Eunoctia (Freshwater Planktonic)
T. Nordenskiéldii (Marine Planktonic)

Eunotia (Freshwater Planktonic)
Chaetoceros (Marine Planktonic)

Correlation Coefficient 0,65 0,65 -0,65 -0,64
Variable A Chaetoceros (Marine Planktonic) Caloneis (Marine Benthic) Total Marine Total Freshwater Planktonic
Variable B Depth Eunotia (F Pl i Ci (Marine Pl Ci (Marine Pl ic)
Correlation Coefficient 0,63 0,63 0,63 -0,63
Variable A Total Benthic Total Marine Benthic Paralia (Marine Benthic) Total Freshwater Planktonic
Variable B Round type diatoms T. Nordenskiéldii (Marine Planktonic) Round type diatoms Depth
Correlation Coefficient -0,63 0,62 -0,62 -0.61

Correlation Coefficient

Pinnularia (Freshwater Benthic)
,59

Variable A Total Benthic Total Benthic Total Freshwater Planktonic Total Marine Benthic

Variable B Cl (Marine Pl T. iéidii (Marine Planktonic) T. Nordenskiéldii (Marine Planktonic) Chaetoceros (Marine Planktonic)
Correlation Coefficient 0,60 0,60 -0,60 .59

Variable A Paralia (Marine Benthic) Total Marine Total Marine Benthic Total Marine

Variable B T. Nordenskioldii (Marine Planktonic) Pinnularia (Freshwater Benthic) Paralia (Marine Benthic)

Variable A Total Marine Total Freshwater Caloneis (Marine Benthic) Achnanthes (Marine Benthic)
Variable B Depth Eunotia (Freshwater Planktonic) Gomphonema (Freshwater Benthic) Depth
Correlation Coefficient 0,57 0,57 -0.57 0,56
Variable A Paralia (Marine Benthic) Encyonema (Freshwater Planktonic) Paralia (Marine Benthic) Others
Variable B Eunotia (Freshwater Planktonic) Depth Ci (Marine Pl ) Lic (Marine Planktonic)
Correlation Coefficient -0,56 0,54 0,54 0,54
Variable A Total Marine Paralia (Marine Benthic) Total Marine Benthic Total Freshwater Benthic
Variable B Total Marine Benthic Total Freshwater Planktonic Eunoctia (Freshwater Planktonic) Depth
Correlation Coefficient - - 0,53
Variable A E (Freshwater PI: Fragilaria (Freshwater Benthic) Melosira sp. (Freshwater Benthic) Other
Variable B T. Nordenskibldii (Marine Planktonic) Depth Depth Caloneis (Marine Benthic)
Correlation Coefficient 0,53 0.53 0.53 0.53

Variable A Round type diatoms Total Marineine Benthic Total Freshwater Pinnularia (Freshwater Benthic)

Variable B Chaetoceros (Marine Planktonic) Total Freshwater Planktonic Chaetoceros (Marine Planktonic) Depth
Correlation Coefficient -0,53 -0,53 -0,53 0,52

Variable A Total Marine Benthic Grammatophora (Marine Benthic) Total Benthic Total Freshwater

Variable B Encyonema (Freshwater Planktonic) Eunotia (Freshwater Planktonic) Pinnularia (Freshwater Benthic) Diatoma tenu;lsa:ﬁiﬁz)(ﬁeshwater
Correlation Coefficient 0,52 0,52 051 0,51

Variable A Paralia (Marine Benthic) Eunotia (Freshwater Planktonic) Others Pinnularia (Freshwater Benthic)

Variable B Encyonema (Freshwater Planktonic) Total Marine Planktonic Gomphonema (Freshwater Benthic) Round type diatoms
Correlation Coefficient 0,51 -0.51 -0.51 -0,51

Variable A Eunotia (Freshwater Planktonic) Achnanthes (Marine Benthic) Total Freshwater Total Marine

Variable B Licmophora (Marine Planktonic) Round type diatoms T. Nordenskiéldii (Marine Planktonic) Total Benthic
Correlation Coefficient 0,50 -0.50 -0.50 0.49

Correlation Coefficient

044

0,44

044

Variable A Total Marine Benthic Melosira sp. (Freshwater Benthic) Caloneis (Marine Benthic) Melosira sp. (Freshwater Benthic)

Variable B Fragilaria (Freshwater Benthic) Total Freshwater Planktonic Total Freshwater Benthic Chaetoceros (Marine Planktonic)
Correlation Coefficient 5 L -0,49 A

Variable A Achnanthes (Marine Benthic) Gomphonema (Freshwater Benthic) Melosira sp. (Freshwater Benthic) Total Benthic

Variable B Cl (Marine F Li (Marine Planktonic) T. Nordenskiéldii (Marine Planktonic) Caloneis (Marine Benthic)
Correlation Coefficient 0,48 -0,48 K

Variable A Others Melosira sp. (Freshwater Benthic) Fragilaria (Freshwater Benthic) Total Freshwater

Variable B Total Benthic Round type diatoms Round type diatoms Paralia (Marine Benthic)
Correlation Coefficient -0.46 -0.45 -0.45 -0.45

Variable A Mejosira qummifoides:Agardh Total Freshwater Benthic Total Marine Total Freshwater Benthic

(Freshwater Benthic)
Variable B T. Nordenskiéldii (Marine Planktonic) Chaetoceros (Marine Planktonic) Meridon (Marine Planktonic) Mastogloia (Freshwater Benthic)

0,44

Variable A Total Freshwater Eunotia (Freshwater Planktonic) Total Freshwater Benthic
Variable B Depth Meridon (Marine Planktonic) Round type diatoms
Correlation Ct -0,44 E ¥
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5.7. Major changes of common and abundant diatoms in both cores

Based on the criteria for the diatom relative abundance stated in section 4.2.1 and the results
of the correlation test (Table 2; Table 3), the following 6 diatoms are chosen for further analysis:
Eunotia sp., Tabellaria flocculosa, Mastogloia elliptica, Chaetoceros sp., Thalassiosira
nordenskioldii, Paralia sulcata. Their morphology and ecological preferences are illustrated
with pictures in Table 4. The X-Y scatter graphs of their relative abundances presented versus

sediment depths and time are analysed in this section.

In core MF2022-2 from the Inner Lardalsfjord, like total freshwater planktonic diatoms, the
relative abundances of both Eunotia sp., and Tabellaria flocculosa also showed a pronounced
decrease between the depths from 14.25¢m to 7.25¢cm from 1974 to 1995 and recovered to the
original level between the depths of 7.25¢cm and 5.7 cm from 1995 to 2000 (Figure 30; Figure
31). However, between the depth from 5.75cm to Ocm from 2000 and 2020, Eunotia sp. showed

a noticeable increase while Tabellaria flocculosa decreases slightly (Figure 30; Figure 31).

MF2022-2 Eunotia sp. (%) MF2022-2 Tabellaria flocculosa (%)

Figure 30. X-Y scatter graphs of the relative abundances of major freshwater planktonic diatom genus, Eunotia sp. and

Tabellaria flocculosa, presented versus sediment depths, in core MF2022-2 from the Inner Leerdalsfjord.
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MF2022-2 Eunotia sp. (%) VS Time [year) MF2022-2 Tabellaria flocculosa [%) VS Time {year)

Figure 31. X-Y scatter graphs of the relative abundances of major freshwater planktonic diatoms, Eunotia sp. and Tabellaria

flocculosa, presented versus time, in core MF2022-2 (part before 1969 without certain dating results is highlighted in grey).

