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Abstract 
This investigation focuses on the phytoplankton-bloom in in the Sogndalsfjord in western-Norway. 

Hydrography data consisting of salinity, density, temperature, oxygen and chlorophyll-a from 2007, 

2013/2014 and 2016 from different geographical locations within the fjord have been used to obtain 

a better understanding of the process of a phytoplankton spring bloom in the Sogndalsfjord. 

The bloom start date (BSD) for three time series (2007, 2013/2014 and 2016) have been calculated to 

see if the bloom generally started earlier in the last ten years suing the BSD threshold method. The 

BSD have been calculated to be respectively February 24th, February 5th and February 17th, this shows 

that the onset of the bloom as approximately may vary within two/three weeks. 

Some yearly measurements (2007, 2013/2014 and 2016) showed that the peak in concentrations are 

found in the same period of time (March 4-18), being approximately two weeks. It has not been 

possible to explain the mechanisms responsible for variation. Phytoplankton blooms when a 

combination of favorable conditions is met: light, stable water mass and low wind conditions. 

Density and salinity data from 2016 show that phytoplankton bloom in weakly stratified waters, 

indicating that strongly stratified water masses is of lesser importance in concerning phytoplankton 

bloom conditions in the Sogndalsfjord.  

The phytoplankton spring bloom in 2016 consisted of roughly 5 phases, the first stage started on 

February 17th in the top most two meters of the water column. The depth of the highest found 

concentrations generally deepens over time, the second phase consists of 0-5 meter of the water 

column. The highest concentrations of measured chlorophyll-a are found on March 2nd and 9th (third 

stage of the bloom), these concentrations are found between 2-10 m. The fourth stage is a stage with 

relatively lower concentrations, found between the two major peaks in concentrations of the bloom. 

The last stage of the bloom are the increased measured concentrations found at the last 2 

measurement dates. The depth of this last stage is approximately 15-25 m. 

Different geographical locations (station A: Loftenes bridge, station B: Barsnesfjord, station C: 

Sogndalsfjord and station D: Solhov) showed similarities in the general trend of the measured 

chlorophyll-a time series. This general trend concerns a very similar pattern with respect to 

concentrations and development over time. Two peaks in concentrations were found for all four 

different stations. 

The highest growth rates found at Skjernes in 2007 were 2.44 d Double-1 between February 22nd and 

March 5th found at a depth of two meter. Highest growth rates found in the Sogndalsfjord in 2016 were 

2.37 d Double-1 between February 24th and March 2nd found at a depth of 15 meter. 

The maximum chlorophyll-a concentrations of the blooms varied with approximately a factor of 2.5 

(peak concentrations of 16 µg/l measured at Skjernes in 2007 and a peak concentration of 6 µg/l 

measured in the Sogndalsfjord in 2016). It is speculated that this may be the related to the depth of 

the annual winter vertical convection. In this case, one possible effect from hydroelectric power 

production (HPP) could be that primary production is reduced in regulated fjords (fjords with an outlet 

of HPP) because of shallower winter vertical mixing.  
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1. Introduction 

1.1 Background 
Norway is one of the leading countries regarding energy production with hydropower. In Norway, 99% 

of all electrical power generation is hydropower (Statkraft 2009; Gonzalez et al. 2011). Statkraft is a 

leading company in hydropower internationally and Europe’s largest generator of renewable energy 

(http1). The rivers around the whole Sognefjord contributes to circa 12-13 % of the total HPP 

(hydroelectric power production). This is equivalent to a production of 15.53 GWh/year. Hydropower 

produced in the inner Sognefjord contribute approximately 8 % of the total. This is equivalent to a 

production of 9.85 GWH/y (Sogn og Fjordane vassregion 2015). As a result, in the inner parts of the 

Sognefjord approximately 70% of all the river water flow is used for hydroelectric power production 

(Grøtta et al. 2016). Figure 1 shows the exact location of the Inner Sogn (Sognefjord) area. 

Hydro energy is energy generated by the flow 

of water as described in figure 2. The flow of 

water, often from a basin, drives a turbine that 

is connected to a generator. The pressure due 

to height differences of the flowing water in 

pipes on the turbine blades causes the shaft to 

rotate, which connects to a generator. The 

potential energy of the water in the dams is 

transformed to mechanical energy, which a 

generator transforms into electrical energy. 

Hydropower with a basin or reservoir is a 

flexible source of renewable energy since it can quickly respond to the electricity demand by opening 

or closing the sluices, gates or pipes connected to the dam, also known as the penstock (Gonzalez et 

al. 2011; http 2). 

As shown in figure 3, there has been a strong increase in the installed capacity in hydropower plants 

between 1950 and 2014. The graph shows that between 1950 and 1990 the increase seems to be 

linear. The installed capacity seems to stagnate around 1990, where the installed capacity was around 

Figure 2 Simplified working of a hydroelectric power plant. The 
flow of water drives a turbine that is connected to a generator 
(Statkraft 2009) 

Figure 1 The purple framed area shows the inner part of the Sognefjord (Grøtta et al. 2016) 
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30000 MW (Aarrestad & Hatlen 2014). The maximum effects of the hydroelectric power production is 

reached after this year. 

Hydroelectric power plants 

are capable to respond to the 

electricity demand by 

opening or closing the dams 

that control the inflow of 

water into the plants. By 

comparing flow data of rivers 

pre-hydroelectric power 

plant with flow data post-

hydroelectric power plant 

Grøtta et al. (2016) found 

that runoff patterns in inner 

Sogn rivers have altered considerably, as shown in table 1. The table shows a roughly 500 % increase 

in winter flow and approximately 50 % reduced summer flow.  

Table 1 Run-off changes of Indre Sogn rivers pre and post hydroelectric power plant construction. The table shows roughly 
500 % increase in winter flow and a 50 % reduced summer flow 

Period of time  Water flow pre-constr. Water flow post-constr. Difference in % 

October-April 51,67 m3/s 126,65 m3/s + 145 

May-September 340,23 m3/s 237,31 m3/s - 43,3 

February 20,61 m3/s 121, 44 m3/s + 488,9 

September 194,99 m3/s 177,08 m3/s -  10,11 

 

This alteration of (Inner Sogn) 

rivers’ run-off patterns 

resulted in an alteration of the 

hydrography in the surface 

layers in the fjord, which are 

downstream from the rivers. 

One of the possible effects of 

an altered inflow of fresh water 

on the fjord’s hydrography is 

displayed in figure 4. The figure 

shows that an increase in 

freshwater in winter period 

causes a reduction in salinity in 

surface layer, which is also 

thicker compared to the 

natural regime. During the 

summer period less freshwater 

is added compared to the 

natural regime; this increases 

salinity in surface layer or in 

other words reduces the thickness of the low salinity surface layer. Also, these changes will also 

influence the seasonal patterns of the estuarine circulation. 

Figure 4 Illustration of the effects caused by an altered inflow of freshwater 
on a Norwegian fjord (Reβ, 2016). The figure shows an altered regime of 
winter and summer flow in a dammed situation 

Figure 3 Installed capacity in hydropower plants (Aarrestad & Hatlen 2014). The figure 
shows a strong increase between 1950 and 1990, and a lighter increase between 1990, 
and 2010. Installed capacity stagnates around 2010 
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The Sogndalsfjord is not directly influenced by the outflow of hydroelectric power production in the 

Årøyriver draining to the Barsnes- and Sogndalsfjord since the basin capacity is minimal (Grøtta et al 

2016). This means that the fjord will not directly be confronted with an altered flow pattern as 

described above. However, the effects of HPP still indirectly influence the Sogndalsfjord since the 

effects of hydroelectric power production in the Inner Sognefjord area is transmitted into the 

Sogndalsfjord from different currents such as tides, estuarine circulation, intermediate water currents 

and wind induced surface currents. 

Changes in the fjord’s hydrography might have negative effects on the environment and thus the 

different levels of biodiversity of the fjord. Some of these possible effects on the fjord’s biodiversity 

have been discussed by Grøtta et al. (2016). Modern hydroelectric power plants are modified to 

implement mitigation measures to reduce negative environmental effects by hydroelectric power 

production.  These mitigation measures however, mainly focus on river systems and seldom include 

measures in fjords. 

One of the topics that will be investigated within the frame of my project is the possible effects that 

HPP may have on the primary production by the phytoplankton in the Sogndalsfjord. The 

phytoplankton community (PC) forms the base of many marine food webs and it’s the primary food 

item for higher trophic levels (Escribano & McLaren 1999; Poulin et al. 2002; Hernandez et al. 2003; 

Shanks et al. 2003). Changes in the time of onset of the phytoplankton spring-bloom can be vital for 

the whole fjord-ecosystem (Torbjørn Dale 2017, personal communications). It has been suggested that 

the spring bloom may be influential to the survival of various higher trophic levels through a 

match/mismatch process (Cushing 1974, Kårtvedt 1984).  

Investigations in Western Norwegian fjords have shown that the degree of water column stability, 

which is determined by the density, is decisive for the initiation, maintenance and species composition 

of phytoplankton blooms (Erga and Heimdal 1984; Erga 1989; Erga and Skjoldal 1990; Frette et al. 

2004; Erga et al. 2005; Aure et al. 2007). A decrease in salinity during wintertime can cause the water 

column to become stratified earlier thus creating ecological right conditions where the onset of the 

bloom also can take place earlier. As a result, abundance of zooplankton that graze on phytoplankton 

can be influenced through a match/mismatch process, this has been discussed by Lie et al. (1991).  

1.2 Tasks and Objectives 
Fjord is a word of Norwegian origin, which refers to a long, deep inlet of the sea between high rock 

walls (cliffs) formed by submergence of a glaciated valley and are distinguished by the climate- and 

geographical setting. Fjord systems (estuaries) have been widely investigated because of the 

environmental particularities, a lot of knowledge about the ‘visible’ aspects of fjords have been 

gathered over the years. This knowledge becomes reduced at the surface of the water (Matthias 

Paetzel 2017, personal communications). In the fjord system described here (Sogndalsfjord), less is 

known about the physical and environmental conditions. This research will try to fit in a piece of the 

puzzle that is called the (Norwegian) fjord system. In this case, the piece of the puzzle is the 

phytoplankton bloom and the puzzle is the general ‘pool of knowledge’ of the Sogndalsfjord’s 

hydrography. 

Phytoplankton blooms have been a topic for various previous investigations, where the conditions 

needed for the onset of a bloom have been some of the main topics dealt with (Sverdrup 1953; Ebert 

et al. 2001; Ianson et al. 2001; Striebel 2008). These investigations have mostly been conducted in 

marine and freshwater systems, and less include investigations in estuary environments with brackish 

surface layers and a deep marine basin. Little is known about the phytoplankton-bloom in in the 

Sogndalsfjord. The main task of this research is to obtain a better understanding of the process of a 
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phytoplankton spring bloom in the Sogndalsfjord. Data of different nearby stations (geographical 

locations) within in the fjord can be compared to see if the bloom differs between different 

geographical locations and in between a period of a few years. The second task of this research is 

finding potential correlation between the dynamics of the phytoplankton bloom over a long time 

period with the building of the hydroelectric power plants.  

According to the main task, causing better understanding of the process of the bloom in the 

Sogndalsfjord, the following objectives emerge: 

1. When does the phytoplankton bloom start in the Sogndalsfjord? 

2. What is/are the (triggering) mechanism(s) for the initiation, maintenance and the 

determination of the bloom  

3. Which mechanisms are decisive for the maintenance and the surcease of the bloom? 

According to the second task, finding potential correlation between the dynamics of the phytoplankton 

bloom over time with the building of hydroelectric power plants, the following objective emerges: 

4. In which way may the hydroelectric power production in the inner parts of the Sognefjord have 

changed the conditions for the spring bloom in the Sogndalsfjord and Barsnesfjord? 
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1.2.1 Explanation objectives 
Objective 1: When does the phytoplankton bloom start in the Sogndalsfjord? 

To be able to find an answer on this research question, a well-defined and workable definition of the 

phytoplankton bloom has to be found or constructed. The first step is searching existing literature 

about the phytoplankton bloom for such a definition. Can this definition be related to a concentration 

in Chlorophyll-a? If it is possible to relate this to a concentration, the exact moment of the onset of the 

bloom can be pinpointed. Is this concentration only exceeded once every bloom, or are there several 

starts every season? If so, which processes cause the water column to have multiple blooms in one 

season?  

Objective 2: What is/are the (triggering) mechanism(s) for the initiation, maintenance and the 

determination of the bloom? 

Now the exact moment of the start of the bloom is determined, the thriving forces of the onset of the 

bloom will be examined. The focus lays here on the mechanisms that trigger the sudden increase in 

phytoplankton abundance. How does nutrient composition relate to the onset of the bloom? Which 

role does light play in the initial phase? How do stratified water columns influence the onset of the 

bloom? The same mechanisms that were decisive for the onset of the bloom will be examined. What 

are the light conditions during the bloom, how is the nutrients composition and how does the 

stratification of the water column develop during the bloom. In order to determine which mechanisms 

are delimiting, and cause the surcease of the bloom, these fore mentioned mechanisms will also be 

examined for the end of the bloom. Are there any other mechanisms besides these that can cause the 

surcease of the phytoplankton bloom? 

Objective 3: How does the bloom develop over time and space? 

In this objective, the dynamics of the bloom will be fully examined. The vertical and temporal dynamics 

of the phytoplankton bloom in the Sogndalsfjord will be investigated. How does the depth of the bloom 

develop over time? Is the measured peak in Chlorophyll-a concentration found at the same depth in 

2007/2016? How may upwelling events, induced by northerly winds have influenced the dynamics of 

the bloom in the Sogndalsfjord? Also, the bloom in time and space at the Sogndalsfjord is compared 

with other stations (or geographical locations). Are there any profound differences between the other 

stations (Solhov, Loftenes, Barsnesfjord and Skjersnes)? If there are differences, how can this be 

explained? 

Objective 4: In which way may the hydroelectric power production in the inner parts of the Sognefjord 

have influenced the conditions for the spring bloom in the Sogndals- and Barsnesfjord? 

This objective will focus on the effects hydroelectric power production has on the hydrography of the 

Sogndalsfjord. What has changed since the construction of the plants? What are the effects of these 

changes for the phytoplankton-bloom?  What ecological consequences could there be if the timing of 

the onset and development of the phytoplankton bloom is altered?  
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1.3 Setting 

1.3.1. Phytoplankton 

1.3.1.1 Characteristics of phytoplankton 

Phytoplankton are single-celled photosynthetic microorganisms that drift about in the water column. 
Phytoplankton requires light and are found in the euphotic zone of the water column. The euphotic 
zone is the deepest border of the water column where more than 1 % of the surface illumination is 
present. In order to grow, phytoplankton need nutrients such as phosphate and nitrate. Silica is needed 
by diatoms (Torbjørn Dale, personal communications 2017). Planktonic organisms can be described as 
plants and animals that have such limited powers of propelling themselves through the water column, 
and are therefore at mercy of the prevailing water movement (Nybakken & Bertness 2002). It is drifting 
beyond its own control, unable to stop if it want to (Hardy 1958). The size of phytoplankton ranges 
between 0.2-2 µm (picoplankton), 2-20 µm (nanoplankton), 20-200 µm (microplankton) and 0.2 to 20 
mm (mesoplankton) (Reynolds 2006). Marine phytoplankton is mostly comprised of microalgae; the 
two dominating groups are called Diatoms and Dinoflagellates, Valiela (1995) divided the most 
principal taxa of microscopically visible plankton that are found all over the world’s oceans into 
diatoms, dinoflagellates, coccolithoporids, silicoflagellates and blue-green algae (cyanobacteria) and 
other bacteria. 

Phytoplankton can be divided into two major domains: eukaryotes and prokaryotes. The distinction 
between eukaryotes and prokaryotes is that eukaryotes cells contain membrane-bound organelles, for 
example a nucleus, where a prokaryote does not (http3). Phytoplankton species can belong to the 
domain eukaryotes and are classified as algae or micro-algae. Algae is often referred to as plant-like 
organisms that are found in aquatic environments. The other domain prokaryotes classifies 
phytoplankton as cyanobacteria. Cyanobacteria are also considered phytoplankton because they 
contain chloroplasts, with photosynthetic pigments like chlorophyll and photocyanin, which allows 
them to obtain energy through photosynthesis. An old name for cyanobacteria was blue-green algae, 

Figure 5 Simplified taxonomy of phytoplankton, the green marked groups are phytoplankton (Http 4) 
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this is however incorrect because cyanobacteria are prokaryotes and the term ‘algae’ is reserved for 
eukaryotes (Allaby 1992). 

Some single celled phytoplankton species can be classified as protists. Simpson (http 5) defines protists 
as all the eukaryotic organisms that are not animals, plants or fungi. Phytoplankton can be considered 
protists because they meet two characteristics of protists: they are eukaryotic and unicellular. 

Figure 5 shows the simplified taxonomy of phytoplankton; all the green marked groups are considered 
phytoplankton. The grey-marked marked algae are considered phytoplankton because they, in 
contrast to the other algae, possess all the following features: they use chlorophyll-a in photosynthesis, 
they are single-celled or colonial (a cluster/group of single-cells), and live and die floating in the water, 
not attached to any substrate (Wetzel 2001). 

