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SUMMARY 

Phytoplankton are the principal primary producer in the oceans and coastal waters and are 

essential for producing available organic matter for the following trophic levels of the food 

chain. On a global scale, the production is high in the temperate waters of northern Europe 

due to efficient nutrient input and recycling.  

However, when the nutrient inputs are too high, as they have been in Oslofjorden for the last 

century, it has resulted in extreme phytoplankton blooms, like the extensive Emiliania blooms 

that have happened more or less regularly during the previous century. The production of 

biological material has, together with the release of other organic material from sewage and 

rivers, exceeded the removal capacity of the bottom communities, resulting in permanent or 

seasonal hypoxia. The bathymetry of the inner Oslofjorden is a constraint to efficient deep-

water renewal and the fjord is therefore especially vulnerable. However, in preindustrial 

times, the bottom communities had a good environmental status.  

The environmental status of the pelagic waters of inner Oslofjorden has improved 

significantly during the last 50 years. With the implementation of sewage cleaning 

technology, the ecological condition of the upper water column has improved. A long time 

series of phytoplankton data with related environmental data was compiled in this project and 

made it possible to study the long-term effects of the increase and subsequently the reduction 

in nutrient supply. We found that phytoplankton abundances increased with eutrophication 

during the first part of the time series. Then a decrease in phytoplankton abundance followed 

the decline in nutrient releases. Despite the changes in nutrient input, the phytoplankton 

community's phenology and composition have remained rather constant over the last century. 

However, the blooms' levels and timing have changed, especially the spring blooms. 

Skeletonema is one of the key taxa in explaining the changes, and increased SST during 

winter and spring may be one important driver for this change. In the outer Oslofjorden, we 

find a similar reduction in the spring bloom amplitude, despite minor changes in the levels of 

nutrients. With global warming, it is predicted by IPCC that the net primary productivity of 

phytoplankton will “very likely” decline by 2081–2100, relative to 2006–2015 due to 

increased temperature and stratification, changes in light and nutrient availability, and 

increased predation. 

We hope the compilation of this long-term dataset on phytoplankton and environmental 

factors will facilitate more research in the future. We have found a correlation between 

increased temperature and changes in blooming patterns but have not yet succeeded in fully 

understood the mechanisms that control these changes. Further, we want to study the 

implication of stratification and possibly changes in the composition of phytoplankton species 

during the spring bloom. We should also connect to more data and expertise in zooplankton 

and fish to understand these changes' implications for the food web. The results should 

ultimately be used in the management of the marine environment.  
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INTRODUCTION 

The term “plankton” embraces all organisms living wholly or partly in sea or freshwater that 

drift with the currents and do not have considerable horizontal motility, ranging from viruses 

to large jellyfish. “Phytoplankton” generally includes the photosynthetic, mostly single-celled 

microorganisms in this group (Reynolds, 2006a). Approximately half of all the organic 

production in the world comes from the ocean (Field et al., 1998). Phytoplankton are the 

principal primary producer in the oceans and coastal waters and produce organic matter 

available for the following trophic levels of the food chain (Chassot et al., 2010). 

Phytoplankton growth is primarily controlled by solar light and nutrient availability (bottom-

up control). The abundance and structure of the phytoplankton community is controlled by the 

balance between production and the loss processes such as grazing (top-down control) and 

sinking (Behrenfeld 2014) (Figure 1). Phytoplankton has an essential ecological function as a 

primary producer that directly and indirectly fuels food webs. Additionally, it can 

significantly impact water quality by affecting turbidity and dissolved oxygen concentration, 

and sinking cells can contribute to oxygen deficiency on the seafloor (Los and Wijsman, 

2007). Therefore, changes in phytoplankton abundance, distribution and biodiversity will 

impact the functions that they play in the natural ecosystem and the human environment. 

 

Figure 1: Cycling of marine phytoplankton. Phytoplankton growth is primarily controlled by solar light and 

nutrient availability (top-down processes) and by predation and degradation by bacteria or viruses (bottom-up 

processes). Nutrients and freshwater are released from rivers and population (sewage). Phytoplankton are the 

principal primary producer in the oceans and serves as prey for zooplankton, fish larvae and other 

heterotrophic organisms. They also provide dissolved organic carbon (DOC) to the water. Ultimately they will 

slowly sink to the seafloor. (Käse and Geuer, 2018) 
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Marine phytoplankton distribution and seasonality 

Global distribution 

Globally, primary production is high in temperate zones. The presence of distinct seasons and 

upwelling cause mixing of water masses and short-term environmental variability in abiotic 

factors and nutrients  (Longhurst, 1995). More stable water masses and low nutrient supply 

over the oligotrophic subtropical gyres of the Pacific and Atlantic oceans results in low 

primary production here (Behrenfeld et al., 2005) (Figure 2). Turbulence, stratification, wind 

stress and high nutrient levels will support generalist species with broad niches and reduce 

richness in temperate zones. Such variability promotes phytoplankton blooms dominated by 

few species that outcompete and monopolise resources (Righetti et al., 2019). Therefore, fast-

growing opportunistic phytoplankton dominates the seasonal blooms at high latitudes (Barton 

et al., 2020). The more stable environments closer to the equator support high species 

richness, and there is an evident latitudinal decline in species richness towards the poles 

(Ibarbalz et al., 2019).  