In core MF2022-3 from the Outer Leardalsfjord, the relative abundances of Eunotia sp. and
Tabellaria flocculosa showed a similar opposite trend to that in core MF2022-2 from the Inner
Lardalsfjord between 2000 and 2022 (Figure 31; Figure 33). Eumotia sp. increased
significantly between the depths from 7.75c¢m to Ocm from 2000 to 2022 from 17% on average
to 25% on average, while the relative abundance of Tabellaria flocculosa decreased slightly
during the same period (Figure 32; Figure 33). However, in contrast to core MF2022-2 from
the Inner Lerdalsfjord, there was no significant change in the relative abundances of both genus

between 1974 and 2000 in the Outer Lerdalsfjord (Figure 31; Figure 33).

MF2022-3 Eunotig sp. (%) MF2022-3 Tobellaria flocculosa (%)
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Figure 32. X-Y scatter graphs of the relative abundances of major freshwater planktonic diatom genus, Eunotia sp.,

Tabellaria flocculosa, presented versus, in core MF2022-3 from the Outer Leerdalsfjord.
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MF2022-3 Eunotia sp. {%) VS Time {year) MF2022-3 Tabellaria flocculosa (%) VS Time (year)

Figure 33. X-Y scatter graphs of the relative abundances of major freshwater planktonic diatoms, Eunotia sp. and Tabellaria

flocculosa, presented versus time, in core MF2022-3 (part before 1969 without certain dating results is highlighted in grey).

The relative abundance of Mastogloia elliptica shows similar and slightly more pronounced
changes with total freshwater benthic diatoms (Figure 22; Figure 24; Figure 34). Its relative
abundance in core MF2022-2 from the Inner Laerdalsfjord increased drastically at the depths
from 5.75cm to Ocm between 2000 and 2020 from 2.5% on average to 4% on average, while
that in the core MF2022-3 from the Outer Lardalsfjord decreased significantly between the
depths from 7.75¢m to Ocm during the same period (Figure 34; Figure 35).

MF2022-2 Mastogloia elliptica (%) MF2022-3 Mastogloia elliptica (%)

Depth fem)

Figure 34. X-Y scatter graphs of the relative abundance of major freshwater benthic diatom, Mastogloia elliptica, presented
versus sediment depth, in core MF2022-2 and core MF2022-3.
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MF2022-2 Mas tica (%) VS Time (year) MF2022-3 Mastogloia elliptica (%) VS Time (year)

0 2 4 8

Figure 35. X-Y scatter graphs of the relative abundance of major freshwater benthic diatom, Mastogloia elliptica, presented
versus time, in core MF2022-2 and core MF2022-3 (part before 1969 without certain dating results is highlighted in grey).

In core MF2022-2 from the Inner Leerdalsfjord, the relative abundances of both Chaetoceros
sp. and Thalassiosira nordenskioldii showed a noticeable increase between the depth of
14.25cm and Ocm from 1974 to 2020 (the unusual peak at the depth of 9.25c¢m in the
Chaetoceros sp. graph is considered as an outlier and thus not taken into consideration) (Figure
36; Figure 37). A decrease from 1988 to 2000, which is observed in the graph of total marine
planktonic diatoms (Figure 26), cannot be seen in the graphs of Chaetoceros sp. and

Thalassiosira nordenskioldii.

MF2022-2 Chaetoceros sp. (%) MF2022-2 Thalassiosira nordenskiéldii (%)

Figure 36. X-Y scatter graphs of the relative abundances of major marine planktonic diatom genus, Chaetoceros sp. and

Thalassiosira nordenskiéldii, presented versus sediment depths, in core MF2022-2 from the Inner Leerdalsfjord.
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MF2022-2 Chaetoceros sp. (%) VS Time (year) MF2022-2 T. nordenskidldii . (%) VS Time {year]

Figure 37. X-Y scatter graphs of the relative abundances of major marine planktonic diatom genus, Chaetoceros sp. and
Thalassiosira nordenskioldii, presented versus time, in core MF2022-2 (parts before 1969 without certain dating results are
highlighted in grey).

In core MF2022-3 from the Outer Lerdalsfjord, the relative abundances of both Chaetoceros
sp. and Thalassiosira nordenskioldii showed a first significant decrease between the depth from
14.75cm to 7.75cm between 1974 and 2000, followed by a second decrease between the depth
from 7.75cm to Ocm from 2000 to 2022 (Figure 38; Figure 39). In contrast, only a slight
decrease around the depth of 7.75cm in 2000 can be observed in the graph of total marine

planktonic diatoms (Figure 28).

The relative abundances of these two major marine planktonic diatoms show different changing
patterns in the Inner and Outer Lardalsfjord. While the relative abundances of Chaetoceros sp.
and Thalassiosira nordenskiéldii in the Inner Laerdalsfjord increased after the 1970s, their
relative abundances decreased continuously after the 1970s in the Outer Lerdalsfjord. (Figure

37; Figure 39).
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MF2022-3 Chaetoceros sp. (%) MF2022-3 Thalassiosira nordenskioldii (%)

14 0 2 4 8 10 12

Depth fcm)

Figure 38. X-Y scatter graphs of the relative abundances of major marine planktonic diatom genus, Chaetoceros sp. and

Thalassiosira nordenskiéldii, presented versus sediment depths, in core MF2022-3 from the Outer Leerdalsfjord.

MF2022-3 Chaetoceros sp. (%) VS Time (year) MF2022-3 . nordenskidldii (%) VS Time (year)

1 2
—

2012 f

——s

s
Y

’ -~

002

8 € 12 14 4

xxxx

Figure 39. X-Y scatter graphs of the relative abundances of major marine planktonic diatom genus, Chaetoceros sp. and
Thalassiosira nordenskiéldii, presented versus time, in core MF2022-3 (parts before 1969 without certain dating results are
highlighted in grey).

In core MF2022-2 and core MF2022-3, the relative abundances of Paralia sulcata show a
continuous decrease towards the sediment surface (Figure 40). The decrease in both the Inner
and Outer Lardalsfjord was more significant after 1985, and its relative abundance in the Outer
Lerdalsfjord remained at a rather low level after the 1990s (Figure 41). In addition, the R-
squared (R?) value in the graph of core MF2022-3 (R? = 0,7020) is larger than that of core
MF2022-2 (R?=0,3363) (Figure 40). In other words, the positive correlation between Paralia
sulcata and depth is more pronounced in the Outer Lardalsfjord than in the Inner Laerdalsfjord

(Figure 40).
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MF2022-3 Paralia sulcata (%)

Depth fem)

Figure 40. X-Y scatter graphs of the relative abundance of major marine benthic diatom genus, Paralia sulcata, presented

versus sediment depths, in core MF2022-2 and core MF2022-3 with trendlines and trendline equations.

MF2022-2 Paralia sulcata (%) VS Time {year) MF2022-3 Paralia sulcata (%) VS Time (year)

Figure 41. X-Y scatter graphs of the relative abundance of major marine benthic diatom genus, Paralia sulcata, presented

versus time, in core MF2022-2 and core MF2022-3 (part before 1969 without certain dating results is highlighted in grey).

5.8. Table of the morphology, classification, and ecological preferences of common and
abundant diatoms

Information about the ecological preferences and morphology of the common (5 to 20% of the
total diatom composition; Scherer & Koc (1996)) and abundant diatoms (20 to 60% of the total
diatom composition; Scherer & Koc (1996)) is necessary for the analysis of potential causes of
the major changes in their relative abundances. Thus, the information about the six common
and abundant diatoms is summarized in Table 4 in the following order: freshwater planktonic

diatoms, freshwater benthic diatoms, marine planktonic diatoms, and marine benthic diatoms.
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Table 4. Morphology, classification, and ecological preferences of the six common and abundant diatoms; read from left to right. Pictures

without references are taken from the Leerdalsfjord smear slides.