Phytoplankton are called photosynthetic organisms because they are able to use sunlight to produce 
carbohydrates and other organic matter. Most of the organic matter is particulate organic matter 
(POM). POM comprises all particles in the water column being less than 2 mm and greater than 0.053 

mm in size (Cambardella & Elliot, 
1992). However, carbohydrates 
present a significant fraction (15-
30%) of marine DOC (dissolved 
organic carbon) (Benner et al., 
1992; Pakulski & Benner, 1994) 
which drives biochemical reactions 
in nearly all organisms. Because 
phytoplankton are able to produce 
their own organic matter through a 

process called oxygenic photosynthesis, they are called autotrophs. Organisms that are able to use 
photosynthesis ‘capture’ light energy by means of certain pigments such as chlorophylls, and use this 
energy to fix carbon dioxide into organic compounds (Barnes & Hughes 1991). Oxygenic 
photosynthesis contains a complex series of reactions, and can be generalized as the following: 

As described in figure 6, phytoplankton use water, carbon dioxide and sunlight (light energy) to 
produce glucose (sugar) and oxygen. The produced glucose can be used by heterotroph organisms for 
their metabolism. It has been suggested that single-celled organisms like phytoplankton are 
responsible for more than 40 % of earth’s photosynthetic product organic carbon (http6). The 
produced oxygen is a byproduct and essential to nearly all life (http7). Besides the contribution of 
phytoplankton regarding organic carbon production, approximately half of the oxygen found in the 
ocean and in our atmosphere is contributed by algae and cyanobacteria. In addition to the before 
mentioned processes that phytoplankton contribute to, phytoplankton is responsible for fixating 
inorganic carbon (carbon dioxide) from the atmosphere. As can be seen in figure above, carbon dioxide 
is needed for photosynthesis. In this way, phytoplankton plays a part in the biological carbon pump 
(http8). The photosynthesis equation is however generalized. Primary producers require a variety of 
inorganic nutrients to provide the building blocks for the synthesis of the many compounds present in 
cells. A more including equation of phytoplankton photosynthesis would be the following: 

1.300 kcal light energy + 106 mol CO2 + 90 mol H2O + 16 mol NO3 + 1 mol PO4 + small amounts of 
mineral elements = 3.3 kg biomass + 150 mole O2 +1.287 kcal heat (Barnes & Mann 1991). 

The biomass production as shown in the equation above would contain on average 13 kcal of energy, 
106 g C, 180 g H, 46 g O, 16 g N, 1 g P and 8.25 g of mineral ash. The equation is still a generalized 
picture of biomass production because phytoplankton can favor nutrients in other amounts as shown 
in the equation (Valiela, 1995). In the process of photoassimilation, the carbon source (CO2) as 
described in the equation above will be replaced by another carbon source, such as acetate or glucose 
(which is already abundant in the water column due the process as described above. “This 
photosynthetic fixation is responsible for the primary generation of organic compounds in the sea. 

Figure 6 Simplified equation of photosynthesis. Carbon dioxide and water is 
used with light as an energy source to produce sugar (glucose), oxygen and 
water (Http4) 
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Carbohydrates, proteins and fats are all synthesized and the total quantity of carbon or energy fixed 
forms the gross primary production” (Barnes & Hughes 1988). The matter of biomass produced can 
undergo three fates. First, the matter can be used in the respiration metabolism of photosynthetic 
organisms itself. Second, some of the matter can be taken up in the organism’s fluids and tissues, and 
in this way constitute growth. This growth can be described as ‘net primary production’ because it is 
available for higher trophic classes. The latter that isn’t used by the organism for respiration 
metabolism or growth will ‘leak’’ from the organisms into the surrounding water and contribute to the 
mass of DOM (Barnes & Hughes 1988). Net production should also include the loss of organic 
substances as they are taken up by bacteria but also higher trophic level organisms as zooplankton. 

As described before, sunlight is needed as an 
energy potential for photogenes of phytoplankton 
to occur. As long as enough light is available, 
photosynthesis can happen. In a water column, 
the zone that is influenced by light is called the 
euphotic zone. Phytoplankton can be found 
everywhere throughout this zone. Visible light is 
the only light that can be used for photosynthesis, 
this consists of light with a wavelength between 
400 and 700 nm, as shown in figure 7. 

Figure 7 shows that blue and red light are the 
strongest absorbed visible lights by chlorophyll-a. 
Light with a shorter wavelength and higher energy 
potential than visible light - ultraviolet light, is too strong for phytoplankton to absorb and potentially 
harmful whereas infrared light (>700 nm) does not have enough energy for photosynthesis (http4). 
Because of these absorbencies of chlorophyll-a, the light reflected by phytoplankton appears to be 
green. As mentioned before, phytoplankton can only thrive in the euphotic (sunlight) zone. In open 
ocean water, blue light is responsible for the survival of species at the bottom of the euphotic zone 
because it is both strongly absorbed by phytoplankton and high in energy, thus able to reach to the 
bottom of this zone (http6). In coastal waters (thus fjord waters), green light is the most important 
absorption spectrum of light, because of the high turbidity in coastal waters (Torbjørn Dale, personal 
communications 2017). The depth of the euphotic zone can be described as a (light) compensation 
point. At this point, the amount of light intensity, correlated with photosynthesis oxygen liberation 
equals the respiratory oxygen consumption (Tilzer 1987, Horne & Goldman 1994). According to Kirk 
(1996), this boundary is described as the layer where “Significant phytoplankton photosynthesis 
radiation falls to 1% of that just below the surface layer.”  

1.3.1.2 Introduction on chlorophyll 

Chlorophyll is the green pigments found in algae and cyanobacteria and are essential to 

photosynthesis, the critical process in which sunlight is used to produce life-sustaining oxygen. In the 

most dominant protists (diatoms and dinoflagellates) Chlorophyll-a is the most important pigment, 

which has a peak absorbance between 670-695 nm. Phytoplankton possesses however a lot of other 

pigments such as xanthophylls, that absorb light on lower wavelengths, enabling it to absorb lights on 

a broad band of wavelengths that can be used in photosynthesis (Barnes & Hughes 1988). 

Chlorophyll-a is the most abundant photosynthetic pigment, and it is relatively easy to quantify. 

Therefore, measuring the concentration is a widely used method to estimate phytoplankton biomass 

(Meeks 1974) in productivity studies and standing crop estimates. Biomass may be defined here as the 

‘living matter’ of a group of organisms present in an ecological sector at the time of measuring. The 

‘standing crop’ is the phytoplankton biomass, the quantity of autotrophic planktonic organisms 

present in a water body (Steemann Nielsen 1963). 

Figure 7 Absorption spectrum of chlorophyll-a. Blue and red 
light are the strongest absorbed visible lights (Http 4) 
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The speed of taking the measurements and the simplicity are the main reasons that chlorophyll 

measurements are used for estimating standing crop (Strickland 1960). It is an excellent method for 

rapidly comparing productivity rates in two different bodies of water and is especially informative 

when combined with other biomass parameters (Fruh et al. 1966). It does however, collect no 

information about the abundant species and size composition. Although the method lacks information 

about species and size composition, it is favored over traditional measurement methods, like 

microscopic counting measurements, since these methods are more time consuming (Janik & Taylor 

1981). Although there are a few flaws concerning the method of using chlorophyll-a as an indicator for 

biomass, chlorophyll can be used as a proxy biomass of phytoplankton. Kasprzak et al. (2008) 

suggested that chlorophyll-a concentration might be used with caution as a predictor of phytoplankton 

biomass. Regardless of whether constant or variable proportions of chlorophyll-a have been applied 

to calculate phytoplankton standing stocks. 

Primary production as biomass times growth rate is the basis for models used to estimate 

phytoplankton primary production. The simplest models describes primary production as a linear 

function of phytoplankton biomass (as chl-a concentration). For example, at the Saanich Inlet (British 

Columbia, Canada), 64% of the daily variability of phytoplankton productivity is explained by daily 

fluctuations of Chlorophyll-a (Grundle et al. 2009). In the Boston Harbor-Massachusetts bay 

(Massachusetts, USA), 81% of the daily of phytoplankton primary production (PPP) is explained by 

variability of annual mean chlorophyll-a concentrations (Keller et al 2001). 

1.3.2 Spring bloom 

1.3.2.1 Principle of spring bloom 

Phytoplankton in Norwegian temperate fjord waters have usually significant annual differences in 
biomass, with usually a peak in spring time also described as the spring bloom. During the bloom, ten-
fold increase of the mean annual biomass can occur. Therefore, a quantitative range of environmental 
changes within a given species, which the organism is able to carry on its normal vital activities on an 
annual cycle, appears to be a common feature of phytoplankton dynamics (Cloern & Jassby 2008). In 
other words, it is a common feature for phytoplankton to be adaptive to different environmental 
conditions. This means that blooms can occur despite having different environmental conditions. 
Blooms can occur when increase of biomass of phytoplankton due to growth and accumulation exceed 
decreases or losses in biomass due to a variety of processes (Longhurst 1995). As described before, 
phytoplankton can grow and reproduce by absorbing the necessary substances from its surrounding 
water and use photosynthesis to produce its own food (Diersing 2009). This food can then be used for 
the organism’s growth. Division will occur in cells which are at optimum physical states under suitable 
physical conditions of light, temperature, nutrients, salinity, etc. (Steidinger & Walker).  Reproduction 
rates of phytoplankton may vary from one or two doublings a day, to one doubling every week. If an 
alga started with a density of one per liter, and a reproduction rate of two doublings a day, it would 
reach a density of 16,384 cells l-1 in one week, excluding possible losses. The yearly bloom cycles of 
phytoplankton the Sogndalsfjord can be described as a temperate mode, consisting of two blooms 
(spring and fall) (Ardyna et al. 2014). 

1.3.2.2 Phytoplankton species composition in Norwegian Fjords 

The most abundant phytoplankton species in Norwegian fjords are (i) diatoms and (ii) dinoflagellates. 
The diatoms are favored in early spring bloom conditions due to nutrient competition (Lagus et al. 
2004). Margalef (1978) constructed a model wherein nutrient concentrations and turbulence are the 
main factors determining marine phytoplankton composition. This model is also known as the 
“Margalef Mandala”, and reveals a sequence of species succession. Diatoms are dominant in periods 
with high nutrient concentrations and in periods of turbulent mixing and are called r-strategists (high 
growth rate with many offspring) (MacArthur & Wilson 1967) whereas dinoflagellates prevail under 
stratified and oligotrophic conditions and are called K-strategists (living at densities close to carrying 
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capacity). Diatoms can be easily recognized by the enclosed glass “pillbox”. In contrast with 
dinoflagellates, diatoms have no visible means of locomotion (Nybakken 2001). The living part of the 
organisms is within the box, which is made out of silicone dioxide. Diatoms often occur in a wide range 
from singular, where each individual occupies a single box to chains of various kinds. Diatoms 
reproduce by dividing into two, whereby one of the halves takes up the top valve of the original box 
and the other one takes up the bottom valve (mitotic cell division). Each of the new valves is secreted 
within the old one, where division leads to an overall decrease in size. There is however a limit to the 
process of reduction in size. After a while, the diatom casts of the both old valves and becomes a 
structure called an auxospore. The auxospore reproduces two valves, similar in size as the original one 
(Nybakken 2001).  

The second most important group within phytoplankton species assemblages in Norwegian fjords are 
the dinoflagellates. As the name suggest, dinoflagellates possess to flagella (whip-like tail) which they 
use for movement through the water column. Dinoflagellates are solitary and rarely form chains. They 
reproduce by dividing the original cell in half, where the daughter cell possesses half the cellulose 
armor. The daughter will grow by adding a part to the cellulose armor without diminution in cell size. 
In contrast to diatoms, dinoflagellates successive generations do not decrease in size (Nybakken 2001). 

The thriving forces paramount to the phytoplankton dynamics is considered the physical and chemical 
external factors, not biological interactions. Species are assumed to exist close to their maximum 
density in the environment and to compete for scarce sources (Graham 2000). This principle is based 
on Hutchinson’s: The paradox of the plankton (1961). Hutchinson presented a paradox for 
phytoplankton: how it is possible for a number of species to coexist in a relatively isotropic or 
unstructured environment where all phytoplankton is competing for the same resources (nutrients). 
In summer period, an environment of striking nutrient deficiency is present, therefore competition is 
likely to be severe. This paradox was in conflict with the principle of Gauss’s competitive exclusion 
(Hardin 1960). Gauss stated that it would be likely that within a phytoplankton population, one species 
alone would outcompete all other species so that in a final equilibrium situation (where forming is 
equal to loss) the assemblage of phytoplankton species would been reduced to a population of a single 
species. Research has confirmed that the composition of phytoplankton species dynamic is more 
complex than Hardin’s principle of competitive exclusion (1960). The complexity of species 
composition of the bloom will only be briefly discussed in this paper. This will be substantiated with 
species composition data collected by Torbjørn Dale at Skjernes aquaculture station in 2007. 

Bjørndal et al. (2016) carried out a research for development of a method for cultivating and 

monitoring the growth of Skeletonema costatum. During the first phase of the research, water from 

Skjer (0-10 meter) was collected in order to get a comparative composition of the different algae 

species as present in the fjord. The following species were dominant in abundance in the water sample: 

S. costatum (figure 8), Thalassiosira spp. (figure 9), Chaetoceros spp. (figure 10) and Melosira spp.  

Figure 8 Skeletonema costatum (Torbjørn Dale 2007) Figure 9 Thalassiosira spp. (bix boxes) (Torbjørn Dale 2007) 
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Seasonal changes in phytoplankton dominance 
is a common process in phytoplankton 
dynamics. Changes in phytoplankton 
dominance/abundance are known as 
phytoplankton succession. As described 
before, diatoms dominate the phytoplankton 
abundance in early spring bloom conditions. 
This early domination in the successional 
sequence of diatoms is due to the autotrophic 
character of diatoms. Diatoms only require 
inorganic nutrients for maintaining of the 
organisms, which is readily abundant at the 
beginning of the bloom. Groups such as 
dinoflagellates may depend on nutrients 
derived from early bloom successive species’ 

excretion and decomposition, like vitamins. Those organisms that are unable to produce required 
nutrients (vitamins) for themselves, and are called auxotrophic organisms. The auxotrophy of later 
species like dinoflagellates reveals that these species cannot sustain and develop until the flowering 
of early species. An addition in the availability of nutrients may shift the phytoplankton composition 
to species who are more adapted to the decreased nutrient availability (Barnes & Hughes 1991). 
Diatoms present at the early successive stages of the bloom often have large cell sizes. This allows 
them to store nutrients at the beginning of the successive sequence when nutrients are abundant 
(Levinson 2001).  Some algae, such as phaeocystis pouchetii may float in the water column due to lower 
density than seawater. (Verity et al. 2007). 

1.3.3 Factors involved in the onset of the bloom 

1.3.3.1 Introduction 

Land plants production cycles differ 
considerably from phytoplankton ‘life 
cycles’. Land plants have life cycles 
adapted to the annual climate cycle. 
Phytoplankton biomass turns over on the 
order on 100 times each year as a result of 
fast growth and equally fast consumption 
by grazers (Calbet & Landry 2004, 
Behrenfeld et al. 2006), with a division 
time of approximately one time per day. 
Primary production can be described here 
as the rate at which energy is stored by 
photosynthetic and chemosynthetic activity of producer organisms like algae in the form of organic 
substances that can be used as food materials (Odum 1971). Primary production rates are determined 
by the product of phytoplankton biomass times phytoplankton growth rate (J. E. Cloern et al. 2008) 
(see figure 11). 

1.3.3.2 Factors and conditions 

The fast growth of phytoplankton can occur when physical and environmental conditions are favored 
for the phytoplankton. Growth rates of phytoplankton are regulated by light and nutrients availability 
and are mediated by water temperature (Parsons et al., 1984; Reynolds, 2006). These factors can be 
describes as limiting factors, because the absence of one of the factors prevents the onset of the 
bloom. In addition, the factors are impinging on the magnitude of primary production achieved in the 

Figure 11  Simplified schematic equation of primary production (J. E. 
Cloern et al. 2008) 

Figure 10 Chaetoceros spp (Torbjørn Dale 2007) 
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sea (Barnes & Hughes 1988). Table 2 shows a simplified, generalized development with the factors 
regulating the onset of the bloom in time. 

Table 2 A generalization of factors involved in the onset of the bloom (TDALE, lecture notes. 2017) 

 JANUARY  FEBRUARY MARCH 

LIGHT - Little light + Enough light + Light 
NUTRIENTS + Nutrients + Nutrients + Nutrients 
MIXING DEPTH > Critical depth > Critical depth < Critical depth 
RESULT No Bloom No Bloom Bloom 

 

In addition to the previous mentioned factors needed for the onset the bloom (table 2), the following 
conditions have to be met to impose favorable conditions for phytoplankton to undergo a rapid 
increase in abundance (Levinton 2001) (Torbjørn Dale 2017, personal communications).: 

- Stratified water masses with less dense water at the surface inflicted by increased sun heating 
and/or freshwater added; 

- Surface nutrients are abundant and rich and trapped in surface waters; 
- Phytoplankton cells are no longer mixed to water deeper than the critical depth. 

1.3.3.3 Phytoplankton life cycles 

The following will explain all the above mentioned factors and conditions regulating the spring bloom 
over time, starting with the factors and conditions prior to the spring bloom (starting late summer, 
when a paradoxical environment for phytoplankton is present). 
 