Genus F.reshwater Fietoic Eunotia sp. Tabellaria flocculosa
diatoms
Mean occurence in core
MF2022-2 in Inner 47,68 22,64 15,88
Leaerdalsfjord (%)
Mean occurence in core
MF2022-3 in Outer 40,75 15,90 12,76
Lzerdalsfjord (%)
a. Valves have arcuate shape, are
asymmetric to the apical axis. a. Valves are elongate and have capitate ends.
b. The raphe is short and extends from The center is wider than the ends.
valve mantle onto valve face. b. Valves have no raphe.
Morphology c. Striae are uniserate, are positioned c. Valves form zig-zag colonies.
usually in single lines. d. Striae are uniserate and positioned with
d. The terminal nodules are positioned on |irregular spaces in between.
the mantle. (Spaulding & Edlund, 2008)
(Furey, 2010)
Class: Bacillariophyceae Class: Fragilariophyceae
. . Order: Eunotiales Order: Tabellariales
Cliinilicasion Familiy: Eunotiaceae Familiy: Tabellareaceae
(Furey, 2010) (Spaulding & Edlund, 2008)
It is a typical freshwater planktonic diatom in
the fjord sediment in Norway, and hence it is
an indicator of enhanced freshwater runoff or
. enhanced primary productivity in main origin
< It can (olerate low nutnel'mt l evel (Furey, rivers or lakes (Paetzel & Dale, 2010). It is
Ecological preferences 2010). It prefers more acidic water (Barber| . : : :
& Haworth, 1981), acidophilus and prefers slightly acid water
(Paetzel & Dale, 2010). Its abundance
decreases when there is heavy metal pollution,
especially when the concentrations of Copper
and Zinc are high (Cattaneo et al., n.d.).

Pictures

Valve vie;rﬁf'é colony |iyX
(Spaulding & Edlund, 2008)

(Furey, 2010)
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Genus

Freshwater
benthic diatoms

Mastogloia elliptica

Mean occurence in
core MF2022-2 in

11719 2,61
Inner
Lzerdalsfjord (%)
Mean occurence in
core MF2022-3 in 13.48 5.8
Outer
Leerdalsfjord (%)
a. Valves are elliptical to linear-elliptical with convex to nearly parallel
sides.
b. Its raphe is straight or undulate.
¢. Axial area is almost as narrow as the raphe and the central area is
Morphology circular and slightly expanded.
d. Striae are radiate and are composed of single rows of areolae.
e. Raphe branches are lateral and sinuous, with slightly expanded ends.
(Krammer & Lange-Bertalot, 1986; Patrick & Reimer, 1966; Agardh,
1824)
Class: Bacillariophyceae
Classification Ordgrf Nav1culale§
Familiy: Mastogloiaceae
(Spaulding & Edlund, 2008)
It prefers brackish waters in coastal areas or saline inland waters
Ecological (Krammer & Lange-Bertalot, 1986). It was found even in a water
preferences envrionment with high chloride content up to 13200 mg/L (Patrick &
Reimer, 1966).
Pictures

|(Bahls, 2012)

.
“y
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Marine

Genus planktonic Chaetoceros sp. Thalassiosira nordenskioldii
diatoms

Mean occurence in core

MF2022-2 in Inner 32,81 4,49 3,04

Leerdalsfjord (%)

Mean occurence in core

MF2022-3 in Outer 38,69 3,68 4,98

Lezerdalsfjord (%)
a. Filamentous colonies are often formed.
b. Valves are elliptic. a. Valves have a disc-like centric
c. Setae that extend from the pole of each  [shape

Morphology valve connect neighboring valves. b. Areolae are positioned in radial or
d. The setae of the terminal valve are twisted |tangential rows.
strongly away from the colony. (Spaulding & Edlund, 2008)
(Spaulding & Edlund, 2008)
Class: Coscinodiscophyceae Class: Coscinodiscophyceae

: : Order: Chaetocerotales Order: Thalassiosirales
Classification

Family: Chaetoceraeae
(Spaulding & Edlund, 2008)

Familiy: Thalassiosiraceae
(Spaulding & Edlund, 2008)

Ecological preferences

It is a typical marine planktonic diatom in
spring bloom, and hence indicates the
primary productivity level. Its abundance
increases with more nutrients available
(UBC Department of Earth, Ocean and
Atmospheric Sciences, 2012). It can tolerate
stratified water and reduced salinity (Jensen
et al., 2004). The common species
Chaetoceros muelleri has a pH preference of
from 7.6 to 8.3 (Blinn & Bailey, 2001) and
can tolerate heavy metal pollution (Cattaneo
et al,, n.d.). It forms resting stages under
unfavorable conditions (Witon et al., 2006).

It is a typical marine planktonic
diatoms in the spring bloom in
Norway and thus indicates primary
productivity level (UBC Department
of Earth, Ocean and Atmospheric
Sciences, 2012). It is a neritic Arctic-
boreal species, which prefers well-
mixed water, reaches its population
maximum in 2.8 degrees Celsuis (+/-
1.8) temperature, and can tolerate
warmer temperatures than Detonula
confervacea (McQuoid & Nordberg,
2003).

Pictures

(Spaulding & Edlund, 2008)

(Spaulding & Edlund, 2008)
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Genus

Marine benthic

Paralia sulcata

diatoms

Mean occurence in

core MF2022-2 in 7.42 2.32

Inner

Leerdalsfjord (%)

Mean occurence in

core MF2022-3 in 424 128

Outer

Lzerdalsfjord (%)
a. Valves are circular and slightly convex.
b. Valves form solid chain colonies connected by well-
developed interlocking ridges and marginal spines. Each

Morphology chain consists of intercalary and separation valves.
b. Valves at the end of each chain have reduced ridges and
no marginal spines.
(Yun et al., 2016)
Class: Bacillariophyceae

: ; Order: Paraliales

AR AEREON Familiy: Achnanthaceae
(Spaulding & Edlund, 2008)
It is a marine benthic diatom, and an indicator of salt-
marsh environment and a silty tidal flat habitat (McQuoid
& Nordberg, 2003). Its abundance decreases when there is
a shortage of nutrient, especially a lack of Phosphorus

; (McQuoida & Nordberg, 2003). Small sized P.sulcata

Ecological . . .
prefers more well-mixed water with more upwelling of

PECICEENGES nutrient-rich, high salinity water and mild winter weather
(McQuoida & Nordberg, 2003). The relative proportion of
cells larger than 20 um increases in more stratified water
with low salinity and low Phosphorus concentration
(McQuoida & Nordberg, 2003).

Pictures

"ﬁﬁe view

(Yun et al., 2016)
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6. Discussion

This section aims to answer the three objective questions by comparing the two dating results
and analysing the causes of the major changes in the relative abundances of freshwater and

marine diatoms in the Inner and Outer Lardalsfjord.

6.1. Reliability of diatom-based dating methods

To compare the two dating results (Figure 19, Figure 20, and Figure 21), X-Y scatter graphs of
the relative abundance of total freshwater diatoms, and of the relative abundance of Paralia
sulcata presented versus time based on the two dating results were computed (Figure 42; Figure
43). The differences between the two dating results are within 0 or 2 years (with one outlier of
5 years) across both sediment cores (Figure 42; Figure 43). In other words, the dating result
based on temperature and the marine benthic diatom, Paralia sulcata can be verified by the
dating result based on precipitation and total freshwater diatoms, and vice versa. Thus, it is
reasonable to conclude that changes in the diatom compositions can be used to date the recent

sediment cores over the past 90 years.

In addition, the decrease in sedimentation rates from 0.38 cm/year (from 1969 to 1981) to 0.27
cm/year (from 1996 to 2014) can be linked back to the impacts of two hydropower plants
(Borgund kraftverk, 2021) on the reduction in the flow velocity of the river Lerdalselv
(Torbjern Dale 2023, personal communication). With the river flow velocity decreasing, the
amount of mineral and organic matter transported and deposited into the Inner Lardalsfjord
sediment decreases correspondingly. In contrast, the sedimentation rates in the Outer
Lerdalsfjord remain relatively stable. This implies that the Outer Lardalsfjord is impacted less

by the two hydropower plants.
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Figure 42. X-Y scatter graphs of total freshwater diatoms and Paralia sulcata presented versus time based on two dating

results of the core MF2022-2 (Figure 24, Figure 25) (part before 1969 without certain dating results is highlighted in grey).

Figure 43. X-Y scatter graphs of total freshwater diatoms and Paralia sulcata presented versus time based on two dating

results of the core MF2022-3 (Figure 24, Figure 26) (part before 1969 without certain dating results is highlighted in grey).

6.2. Causes of changes in the freshwater planktonic diatom compositions

Based on the correlation coefficients shown in Table 2 and Table 3, Eunotia sp. and Tabellaria
flocculosa are the dominant genera among freshwater planktonic diatoms in the Inner
Leaerdalsfjord, while Eunotia sp. is the dominant freshwater planktonic diatom genus in the

Outer Laerdalsfjord.

The decreases in freshwater planktonic diatom concentrations and in the relative abundances
of the two major freshwater planktonic diatoms, Eunotia sp. and Tabellaria flocculosa in the
Inner Laerdalsfjord between 1974 and 1995 (Figure 23; Figure 31) can also be attributed to the
impacts of the two hydropower plants at Borgund and Stuvane on the resulting decrease in river

flow velocity (Borgund kraftverk, 2021). However, such decreases cannot be observed in the
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Outer Lerdalsfjord during the same period (Figure 25). This shows that the impact of

hydropower plants is insignificant in the Outer Leerdalsfjord.

Between 1995 and 2000, the relative abundance of freshwater planktonic diatoms shows a
gradual increase to the original level in the Inner Lardalsfjord and a remarkable increase in
2000 in the Outer Laerdalsfjord (Figure 23; Figure 25). This can be explained by the significant
increase in the precipitation level after the 1990s due to climate change (Figure §) since more
freshwater planktonic diatoms can be transported into the Inner and Outer Laerdalsfjord when

the precipitation level goes up.

In addition, Eunotia sp. showed a significant increase while Tabellaria flocculosa decreased
slightly after 2000 in the Inner and Outer Lerdalsfjord (Figure 31; Figure 33). One potential
cause of these opposite changes is the decrease in nutrient availability in the river Lerdalselv
in the recent 20 years (Figure 1). The dams of two hydropower plants (Borgund kraftverk,
2021) may have partially caused the reduction in nutrients like silicium (Si) in the river
Lardalselv. Since freshwater diatoms must compete for the limited nutrients and Eunotia sp.
has a better adaptability to a low trophic level than Tabellaria flocculosa (Table 4), Eunotia sp.

outcompetes Tabellaria flocculosa.

6.3. Causes of changes in the freshwater benthic diatom compositions

Based on the correlation coefticients shown in Table 2 and Table 3, Mastogloia elliptica is the

dominant freshwater benthic diatom genus in Inner and Outer Lerdalsfjord.

While the relative abundance of freshwater benthic diatoms in the Inner Lerdalsfjord increased
first in 1988 and then in 2000, their relative abundance in the Outer Lardalsfjord decreased
slightly after 2000 (Figure 23; Figure 25). A similar changing pattern can be observed more
clearly in the changes in the relative abundance of the major freshwater benthic diatom,
Mastogloia elliptica (Figure 35). This can be explained by the increased impact of the two
hydropower plants on river flow pattern (Borgund kraftverk, 2021). Since most freshwater
benthic diatoms are attached to plants, sediments, or rocks, their transportation requires a

sufficient level of river flow velocity (Stevenson, 1983; Dixit et al., 1992).

After the construction of the first hydropower plant at Borgund in 1974, the partially regulated
river still maintained a natural seasonal flow pattern and an equilibrium was established

between the natural delta and the partially regulated river (Torbjern Dale 2023, personal
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communication). Thus, the amount of freshwater benthic diatoms transported into the Inner and

Outer Lardalsfjord remained largely unchanged.

After the construction of the second hydropower plant at Stuvane in 1988, the river flow was
further regulated (Torbjern Dale 2023, personal communication). Due to the reduced river flow
velocity, its capacity to transport freshwater benthic diatoms further out to the Outer
Laerdalsfjord was limited. As a result, a higher portion of freshwater benthic diatoms was
directly deposited in the Inner Leerdalsfjord rather than being transported further out into the
Outer Laerdalsfjord. This explains the first increase in the relative abundance of freshwater
benthic diatoms in the Inner Lerdalsfjord in 1988. At this time point, the reduction in the
relative abundance of freshwater benthic diatoms in the Outer Lerdalsfjord was still
insignificant and could be compensated by the increase in precipitation level in the 1990s

(Figure 8) and the runoffs from the river Erdalselv (Figure 1).

Due to the loss of the original natural delta during and after the Lardal Tunnel building between
1995 and 2000 (Engineering.com, 2006), the equilibrium between the natural delta and the
partially regulated river disappeared. Thus, the capacity of the river to transport the freshwater
benthic further out to the Outer Lerdalsfjord was reduced further. A much higher portion of
freshwater benthic diatoms was deposited in the Inner Lardalsfjord than in the Outer
Laerdalsfjord. This is the reason for the second increase in the relative abundance of freshwater
benthic diatoms in the Inner Lardalsfjord in 2000 and the decrease in their relative abundance
in the Outer Lerdalsfjord after 2000. However, it is important to emphasize that the increase
in the relative abundance of freshwater benthic diatoms in the Inner Lardalsfjord does not

necessarily imply the increase in their absolute amount.

6.4. Causes of changes in the marine planktonic diatom compositions

Based on the correlation coefficients shown in Table 2 and Table 3, round type diatoms and the
Chaetoceros sp. are dominant marine planktonic diatoms in the Inner Lerdalsfjord while the
Chaetoceros sp. and Thalassiosira nordenskiéldii dominate the marine planktonic diatoms in

the Outer Leerdalsfjord.

The relative abundance of marine planktonic diatoms in the Inner Lerdalsfjord increased
slightly between 1974 and 1988 and decreased gradually between 1988 and 2020 (Figure 27).

One possible explanation can be the increased impacts of two hydropower plants on the
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resulting reduction in nutrients transported out into the Leerdalsfjord (Borgund kraftverk, 2021)

since primary productivity in fjords is partially determined by nutrient availability.

After the construction of the first Borgund hydropower plant in 1974, the river flow velocity
was reduced slightly (Torbjern Dale 2023, personal communication), and thus the river
Lardalselv could only transport a smaller portion of nutrients further out from the Inner
Lardalsfjord to the Outer Laerdalsfjord. As a result, a larger portion of nutrients was deposited
directly in the Inner Lardalsfjord rather than being further transported out into the Outer
Lerdalsfjord. This can be the cause for the increase in the relative abundance of marine

planktonic diatoms in the Inner Lardalsfjord between 1974 and 1988 (Figure 32).

In 1988, after the building of the second hydropower plant, the flow velocity of the river
Lardalselv dropped further (Torbjern Dale 2023, personal communication). Hence, its capacity
to transport nutrients out into the Inner Laerdalsfjord started to decrease and the amount of
nutrients transported into the Inner Laerdalsfjord was reduced to a critically low level. Due to
the lack of nutrients in the Inner Lardalsfjord, the primary productivity in the Inner
Lardalsfjord decreased. This explains the decrease in the relative abundance of marine

planktonic diatoms in the Inner Laerdalsfjord between 1988 and 2020 (Figure 27).