In springtime the water column is stratified whereby a low density layer marks the surface water layer. 
Light illumination are favorable, since daylight is now increased. Nutrient availability/concentration 
however is low, causing low phytoplankton growth. Going into autumn, the surface water cools down 
and becomes denser, thus bound to sink until it reaches a water layer with similar density. In time this 
cooling process continues, and in addition less freshwater will flow into the fjord. Thus, convective 
sinking of denser water becomes more intense. The density difference between the upper layers and 
lower layers will in this way decrease, creating an equal dense water column. Eventually, the density 
difference between the water layer below the thermocline and the water layer above the thermocline 
becomes so small, that a strong wind is able to mix deeper, nutrient-rich water with nutrient-depleted 
surface water. Even though nutrients are now abundant for phytoplankton growth, bloom is absent. 
Due to intensive mixing, phytoplankton cells are mixed down to deeper parts of the fjord, where light 
is insufficient for photosynthesis (Barnes & Hughes 1991). Also, light conditions are insufficient for 
phytoplankton photosynthesis.  
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1.3.3.4 Improving spring conditions (light, temperature, stratified water masses)  

In a water column that would remain perfectly still, a springtime situation with increasing sunlight 
would develop a water column where light intensity diminishes exponentially with depth. The short 
radiation of the sun would be absorbed by the water column, creating layers in the water column in 
which a layer slightly warmer than the layer below. Warmer water 
layers are less dense than colder ones, thus density would increase 
with depth/light intensity. This situation does not translate to the 
real world however, where friction of winds at the surface cause 
turbulent mixing, driving some of the surface water downwards and 
bringing up cooler water to the surface and be heated. The result of 
this turbulent mixing that in springtime the heat gradient does not 
decline exponentially with depth, but resulting in a formation of a 
mixed upper layer in which the temperature is relatively constant. 
(Barnes & Hughes 1991). 

The above describes a typical springtime situation of stratification 
in temperate freshwater lakes where surface warming by the sun, 
mediated by wind mixing, leads to the formation of a relatively 
shallow, mixed layer with low density. The distinction between this 
layer and deeper layers with higher densities is marked by a 
thermocline, where temperature and density decline heavily (see 
figure 12). In saltwater systems, the distinction between layers is 
marked by a pycnocline and density is mainly based on salinity. The 
phytoplankton cells that are trapped in this illuminated mixed layer 
with lowered density are prevented from spending time in the dark 
layer (Torbjørn Dale 2017, personal communications).  

Freshwater input from runoff to the fjords can also a low density mixed layer in the surface for 
phytoplankton in the water column. The stratifying effect of buoyancy of freshwater input is a key 
regulator of primary production, limiting the depth of the mixed layer and therefore trap the algal cells 
within the euphotic zone (Iriarte et al 2007). 

1.3.3.5 Mixing depth/Critical depth 

To maintain themselves in the water column, phytoplankton must manufacture enough energy to 
minimally equal the energy that is needed for respiration. Earlier, the term compensation point or 
depth has been introduced. There is a light intensity in the water column where phytoplanktonic 
photosynthesis and phytoplanktonic respiration have reached an equilibrium, i.e. their rate of 
productivity equals their rate of respiration. The light intensity at a certain depth in a water column at 
which this occurs is called the compensation point or compensation light intensity (Levinton 2001) 
(Barnes & Hughes 1988). Here we will introduce a depth, where total phytoplankton growth of the 
water column exactly matches the total losses of phytoplankton respiration for any given date or 
location over 24 hours. This depth is called the critical depth for phytoplankton growth. It is the depth 
where total productivity from above the compensation depth is equal to the total respiration (losses) 
from below the compensation point (see figure 13). 

This model of critical depth has been first proposed by Sverdrup (1953) and has been well developed 
and validated in estuary upwelling areas with observations (Mann and Lazier 2006). The original model 
by Sverdrup proposed a model where the mixing layer depth was varied, which resulted in varied 
phytoplankton growth rates, and therefore affected the timing of the onset of the spring bloom. 
Sverdrup's Critical Depth Model (SCDM) calculates that the onset of the spring bloom starts when the 
depth of the surface mixed layer Zm becomes less than the critical depth Zcr, as summarized in table 3 
(Levinton 2001) and figure 13. The idea behind this model is that depth-integrated photosynthesis 
exceeds the depth-integrated losses of phytoplankton when the light conditions for phytoplankton are 

Figur 12 In freshwater systems, the 
thermocline markes a distinct layer 
between the mixed layer and deeper 
layers, this layer is called a pycnocline in 
saltwater systems (http 9) 
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favorable. This can only happen when the upper water column is shallow enough to enhance these 
favorable light conditions for the phytoplankton, causing a population increase (Sverdrup 1953). 

Table 3 The relation between mixing depth/ critical depth 
and phytoplankton bloom (Levinton 2001) 

Mixing 
depth 

Physical depth above which all 
water is due to wind, thoroughly 
mixed 

Critical 
depth 

Calculated depth above which total 
oxygen produced by phytoplankton 
in the water column equals total 
consumed 

Mixing depth < Critical depth: Bloom 

Mixing depth > Critical depth:  No bloom 

 

Sverdrup’s critical depth model (SCDM) and 
critical depth hypothesis (CDH) have been challenged by a number of prior studies (Townsend et al. 
1994; Behrenfeld 2010; Boss and Behrenfeld 2010). In-situ and satellite observations have shown that 
in some cases, bloom occurred before the seasonal spring stratification. The setting of Sverdrup’s 
research was open ocean. Simpson et al. (1991) found that in estuary waters, other mechanisms of 
physical variability can develop the seasonal stratification other than heat input. In estuary waters, 
freshwater influences can lead salinity stratification that can be a stronger stabilization force than 
thermal stratification.  

1.3.3.6 Nutrients 

Nutrients have a fundamental role in determining the rate of primary production. This rate of primary 
production may be determined by the rate of nutrients supplied in the water column (Barnes & Hughes 
1991). The major nutrients required for all growth are Nitrogen (N), Phosphorus (P) and Silica (Si) for 
diatoms. The cycles of these nutrients in the oceans are controlled by the net primary production. 
Earlier, using the definition by Valiela (1995), primary production was defined net as the gross primary 
production (produced biomass) minus respiration. Respiration is the fraction of fixed carbon used for 
cellular respiration and maintenance by autotrophic planktonic microbes (Boyd et al. 2014). Net 
primary production is also known as "apparent photosynthesis" or "net assimilation" (Odum 1971). 
According to Redfield (1934), cell- nutrients composition in nutrient-poor oceanic water have an ideal 
molar ratios of C:N:P of 106:16:1. Cells that containing the nutrient composition of Redfield show 
maximum growth rates (Barnes & Hughes 1991). If on the other hand, nutrients is limited, 
phytoplankton can adjust to constant but low levels of nutrient concentrations, by adjusting their 
Redfield ratio (Cullen et al. 1992). There is a positive correlation between the nutrient concentration 
stored within a cell and the rate of uptake of cells, the rate of uptake is controlled by the amount of 
nutrient that is stored within the cell. Cells are able to store nutrients in excess of current needs. This 
indicates that there is a feedback between cell content of a given nutrient and the rate in which it is 
been taken up, this internal pool of nutrients also controls the phytoplankton population size. Species 
present at a certain habitat can be expected to be fully adapted to living in that area (Barnes & Hughes 
1991).   

The major nutrients N (nitrogen) and P (phosphorus) are required for phytoplankton growth and 
reproduction. Nitrogen is taken up as nitrate (NO3

-), nitrite (NO2
-) or ammonium (NH4+), and 

Figure 13 The compensation depth and the critical depth 
related to total respiration and photosynthesis (Levinton 2001) 
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phosphorus is taken up as phosphate (PO4
3-). Silicate is an important nutrient for diatoms and 

silicoflagellates because of they possess a skeleton construction (Nybakken 2001). 

Nitrogen is a nutrient mainly used for the 
synthesis of amino acids and proteins (Reynolds 
1984). It can be present in a dissolved inorganic 
form (ammonium, nitrate) or an organic form 
(amino acids). Nitrogen can enter the water 
column in two different ways (see figure 14). 
Organic nitrogenous molecules can be 
metabolized by organisms and excreted to re-
enter the water column as complex molecules 
containing ammonium, or ammonium. 
Ammonium (NH4

+) is an excretion product and can 
be recycled by phytoplankton and re-enter the 
food web. Since phytoplankton need light to 
metabolize, this process is only available in the 
photic zone. This type of production is called 
regenerated production of ammonium, and is 
taken up the fastest by phytoplankton. It is the 
nitrogenous form that is assimilated easiest because unlike nitrate and nitrite, it does not have to be 
reduced first (Ruckert & Giani 2004). Nitrate and nitrite added the water column is called new 
production. Organic substances will sink down to a point where sunlight radiation is insufficient for 
photosynthesis. Here, nitrifying bacteria oxidize ammonium to nitrite and others convert nitrite to 
nitrate (Yool et al. 2007). This is called new available nitrogen or new production (Dugdale & Goering 
1967). Dissolved nitrate (NO3

-) is the most commonly available form of nitrogen for phytoplankton. 
The ratio of new nitrogen production to total (new and recycled) production is called the F-ratio (Kaiser 
& Attrill 2011), following the original definition by Dugdale (1979): f = NO3 uptake / NO3 + NH4 uptake. 

As described before, strong mixing events due to winter storms   causes the nitrogen to be distributed 
at the surface water, upwelling episodes can promote this flux.  In the oceanic system the particulate 
organic matter (POM) flux is in equilibrium with the upward nitrate flux (Eppley & Peterson 1979; Yool 
et al. 2007).  

Phosphorus is besides nitrogen also a major nutrient needed for growth. Besides growth, phosphorus 
is essential for all organisms’ energy transport, or energy cycle. Energy source Adenosine triphosphate 
(ATP) is fundamental in all enzymatic reactions.  Phosphorus enters the water column via two primary 
routes: via upwelling and winter vertical convection. The only form of phosphates available for 
organisms is (ortho-,poly-) phosphates (PO4

3-). These available forms are called Biologically Available 
Phosphorus (BAP). BAP becomes available via weathering of rocks (natural input) or via (primarily) 
industrial fertilizer, sewage and animal wastes (anthropogenic input) (Malone et al. 2016). Because 
dissolved phosphate is taken up very quickly by phytoplankton, concentrations in surface water are 
usually low. Dissolved phosphorus is present in an ionic form and does not sink. Organic phosphorus 
however, is sinking as dead animal tissue or excretion and will sink down to the benthic zone as 
detritus. Here, the sediments can accumulate phosphorus. Benthic decomposition can diffuse 
phosphorus at the benthic zone, and remixing/turnovers of the water column can bring up phosphorus 
to the surface water (Levinson 2001). 

Silicon is crucial for the skeletons of diatoms, and is therefore a limiting nutrient. Silicon is available for 

diatoms as silicic acid, a constituent of seawater. Metals like iron, manganese and zinc play important 

roles in the phytoplankton oxidase system. Molybdenum, zinc, cobalt, copper and vanadium serve as 

cofactors for enzymes essential for phytoplankton growth (Levinson 2001). Auxotrophic marine 

phytoplankton also require organic trace nutrients like vitamins (cobalamine, thiamine or biotin).  

Figure 14 Different pathways of Nitrate entering the water 
column (simplified, from: Yool et al. 2007) 
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In a Norwegian fjord, nutrient that derive from the vertical nutrient flux as described before are mostly 
of greater importance than other nutrient sources. Nutrient that enter the system from freshwater 
runoff and intermediate water inflow from the outer fjord or coastal water are generally of less 
importance (Aksnes et al. 1989). 

1.3.4 Food web 

1.3.4.1. Phytoplankton as the base of the oceanic food web 

The phytoplankton species community can be described as a plankton communities, where members 
of the living communities co-act with each other and re-act with the non-living environment (Clements 
& Shelford 1939; Carpenter 1939; Park 1941). The Trophic-dynamic system can be describe as the 
relationship of trophic or energy-availing relationships within the community-unit to the process of 
succession. In other words, the basic dynamic in trophic dynamics is the transfer from one part of the 
ecosystem to another (Lindeman 1942). Autotropic plants are the producer organisms, able to use the 
energy obtained by photosynthesis to synthesize complex organic substances from simple inorganic 
substances (anabolic processes), where a great surplus of the organic substances are accumulated. 
Animals and heterotrophic plants are consumer organisms, which feed on this surplus of energy. These 
organic substances are oxidized (catabolism), releasing chemical energy needed for their metabolism. 
Death of autotrophic and heterotrophic organisms forms the potential energy source for detrivores 
organisms (heterotrophic bacteria and fungi), which feed directly on dead tissue. The released energy 
again may act as an energy source for higher trophic levels of consumers (Thienemann 1926). This 
interaction between different trophic systems is a bottom-up approach. The change in biomass of a 
functional group is dominated by production. This system is based on resource availability/limitation 
(physical and chemical factors such as temperature and nutrients). In other words, the regulation of 
food-web components derives from either primary producers, or the input of limited nutrients (Pace 
et al 1999). Figure 15 shows a bottom-up control of the food chain in a marine ecosystem. If resources 
are less favorable as shown in figure …, the abundance of phytoplankton will decrease. This is directly 
correlated to the abundance of zooplankton, who feed on phytoplankton. Decreased phytoplankton 
abundance will enhance a decrease in zooplankton abundance, which will control the decrease in 

abundance of the prey 
fish, which will control 
the decrease in 
abundance of the 
predators. In figure 15, 
the dashed line 
represents the control 
factor and the solid 
lines represent the 
responses. 

 

 

 

 

 

 

 

 

 

 

Figure 15 Bottom-up control within a simplified four-level food web in a marine ecosystem (Cury et al. 1995) 
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Marine environments are dispersive and heterogeneous, where species are not evenly distributed 

(Cury et al 1995).  

The concept of top-down control of phytoplankton communities originated with Porter (1977). Top-

down theories assume phytoplankton are controlled by herbivory, which directs species compositions 

and seasonal patterns of biomass. This is the opposite concept of bottom-up control where 

phytoplankton are fundamentally controlled by nutrients. Figure 16 shows a top-down controlled 

marine ecosystem. The dashed line represents a control factor, figure … shows a decrease in top 

predator populations. The diminution in top predator populations sizes leads to an increase in prey 

fish population sizes (since there are less predators). The increase in abundance of prey fish leads to 

an increase on zooplankton predation, leading to a reduced population size of zooplankton. The 

decline in zooplankton abundance leads to diminished grazing pressure on phytoplankton, who are 

thus more abundant. 

Phytoplankton can be describes as the foundation of the oceanic food chain. They are autotrophs 
(producers) and produce organic carbon via photosynthesis. The many species of phytoplankton may 
contribute to 95% of the marine primary production (Steeman Nielsen 1975). Gross primary 
production is the amount of chemical energy expressed as biomass that primary producers create for 
a given length of time. The changes in oxygen dissolved in water due to photosynthesis and respiration 
overnight can be used to calculate net primary production. Net primary production is the gross 
production minus the respiration (Valiela 1995). Strong photosynthesis can be seen as O2 saturation 
above 100 %. 

  

Figure 16 Top-down control within a simplified four-level food web in a marine ecosystem (Cury et al 1995) 
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1.3.6 Fjord Oceanography 
In spring, summer and autumn, the hydrographical structure in the Sogndalsfjord consists of three 

different layers in the water column, which are based on density. In the water column, the lowest 

density water layers are found at the surface of the water column. This layer has usually a depth of a 

few meters and is called the brackish water layer (see figure 17). The low density at the surface is 

mainly determined by land runoff of freshwater, which alters the water’s salinity. Since density is 

mainly a function off salinity (Allen and Simpson, 1998; Cottier et al., 2010), density follows strong 

alterations in the water’s salinity. 

The direction of the flow of the brackish (surface) water layer is directed to the mouth of the fjord, this 

means to open ocean (Stigebrandt 2001). Directly underneath the brackish surface layer a much 

heavier water mass is present. This layer is called the intermediary water layer and the thickness of 

this layer is determined by the depth of the sill (see figure 17). As said before, the brackish water layer 

flow is directed towards the mouth of the fjord, and is brought about by freshwater runoff. This flow 

of water towards the mouth of the fjords (estuarine circulation) causes entrainment between the 

brackish water layer and the intermediary water layer. This water movement is called the 

compensation current and makes up for the loss of salt water (Reß 2016). The compensation current 

forms the top layer of the intermediate layer. The depth of the sill determines the thickness of the 

intermediate layer. Thus, the depth of the sill also determines the thickness of the layers of water 

(brackish and intermediary) that is freely to flow in and out of the fjord (Ribergaard et al. 2008). The 

layer in the water column that is located horizontal underneath the sill to the bottom of the fjord is 

called basin water. This water has the highest density of the water masses, and causes the water to be 

trapped behind the sill. Because of the stagnancy of the water, exchange processes with coastal water 

is difficult. In deep fjords, weak exchange dynamics can cause long (extended) periods of stagnation. 

This longer periods of stagnation can promote low oxygen concentrations in the water column, and 

even anoxia may develop in the greatest depths of the water column (Farmer and Freeland 1983). 

Kaufmann (2015) has investigated the conditions in the basin water in the Sogndalsfjord and 

Barsnesfjord. She found that both fjord have reduced inflow frequencies in the fjord (ca. 1.5 years for 

period 1916-1960 and ca. 3 years for period 1990-2014), thus anoxic conditions at basin depths are 

more likely to have increased. 

 

Figure 17 Basic features of fjord hydrography and circulation (Stigebrandt 2001) 
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However, a phenomenon called inflow can occur which intrudes the stagnant basin water and replaces 

it. Dense coastal water present outside the fjord intrudes the fjord and in this way replaces the residing 

basin water. The less dense residing water is pushed upwards in the water column.  

Upwelling can be describes as a flow of nutrient-rich deep water toward the surface that moves water 
from below the euphotic zone into the euphotic zone. This water is rich in nutrients and dissolved 
gases because phytoplankton are absent at these depths, thus these compounds have not been taken 
up. These upwelling events bring water rich in nutrient to the euphotic zone, where phytoplankton is 
abundant. Aure et al. 2007 found that chlorophyll-a concentrations can approximately be tripled by 
artificial upwelling (Aure et al. 2007), thus upwelling can be of great influence of phytoplankton 
blooms. 

In the Sogndalsfjord, upwelling events can take place if Northerly winds are present. The Northerly 

winds blow offshore and causes upwelling due to wind excited entrainment. Northerly winds are 

common in cold periods in wintertime (Torbjørn Dale, personal communications, 2017). 