If this is the cause of the changes in the Inner Lardalsfjord, the relative abundance of marine
planktonic diatoms in the Outer Lardalsfjord should show a continuous decrease from 1974
via 1988 to 2020. However, such an anticipated decrease can only be seen in the decrease in
the relative abundance of the two dominating marine planktonic diatom species, Chaetoceros
sp. and Thalassiosira nordenskioldii, between 1974 and 2020 (Figure 39). In contrast, the
relative abundance of total marine planktonic diatoms in the Outer Laerdalsfjord only decreased

slightly around 2000 (Figure 29).

One possible reason why there was no significant decrease in the relative abundance of total
marine planktonic diatoms between 1974 and 2020 is that the relative abundance of round type
diatoms showed no decrease between 1974 and 2020 and their relative abundance is much
higher than other marine planktonic diatoms. Since round type diatoms cannot be clearly
identified, they might not be marine planktonic diatoms although they were counted as marine
planktonic diatoms. Thus, their response to the changes in nutrient availability may differ from
other marine planktonic diatoms. Alternatively, these unidentified species might belong to a

diatom species that favourably lives on low level nutrient conditions.
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Another noticeable change is that the relative abundances of Chaetoceros sp. and Thalassiosira
nordenskiéldii increased in the Inner Leerdalsfjord not only between 1974 and 1988 but also
after 1988 (Figure 37). This can be explained by the rise in both air temperature (Figure 8) and
water temperature (Kaufmann 2014; Re3 2015), as well as the corresponding extension of the
stratification period in the Lerdalsfjord. With the air (and thus surface water) temperature
rising continuously (Figure 8), the inflow of Norwegian Coastal Water or North Atlantic Water
with high salinity into the basin becomes less frequent, and the stratification period in the Inner
Laerdalsfjord may become longer (Darelius, 2020). As a result, Chaetoceros sp. and
Thalassiosira nordenskioldii, who can tolerate stratified water and reduced salinity,
outcompeted other species (Table 4). However, it is noteworthy that their increasing relative
abundances does not necessarily mean that their absolute abundances increased despite the

reduced nutrient availability in the Inner Leerdalsfjord.

However, the relative abundances of Chaetoceros sp. and Thalassiosira nordenskioldii show
decreases rather than increases in the Outer Lardalsfjord after 1988. This implies that the
impact of the decrease in nutrient availiability is more pronounced than the impact of
temperature and stratification in the Outer Lardalsfjord. The amount of nutrients in the Outer
Lardalsfjord might have reduced to a critical level after the construction of the second
hydropower plant in 1988. Since both species have a low tolerance to low trophic level (Table
4), they might be outcompeted by other primary producers with a better tolerance on low

trophic levels after 1988.

6.5. Causes of changes in the marine benthic diatom compositions

The correlation coefficients (Table 2; Table 3) imply that Paralia sulcata is the dominant
marine benthic diatom genus, and its relative abundance decreases towards the sediment

surface.

The decrease in the relative abundance of Paralia sulcata throughout the whole sediment cores
in the Inner and Outer Lardalsfjord (Figure 40) can be explained by reduced nutrient upwelling
and longer stratification periods in the Lardalsfjord since the 1960s. With the air (and thus
surface water) temperature in Laerdal increasing since the 1960s (Figure 8), the density of the
North Atlantic Oceanic Water reduces, and the basin water exchange becomes less frequent
(Darelius, 2020). As a result, Paralia sulcata, who prefers well-mixed water with more nutrient
upwelling (McQuoid & Nordberg, 2003b), was outcompeted by other species with a better

adaptability of stagnant water with less nutrient upwelling. The more pronounced decrease in
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its relative abundance after 1985 in both cores can be attributed to the more pronounced

increase in water temperatures in the Norwegian Sea since 1985 (Kaufmann 2014; Rel3 2015).

6.6. Differences in the environmental setting between the Inner and Outer Lardalsfjord

There are similarities and differences in how the external influential factors (summarised as
environmental and climate factors) exert impacts on the Inner and Outer Laerdalsfjord (Figure
44). The Inner and Outer Lardalsfjord receive mainly four external influences, namely (a)
precipitation, (b) the inflow of North Atlantic Oceanic Water, (c) the runoff of the river
Lardalselv and the river Erdalselv, and (d) the water exchange between the Inner and Outer
Leaerdalsfjord (Figure 44). Impacts of water exchange between the Inner and Outer Lardalsfjord

are rather minor and hence will not be discussed in this thesis.

(a). The increase in total freshwater diatom concentrations as a consequence of increasing

precipitation levels can be seen in the Inner and Outer Lardalsfjord (Figure 44).

(b). However, the Outer Leardalsfjord is more influenced by the inflow of North Atlantic
Oceanic Water than the Inner Laerdalsfjord since the Outer Laerdalsfjord is located closer to the
open ocean (Figure 1; Figure 44). As a result, the increasing water temperatures of the
Norwegian Sea lead to a reduction in the marine benthic diatom Paralia sulcata, which is more

pronounced in the Outer Lardalsfjord than in the Inner Lardalsfjord (Figure 44).

(c). Although both, the Inner and the Outer Lardalsfjord receive runoff from the river
Lardalselv, the Outer Laerdalsfjord is located more distant to the river Laerdalselv and receives
additional river runoff from the river Erdalselv (Figure 44). Thus, the Outer Lerdalsfjord is
less impacted by the decreasing flow velocity of the river Laerdalselv after the construction of
the first hydropower plant in 1974. The decrease in the relative abundance of the freshwater

planktonic diatoms after 1974 is more pronounced in the Inner Lardalsfjord (Figure 44).

However, the flow velocity in the river Lardalselv decreased utterly after the construction of
the second hydropower plant in 1988, resulting in a further reduction in nutrients transported
out to the Laerdalsfjord. This loss in nutrients seems to be more significant in the Outer
Lardalsfjord (Figure 44). Thus, the decrease in marine planktonic diatoms is more pronounced
in the Outer Laerdalsfjord than in the Inner Lerdalstjord (Figure 44). Similarly, the impact of
the loss of the natural delta results in a decrease in freshwater benthic diatoms transported out
to the Leerdalsfjord (Figure 44). The loss in benthic freshwater diatoms is also more pronounced

in the Outer Laerdalsfjord (Figure 44).
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7. Conclusion

The major conclusions of this thesis are as follows:

(1). The relative dating method introduced by Paetzel & Dale (2010) based on the relationship
between the historical local precipitation records and the relative abundance of freshwater
diatoms can be used to date the two sediment cores from the Inner and Outer Laerdalsfjord back
to 1969 (with the exception of dating of the year 1936 in the Outer Lerdalsfjord). The
sedimentation rates range from 0.27 cm/year to 0.38 cm/year. This dating is confirmed by an
additional dating based on the negative relationship between fjord water temperature change
and the relative abundance of a marine benthic diatom species, Paralia sulcata. These two

datings show differences within 0 to 2 years (and one single maximum of 5 years).

(2). Changes in the freshwater diatom composition hold signals of past natural and human-
caused climate and environmental change. The positive relationship between the precipitation
level and the relative abundance of freshwater planktonic diatoms is confirmed in both
sediment cores. In addition, the impact of two hydropower plants on the river flow pattern is
reflected by the decrease in the freshwater planktonic diatoms in the Inner Laerdalsfjord. This
impact is less significant in the Outer Leaerdalsfjord due to its different environmental
surrounding. Furthermore, an increase in the freshwater benthic diatoms in the Inner
Laerdalsfjord and their decrease in the Outer Lardalsfjord after 2000 indicate that the impact
of the two hydropower plants results in a decrease in the transportation capacity of the river

Lerdalselv. This effect is additionally enhanced by the loss of the natural delta.

(3). Changes in the marine diatom composition can also indicate the past natural and human-
caused climate and environmental change. Decreases in the marine planktonic diatoms in both
sediment cores after 1988 can be linked to the increased impacts of the two hydropower plants
on the resulting reduction in river transportation capacity of nutrients after the construction of
the second hydropower plant. Additionally, a continuous decrease in the marine benthic diatom
species, Paralia sulcata, throughout the whole cores in the Inner and Outer Laerdalsfjord
reflects the global warming trend and the corresponding decrease in the frequency of basin
water circulation in the Lardalsfjord. The reduction in the marine benthic diatom Paralia
sulcata in the Outer Laerdalsfjord is more pronounced since the Outer Lardalsfjord is more
influenced by the increasing water temperature of the Norwegian Sea (Kaufmann 2014; Rel3

2015).
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9. Appendix

Appendix 1. Diatom counting result of the smear slides from the core MF2022-2 (raw data)

Smear slides: diatoms
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Appendix 2. Diatom counting result of the smear slides from the core MF2022-3 (raw data)

Smear slides: diatoms
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Appendix 3. The relative abundances (in % of total diatoms) of each diatom genus and each category in the core MF2022-2 and their mean occurrence
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Appendix 4. The relative abundances (in % of total diatoms) of each diatom genus and each category in the core MF2022-3 and their mean occurrence

depth average  (Diatoms (#)
e g M Totl marine] 1" I s . Total marne|  Total Control
Planktonic planktonic |Planktonic planktonic ::::":Z“" benthic |Marine benthic | benthic | Other Total Total Total Total
{em)  depth (cm) R:‘;“mw:e - @Lk‘ agi| Meidon | Limophora T.f:r'.k"‘:;“: el B ms‘;":;: 1o Encronema m:ni':a Tabellaria | Euncia | Navicua | Cymoela | Fragiaria m;r:r:m Penuata |nummicie| Westoga | Meosiasp | Fregara 3“"“';“"9"" m::::ter ‘3'";;": PN Achnanthes Parsia Lﬂ;‘:::]' MJ‘:: g Dtoms | datisic | datsiic | Frestwater| - Marine
%) Agardh planktonic Agardh benthic

0005 | 025 000 159 U 177 088 035 3894 212 000 0.0 000 152 248 124 230 0,00 £93% 000 000 230 018 354 000 6,02 000 0418 0,00 0,18 106 708 062 | 10000 10000 ) 40

051.0 0,75 13 095 2705 0,19 152 095 3200 190 000 0,00 057 1181 30,86 362 152 019 50,48 0,00 324 038 514 000 8,76 000 038 0,19 057 2,67 11,43 6,10 100,00 100,00 59 35

1045 125 200 020 343 1,00 279 020 3932 060 000 000 33 1337 2% 250 060 000 419 000 319 000 679 020 020 120 798 47 10000 100,00 5 4

olc 1,75 144 128 3046 016 159 000 3493 000 000 000 11,80 797 3301 23 112 0,00 56,30 0,00 018 367 000 542 0,00 016 144 686 191 10000 10000 [ 3
2.5 041 062 3278 0,00 14 0,00 3526 021 000 0,00 11,55 784 2,77 241 165 0,00 49,48 0,00 351 1031 0.00 000 221 12,58 268 100,00 100,00 60 38
275 115 208 3141 0,00 577 0,00 4042 046 000 0,00 10,62 1085 1755 162 162 0,00 213 0,00 6.24 716 1293 023 000 1,85 14,78 208 100,00 100,00 56 42
325 154 154 3253 000 308 000 3368 0,66 000 02 789 1033 2198 264 044 0,00 4396 571 9,89 0,00 044 484 14713 264 10000 100,00 54 4
375 076 126 3535 000 227 000 3965 0,51 000 0,00 78 1465 490 202 152 0,00 a4 2 1389 0,00 101 404 17,93 101 10000 10000 55 4
425 166 369 3007 000 203 000 3745 092 000 000 830 1476 12 203 111 0,00 4834 701 830 0,18 055 295 1,25 29 10000 100,00 57 40
475 321 150 2%21 000 342 000 %32 1,07 000 000 705 1282 18,80 363 085 0,00 “2 197 0,00 000 385 1581 363 10000 10000 5 40
525 33 104 261 0,00 414 0,00 3810 0,62 000 0,00 125 1387 15,53 083 207 0,00 40,17 1698 0.00 021 2,07 19,05 2,69 100,00 100,00 57 40
575 246 09 24 197 148 025 2956 148 000 0,00 16,50 1404 1773 148 148 0,00 52,11 172 1355 0,00 000 148 15,02 2N 100,00 100,00 66 Ell
625 276 138 241 138 207 000 4000 18 000 000 828 1310 1547 161 069 0,00 4069 115 1402 0,00 089 138 1540 391 10000 10000 5 #
675 2 389 294 160 297 000 3570 114 000 000 11,4 1259 18,08 275 048 000 4645 023 1281 0,00 000 252 1533 25 10000 10000 5 38
15 284 2,18 3100 044 306 0,00 39,52 0,87 000 0,00 895 1332 1528 n 044 0,00 42,58 218 1463 0,00 044 1,53 16,16 1,75 100,00 100,00 57 41
175 220 176 274 000 352 022 3744 088 000 000 859 12,11 14,10 374 176 0,00 41,19 264 1432 02 000 419 18,50 286 10000 10000 5 4
8,25 387 1,69 2494 484 387 0,00 3923 1.2 0,00 0,00 8,78 1017 15,50 2,18 121 0,00 37,05 121 1719 0,00 048 363 20,82 291 100,00 100,00 54 43
8,75 423 089 3163 490 267 02 454 13 0,00 0,00 4,90 11,14 13,36 34 067 0,00 34,74 223 1470 0,00 067 312 17,82 290 100,00 100,00 49 48