1.3.7 Study area 
The area of research is located in the inner Sogn region in western Norway (see figure 18), which are 
both parts of the longest and deepest fjord of Norway, the Sognefjord. The Sognefjord is the second 
largest fjord in the world, stretching for 205 km inlands. The volume of the fjord is roughly 525 km3 
with a surface area of circa 925 km2. The fjord’s maximum depth is 1308 m (Hermansen 1974).  

The area of research consists of two fjords: the Sogndalsfjord and the Barsnesfjord. The Sogndalsfjord 
is one of the bigger tributaries of the Sognefjord, located in the Song og Fjordane county. The length 
of the two fjords combined is circa 20 kilometers long, and stretches in a northeast - southwest 
direction. The fjord starts at the mouth of the Arøyelvi river which represents the biggest freshwater 
inflow, and flows from the freshwater source (lake Hafslovatnet) into the Barnsnesfjord. Further 
downstream it flows into the Sogndalsfjord near Sogndalsfjøra. The Loftenes bridge is a distinct 
boundary between the two fjords, and is located on the shallow sill (7.5 m deep) that separates the 
two fjords. Further downstream, the fjord meets up with the Sognefjord between the villages Nornes 
and Fimreite, marking its outer border. The two fjords are separated by a 25 meters deep sill 
(threshold), the depth rapidly increases up to 900 meter after flowing into the Sognefjord (Paetzel & 

Dale 2010). The 
Sogndalsfjord 

stretches with a 
length of about 15 
kilometres and a 
maximum width of 
1.6 kilometres. The 
fjord reaches a 
maximum depth of 
263 metres. The 
overall surface area 
is calculated to be 
circa 17.5 m2 with a 
total volume of 
approximately 1.934 
m3 (Dale & Hovgaard 
1993). 

Figure 18 Locations maps of western Norway including (a) Norway; (b) the Sogndal and Luster 
municipalities; (c) The Inner and Outer Barsnesfjord and the Sogndalsfjord;  (d) The bathymetrical 
profile including water depth and sediment thickness (Paetzel & Dale 2010) 
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2. Methods and materials 

2.1 Frame of data collection 
All 2005, 2006 and 2007 data on hydrography (turbidity, temperature, density, salinity, oxygen and 
chlorophyll-a), were collected by Torbjørn Dale at the Aquaculture station Skjernes (see figure 19). The 
measurements were taken at the end of the floating device, approximately 30 meters into the fjord. 
The frame of the data collection was part of a student course (“Fjord og hav”/”Fjords and oceans”) to 
monitor the phytoplankton spring bloom. The data were collected on the following dates (per year): 

- 2005: January 9th, January 16th, January 23th, January 31st and February 6th; 
- 2006: January 7th, January 23th,  January 30th, February 4th, March 4th and April 24th; 
- 2007: January 14th, February 7th, February 22nd, March 5th, March 15th, March 25th and April 

29th. 

The 2013/ 2014 data were collected by Torbjørn Dale as part of a winter hydrography project in the 
Barsnes- and Sogndalsfjord. The goal of this project was to study the inflow events to the Barsnesfjord 
and the inflow conditions before the built of the new bridge (Loftenes) (Holz 2017, in preparation). The 
project was supported by the Sogndal kommune (Sogndal Municipality), Statens vegvesen (Road 
Authorities) and Miljøvernavdelingen hos Fylkesmannen i Sogn og Fjordane (Environmental 
department by Sogn og Fjordane County authorities). Data has been collected of the following 
parameters: turbidity, temperature, density, salinity, oxygen and chlorophyll-a and were collected at 
4 stations. Measurements have been taken on the following dates: December 17th 2013, January 21st 

2014, February 5th 2014, February 23th 2014 and March 22nd 2014. 

All 2016 data on hydrography has been collected and used by Torbjørn Dale in the frame of a turbidy 
project for the Statens Vegvesen (Dale 2016). In this research, the area around Loftenes strait (bridge 
area) has been investigated for the period of January until April 2016. Measurements have been taken 
on the dates as shown in table 4. Amongst other parameters, turbidity has been investigated in 
connection to dumping of fill materials in the construction of a new bridge. Four stations have been 
investigated. In this research, data on the following parameters has been collected: turbidity, 
temperature, density, salinity, oxygen and chlorophyll-a.  Figure 19 shows the geographical location of 
the four stations. 

Table 4 Tidal situation during the measurement taking  

Date Start time of data 
collection 

Tide Start time of tide 

27.01.2016 13:12 PM High 12:50 PM 

03.02.2016 13:08 PM Low 12:16 PM 

10.02.2016 14:44 PM High 11:53 AM 

17.02.2016 14:28 PM Low 12:14 PM 

24.02.2016 14:30 PM High 11:49 AM 

02.03.2016 14:03 PM Low 09:42 AM 

09.03.2016 11:50 AM High 10:48 AM 

16.03.2016 12:44 PM Low 10:24 AM 

30.03.2016 16:45 PM Low 09:15 AM 

06.04.2016 14:07 PM High 10:39 AM 

20.04.2016 13:00 PM High 10:47 AM 

27.04.2016 16:16 PM High 14:52 PM 

 

In table 4, the tidal situation during the measurement taking is shown. The different stations are 

influenced by tidal differences in means of the composition of the water column at a certain tide. With 

high-tide or upcoming tide, water flow is directed to the Barsnesfjord and water composition 
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measured at the Barnsnesfjord (station B) is similar to the Sogndalsfjord stations (A, C and D). With 

low tide, the water flow direction is directed to the Sogndalsfjord. The water composition measured 

at the Sogndalsfjord stations (A, C and D) is comparable to that of the Barnsnesfjord (station B). 

Station A: Bridge station 
 
Station B: Reference station Barsnesfjord 
 
Station C: Reference station Sogndalsfjord 
 
Station D: Solhov 

Skj: Skjernes  

 

 

 

 

 

2.2 Method of data collection 

2.2.1 CTD meter 
All data has been collected by means 
of a CTD-meter. CTD stands for 
conductivity, temperature and depth. 
The model used for the collection of 
the previous mentioned data is the 
STD/CTD – model SD 204 (see figure 
20). This device can measure, 
calculate and record a water’s 
conductivity (salinity), temperature, 
depth (pressure), sound velocity and 
water density. The salinity and 
density can then be calculated from 
the temperature and conductivity 
data. The meter measures the depth 
as pressure. Hereby, depth is 
converted from the measured 
pressure combined with the density 
of the water masses above. Three 
optional sensors can be added: 
dissolved oxygen, fluorescence and turbidity. The devise measures the requested parameters per unit 
of time (each 2 seconds).  

The CTD is launched downcast from a boat at the specific station until it hits the bottom of the fjord. 
It will then be lifted up to the surface and deployed at another location. The downcast speed is usually 
slower than the upcast speed. It is calculated that the downcast speed is around one measurement 
every 0.5 meter, meaning that the CTD meter takes about two measurements per meter. Data are 
recorded in physical units. The accompanying software for the model SD204, can export the data into 
excel. 

Figure 19 Geographical locations of all stations  (T. Dale 2016) 

Figur 20 STD/CTD – model SD 204 (http 10) 

Skj 
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2.2.2 Nibio data 
The data concerning temperature, wind speed and light conditions have been collected at the Njøs 
(agriculture research station) at Leikanger community in the Sogn- og Fjordane county, located 
approximately 20 kilometers from Sogndal. Some general agriculture station information (NIBIO 2016): 

- Meters above sea level: 45; 
- Latitude: 61.179943; 
- Longitude: 6.862209; 
- Start date of measurement series: 22nd of March, 1991.  

The wind speed have been collected at a height of two meters above ground level. The daily average 
value has been composed of hourly averaged wind speed (60 minutes mean value). The temperature 
data has been collected at a height of two meters above ground level and has been collected by taking 
one temperature measurement every hour. The daily average value has been calculated by calculating 
the mean value of 24 (hourly) measurements. The sun radiation has been determined by taking the 
sum of all the solar irradiance of one day, and is expressed in mega joule per day (MJ/day) (NIBIO 
2016). 

2.2.3 Secchi disk 
A Secchi disk (figure 16) is used to measure the 

transparency of the water column. The disk is steadily 

lowered from a boat or flonder until it can no longer 

be seen by the observer. This depth of visible 

disappearance of the disk is called the Secchi depth. 

Suspended sediments, water color and algae can affect 

the transparency of the water column. The disc used in 

this study was all white.    

2.2.4 Bloom start date (BSD) Threshold method 
In the course of years, studies concerning phenology have developed different methods for estimation 
of timing the phytoplankton blooms. Ji et al. (2010) divided three broad categories of methods. The 
following method seems compatible to use within the frame of this research where chlorophyll data is 
used as indicator for determining the onset of the phytoplankton spring bloom: 

- “Threshold methods based on chlorophyll biomass define bloom initiation as the time at which 
a chlorophyll-a time series or a function or model fit to chlorophyll-a data crosses a set 
threshold.”  

The threshold bloom initiation method has been applied in many researches (Brody et al., 2013), and 
has been introduced by Siegel et al. (2002). This method finds the climatological or annual median of 
a chlorophyll-a time series. The start of the bloom (BSD) is identified as the first point at which 
chlorophyll levels rise a certain percentage above the median (Brody et al. 2013). In this research, the 
threshold level is set on 5% above the median concentration chlorophyll-a. This is corresponding with 
previous Bloom Start Date (BSD) threshold-based chlorophyll-a phenology studies. The median is the 
value in a dataset that separates the higher half of the values of a dataset with the lower half of the 
values of a dataset. The median + 5% is thought of being low enough to detect the start of the bloom. 
If the chlorophyll-a value descended below this calculated threshold level in the middle of the bloom, 
Fleming & Kaitala (2006) stated that the bloom can be regarded as consisting of two separate periods. 
The chlorophyll data has been temporally and spatially averaged to exclude noisy data. 

Figure 21 Example of a black-white Secchi disc used for 
measuring Secchi depths (http 11) 
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To validate the strong increase (peak) as a phytoplankton-bloom, the validation method by Brody et al 
(2013) is used. Hereby, the maximum chlorophyll point of the time series is located. From this point, 
the trend is followed backwards to find where chlorophyll levels go below the threshold value for two 
consecutive weeks. If the chlorophyll-a concentration is below the threshold value for two consecutive 
weeks, this ensures that the used data is robust over the series of time rather than a transient effect 
of noisy data.  

2.2.5 Growth rates calculations 
Specific growth rate (SGR) describes the amount of doubling in per unit time. SGR is used to describe 

how the population grows over a given time. The following formulas were used to calculate specific 

growth rate, doubling time and divisions per day, according to (Bjørndal et al. 2016). All formulas have 

been used to calculate growth rates and doubling time using chlorophyll-a concentrations as indicators 

for biomass. 

N(𝑡) = 𝑁(0)𝑒𝑆𝐺𝑅∙𝑡 

𝑆𝐺𝑅 =  ln [N(T2)
N(T1)

] /(T1 - T2) 

Where N(T1) is the biomass at time T1 and N(T2) is the biomass at time T2. The time unit (T) is in days. 

The doubling time represents the number units of time per doubling, given in days (d Double -1), and is 

calculated with the following formula:  

d Double-1 = 
𝐿𝑛(2)

𝑆𝐺𝑅
 

Divisions per day was calculated with the formula:  

Div. day-1= 
SGR

𝐿𝑛(2)
 

 

2.3 Use of statistical programs 
Two programs have been used to analyze the data. For most of the visualization on the data, the 

spreadsheet excel were used. For the isopleth diagrams, the statistical program R is used. Visualization 

with R was favorable in some cases because it allows the user to run scripts instead of do every step 

separately (which is required in Excel) and was thus less time consuming.  

2.3.1 Excel 
Excel (spreadsheet) is the main program used to visualize the data. Figure 22 shows the general 

approach of using excel to visualize the data. It starts with the raw/crude data, which is the direct 

measurements of the CTD exported into excel. In order to make the appropriate graphs for visualizing 

the data, the data has to be reworked. The reworked data can then be used to form the end product, 

in this case, the graphs. In the following, the different methods to obtain the different graphs in excel 

will be discussed. 
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Crude data Reworked data End product (graph)
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Figure 22 General approach of excel usage to visualize the data 

Excel – density graphs 

1. The crude density data is extracted from the CTD measurement dataset into another excel 

worksheet. The 12 measurement dates for the time series are placed successively in the same 

row. In the columns, the depth up until 20 meters is shown. For each individual meter, mean 

data of that meter is used and shown in the reworked data table. In excel, the tool “mean” is 

used to calculate mean values of each meter, showing the values with zero decimals. 

2. In this step, the reworked data is used to form an end product is excel. The reworked data is 

visualized in a ‘distribution with straight lines graph.’ In the graph, the depth is used as Y-axis 

values and the mean density data is used as X-axis data. 

Excel - bloom start date graphs 

1. The crude density data is extracted from the CTD measurement dataset into another excel 

worksheet. The 12 measurement dates for the 2016 time series, and the 5 measurement dates 

for the 2013/2014 are placed successively in the same row. In the columns, the depth up until 

40 meters is shown. For each individual meter, mean data of that meter is used and shown in 

the reworked data table. In excel, the tool “mean” is used to calculate mean values of each 

meter, showing the values with two decimals. All mean data up to 40 meter is used to calculate 

the mean chlorophyll-a concentration of all of the data. The reworked data consist of the mean 

value of measured chlorophyll-a corresponding to depths: 1-40 meters. This value is calculated 

for all the consecutive dates, and filters out noisy data.  

2. To calculate the bloom start date (BSD), a threshold value for each of the dates has to be 

calculated. The threshold value is calculated by picking the median value of the dataset using 

the tool ‘median’ and raising it with 5 percent of its value (Brody et al. 2013). 

Excel – Chl-a time series 

1. The crude density data is extracted from the CTD measurement dataset into another excel 

worksheet. The 12 measurement dates for the time series are placed successively in the same 

row, with for each date the corresponding depths next to the measured chlorophyll. No 

averaged or mean data is used for this graph. 

2. The reworked data is used to draw the chlorophyll time series per date, with the chlorophyll-

a concentrations on the x-axis and the depth on the y-axis. 

Excel – bloom deepening graph 

1. The crude density data is extracted from the CTD measurement dataset into another excel 

worksheet. The 12 measurement dates for the time series are placed successively underneath 

each other in the same column. For each individual date, the mean values of the highest ten 
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percent of the data is used. This is not the mean of the quantitative highest ten percent of the 

data, but the mean of the highest ten percent of the measured values. The calendar dates are 

used for the Y-axis and the mean of the highest ten percent of chlorophyll-a values and depth 

values are shown on the X-axis. 

2. In the graph data of two different time series are shown. Both the depth and chlorophyll-a 

concentrations are used to show the increasing bloom depth. In this case, the graph ‘line with 

data marks’ is used to visualize the reworked data. 

Excel – surface (3d) graphs 

1. The crude density data is extracted from the CTD measurement dataset into another excel 

worksheet. The 12 measurement dates for the 2016 time series are placed successively in the 

same row. In the columns, the depth up until 40 meters is shown. For each individual meter, 

mean data of that meter is used and shown in the reworked data table. In excel, the tool 

“mean” is used to calculate mean values of each meter, showing the values with two decimals.  

2. In this step, the reworked data is used to form an end product is excel. The reworked data is 

visualised in a ‘3-d surface graph.’ In the graph, the depth is used as X-axis values and the mean 

chlorophyll-a data is used as X-axis data. The Z-axis is comprised of time in calendar dates. 

2.3.2 RStudio 
As mentioned before, the statistical program R was used to draw isopleth graphs. R is used to make 

isopleth graphs for the following parameters: density, salinity, temperature, oxygen and FTU. For all 

of these graphs, the same method in R was used. The following steps were executed in R to form the 

isopleth diagrams (Knut Rydgren 2017, personal communications; http 12): 

1. rm(list=ls(all=TRUE)) – This step clears all former progress, starting with an clean environment; 

2. install.packages("vegan") – Packages are collections of R functions, data, and compiled code 

in a well-defined format (http 7). The vegan package can be used to make draw isopleth lines; 

3. library(vegan) - With this command the library can be activated; 

4. data.TD<-read.table("clipboard",header=T, dec=",") – In this step, the X and Y variable have to 

be copied onto the clipboard. The X and Y data can be copied from the excel sheet containing 

the data. 

a. attach(data.TD) 

b. names(data.TD) 

c. head(data.TD) 

5. (x.dta<-read.table("clipboard",header=T, dec=",") – This command imports the third variable, 

that makes the contour lines; 

a. attach(x.dta) 

b. names(x.dta) 

c. head(x.dta) 

6. plot(X-variable,Y-variable, main="Name graph") – This command plots the X and Y variable in 

the same graph; 

7. ordisurf(data.TD,Z-variable,col=2,add=TRUE) – This is the last step, drawing the Z-variable 

into the graph. 
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3. Results 

3.1 Background data 

3.1.1 Air temperature 
Table 5 shows the air temperature present at the chlorophyll-a measurement dates at Leikanger in 

2016.  

Figure 23 shows the air temperature time series during the investigation 

period in 2016. Table 5 shows the temperature during the measurement 

dates. The blue line represent the time series, showing the daily averaged 

temperature (in ˚C) from the 6th of January to the 1st of May, 2016. The red 

line shows the general (exponential) trend of the temperature during the 

bloom (time series). The orange coloured bars in the graph represent the 

temperature present at the chlorophyll-a measurement dates. The 

measured temperature prior to the start of the chlorophyll-a time series is 

low with temperatures below 0 ˚C. From the 22nd of January, the 

temperature strongly increases, reaching a temperature of 4.2 ˚C on the 

27th of January. Temperature declines slightly in over a period of time of 

two weeks, with measured temperatures of 2.4 ˚C on February 3th and 2.1 

on February 10th. Between this date and the next chlorophyll-a 

measurement date, a strong decline in average temperature is measured, 

reaching values of -6 ˚C. This strong decline (cold-period) is followed up by 

a strong increase, reaching a temperature of 3.3 ˚C on the 17th of February. 

The temperature is more or less uniform (ca. 3 ˚C) until March 5th, followed 

up by a decline in temperature with measured below 0 ˚C, and 0,9 ˚C 

measured on March 9th.  Temperature increases after March 9th, with measured temperatures of 3 ˚C 

one week later (March 16th). Between this measurement date and the next one (March 30th), 

temperatures are eccentric from the linear line of the average daily temperature, but a value of 3,3 is 

measured on March 30th. After this date, temperature slightly increases and stays more or less uniform 

until the end of the time series (ca 6 ˚C). Respectively 6.7 on April 6th, 6.8 on April 20th and 5.3 on April 

27.  

Measurement 
dates 

Temperature 
˚C 

27.01.2016 4,2 

03.02.2016 2,4 

10.02.2016 2,1 

17.02.2016 3,3 

24.02.2016 2,4 

02.03.2016 2,4 

09.03.2016 0,9 

16.03.2016 3 

30.03.2016 3,3 

06.04.2016 6,7 

20.04.2016 6,8 

27.04.2016 5,3 

Table 5 Air temperature (˚C) 
present at the measurement 
dates at Njøs (NIBIO, 2016) 

 

Figure 23 Daily average air temperature (˚C) present during the time series. The daily average temperature shows an 
lineair increase over time 
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3.1.2 Illumination 
Table 6 shows the sun illumination present at the chlorophyll-a measurement dates at Leikanger in 

2016.  

Figure 24 shows the sun illumination time series during the investigation 

period in 2016. Table 6 shows the sunlight conditions as present during the 

measurement dates. The blue line represent the time series, showing the 

daily averaged sun energy (in MJ/m2/day) from the 6th of January to the 1st of 

May, 2016. The yellow line shows the general (exponential) trend of the sun 

radiation energy during the bloom (time series). The orange coloured bars in 

the graph represent the sunlight conditions present at the chlorophyll-a 

measurement dates. At the beginning of the sun radiation time series, 

sunlight radiation is low (average of 0.59 MJ/m2/day between the 6-26 

January).  This value increases over time, reaching a value of 2.5 MJ/m2/day 

on the 10th of February. Between 11 and the 15th of February, measured 

sunlight energy is uniform and higher compared to previous (mean value of 

4.44 MJ/m2/day for the given period of time). After this date, measured 

sunlight energy values drop rapidly, reaching a value of 1.1 MJ/m2/day on the 

17th of February. This decrease is followed by an increase with uniform, higher 

measured radiation energy (around 5 MJ/m2/day) at chlorophyll-a 

measurement dates February 24th and March 2nd.  The increase develops over 

time, reaching values of 9 MJ/m2/day, but with a low value of 3.2 on the 9th 

of March in between these higher measured sun illumination energy values. After the 9th of March, 

values increase strongly again. At the 16th of March, a sun illumination energy values is 8.6 MJ/m2/day 

and 13.8 MJ/m2/day measured on the 30th of March. In between these dates, low values are also 

present. The general exponential increase continues over time, but lower sun illumination energy 

values are found on chlorophyll-a measurement dates April 6th (6.3 MJ/m2/day) and April 20th (12.5 

MJ/m2/day). The highest value in the sun radiation time series is found on the last chlorophyll-a 

measurement date (April 27th), reaching a value of 22.2 MJ/m2/day. The yellow trend line shows an 

exponential increase in the time series (6th of January to the 30th of April, 2016). 

Measurement 
dates 

Sun 
radiation 
(MJ/m2/ 
day) 

27.01.2016 0,8 

03.02.2016 1,7 

10.02.2016 2,5 

17.02.2016 1,1 

24.02.2016 5,3 

02.03.2016 4,6 

09.03.2016 3,2 

16.03.2016 8,6 

30.03.2016 13,8 

06.04.2016 6,3 

20.04.2016 12,5 

27.04.2016 22,2 

Table 6 Sun radiation 
(MJ/m2/day) present at the 
measurement dates at Njøs 
(NIBIO, 2016) 

 

Figure 24 Sun radiation (MJ/m2/day) present during the time series. Sun radiation shows an exponential increase over time 
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3.1.3 Wind conditions 
Table 7 shows the wind speed present at the chlorophyll-a measurement dates at Leikanger in 2016. 

Figure 25 shows the wind speed time series during the bloom. Table 7 shows 

the wind speed conditions as present during the measurement dates. The 

blue line represent the time series, showing the daily averaged wind speed 

from the 6th of January to the 1st of May, 2016. The dark grey line shows the 

general (linear) trend of the wind speed during the bloom (time series). The 

orange coloured bars in the graph represent the wind speed present at the 

chlorophyll-a measurement dates. Prior to the start of the chlorophyll-a 

measurement dates, the wind speed is lower than at the start of the 

measurements. The wind speed at this point is 1.4 m/s (mean value of the 

wind speed between 16-26th of January). At the first measurement date of 

the chlorophyll-a time series, wind speed has been increased to 1.7 m/s. 

After this date, there is an increase in wind speed, with a wind speed of 2.8 

m/s on the 24th of January. Going into February, wind speed has decreased, 

reaching speeds of 1.2 m/s on the 10 and 17th and 1.7 m/s on the 24th of 

February. There is a strong increase in wind speed after this date, with a 

maximum speed (4.3 m/s) in this wind conditions time measured on the 2nd 

of March. This maximum speed is followed by a period of generally 

lower wind speeds (mean value of 1.56 m/s between 3-26th of March). After the 26th of March, wind 

speed increases, with a measured wind speed of 2.2 on March 30th. This short period with higher values 

continues in a period with generally lower measured wind speeds (ca. 1.51 m/s between the 31st of 

March and the 15th of April). The wind speeds measured at the last two chlorophyll-a measurement 

dates is slightly elevated compared to this lower value. Respectively 2 m/s on the 20th and 1.8 m/s on 

the 27th of April. The dark grey trend line shows a slightly increasing linear increase in the time series 

(6th of January to the 30th of April, 2016). 

Measurement 
dates 

Windspeed 
m/s 

27.01.2016 1,7 

03.02.2016 2,8 

10.02.2016 1,2 

17.02.2016 1,2 

24.02.2016 1,7 

02.03.2016 4,3 

09.03.2016 1,3 

16.03.2016 1 

30.03.2016 2,2 

06.04.2016 1,1 

20.04.2016 2 

27.04.2016 1,8 

Figure 25 Daily average wind speed (m/s) present during the time series. The daily average wind speed shows an lineair 
increase over time, with slighly higher wind speeds in spring (end of time series) 

 

Table 7 Daily averaged wind 
speed present at the 
measurement dates at Njøs 
(NIBIO, 2016) 
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3.2 Hydrography 2016 

3.2.1 Secchi depth 
Table 8 shows the Secchi measurements at the individual stations during the measurement period. 

The table shows a lack of data on certain dates and at certain stations. This lack of data was caused by 

drift due to strong currents or winds. The blue colored values in the table means that at this station, 

the Secchi disk reached the bottom of the water column while still visible. Red colored values in the 

table show values that are noticeably lower than values measured at other stations. This could be 

related to turbidity input from the construction work of the bridge. 

Table 8 Secchi depth (visibility) during the measurement dates at the different stations 

Date  Station A Station B Station C Station D Phase/explanation 

27.01.2016 
 

11,5 
 

11,5 Pre-bloom 

03.02.2016 
 

10 11 12,5 

10.02.2016 
 

10 13 14 

17.02.2016 
 

11 18 14 

24.02.2016 
 

11,5 15 13 

02.03.2016 
   

9 Bloom 

09.03.2016 7,5 7,5 7 8,5 

 16.03.2016 
   

8 

30.03.2016 
   

9 

06.04.2016 
 

10 10 4 Clay particles 

20.04.2016 
 

6 6 6 

27.04.2016 6 7 7 7 

As can be seen in table 8, the measured Secchi depth decreases over time. This decrease in Secchi 

depth over time is shown in figure 26. Data from station D (Solhov) is used because this dataset is the 

most continuously, the Secchi depth has been successfully measured on all the measurement dates. 

The data from the main station C, in the Sogndalsfjord, is also included. The Secchi depth at the 

beginning of the time series (27-01) is 11 meters, this declines until 14 meters on February 17th. After 

this date, the Secchi depth starts to become shallower, reaching a depth of 9 meters on the 30th of 

March.  One week later, on April 6th, the visibility has decreased rapidly, with a measured depth of 4 

meters. This depth is much lower than the depth measured at other stations on the same date, which 

a measured Secchi depth of 10 meters at stations B and C. The rapid decrease in visibility suggest that 

the bloom at this date has started. Two weeks after this date, on the 20th of April, the Secchi depth has 

increased slightly, with a visibility of 6 meters. This depth increases with one meter, being respectively 

7 meters on April 27th. The Secchi depth can be divided into three phases. The pre-bloom phase has a 

generally high transparency with deeper measured Secchi depths. The bloom phase shows a rapid 

shallowing of the Secchi 

depth, with decreased 

transparency of the water 

column. This decrease in 

transparency develops 

over time, with lower 

measured Secchi depths 

at the beginning of April. 

This is an effect of 

increased clay particles in 

the water column due to 

melting water. 
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Figure 26  Measured secchi depths during the measurement dates. The Secchi depth 
decreases over time due to phytoplankton activity and clay particles by meltwater 
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3.2.2 Temperature 

Figure 27 shows the temperature of the water mass in 2016 in an isopleth graph. The depth is shown 

on the Y-axis and the Julian date is shown on the X-axis. The Z-axis is comprised of the measured 

temperature, showing the isopleth values of temperature in ˚C. As can be seen in figure 27, the graph 

shows a relatively horizontal layered pattern, with lower temperatures in the top surface layers and 

increasing temperature corresponding with depth. During the whole time series, the temperature 

seems to increase somewhat linear with increasing depth. This somewhat linear increase continues 

until circa 15 meters. At deeper depths, the temperature of the water get colder over time. The surface 

layer temperature increases starting at the 16th of March (Julian date 76). 

  

Figure 27 Isopleth of the temperature. The figure shows roughly a decrease in temperature in the top most 15 m, followed 
by an increase in temperature in the top most 15 m at the end of the time series 
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3.2.3 Salinity 

Figure 28 shows the salinity of the water mass in 2016 in an isopleth graph. The depth is shown on the 

Y-axis and the Julian date is shown on the X-axis. The Z-axis is comprised of the measured salinity, 

showing the isopleth values of salinity. At the beginning of the time series (late January), the salinity in 

the water column increases roughly linear with increasing depth. Salinity values in the surface layer 

seem to increase strongly after the 17th of February (Julian date 48), reaching highest practical salinity 

unit (PSU) values in the surface at the 9th of March. After this date, the salinity in the top surface layer 

decreases. At the end of the time series (April), PSU values in the top surface layer have dropped to 

less than 24. Values in this same top layer at the beginning of the time series were 28. From the 17th 

of February until the 2nd of March, there is a lower density (33) ‘bubble’ between the higher density 

values (34). Figure 29 next page shows the salinity time series. 

Figure 29 shows the salinity time series per measurement date. The times series is composed of twelve 

measurements, as can be seen in the graph. Each of the different measurement dates shows the 

salinity development in the water column at that particular date. At the beginning of the measurement 

series, salinity in the top 10 meter of the water column differs from the salinity found in lower depths 

at these dates. At January 27th, February 2nd and February 10th, measured salinity in the top 10 meters 

are considerably lower than the underlying water masses. Measured salinity values in the top 10 

meters range from 22 to 32 PSU, while salinity values in the underlying water masses range from 32 to 

35 PSU. After the 17th of February, the measured salinity values in the water column are more or less 

uniform. This uniform salinity throughout the water mass is found consecutively on respectively the 

following dates: February 24th, March 2nd, March 9th and March 16th. The salinity in the top 10 meters 

of the water column only differs slightly from the underlying water masses (32 in top layer against 

34/35 below). On March 30th, the water column is no longer uniform. The salinity in the top most 3 

meters has dropped to approximately 25. The salinity is the lowest in at the surface of the water 

Figure 28 Isopleth of the salinity. The figure shows roughly an increase in salinity in the top most 15 m, followed by an 
decrease in salinity in the top most 15 m at the end of the time series 
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column, which has a strong increase in salinity until a depth of three meters. After this depth, salinity 

increases less strongly, and ultimately reach a steady (uniform) salinity of 34 at a depth of 12 meters. 

The salinity in the top 3 meters keeps declining over time. On April 6th, the salinity in the top 3 meters 

of the water column has decreased to approximately 22. The values become uniform at a depth of 

approximately 15 meters. Two weeks later, on the 20th of April, the measured salinity in the top most 

2 meters has declined even more, reaching a value of circa 12 in the first meter of the water column. 

After this low value found in the first meter of the water column, measured values decline linear until 

it reaches the uniform salinity of 34 at a depth of 15 meters. At the last measurement date of the time 

series, the 27th of April, salinity measured in the first meter of the water column is approximately 12. 

Salinity at this date increases exponential until it reaches the uniform ‘layer’ with a salinity of 34. 

Figure 29 The salinity time series per measurement date. The figure shows the development of an increased salinity in the 
top layer, followed by a strong decrease at the end of the time series 
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3.2.4 Density 

 

Figure 30 Isopleth of the density. The figure shows roughly an increase in density in the top most 15 m, followed by an 
decrease in density in the top most 15 m at the end of the time series 

Figure 30 shows the density of the water mass in an isopleth graph. The depth is shown on the Y-axis 

and the Julian date is shown on the X-axis. The Z-axis is comprised of the measured density, showing 

the isopleth values of density. The density isopleth over time follows the same pattern as the salinity 

isopleth. At the beginning of the time series density values in the top surface layer increase. This 

increase is present until the 9th of March. After this date, density values in the surface layer decrease 

drastically, reaching a value less than 19 at the end of the time series (April). The density value 

measured at the beginning of the time series, at similar depth, was less than 22. The density time series 

also shows two ‘bubbles’ with lower and higher density in contrast to the ambient water. This lower 

density ‘bubble’ can be seen at the 4th of February to the 16th of March and the higher density bubble 

from the 30th of March to the 28th of April.   

Figure 31 (next page) shows the density time series per measurement date. The times series is 

composed of twelve measurements, as can be seen in the graph. Each of the different measurement 

dates shows the density development in the water column at that particular date. The increase in 

density in the top surface layer and the decrease in the same layer over time was explained by showing 

the density isopleth diagram. The same pattern can be seen in figure 31. Density values in the top 

surface (1-5 meters) layer are generally low at the start of the time series. The top layer density 

increases slightly until the 2nd of March. At this date, the top layer (1-3 meter) density is nearly uniform 

to the underlying water masses. This similar density throughout the water column is maintained until 

the 16th of March. After this date, the density in the upper most layer (1-3 meter) decreases drastically 

in respect to the underlying water masses. The density in the second most upper layer (3-7 meters) 

also declines, this decline is not as drastic as in the upper most water layer. 
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Figur 31 Density time series: density present in the water column at station C (Sogndalsfjord) during the measurement dates.  
The figure shows roughly an increase in density in the top most 15 m, followed by an decrease in density in the top most 15 
m at the end of the time series 
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3.2.5 Oxygen 

Figure 32 shows the oxygen concentration dynamics in an isopleth graph. The depth is shown on the 

Y-axis and the Julian date is shown on the X-axis. The Z-axis is comprised of the oxygen concentrations, 

showing the isopleth values of oxygen concentrations in mg/l. The graphs shows that oxygen 

concentration are generally lower at lower depths. Until the middle of February (Julian date 45), the 

oxygen concentration in the whole water column seems to be uniform. The isopleth lines are vertical 

up until 40 meters. The highest oxygen concentrations are found at the start of the measurements 

(>12 mg/l at the end of January). Moving towards February, concentrations are slightly decreasing, but 

the measured concentrations are stable throughout the water column. This vertical stable oxygen 

distribution is stable until the middle of February. After this date, the oxygen distribution becomes 

vertical. At this point, the concentrations decrease with depth. Relatively low concentrations are found 

at the end of the measurement dates (April). Measured concentrations at the lowest border of the 

measurements are low (<5 mg/l) in comparison with the surface water layer (10-11 mg/l). 