925 42 215 2940 365 25 000 4249 150 000 000 558 1245 1373 300 064 000 EX 120 1352 021 084 420 118 218 10000 10000 50 47
975 537 022 2349 671 470 000 4049 1,57 000 000 55 4% 1387 246 067 0,00 3915 246 [ 0,00 022 313 17,90 248 10000 10000 54 4
10,25 217 244 2683 461 325 0,00 3930 1% 000 0,00 6,78 1626 16,26 298 1,36 0,00 4499 054 1220 0,00 081 081 13,01 21 100,00 100,00 §7 40
1075 254 29 2168 586 147 020 3438 137 000 0.00 781 1484 16,80 371 117 0,00 45,70 195 1387 0,00 215 313 16,99 293 10000 10000 ) 38
125 487 195 %12 370 3% 000 4055 175 000 0.0 682 1404 1442 33 234 000 4269 13% 1189 0,00 117 253 1442 23 10000 10000 55 4
1,75 25 107 27,78 408 427 000 3974 1,07 000 0,00 897 1433 1474 192 107 0,00 23 150 128 021 000 214 14,98 299 10000 10000 55 4
1225 204 204 212 78 207 000 3680 0 000 037 1394 929 1784 223 149 000 4591 186 428 502 1115 0,00 130 316 1“3y 297 10000 10000 57 40
1215 620 23 285 620 347 0,00 4338 0,65 000 02 1020 8,89 1280 130 087 0,00 182 239 521 456 1475 0,00 325 18,00 3,60 10000 10000 50 47
13,25 505 0,66 2789 681 264 0,00 4286 132 0,00 0,68 859 9,89 1385 132 0,88 0,00 U5 264 352 1429 0.00 4,62 18,90 374 100,00 100,00 49 47
1375 739 000 23,79 762 231 000 4141 092 000 0,00 600 1363 1386 277 048 0.3 37,88 208 462 1270 0,00 600 1874 231 10000 10000 51 47
1425 313 179 2500 731 446 000 “r4 0,00 000 045 670 1295 1362 112 045 0,00 35,27 246 481 1585 022 290 1875 424 10000 10000 51 45
75 547 159 223 683 091 000 3804 000 000 048 820 1276 1549 205 0,00 B 159 52 1458 0,00 410 18,68 387 10000 10000 54 2
1625 424 077 2100 694 212 0,00 3507 0,00 000 0.3 829 2081 1387 289 0,00 46,63 135 1310 0,00 366 16,76 1,54 10000 100,00 ) 3
1575 412 309 2387 556 206 000 3868 041 000 000 844 1049 1667 22 000 30,68 308 1646 0,00 391 2037 2% 10000 10000 5 4
16.25 211 211 280 785 000 000 ug7 077 000 03 14,37 9,58 1839 230 0,00 a3 19 1149 0,00 326 1475 307 10000 10000 59 38
16,75 597 226 281 597 32 000 4630 062 000 021 967 844 12,14 123 000 313 226 43 139 0,00 052 309 17,08 350 10000 10000 aq 4
1125 4% 065 2748 668 250 0,00 4203 12 000 065 841 9,70 1358 129 0,00 35,78 345 1401 0,00 108 453 18,53 3,66 10000 10000 50 47
11,15 137 0,00 273 760 230 0,00 “401 0,92 0,00 02 599 1244 1382 2,76 023 36,87 461 1382 0.00 230 599 19,82 2,30 100,00 100,00 51 47
18.25 332 32 2133 472 245 000 3514 0,17 000 0,00 874 822 1364 507 000 37,59 280 221 1678 0,00 175 647 225 402 10000 10000 54 2
1875 240 2% 2144 425 370 000 U715 0,18 000 000 813 1035 16.08 203 0,00 3145 847 314 518 2089 0,00 185 44 253 7 10000 10000 5 3
19.25 480 160 1740 760 320 000 3440 1,00 000 020 800 1000 17680 300 000 4,20 000 480 580 1460 0,00 620 2080 3,60 10000 10000 5 [
1875 4T 202 19217 440 204 000 3339 147 000 037 60 1541 1651 220 0,00 275 0 367 697 349 1413 0,00 807 22 1,65 10000 100,00 57 4
225 391 098 20,16 82 391 000 3718 0,00 000 157 822 1370 11,74 157 000 X 1409 0,00 78 29 313 10000 10000 52 45
75 474 257 1897 652 474 000 3755 09 000 05 751 1443 1462 277 0,00 419 1166 0,00 613 11,19 277 10000 10000 54 4
2125 595 246 2074 760 308 0,00 3984 0,00 000 041 618 1622 12,14 246 0,00 3737 1355 0,00 719 2074 205 10000 10000 51 47
215 488 188 1989 863 375 0,00 3902 0914 000 075 638 1238 1257 300 0,00 36,96 11,07 0,00 563 210 131 10000 10000 5 45
225 331 257 281 662 313 000 3824 0,18 000 037 680 1654 176 294 0,00 38,60 1379 0,00 662 2040 278 10000 10000 52 45
2,75 431 216 2196 745 255 0,00 3843 1% 0,00 0.2 588 1118 15,10 255 0,00 37,06 16,67 0,00 47 237 314 100,00 100,00 54 43
25 408 230 1915 567 301 0,00 U2 05 000 0,00 674 1560 1489 230 0,00 7113 1436 0,00 745 21,81 284 0000 10000 5 02
B75 347 290 2181 734 251 000 3803 212 000 07 M 1274 1332 347 000 n17 1390 0,00 618 2008 212 10000 10000 54 4
%25 306 327 2183 816 245 000 3857 082 020 0,00 980 1265 490 245 0,00 41,02 1388 00 0,00 469 1857 1,84 10000 10000 55 43
u15 476 216 1818 801 346 000 3658 02 000 02 693 1840 1364 152 000 719 1320 000 4 000 0,00 628 1948 19 10000 10000 5 4
25 492 455 1723 1212 473 000 4356 076 000 0,19 70 1402 155 189 000 3561 1439 000 246 000 0,00 581 202 057 10000 10000 50 49
%575 527 359 1751 675 241 0,00 3523 189 000 084 570 1667 4,56 084 0,00 409 1667 000 000 0,21 612 278 1,05 10000 10000 58 4
%25 591 287 1953 599 609 000 4140 0,00 000 03% 538 1577 147 358 0,00 37,99 13,08 000 000 0,00 621 1935 125 10000 100,00 51 48
%15 381 23 204 1036 44 000 4397 063 021 021 50 1332 951 2% 0,00 21 1450 000 000 0,00 613 2072 254 10000 10000 a 50
2725 384 316 2791 92 316 000 4708 0,00 000 121 534 [ 11,65 243 000 2143 1529 000 000 0,00 6,07 2136 243 10000 10000 “ 5
75 3 147 2401 839 350 0,00 4429 03 000 03 420 1305 86 3% 0,00 3124 1460 000 0,00 [T 830 23,08 140 10000 | 10000 % 5
e