Figure 33 (next page) shows the oxygen concentration time series per measurement date. The times 

series is composed of twelve measurements, as can be seen in the graph. Each of the different 

measurement dates shows the oxygen concentration development in the water column at that 

particular date. At the first measurement date of the time series, January 27th, oxygen concentrations 

in the top 10 meters are high (ca. 14 mg/l at 1 meter depth). This concentration drops until it reaches 

a value of 10 mg/l at approximately 20 meters of depth, where the concentration becomes more or 

less uniform with increasing depth. A similar pattern is seen on February 3th. On week later, on  

Figure 32 Isopleth of oxygen concentrations in the water column. The figure shows roughly an decrease in oxygen in the top 
most 15 m at the beginning of the time series, a slightly increase in the middle of the time series and more or less uniform 
(slightly) decreasing oxygen concentrations towards the end of the time series 
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February 10th, measured concentrations throughout the water column have decreased, now being 

approximately 8 mg/l at 1 meter depth and 6 mg/l at 21 meters depth, where the concentration 

throughout the water column becomes uniform. This same pattern is found on February 17th. On 

February 24th, oxygen concentrations in the first top 8 meters are uniform, reaching approximately 9 

mg/l. From 8 meters, the measured concentration declines steadily, until it reaches a value of ca. 5 

mg/l at 60 meters of depth. Roughly the same pattern is found one week later, on March 2nd, but higher 

Figure 33 Oxygen content time series: oxygenconcentration present in the water column at station C (Sogndalsfjord) during 
the measurement dates. Concentrations in the top most ten meter increase over time, indicating that phytoplankton activity 
increases 
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concentrations are found between 10-25 meters. On March 9th, oxygen concentrations in the top 10 

meters of the water column reaches concentration exceeding 10 mg/l again. Values of >10 mg/l are 

only found in the top 10 meters of the water column, concentrations drop strongly deeper in the water 

column. At a depth of 15 meters, a concentration of 7.5 mg/l is found, this declines further until a 

concentration of approximately 6 mg/l is found. The same pattern is found on March 16th, with fairly 

similar concentrations as one week earlier. Two weeks later, on March 30th, measured oxygen 

concentrations in the top 5 meters are approximately 10 mg/l. Concentrations drop steadily with 

increasing depth, reaching a value of 6 mg/l at a depth of 30 meters. The oxygen distribution in the 

water column on April 6th is similar than one week earlier. Oxygen distribution in the water column at 

the last two measurement dates (April 20 and April 27th) are also similar to the pattern off oxygen 

distribution found on March 30th and April 6th. Oxygen concentrations at a depth of 30 meters drop to 

5 mg/l, where earlier these dropped to 6 mg/l at a depth of 30 meters. 
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3.2.6 Chlorophyll-a 

3.2.6.1 Station C: Deep Sogndalsfjord 

 

Figure 34 shows the dynamics of the bloom in the Sogndalsfjord at station C, using data collected 

between January and April 2016. The graphs shows a 3d representation of the bloom, and uses 

spatially averaged data of the first forty meter of the water column. The y-axis represents the 

chlorophyll concentrations in µg/L-1, the x-axis the depth in meters and the z-axis the calendar date. 

As can be seen in the graph, the bloom consists of two peaks with increased concentrations of 

chlorophyll-a and one time period (duration approximately 2 weeks) of decreased concentrations in 

between. The first peak in measured chlorophyll-a concentrations is found between the 2nd and the 

9th of March, reaching concentrations of ca. 8 µg/L-1. This peak concentration is found at a depth of ca. 

4-12 meters. The second peak in concentrations is found between the 20th and 27th of April, it highest 

measured concentrations of ca. 5 µg/L-1. This second peak is found at a depth of approximately 15-20 

meters. The bloom period as shown in figure 34 consists of roughly 5 stages. The first stage of the 

bloom is found at the beginning of the time series, on February 17th. Here, concentrations start to 

increase in the top most meters of the water column (ca 2 µg/L-1). At phase two (1 week later), 

concentrations chl-a  are slightly higher and found deeper in the water column (ca. 3,5 µg/L-1) at 4 

meters. The third phase consists if the major peak in chl-a concentrations found on March 2nd to March 

9th found between 2 and 17 meters depth. The fourth stage is a stage with relatively lower 

concentrations, starting after the first peak on March 16th and ends at April 6th. Highest measured 

concentrations at this period of time are approximately 2.2 µg/L-1. The last phase in the chl-a time 

series (5th) consists of the 2nd peak in measured chl-a concentrations. 

 

 

  

Figure 34 Dynamics of the bloom in the Sogndalsfjord at station C. The figure shows two distinct peaks at different depths 
and time 
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Figure 35 shows the chlorophyll-a time series per measurement date. The times series is composed of 

twelve measurements, as can be seen in the graph. Each of the different measurement dates shows 

the chlorophyll-a development in the water column at that particular date.  At the first measurement 

date, the 27th of January, measured chlorophyll-a concentrations are low. There is however a slightly 

elevated value in the first ten meters of the water column, indicating that phytoplankton growth is 

starting. Underneath this raised concentrations top layer, measured concentrations are steadily 

around 0.10 – 0.15 µg/L-1. These values are lowest possible values that can be detected by the CTD-

meter. Measured chlorophyll-a concentrations on the 3th of February in the top 15 meters of the water 

Figure 35 Chlorophyll-a time series per measurement date. The highest values are found on March 9th, with concentrations 
reaching approximately 8 µg/l at a depth of seven meter. This peak is not shown in the figure 
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column is slightly increase in comparison with the water layers underneath. The maximum 

concentrations on this date is around 0.5 µg/L-1 found almost at the surface of the water column. This 

top layer concentration increase increases in concentrations and depth over time. On the 10th of 

February, the depth of the increased concentrations is around 22 meters. The highest concentrations 

found on this date is around 0.8 µg/L-1, this concentration is found on approximately 1 and 5 meter 

depth. The depth of the increased values seems not to have increased on the 17th of February. Highest 

measured concentrations reach concentrations of ca. 1 – 1.2 µg/L-1  between 0 and 3 meters. On the 

24th of February, highest measured concentrations are no longer found at the top most meters of the 

water column, but at a depth of 10 meters. At the 2nd of March, concentrations throughout the first 20 

meters have strongly increased compared to the 24th of February. The highest concentrations are 

found at 5 meters, reaching 5.5 µg/L-1. Concentrations below this depth decline steadily, followed by 

a strong drop at a depth of 18 meters. The highest concentrations found in this chlorophyll-a time 

series are measured on the 9th of March, reaching ca. 6.2 µg/L-1 at a depth of 8 meters. This peak in 

concentrations is missed in the graph. On the 16th of March, concentrations have dropped strongly 

compared to the previous measurement date one week earlier (9th of March).  The highest measured 

concentrations are in order of half the values that were found on the 9th of March. The highest 

concentrations are found at 8 meter depth, being approximately 3 µg/L-1. This deepening of highest 

measured concentration continues over time. On the 30th of March, the peak in measured 

concentrations is found on approximately 18 meters, reaching concentrations of ca. 2.5 µg/L-1. 

Concentrations in measured chlorophyll-a above and below this depth decline steadily. Concentrations 

of chlorophyll-a found on the 6th of April are more uniform throughout the water column, but reaching 

highest concentrations of ca. 1.9 µg/L-1 at a depth of 22 meters. Highest measured concentrations of 

chlorophyll-a have been decreasing from the 9th of March until the 6th of April. On the 20th of April, 

highest measured concentrations of chlorophyll-a have been increased again, with peak 

concentrations of approximately 5 µg/L-1 found at a depth of 17 meters. At the last date of the time 

series, the 27th of April, the highest measured concentrations are found at 20 meters, reaching 

concentrations of ca. 3.5 µg/L-1.  

Figure 35 showed the dynamics of the bloom as over time as a double peak in elevated chlorophyll 

concentrations. In between these peaks there was a period (stationary phase) where measured 
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Figure 36 Chlorophyll-a and depth represent the mean of the highest 10 % of the numbers of the dataset, not the mean of 
the quantitive 10 % of the data. As shown in the figure, the depth of the bloom (primary Y-axis) increases in time 
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chlorophyll-a concentrations were lower. The second strong increase of measured chlorophyll-a starts 

around the 20th of April and lasts until the end of the measurement period, the 27th of April.  The 

second bloom’ is generally deeper than the first bloom, as can be seen in figure 36 (previous page). 

The figure shows the correlation between the highest measured chlorophyll concentrations and the 

depth, thus the bloom depth increasing. In the figure, both chlorophyll-a and depth represent the 

mean of the highest 10 % of the numbers of the dataset, not the mean of the quantitive 10 % of the 

data. As shown in the figure, the depth of the bloom (Y-axis) increases in time. The measured 

chlorophyll-a concentrations and depth are decreasing in order of the same rate at the beginning of 

the bloom (27/01 – 02/03). After the 2nd of March, chlorophyll-a concentrations seems to be more or 

less stable, while the depth is increasing rapidly.  

Figure 35 shows the phytoplankton spring bloom in the Sogndalsfjord (station C). The time series is 

comprised of data collected from January 27th to April 27th, 2016. The data presented in the figure is 

collected on 12 consecutive dates, with the first date of data collection on January 27th and the last 

one on April 27th. As shown before, the depth of the fjord present at this station is ca. 80 meters. Figure 

37 only shows the depth distribution of the first ten meters of the water column. In this way, 

phytoplankton bloom at this station can be compared with other (shallower) locations. Measured 

chlorophyll-a concentrations are generally low at the first measurement dates (27-01 – 17-02), which 

concentrations of approximately 1 µg/L-1. On February 24th, concentrations have increased at a depth 

of 4 meters to approximately 2.8-3.5 µg/L-1. Measured concentrations on that date in the rest of the 

water column are lower (< 1.5 µg/L-1). One week later, on March 2nd, concentrations have increased 

strongly. A uniform concentrations of approximately 3.7 is found from a depth of 4-10 meters. On 

March 9th, concentrations increase gradually with depth, reaching 5 µg/L-1 measured at 5 meters of 

depth and 6 µg/L-1 at 8.5 meters of depth. Measured concentrations have declined again on the 16th 

of March (ca. 1,7 µg/L-1). After this date, concentrations decline more, reaching post-bloom values (ca. 

1 µg/L-1). 

Figure 37 Chlorophyll-a concentrations measured in the top 10 meters of the water column at Station C. The figure shows 
peak concentrations found on March 9th at a depth of approximately 8 meters 
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3.2.6.1.1 Station C: BSD 

Figure 38 shows the start of the bloom at station C (Sogndalsfjord) in 2016, the blue, solid line 
represents the chlorophyll-a time series from January 27 to April 27. The black star represents the BSD 
(bloom start date), the black arrow represents the threshold validation. Table 9 shows the number of 
measurements taken to comprise the mean values as shown in figure 38. 

Table 9 Number of measurements taken per date, each representing the mean of chlorophyll-a conc. in 1-40 meters 

Date 27.01 03.02 10.02 17.02 24.02 02.03 09.03 16.03 30.03 06.04 20.04 27.04 

No of 
msm 

81 78 79 89 84 85 76 75 76 65 72 61 

To validate the strong increase (peak) as a phytoplankton-bloom, the validation method by Brody et al 
(2013) is used. Hereby, the maximum chlorophyll point of the time series is located. From this point, 
the trend is followed backwards to find where chlorophyll levels go below the threshold value for two 
consecutive weeks. If the chlorophyll-a concentration is below the threshold value for two consecutive 
weeks, this ensures that the used data is robust over the series of time rather than a transient effect 
of noisy data. The black arrow in the figure proves that the data is robust, the mean chlorophyll-a 
concentration does not exceed the threshold value for (at least) two consecutive weeks. This means 
that the strong increase in chlorophyll-a can be described as a phytoplankton bloom. 

Figure 38 shows the 2016 chlorophyll-a time series intersects the threshold value just before the 17th 
of February, 2016. This means that the phytoplankton bloom at station C started just before the 17th 
of February, 2016.  

 

 

Figure 38 BSD in the Sogndalsfjord in 2016. The BSD in 2016 in the Sogndalsfjord is February 17th 
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3.2.6.2 Station A: Loftenesbridge 

Figure 39 shows the phytoplankton spring bloom from the 27th of January to the 27th of April. As said 

before, station A is the bridge station and has a depth of circa 10 meters, as can be seen in the graph. 

There is no profound increase in measured concentrations found from the 27th of January to the 24th 

of February, measured concentrations around these dates are around 0.5-1.0 µg/L1. From the 2nd of 

March, a strong increase in measured chlorophyll-a concentrations is found. Highest measured 

concentrations of 6.5 µg/L-1 were found at a depth of 5 m on the 9th of march. This increase is also 

measured on the 16th of March. After this date, the concentrations seem to fall, reaching slightly 

elevated values compared to pre-bloom values (around 1.5 µg/L-1). The highest concentrations have 

been found on a depth of ca. 5 meters. This peak in measured concentrations seems to slightly fall with 

increasing depth, and abruptly decrease when reaching the bottom of the water column at ca. 10 

meters. In the top-most layer of the water column measured concentrations are low, which increase 

strongly around one meter, and reaching a peak around five meters.  

 

 

 

 

 

 

Figure 39 Chlorophyll-a concentrations measured in the top 10 meters of the water column at Station A. The figure shows 
peak concentrations found on March 9th at a depth of approximately 7 meters 
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3.2.6.3 Station D: Solhov 

Figure 40 shows the phytoplankton spring bloom at station D, showing chlorophyll-a data of the 27th 

of January until the 27th of April. This station is located at Solhov, close to residential area at Sogndal. 

The depth of the water column at this area is ca. 10 meters. During the first four measurement dates 

of the data series (27-01, 03-02, 10.02 and 17-02), chlorophyll-a concentrations throughout the water 

column are fairly similar, only showing slightly higher concentrations on the 17th of February. Measured 

concentrations of chlorophyll-a for these days do not reach higher values than 1 µg/L-1. Measured 

concentrations throughout the whole water column start to intensively increase from the 2nd of March, 

with the highest measured values on the 9th of March. After this date, there seems to be a strong 

decline, with declining concentrations until the 6th of April, reaching values comparable of those of pre-

bloom conditions. After the 6th of April, concentrations seem to increase again, reaching values above 

2 µg/L-1 at around 9 meters of depth on the 20th of April. The vertical dynamic of the bloom on the 9th 

of March seem to have the highest concentration at a depth of ca. 8 meters. Here, measured 

concentrations exceed concentrations of 6 µg/L-1. Another peak in concentrations can be seen at a 

depth of ca. 5 meters. Between the two peaks, concentrations are slightly lower. This peak in measured 

concentrations around 8 meters at the 9th of March seems to abruptly decrease when reaching the 

bottom of the water column at ca. 10 meters.  

  

Figure 40 Chlorophyll-a concentrations measured in the top 10 meters of the water column at Station D. The figure shows 
peak concentrations found on March 9th at a depth of approximately 9 meters 
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3.2.6.4 Station B: Barsnesfjord 

Figure 41 shows the situation of the phytoplankton spring bloom from the 27th of January to the 27th 

of April at station B. Station is the station in the Barsnesfjord and has a depth of circa 30 meters. The 

dataset was without missing data up until 10 meters, therefore the graph only contains data from the 

first ten meters. Starting in late January, concentrations are generally low up until the 24th of February 

(≤1 µg/L-1). After this date, concentrations seem to increase rapidly, reaching its highest measured 

concentrations on the 9th of March. At this date, the peak concentrations are found on 5, 7 and 9 

meters, with slightly decreased values in between. These maximum measured concentrations are 

around 6-7 µg/L-1. The measured values on the 16th of March are considerably lower than the values 

found on the 9th of March, causing a sharp decrease. After this date, the concentrations chlorophyll-a 

seem to fall, reaching slightly elevated values compared to pre-bloom values (around 1.5 µg/L-1). The 

vertical lowest boundary of the bloom at the 9th of March seems to be around ten meters. Here, 

measured values abruptly decrease at ca. 10 meters. This abrupt decrease of measured concentrations 

visualizes in this case the end of data, not the physical boundary of the vertical dynamic.  

Figure 41 Chlorophyll-a concentrations measured in the top 10 meters of the water column at Station B. The figure shows 
peak concentrations found on March 9th at a depth of approximately 5,7 and 9 meters 
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3.2.6.5 Skjernes: Open tank 

Chlorophyll-a data from an open tank stationed at Skær/Skjernes has been collected in the frame of a 
small scale algae breeding project of Skeletonema costatum (diatom) (Bjørndal et al. 2016). This algae 
was isolated and cultivated to access the potential of Skeletonema costatum (S. Costatum) as a source 
for biomass for biofuel production. The experiment was started February 29th and ended May 5th, 2016. 
The data was collected from a tank with a volume of 8.83 m3 and was filled with 7.74 m3 of deep sea 
water that was pumped up from approximately 100 meter depth from the Sogndalsfjord. The data 
used in this frame consists of growth phase data without fertilizer. 

Figure 42 shows the measured chlorophyll-a time series at an open tank at Skjernes, approximately 3 

km from Sogndal. The start date of the strong increase in concentrations differs with the ‘natural’ 

situation in the Sogndalsfjord (station C). Measured concentrations are generally low at the beginning 

of the bloom (29.02-12.03), with chl-a concentrations of approximately < 1 µg/L-1. After March 12, 

measured concentrations start to increase strongly, reaching a peak on March 20th (10.46 µg/L-1). After 

this date, measured concentrations drop to approximately 5 µg/L-1. After this date, the tank got refilled 

with fresh water and thus nutrients, reaching aberrant (higher) concentrations than the ‘normal’ 

situation in the fjord. 
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Figure 42 Measured chl-a concentrations time series found at Skjernes, open tank. The highest measured 
concentrations were found on March 20th, with concentrations of approximately 10 µg/l 
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3.3 Hydrography 2007 Skjersness 

3.3.1 Chlorophyll-a time series 

Figure 43 shows phytoplankton spring bloom at Skjersness (aquaculture station) using the chlorophyll-

a time series between the 14th of January and 26th of April 2007. The depth of the water column at 

Skjernes is ca. 30 meters, the dataset included in the graph includes data up to 20 meter deep. As can 

been seen in the graph, measured chlorophyll-a concentrations of the first three measurement dates 

are relatively low, with concentrations around 1-2 µg/L-1. Measured concentrations at the 5th of March 

seem to have drastically increased compared to concentrations 14 days earlier. The highest values are 

around 16 µg/L-1, this can be seen in figure … as an almost vertical (exponential) increase. These strong 

increased values at this date are found in the first ten meters of the water column, the measured 

concentrations seem to decrease rapidly after ten meters, reaching values comparable to pre-bloom 

values at the lowest measured depths. After the 5th of March, chlorophyll-a concentration in the first 

ten meters drop drastically reaching ca. 2 µg/L-1 concentrations at the 25th of March, followed by a 

slight increase at the end of April. Here concentrations reach approximately 4 µg/L-1 at 3-9 meter 

depths.  