occirence | a8 192 2508 498 297 004 3869 0,88 001 023 750 1278 15,90 245 093 0,01 4075 021 034 528 181 585 481 1348 002 289 001 0,03 128 424 17,12 284




Appendix 5. X-Y scatter graphs of the relative abundance of each category and each diatom genus (in % of total diatoms) in the core MF2022-2
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Appendix 6. X-Y scatter graphs of the relative abundance of each category and each diatom genus (in % of total diatoms) in the core MF2022-3
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Appendix 7. Historical annual precipitation records between 1896 and 2022 from the Maristova meteorological
station

;| Freshwat Freshwat
o ir:lf;":;' e(srCoreZ —— ?r Core 3 ——
reci (average p average ept
Location | Station Year on (mm) Year ('averag: ofevery2| (cm) |ofevery2| (om)
Ofevery S|~ smear smear
Years) | siides) slides)
laristova | SN5460 1896 531,40 1933 6252333 | 65,86115 54,30931
| Maristova | SN54600| 1897 646.4 1936 397,3667 | 59,52132 58,20655
Maristova | SN5460¢ 898 654, 939 5358 |62,21039 60,3045
| Maristova | SN5460! 899 527.4 42 691,4667 | 60,47247 57,34695
[ Maristova | SN5460! 900 351,20 45 707,7333 | 60,34585 58,7802
Varistova | SN54600 | 1901 384,00 48 562,8667 | 58,91653 63,9771
[Maristova | SN54600| 1902 | 376,20 951 | 6345 |55,05664 50,24734
[Maristova | SN54600| 1903 | 617,40 | 1954 | 649,8667 | 52,7758 58,1507
Jaristova | SN5460! 904 260,80 195, 655,3667 | 57,28351 54,37614
| Maristova | SN5460! 905 466,60 1960 620,7667 | 51,99035 53,791
[ Maristova | SN5460! 906 449,80 1963 600,9667 | 60,46442 1] 60,770 0
| Maristova | SN5460! 907 408,40 1966 632,5667 | 58,50156 57,160
| Maristova | SN5460! 908 381,40 1969 561,7667 | 62,72041 55,491
Maristova | SN54600 | 1909 373.90 1972 768 | 67,0448 51,64508
| Maristova | SN5460! 0 439,10 1975 | 695,7667 | 67,25968 4 54,84066
54 [6 5 [59,61994
64, 55,07378
L 1984 870,0667 | 66,16845 52,16088
L 198 723 60,79932 57,74503
1990 881,4667 | 63,36033 58,2782
L 1993 881,3333 | 62,01868 0 54,83241 0
Maristova | SN5460! 1996 678,9667 | 59,48126 1 54,35103 1
Aaristova | SN5460( 1999 828,1333 | 59,23807 2 54,85426 22
[ Maristova | SN5460 9| 2002 | 691,3333 56.24218] 23
[ Maristova | SN54600 920 2005 810 57,5455 24
[ Maristova | SN54600 | 1921 20088157333 55.91673| 25
[ Maristova | SN54600 922 2011 | 837,8333 51,50406 26
[ Maristova | SN5460! 923 2014 789 47.82681 27
[ Maristova | SN5460( 924 2017 851,7 L. . .
[ Maristova | SN54600 [ 1925 2020 1623,0853 Annual average precipitation (Maristova) (mm)
daristova | SN5460( 1926
laristova | SN5460( 1927
[Maristova | SN54600 | 1928 0 200 400 600 800 1000 1200 1400
daristova | SN5460( 1929
[Maristova | SN54600] 1930 2022
| Maristova | SN5460! 1931
Aaristova | SN5460( 1932
[ Maristova | SN54600| 1933
[Maristova | SN54600 | 1934
faristova | SN54600 | 1935
| Maristova | SN5460! 1936
54 1937
I SN54 1938
I SN54 1939
Maristova | SN5460! 0
[ Maristova | SN5460! 34
laristova | SN5460! 4
[ Maristova | SN5460 2002
[ Maristova | SN54600 | 1944
| Maristova | SN5460! 45
[ Maristova | SN5460! 46
| Maristova | SN5460! 47
Maristova | SN5460¢ 48
Maristova | SN5460! 49
[ Maristova | SN5460 50
| Maristova | SN5460! 951
[Maristova 1952
[Maristova 1953
[ Maristova 1954
laristova 1955
[ Maristova 1956 1982
daristova 1957
[ Maristova 1958
[Maristova 1959
1960
1961
I 1962
Aaristova 1963
[ Maristova 1964
Maristova 1965
Aaristova 1966
laristova 1967
1968
369 1962
970
7
7
7
74|
97!
7
7
71
79|
980
981
982 1942
1600|1983
| SN54600{ 1984
SN54600 985
SN54600 986
| SN54600{ 1987
[SNs4600[ 1988
SN54600| 1989
Sl 160 1990
SN5460f 1991
[Maristova | SN54600] 1962
| Maristova | SN5460! 993
Aaristova | SN54 994
| Maristova | SN5460! 995 1922
| Maristova | SN5460! 996
Maristova | SN54 997
| Maristova | SN54600 1998
54601 1999
54 2000
I 54600 | 2001
I 54600 | 2002
Jaristova | SN5460! 2003
| Maristova | SN5460! 2004
Maristova | SN54600 | 2005
[ Maristova| SN54600 | 2006
SN546! 2007
[Maristova | SN54600 | 2008 1902
[ Maristova | SN54 2009
[ Maristova | SN54 2010
Maristova | SN54 2011_|
| Maristova| SN54600| 2013 |
Maristova| S 160 2014 673,40
[ Maristova| SN54600 | 20 879,00
[Maristova | SN54600 | 2016 | 814,60
| Maristova | SN5460! 20 959,20
[ Maristova | SN54 20 748,60
[ Maristova | SN54 2019 | 847,30
Maristova | SN54 2020 994,80
Maristova | SN54600 | 2021 658,60
Maristova| SN54600] 2022 | 815,70 1882
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Appendix 8. Historical annual average temperature records, the data from the meteorological stations in Laerdal,

Laerdal/Tenjum, Lerdal/Moldo, and Lardal IV

Location Station Y Year
5 (degree Celsius) “
Lavrdal SN54100 1870 1931
rdal SN54100 1871 7934
rdal SN54100 1872 1937
wrdal SN54100 1873 1
rdal SN54100 1874 1843
Laardal SN54100 1875 1946
Laerdal SN54100 1876 1949
rdal SN54100 1877 1952
Lawrdal SN54100 1878 1955 |
Laordal SN54100 1879 1958 |
Laordal SN54100 1880 1961_|
Lavrdal SN54100 1881 1964
Lardal SN54100 1882 1967
SN54100 1883 1570
Lzordal SN52100 1884 1973
Leerdal SN54100 1885 3 1576
rdal SN54100 1886 8 1979
] SN54100 1887 64 i ]
rdal SN541 1888 5 7385
wrdal % 1889 2 1988 |
Laerdal SN54100 1900 1 1951 |
Lasrdal SN54100 1901 1 1994
rdal SN54100 1902 1998
rdal SN54100 1903 2001
rdal SN54100 1504
Laordal SN54100 1905 2007
rdal SN54100 1906 2010
rdal SN54100 1907 2013
Laardal SN54100 1908 2016
Laerdal SN54100 1909 2019
Lardal SN54100 1910
Laerdal SN54100 1911
Laordal SN54100 1912
1 1913
al SN54100 1914
SN541 1915
SN54100 1916 7
SN54100 1917
SN54100 1918
SN54100 1919
SN54100 1920
SN54100 1921
SN54100 1922
SNS54100 1923
SN54100 1924
SN54100 1925
SN54100 1926
SN54100 1927
SN54100 1928 6
SN54100 1929
SN54100 1930
SN54100 1931
SN54100 1932
SN54100 1933
SN54100 1934
SN54100 1935
SN54100 1936
SN54100 1937
SN54100 1938
SN54100 1939
SN54100 1940
SN54100 1941
SN54100 1942
SN54100 1943
SN54100 1944
SN54100 1945
SN54100 1946
SN54100 1947
- SN54130 1949
= SN54130 1950
[ SN54130 1951
- SN54130 1952
- SN54130 1953
[ | SN54130 1954
1 SN54130 1955 X
SN54130 1956
- SN54130 1957 ]
- SN54130 1958
[ 1 SN54130 1959
SN54130 1960
[ SN54130 1961
. SN54130 1962
- SN54130 1963
- SN54130 1964
= SN54 1965
- SN54 1966
- SN54 1967
- SN54 1968
- SN54 1969
SN54 1870
SN54 1971
- SN54 1972
- SN54' 1973
SN54 1974
SN54 1975
SN54 1976
SN54 1977
SN54 1978
SN54 1979
SN54 1980
SN54 1981
SN54 1
‘onjum SN54 1
| Lasrdal - Tenjum SN54 1984
Loerdal - T SN54 1985
Laardal - Tong SN54 1986
i - SN54 1987
[ Lardal - SN541 1988
[ Lasrdal - Tony SN54 1969
[ Leordal - Tonjum SN54 1990
[ Laordal - Tonjum SN54 1991
jal - Tonjum SN54 1992
[ Lzordal - Tonjum SN52 1993
[ Leerdal - Tenjum SN54 1994
[ Leerdal - Tonjum SN54130 1995
Lardal - Moldo SN54120 1997
Laerdal - Moldo SN54120 1998
Laordal - Moldo SN54120 1999
Laecdal - Moldo NS4 1 2000
Lawrdal - Moldo SN54120 2001
Lawrdal - Moldo SN54120 2002
Lasrdal - Moldo SN54120 2003
Lardal - Moldo SN54120 2004
Laordal - Moldo SN54120 2005 7
Lawrdal - Moldo SN54120 2006
Laordal - Moldo SN54120 2007
awcdal v SN54110 2009
awrdal Iv S| 2010
Lardal v ‘S% 2011
— Leidal SN54 2012
Lavrdal SN54 2013
dal Iv SN54 2014
aerdal v SN54 2015
awrdal SN54 2016
Lasrdal SN54 2017
[ Cwdav SN54 2018
rdal v SN54 2019
rdal v SN54 2020
Leordal v SN54 2021
Laordal v SN53
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Appendix 9. Results of the correlation test in the core MF2022-2, red numbers indicate the absolute values of correlation coefficients (r) being > 0.44 (Howarth & Sinding-
Larsen, 1983), grey highlighted lines indicate the correlation between different genus and subcategories (e.g.total marine planktonic diatoms).
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Appendix 10. Results of the correlation test in the core MF2022-3, red numbers indicate the absolute values of correlation coefficients (r) being > 0.44 (Howarth &
Sinding-Larsen, 1983), grey highlighted lines indicate the correlation between different genus and subcategories (e.g.total marine planktonic diatoms).
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