At the lower 10 meters of the chlorophyll-a time series (10-20 meters depth), the peak chlorophyll-a 

concentration are not measured on the 5th of March, but ten days later. On the 15th of March, 

chlorophyll-a concentrations have increased to about 12 µg/L-1 at 12 and 13 meters. The increase 

seems not to be as drastic as the (seemingly) vertical increase that is found on the 5th of March in the 

top 10 meters of the water column. The difference between the two strong increases (peaks) is the 

growth rate constant of the phytoplankton, which is lower in the deeper part (11-14 meters). 

Concentrations in the bottom 10 meters of the water column decrease linear by increasing depth, 

reaching ca 2 µg/L-1 at the depth of 20 meters. Towards the end of the time series, concentrations 

decrease drastically until approximately 3 µg/L-1 at 11 meter and <1 µg/L-1 at 20 meter depth, showing 

values comparable of those of pre-bloom conditions. The bloom over the given series of time seems 

to consist of two different peaks. At this location, concentrations found at two different dates on 

different depths have increased in order of ten-fold with concentrations prior to this peaks, indicating 

Figure 43 Chlorophyll-a concentrations measured in the top 20 meters of the water column at Skjernes in 2007. The figure 
shows two distinct peaks in concentrations, found at different depths and dates. The highest measured concentrations were 
found on a depth of approximately 4 meters 



48 
 

 
 

that this particular spring bloom at this station consists of two different blooms. The transition 

between these two peaks in the time series seems to be one of declined concentrations in chlorophyll-

a, marking a distinction between the peaks. 

3.3.2 Skjernes 2007: BSD 
Figure 44 shows the start of the bloom at Skjernes in 2007, the blue, solid line represents the 
chlorophyll-a time series from January 14 to April 26. The black star represents the BSD (bloom start 
date), the black arrow represents the threshold validation. Table 10 shows the number of 
measurements taken to comprise the mean values as shown in figure 44. 

Table 10 Number of measurements taken per date, each representing the mean of chlorophyll-a conc. in 1-20 meters 

Date 14.01 07.02 22.02 05.03 15.03 25.03 26.04 

No of msm 25 43 24 45 65 57 37 

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in figure 44, the chlorophyll-a time series intersects the threshold value around the 24th of 
February. This means that the phytoplankton bloom at station C started around the 24th of February, 
2007. By using the threshold validation method as described before, the black arrow in figure 44 proves 
that the data series is robust and valid.  

  

Figure 44 BSD at Skjernes in 2007. The BSD in 2007  at Skjernes is February 24th 
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3.4 Hydrography 2013/2014 Station C 
Figure 45 shows the start of the bloom at station C (Sogndalsfjord) in 2013/2014, the blue, solid line 
represents the chlorophyll-a time series from December 17th 2013 to March 22nd 2014. The black star 
represents the BSD (bloom start date), the black arrow represents the threshold validation. Table 11 
shows the number of measurements taken to comprise the mean values as shown in figure 45. 

Table 11 Number of measurements taken per date, each representing the mean of chlorophyll-a conc. in 1-40 meters 

Date 17.12.2013 21.01.2014 05.02.2014 23.02.2014 22.03.2014 

No of msm 132 101 152 127 135 

As shown in figure 45, the chlorophyll-a time series intersects the threshold value around the 5th of 
February. This means that the phytoplankton bloom at station C started around the 5th of February, 
2014. By using the threshold validation method as described before, the black arrow in figure 45 proves 
that the data series is robust and valid.  

 

  

Figure 45 BSD in the Sogndalfjord in 2013/2014. The BSD in 2013/2014 in the Sogndalsfjord is February 5th 
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3.5 Growth rates 

3.5.1 Main station C: Sogndalstation 
Table 12 shows the different growth rates calculated for different dates at the main station C in 2016. 

As can be seen in table 12, the lowest growth rates in the time series have been found between January 

27th and February 3th at 10 meter depth (doubling time: 13.62 d Double-1) and between March 2nd and 

March 9th at 5 meter depth (doubling time: 12.78 d Double-1). The highest growth rates of the time 

series were found between February 24th and March 2nd at 2 meter depth (doubling time: 2.40 d 

Double-1), and 15 meters depth (doubling time: 2.37 d Double-1).  

Table 12 Calculated growth rates  for different depths in the Sogndalsfjord (station C) in 2016 

 

 

 

 

 

 

 

 

 

 

 

3.5.2 Skjernes 2007 
Table 13 shows the different growth rates calculated for different dates at Skjernes in 2007. As can be 

seen in table 13, the lowest growth rates in the time series have been found between January 14th and 

February 7th at 5 meter depth (doubling time: 70.64 d Double-1) and at 2 meter depth (doubling time: 

27.03 d Double-1). The highest growth rates of the time series were found between February 22th and 

March 5nd at 2 meter depth (doubling time: 2.44 d Double-1), and 5 meters depth (doubling time: 3.05 

d Double-1). 

Table 13 Calculated growth rates  for different depths at Skjernes in 2007 

Depth T1 T2. N(T1)  N(T2) GR (fluor) Doubling 
time  

dd/mm/yyyy  dd/mm/yyyy  µg/L-1  µg/L-1  Double d-1  d Double-1  

2 METER 27.01.2016 03.02.2016 0,18 0,36 0.12 6 
 

24.02.2016 02.03.2016 0,39 2,21 0.29 2.40 
 

02.03.2016 09.03.2016 2,21 3,35 0.07 9.99 

5 METER 27.01.2016 03.02.2016 0,18 0,25 0.06 12.66 

 
24.02.2016 02.03.2016 0,77 3,90 0.27 2.56 

 
02.03.2016 09.03.2016 3,90 5,40 0.05 12.78 

10 METER 27.01.2016 03.02.2016 0,14 0,19 0.05 13.62 
 

24.02.2016 02.03.2016 0,91 2,63 0.18 3.92 

 02.03.2016 09.03.2016 2,63 4,75 0.10 7.04 

15 METER 27.01.2016 03.02.2016 0,10 0,14 0.06 12.36 

 24.02.2016 02.03.2016 0,44 2,55 0.29 2.37 

 02.03.2016 09.03.2016 2,55 0,93 - - 

Depth T1 T2. N(T1)  N(T2) GR (fluor) Doubling 
time  

dd/mm/yyyy  dd/mm/yyyy  µg/L-1  µg/L-1  Double d-1  d Double-1  

2 METER 14.01.2007 07.02.2007 0,56 1,01 0.26 27.03 
 

22.02.2007 05.03.2007 0,96 16,41 0.28 2.44 
 

05.03.2007 15.03.2007 16,41 3,12 - - 

5 METER 14.01.2007 07.02.2007 0,79 0,99 0.01 70.64 

 
22.02.2007 05.03.2007 1,12 10,86 0.23 3.05 

 
05.03.2007 15.03.2007 10,86 7,94 - - 

10 METER 14.01.2007 07.02.2007 0,18 0,57 0.05 13.83 
 

22.02.2007 05.03.2007 0,46 3,93 0.21 3.23 
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 05.03.2007 15.03.2007 3,93 9,06 0.93 7.47 

15 METER 14.01.2007 07.02.2007 0,09 0,18 0.30 23 

 22.02.2007 05.03.2007 0,53 1,89 0.13 5.45 

 05.03.2007 15.03.2007 1,89 6,19 0.13 5.26 
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4. Error discussion 
The following uncertainties have occurred when interpreting the data, usage of methods, and with the 
visualization of the results: 

Data: 

- The data have been prepared by taking mean values of every meter. Because the excel data is 
spatially averaged, noisy data is filtered out. There is a change however, that by taking mean 
data, specific high or low values will be filtered out. 

- The 2016 data has been collected in the frame of a turbidity-research by Torbjørn Dale (see 
chapter 2.1). The dumping of materials for the base of the bridge might have led to altered 
phytoplankton production and thus aberrant measured chlorophyll-a concentrations. The 
results of the investigation showed that although measured turbidity was raised in limited 
area, the dumpings have hardly inflicted any damage on the benthic communities present. 
Also, minor effects were found concerning changes in measured chlorophyll-a (Dale 2016). 

- The BSD (bloom start date) threshold method comprises annual averaged data, and picks the 
median number from this dataset. The data used for this report consists of weekly averaged 
data with a time series of only about 4 months. The results however, showed similar BSDs for 
a certain year, so this method can expected to be safe and can give a general idea of the start 
date of the bloom; 

- All the data providing the climatological background (air temperature, sun radiation and wind 
speed) to this report were collected at Njøs agriculture research station at Leikanger. This is 
approximately 20 kilometers from Sogndal. The climatological situation present at the 
Sogndalsfjord can differ from the situation found at Leikanger, this would mainly concern the 
wind speed. The wind speed is however an average daily value. This means that with high 
measured values, the wind speed was generally hard on that particular date; 

- No data was collected for station A (Loftenes) on April 20th, 2016. The missing measurements 
on this date at this station leaves a lack of data. This is however mentioned when analyzing 
the data, and the data is treated with caution. 

Materials and methods: 

- All measurements in 2016 have been conducted between 1230 and 1330 PM on the before 
mentioned dates. It is expected that the phytoplankton are most productive at this time of the 
day, when sun irradiance is strongest. The difference between the measurement times is of 
such small extent that it is not expected that this has influenced the measured concentrations; 

- The used CTD-meter measures the depth of the water column as press. These values are a 
combination of pressure at a certain depth and density of the water column above the point 
of measurement. Using press as a unit for depth can pose small differences with the real depth 
(in meters). These differences are however very small; 

- The CTD meter is lowered from a boat, it start measuring when it is turned on. All data has 
been removed until the CTD meter showed a pressure of about 0.25, which means that the 
probe of the CTD meter is about 25 cm in the water column. The removal of these data ensures 
that the dataset does not include data collected above the water column. 

- The CTD meter used to collect the data is an early model and not equipped with autorange for 
fluorescence and turbidity. The ranges were adjusted manually, and was set to cover up to a 
normal chlorophyll bloom, and normal turbidity. Chlorophyll: range of 0-25 µg chl a /l; 
Turbidity: range 0-12.5 FTU. The CTD-meter is less precise if concentrations are found above 
this set autorange. All the measurements included in this dataset are within the set autorange. 
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- This method of estimating biomass is also faced with certain problems: pigment extraction is 
not always complete; chlorophyll content varies with the age and light or shade adaptation of 
the population; relative pigment composition of various phytoplankton groups is not always 
constant. 

Results: 

- Measurements in 2016 have been taken every seven days, sometimes 14 days. Figure 22-2 of 
Algae by L.A. Graham (2002) shows the difference between 2 days sampling for different 
species vs 7 days sampling (pp 548). In the weekly sampling, compared the frequent ones (2 
days) show that some peaks (blooms) of specific species are missing. In the case of my report, 
chlorophyll-a is measured thus holds no classification of species. This way, missing data due to 
inappropriate scales is irrelevant. For obvious reasons, the frequency of the data sampling is 
relevant to avoid aliasing/ missing the phytoplankton bloom. In the 2013/2014 time series, the 
frequency of the data sampling was approximately 1 month (30 days). The results show that 
due to this low sampling frequency, the main peak in measured chlorophyll-a concentrations 
probably was missed.  

- For the Sogndals-station (station C), only spatially averaged data of the first 40 meters was 
used, although the depth of the water column at this station is approximately 80 meters. 
Spatially averaged data below this depth has been excluded because chlorophyll-a 
concentrations were around detection limit. 
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5. Discussion  

5.1 Objective 1: When does the phytoplankton bloom start in the Sogndalsfjord? 

5.1.1 The chlorophyll-a threshold method 
Table 14 shows the different bloom start dates for 3 different time series: Skjernes 2007, Sogndalsfjord 
2013/2014 and 2016.  

Table 14 BSDs found at 2007, 2013/2014 and 2016 

Year Location THV BSD 

2007 Skjernes 1.47  February 24th 
2013/2014 Sogndalsfjord 0.147 February 5th 

2016 Sogndalsfjord 0.693 February 17th 

 

Using the bloom start date (BSD) threshold method for each of the yearly datasets separately, the BSDs 
as shown in table 14 were found.  

The 2013/2014 Sogndalsfjord data series shows a different trend than the 2016 series. The highest 
concentration of chlorophyll is measured on the 22nd of March. The lack of data between 23th of 
February and the 22nd of March might explain the shape of the time series with the high peak measured 
at the 22nd of March because the data between these dates is now interpolated. Higher resolution data 
collection may change the shape of the time series, and therefore the BSD. 

There is however one part of the series that can be explained without the lack of data. As can be seen 
in figure 45, the measured mean chlorophyll concentration at 17 December 2013 nearly crosses the 
calculated threshold value. Exceedance of the threshold value in December would mean according to 
the calculated threshold method an extraordinary early start of the bloom. This would be highly 
unlikely because the conditions needed for a bloom start have not been met. These values can possibly 
be explained by the CTD error range. This means that the CTD is unable to detect differences in small 
concentrations. The threshold value for 2013/2014 was calculated to be 0.147. Due to the set error 
range for low concentrations, this value is within the error range and can differ from the ‘real’ value. 

Figure 34 in chapter 3.2.6.1 showed the 3d-presentation of the phytoplankton spring bloom measured 

in the Sogndalsfjord at station C. The graph shows that the phytoplankton spring bloom started 17th of 

February in the top most layer of the water column (0-2 m), this is the first stage of the bloom. At the 

next stage of the bloom, the bloom has deepened over time, with highest concentrations found in 0-5 

meter of the water column. The highest concentrations of measured chlorophyll-a are found on March 

2nd and 9th (third stage of the bloom), these concentrations are found between 2-10 m. The fourth 

stage is a stage with relatively lower concentrations, found between the two major peaks in 

concentrations of the bloom. The last stage of the bloom are the increased measured concentrations 

found at the last 2 measurement dates. The depth of this last stage is approximately 15-25 m. 
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5.2 Objective 2: What is/are the (triggering) mechanism(s) for the initiation, 

maintenance and the determination of the bloom? 

5.2.1 Physical factors in the fjord 
For each of the different factors will be described if these can explain the sudden increase in measured 

chl-a concentrations found on March 2nd, 2016 and the elevated concentrations found on April 27th 

after collapsing of the first bloom-peak. 

5.2.1.1 Stratification: Salinity, density and temperature 

Freshwater input to fjords can induce a low density layer in the surface for phytoplankton in the water 

column. The stratifying effect of buoyancy of freshwater input is a key regulator of primary production, 

limiting the depth of the mixed layer and therefore trap the algal cells within the euphotic zone (Iriarte 

et al 2007). The primary (left) X-axis in Figure 46 shows the measured salinity and density found in the 

first 20 meters of the water column on March 2nd. The same graph draws the measured chlorophyll-a 

concentrations and the temperature on the secondary x-axis in the first 20 meters of the water column 

at the particular date (right X-axis). On this particular date, concentrations chlorophyll-a have 

increased strongly compared to the previous date of measuring, one week earlier. The density seems 

to have only small differences throughout the water column, with roughly 4 different layers in the 

water column (black lines). The first 2 meters has a strong reduced density, this is considered the first 

layer of the water column. This strongly reduced salinity in the water column is inflicted by freshwater 

inflow. The thickness of the layer depends on wind conditions present at the time. A thick surface (low 

salinity) on top of the deeper layers would suggest calm weather. Wind can entrain the low salinity 

surface water into the deeper layers. The depth of this layer is highly determined by strong winds, 

mixing the first two layers of the water column. The third water layer has an increased salinity and 

density compared to the layers above. The highest concentrations of chlorophyll-a were found here, 

suggesting a steady water layer unaffected by wind mixing. Concentrations chlorophyll-a start to fall 

at the start of the 4th layer, suggesting that sun irradiance here is insufficient for photosynthesis.  

Figure 46 Stratification found on March 2nd at station C. The density and salinity are drawn on the primary Y-axis, chl-a 
concentrations and temperature on the secondary Y-axis and depth on the X-axis. The figure shows roughly a 4 layered 
stratification in the water column, with the highest measured concentrations chl-a  found in layer 2 and 3 
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Based on the found small differences in salinity and density in the water column, there can be 

concluded that on March 2nd, the water column is weakly stratified. On the contrary, measured 

chlorophyll-a concentrations throughout the water column were high, which may indicate that the 

rapid increase in chlorophyll-a concentrations are not the effect of a strong salinity/density 

stratification that traps the phytoplankton in the euphotic zone by reducing the depth of the mixed 

layer. However, this weakly stratification at the start of the bloom seems to be sufficient for the 

microalgae. This observation of no distinct stratification of the water column during springtime bloom 

corresponds to Reigstad et al. (2000), who stated that in Northern Norwegian non-regulated fjords 

freshwater run-off is highly restricted to a run-off period that lasts from late May to early autumn, thus 

run-off in these fjords is highly seasonal. Therefore, stratification of the water mass due to freshwater 

input at spring is often neglectable. This absence of strong stratification in the water column causes 

the phytoplankton to bloom in weakly stratified waters. The bloom of phytoplankton may also be 

prolonged by frequent wind-induced overturns of the upper water layers. Mixing of the water column 

induced by strong down-fjord winds is conceivable due to the absence of a strongly stratified water 

column. 

The primary (left) X-axis in Figure 47 shows the measured salinity and density found in the first 30 

meters of the water column on April 27th. The same graph draws the measured chlorophyll-a 

concentrations and the temperature on the secondary x-axis in the first 30 meters of the water column 

at the particular date (right X-axis). On this particular date, the highest concentrations chlorophyll-a 

are found at a depth of approximately 14-20 meters of depth, reaching concentrations of 

approximately 3.5 (µg/l). The black lines in the figure roughly represent the different stratica found in 

the water column in the Sogndalsfjord on April 27th.  

As can be seen in figure 47, salinity and density in the first three meters of the water column varies 

strongly from the underlying water masses. This layer is the first layer in the water column and the low 

salinity and density values can be explained by the increased input of freshwater by meltwater. The 

second layer in the water column possesses a higher salinity and density than the surface water layer. 

The depth of this layer is dependent on wind mixing. The third layer (water mass) in the water column 
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Figure 47 Stratification found on April 27th at station C. The density and salinity are drawn on the primary Y-axis, averaged 
chl-a concentrations and temperature on the secondary Y-axis and depth on the X-axis. The figure shows roughly a 4 layered 
stratification in the water column, with the highest measured concentrations chl-a  found in the third layer 
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has slightly higher salinity and density values found than the second layer. The highest concentrations 

chlorophyll-a are found in this layer. Density and salinity are more or less uniform in the fourth water 

mass. Measured concentrations chlorophyll-a start to decline in this layer, suggesting that sunlight 

irradiance here is insufficient for phytoplankton. Based on the found small differences in salinity and 

density in the water column, there can be concluded that on April 27th, the water column is weakly 

stratified. However, this weakly stratification seems to be sufficient for growth of microalgae. 

A lack of nutrients can trigger ¨motile¨ phytoplankton to water layers with sufficient nutrients, 

immotile phytoplankton rely on turbulence and mixing to move through the water column. Immotile 

phytoplankton who are unable to migrate to nutrient rich waters can hibernate or paralyze or die 

(ingested and egested by zooplankton). Therefore, cell buoyancy may be dependent on the light and 

nutrient status of the organism (Richardson & Cullen 1995). This is described by Richardson & Cullen 

(1995), who found that nearly neutral buoyancy diatoms lost this buoyancy when nutrients ran out. 

Phytoplankton cells produce carbohydrates by photosynthesis, these carbohydrates are transformed 

in f.e. proteins using nitrate. After depletion of the ambient nitrate, phytoplankton cells sank in order 

of 2-5 times faster than before depletion. The depleting of nitrate caused a built-up of carbohydrates 

in the cells, and therefore increased density. This altered density caused the observed increase in 

sinking rate. Phytoplankton cells sank to deeper layers where nutrients are still at higher 

concentrations. Therefore, sinking of phytoplankton cells when low nutrient concentrations are 

present to higher nutrient concentrations is thought to be a survival strategy. Immotile phytoplankton 

cells can hibernate or become ‘resting stages’ at deeper depths, and start to bloom when the right 

conditions are met (Smetacek 1985). 

Phytoplankton in a steady water column tend to sink because they possess a higher density than the 

ambient water, which makes them heavier. This sinking tendency of phytoplankton due to density and 

the sinking of phytoplankton in hibernation can be a possible explanation of the reduced measured 

concentrations in the period of time between the two found peaks. The further sinking of 

phytoplankton can also explain the strong increase in phytoplankton found at deeper depths found on 

April 27th.  
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5.2.2 Physical factors in the air 

Figure 48 shows the time series of the sun radiation (MJ/m2/day), averaged daily air temperature (°C) 

and averaged daily wind speed. These variables are presented on the primary horizontal (Y) axis. The 

average chl-a concentrations (1-40 m) are presented on the secondary horizontal (Y) axis. 

Wind conditions can influence the phytoplankton bloom in various ways. The direction and speed of 

the wind might influence the abundance of phytoplankton strongly. In the Sogndalsfjord, (hard) 

northerly winds are often related to colder air temperatures, and warmer temperatures to southerly 

winds (Torbjørn Dale 2017, personal communications). As can be seen in figure 48, at the beginning of 

the time series, three periods of colder temperatures (circled) have been measured prior to the high 

measured concentrations of chlorophyll-a. 

This relates to high daily average wind speeds that were measured during this cold periods. As 

described in chapter 1.3.6, Northerly wind off land can cause upwelling along land in the Loftenes 

(bridge) area. Some phytoplankton is not able to swim or move itself through the water column, thus 

at mercy of the water movement. Therefore, upwelling due to wind could also bring up the 

phytoplankton to the shallower depths, where sunlight irradiance is more favorable for phytoplankton. 

On the other hand, northerly winds can also cause a surface bloom to be blown out of the fjord.  

Figure 48 shows besides the average daily wind conditions related to measured concentrations 

chlorophyll-a also the sunlight conditions (MJ/m2/day) in relation to measured chlorophyll-a 

concentrations. In the figure can be seen that sunlight radiation increases exponentially over time. This 

exponential increase can be related to two processes. Over time, day length will increase thus more 

sunlight will penetrate in the water column. The second process can be related to rotation of the earth 

around its own axis. In the beginning of the time series, the height of the sun is relatively low. This 

means that the sun’s irradiance penetrates the fjords in an angle. This angle of sun irradiance onto the 

fjords surface will cause a reflection of sunlight, and thus less favorable conditions for phytoplankton 

to bloom. During the bloom, the height of the sun on the fjords atmosphere changes due to this 

rotation. The sun gets higher in the sky, and the angle of the sun’s irradiance onto the fjord’s surface 

becomes higher, more perpendicular (90°). As a result, relatively more of the sun’s energy can 

penetrate the fjord’s surface, presenting favorable growth conditions for phytoplankton. 

Figure 48 Sun radiation, air temperature and wind speed time series (primary Y-axis) compared to measured chl-a (secondary 
Y-axis) time series. The figure shows 3 periods with lower measured temperatures (circled) may indicate northerly winds  
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As can be seen in figure 34, the phytoplankton bloom in the Sogndalsfjord consisted of two major 

peaks in chlorophyll-a concentrations. Figure 35 shows that during the onset of the bloom the 

phytoplankton in the top layers of the water column started to bloom first. During the bloom, 

phytoplankton in the upper water layers (surface) have taken up all the nutrients in this layer. Over 

time, nutrients will be depleted gradually with increasing depth to a depth where enough nutrients 

but insufficient light for photosynthesis are present.  Once the nutrients in the top water layers have 

been depleted, phytoplankton have no longer the favorable conditions needed for growth, this relates 

to generally lower measured concentrations chlorophyll-a. Lower measured concentrations in the top 

most meters of the water column (surface) can also be explained by sunlight conditions in this layer. A 

lot of light can penetrate the water column, releasing a lot of energy in this layer. This energy release 

in these layers may be impediment for the phytoplankton present.  
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5.3 Objective 3: How does the bloom develop over time and space? 

5.3.1 Time 

Figure 49 shows the pattern of the different time series (yearly). The graph is comprised of 4 different 

time series: Skjernes 2006, Skjernes 2007, Station C 2013/2014 and Station C 2016. The time series are 

comprised of averaged data of 1-20 meters of the water column. Of all the time series, the 2016 station 

C is comprised of the most measurements, see figure and chapter 2.1. As can be seen in the graph, the 

2007 Skjernes time series follows roughly the same pattern as the 2016 time series. The similarity 

between those two blooms (and the 2006 bloom) is that the peak in concentrations are in found in the 

same period of time (March 4-18), as can be seen in figure 49 between the two black lines. This period 

lasted for each of the time series about two weeks. This period of two weeks with the highest 

concentrations is not seen in the 2013/2014 time series. As can be seen in the figure, the monthly 

measurement frequency missed this peak in concentrations.  

Measured averaged concentrations found at Skjernes in 2007 are however in order of 2 times as high 

as the measured averaged concentrations found in 2016. These higher measured concentrations found 

at the aquaculture station Skjernes can be explained by the following: the effluent of the aqua station 

(fish products) provide an additional source of nutrients and can enhance growth.  Varying depths of 

winter circulation may also explain this difference. Shallower circulation brings up less nutrients than 

deeper circulation. This difference in measured concentrations in nutrients at varying depths was 

described by Dale & Hovgaard (1993), who found that nutrient concentrations between 50 and 100 

meters differed significantly. 

The frequency of measurements of the 2006 Skjernes and 2013/2014 Station C time series are low. 

This low frequency of measurements makes it hard to draw any profound or valid conclusions about 

the differences found compared to the 2016 station C time series. 

Table 9 shows (next page) found Secchi depths during the different periods of measuring. The 1985-

1986 data (Byrkjeland 1986) and 1990-1991 data (Dale & Hovgaard 1991) show that Secchi depths 

start to decrease strongly after February 27th, 1991. This drop in Secchi depths indicate that the 

phytoplankton bloom has started. The deep Secchi depth found on February 25th, 1986 indicates that 

Figure 49 Yearly time series comparison (2006, 2007 Skjernes; 2013/2014, 2016 Sogndalsfjord). The black marked area shows 
that all the different blooms peak values were found within a two/three week time frame (March 2nd – March 18th). 
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the bloom has not yet started on that date, thus bloom that particular year was late. Differences in 

maximum Secchi depths between the two measurement periods may be a result of the waterglas that 

was used during the measurements in 1991 by Dale and Hovgaard. This would explain the shallower 

maximum Secchi depths found during this measurement period. 

Table 15 Secchi depth measurements in the Sogndalsfjord 

Date  Location Secchi depth 

13.12.1985 Sogndalsfjorden 20 

03.01.1986 Sogndalsfjorden 22 

28.01.1986 Sogndalsfjorden 23 

25.02.1986 Sogndalsfjorden 20 

02.04.1986 Sogndalsfjorden 10 

18.12.1990 Sogndalsfjorden 13 

26.01.1991 Sogndalsfjorden 14 

27.02.1991 Sogndalsfjorden 5.5 

 

5.3.2 Space: stations A-D 

Figure 50 shows the different chlorophyll-a time series found at each individual station. The graph 

shows the time series of station A (Loftenes bridge), B (Barsnesfjord), C (Sogndalsfjord) and D (Solhov). 

The time series are comprised of averaged data of 1-10 meters of the water column. Only data of the 

first ten meters of the water column is used because only this was available for all 4 stations. This way, 

the chlorophyll-a time series of all stations can be compared. As can be seen in figure 50, the general 

trend of the measured chlorophyll-a time series are very similar with respect to concentrations and 

development over time. Two peaks in concentrations were found for all four different stations. Only 

small differences in measured concentrations can be found in the graph. Found averaged 

concentrations at station A, measured on March 16th and February 24th are slightly lower than 

concentrations found at other stations on that same date. Interpretation of these small differences is 

difficult because the differences are of such a small order of magnitude. The figure shows a decrease 

in Secchi depth when concentrations chlorophyll-a start to increase rapidly. This shows that Secchi 

0,0

2,0

4,0

6,0

8,0

10,0

12,0

14,0

16,0

0

1

2

3

4

5

6

A
ve

ra
ge

 S
e

cc
h

i d
e

p
th

C
o

n
ce

n
tr

at
io

n
 C

h
lo

ro
p

h
yl

l-
a 

(µ
g

/l
)

Measured Chl-a: time series comparison 
stations A-D

Station A: Chl-a time series Station B: Chl-a time series
Station C: Chl-a time series Station D: Chl-a time series
Average Secchi depth all stations

Figure 50 Time series comparison of stations A-D. The figure shows that the time series are very alike. The light blue line 
represents the average Secchi depth for stations A-D. The figure shows that Secchi depth decreases when concentrations 
chl-a start to increase strongly, indicating that Secchi depth is a result of phytoplankton blooms 



62 
 

 
 

depth in this period is strongly correlated to algae growth. Furthermore, the marked drop in Secchi 

depth is associated with the start of the bloom. 

5.3.3 Space: Open tank Skjernes 
The first bloom measured at the main station in the fjord shows a similar pattern as was found in the 

open tank at Skjernes, where Skeletonema was cultivated. The bloom as was measured in the tank 

lasted for about 1-2 weeks, this is similar to the duration of the bloom that was found in the fjord at 

station C (Sogndalstation). The onset of the bloom in the open tank was delayed due to handling of 

the phytoplankton i.e. the phytoplankton was filtrated to create a monoculture of Skeletonema. The 

second similarity between the two found blooms is that peak concentrations measured were 

corresponding. The peak concentration found at the open tank was 10 µg/L-1, this peak value was ca. 

8 µg/L-1 at the fjord. The small difference between these values can be explained by two factors. In the 

tank, a monoculture of Skeletonema was cultivated, where a diversity of phytoplankton is present in 

the fjord. This assemblage of phytoplankton causes less favorable conditions for the phytoplankton 

(competition), thus reduced measured concentrations chlorophyll-a. The second factor responsible for 

higher measured concentrations in the open tank could be due to absence of grazers (zooplankton), 

whereas grazing in the fjord is responsible for loss of phytoplankton. 

  



63 
 

 
 

5.4 Objective 4: In which way may the hydroelectric power production in the inner parts 

of the Sognefjord have changed the conditions for the spring bloom in the Sogndalsfjord? 
Possible effects of hydroelectric power production (HPP) on phytoplankton abundance in the 

Sogndalsfjord has as for now not been investigated. The lack of fjord hydrography data prior to the 

hydroelectric power production, which started in Sogn region in the 1980s, makes a profound 

discussion of possible effects for the Sogndalsfjord difficult. However, some experiences from other 

fjord regarding hydroelectric power production and the phytoplankton communities (general 

consideration) will be discussed here. In this way, possible effects of hydroelectric power production 

on phytoplankton abundance in the Sogndalsfjord can be discussed.  

Hydroelectric power production (HPP) inflicts a strong increase of freshwater in winter into the fjord, 

as was described by Reß (2015). The HPP plants increase the input volume of freshwater in winter into 

the fjords, because demand for energy is high in wintertime. On the contrary, Reß (2015) found that 

freshwater input in summertime due to HPP is reduced, compared to the ‘natural’ situation. This 

reduced inflow means that less nutrients are available for phytoplankton when they need it, when light 

conditions at this time are favorable growth. This lack of nutrients can be compensated by deepening 

the depth of the outflow of the HPP, and in this way forcing water up in the water column, and bringing 

up nutrients. 

This increased inflow of freshwater could also inflict an earlier stratification of the water column, and 

thus earlier favorable growth conditions for the phytoplankton. Lie et al. (1992) found that in the 

Sandsfjordene, freshwater influences fjord systems. As a consequence of HPP, spring blooms start 

several weeks earlier than the area outside the fjord. The outflow of large amounts of brackish water 

in springtime influences the bloom outside the fjord through various mechanisms. The brackish water 

will to a certain degree stabilize the water masses, also in the outer parts of the fjord.  

Visual observations during an investigative cruise of the fjord between February 20th and March 2nd, 

coincided with spring bloom of the phytoplankton in the Sandsfjord-system. At the same time, outside 

the Sandsfjord, and in the Jøsenfjord, water stability was clearly weaker than the inside area. These 

areas had no sign of spring blooms. The difference between the presence and absence of the ‘visual’ 

blooms may be a result of differences in the stability (stratification) of the water column. The water 

masses in the Jøsenfjorden were mixed so deep that the microalgae did not get enough light to bloom, 

whereas mixing in the Sandsfjorden were restricted to the upper, light-rich meters. During 

measurements on February 21st, maximum values (ca. 10-13 mg chl-a/m3) were found in the water 

layer with a depth of 4-6 meter, underneath the upper brackish water layer. This corresponds to depths 

and concentrations of highest measured concentrations in the Sogndalsfjord. 

All changes in phytoplankton phenology due to hydroelectric power production may be crucial for fjord 

ecosystems. Phytoplankton blooms can be described as ecological hot spots. The timing and location 

of their bloom may determine life cycles and migration patterns of higher trophic zooplanktonic 

grazers and fish larvae. Changes in bloom phenology may be significant for higher trophic levels 

(Thomalla et al. 2015). 

The maximum chlorophyll-a concentrations of the blooms varied with approximately a factor of 2.5 

(peak concentrations of 16 µg/l measured at Skjernes in 2007 and a peak concentration of 6 µg/l 

measured in the Sogndalsfjord in 2016). It is speculated that this may be the related to the depth of 

the annual winter vertical convection. In this case, one possible effect from hydroelectric power 

production (HPP) could be that primary production is reduced in regulated fjords (fjords with an outlet 

of HPP) because of shallower winter vertical mixing. 
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6. Conclusions 
 Frequency of collecting data (measurements) is key to valid research. This research showed 

that with monthly measurements, the peak in chlorophyll-a concentrations was missed; 

 The BSD threshold method is a fair method to roughly indicate the start of the bloom for 

comparison over several years. The absence of a consistent yearly dataset makes calculated 

BSD indicative; 

 The Sogndalsfjord showed a weak stratification of the water column at the time of the bloom. 

This indicates that the phytoplankton in the Sogndalsfjord are not reliant on a strongly 

stratified water column to bloom; 

 Changing sun irradiance on the fjords’s surface due to the changing stance of the sun may be 

the most critical factor in strong increase in phytoplankton abundance; 

 The start of the bloom in the Sogndalsfjord  in 2016 started on February 17th in the top most 

two meters of the water column; 

 The bloom gradually deepens over time, with highest measured concentrations of 

approximately 8 µg/l found at a depth of 5-10 meters on March 9th in 2016;  

 The general trend of the measured chlorophyll-a time series for all 4 different stations in the 

Sogndalsfjord are very similar with respect to concentrations and development over time. Two 

peaks in concentrations were found for all four different stations; 

 The depth of the second bloom may be the effect of sinking phytoplankton cells due to 

increased carbohydrates production which is caused by insufficient ambient nutrients. Cells 

sink to areas with sufficient nutrients and bloom again; 

 Yearly measurements (2007, 2013/2014 and 2016) showed that the peak in concentrations 

are found in the same period of time (March 4-18), thus approximately two weeks, but peak 

concentrations may vary with a factor of approximately two from one year to another; 

 The lack of fjord hydrography data prior to the hydroelectric power production, which started 

in Sogn region in the 1980s, makes a profound discussion of possible effects for the 

Sogndalsfjord difficult. However, all changes in phytoplankton phenology due to hydroelectric 

power production may be crucial for fjord ecosystems. Shallower winter mixing induced by 

hydroelectric power production may provide these HPP-fjords with less nutrients. Changes in 

bloom phenology may be significant for higher trophic levels. 
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