 

Figure 2: Global distribution of chlorophyll a. Image courtesy SeaWiFS Project. 

https://earthobservatory.nasa.gov/images/4097/global-chlorophyll 

 

Although there are regional variations (McQuatters-Gollop et al., 2007), there is evidence of a 

global decrease in marine phytoplankton biomass of approximately 1% of the median per year 

over the past century. One study concluded that global phytoplankton production had declined 

in 8 out of 10 areas investigated, concurrent with an observed increase in sea surface 

temperature (SST). In only two areas, the southern Indian Ocean and the Southern Ocean, had 

phytoplankton biomass shifted from decreasing to increasing in more recent years (Boyce et 

al., 2010). In contrast, data from the Continuous Plankton Recorder (CPR) surveys showed an 

increase in chlorophyll concentrations (Phytoplankton Colour Index) in the highly productive 

northern Atlantic basins. Also, other long-term time series, including the Hawaii Ocean Time 

series (HOT8), the Bermuda Atlantic Time Series (BATS) and the California Cooperative 
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Oceanic Fisheries Investigations (CalCOFI), indicate increased phytoplankton biomass over 

the past 20–50 years (McQuatters-Gollop et al. 2011). 

However, IPCC’s climate models predict that net primary productivity will “very likely” 

decline by 2081–2100, relative to 2006–2015. This change will develop due to increased 

temperature and stratification, changes in light and nutrients availability and increased 

predation. However, there are regional variations between low and high latitudes. In the polar 

regions decreasing sea ice coverage is predicted to lead to increased primary production 

(IPCC, 2019).  

Seasonality 

Phytoplankton can respond rapidly to environmental changes (Lekve et al. 2006). Seasonal 

shifts in light and nutrient levels produce a typical pattern of the abundance of different 

groups in the phytoplankton community. In Norway and other temperate waters, the 

phytoplankton community is typically dominated by three major groups: the diatoms, the 

dinoflagellates, and the haptophytes (Simon et al., 2009). The density of phytoplankton is 

relatively low during winter when light intensity is low and water masses are unstable. 

Usually, spring bloom starts when the light influx increases in spring and water masses 

become more stable (Sverdrup 1953).  Diatoms, such as Skeletonema sp., Chaetoceros spp 

and Thalassiosira nordenskioeldii, often dominate the spring bloom (Kristiansen et al. 2001). 

When most nutrients are consumed, the water column becomes more stratified, and the 

phytoplankton are partly consumed by zooplankton in the water column and partly sink to the 

bottom. (Kristiansen et al. 2001). The biomass is usually low during the summer, but it is 

possible to have summer blooms after run-off episodes in fjord areas (Erga and Heimdal, 

1984). The autumn bloom occurs when increasing vertical mixing (convective cooling and 

winds) renews the nutrient supply in the euphotic zone before light availability becomes 

limiting (Findlay et al., 2006; Paasche and Ostergren, 1980). In the inner Oslofjorden, as in 

other Norwegian fjords, it is also common to have a second bloom in May or June when snow 

is melting in the highlands and nutrient-rich run-off from land reaches the coast (Paasche and 

Erga, 1988). 

 

Drivers of phytoplankton production 

On short timescales, weeks or months, access to light and nutrients (bottom-up control) drives 

primary production. However, tidal mixing, salinity, temperature, and grazing are also 

significant factors. Sinking and mixing processes are also essential drivers, while river 

discharge plays a considerable role in less saline areas (Blauw et al., 2018). 

Therefore, the abundance and structure of the phytoplankton community result from the 

balance between production, the loss by grazing (top-down control) and sinking rates 

(Behrenfeld, 2014). 

Nutrients 

Phytoplankton, like other algae, take up inorganic nutrients from the surrounding water. 

Decomposition of organic matter and the metabolism of animals or heterotrophic 
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microorganisms will regenerate used inorganic nutrients back to the sea (biochemical cycle). 

Four elements, P, N, Fe and Si are often present in limited supply and are therefore of crucial 

ecological importance.  

Natural phosphorous comes in small amounts from weathering of phosphatic minerals 

(Reynolds, 2006b), but many coastal environments receive anthropogenic phosphorus from 

sewage, farming and industry. Most bioavailable nitrogen in the Oslofjorden is in the form of 

dissolved inorganic nitrogen (DIN). Anthropogenic activities, especially agriculture, supply 

DIN to the environment (Staalstrøm et al., 2021) 

The human-induced supply of nutrients may function as a fertiliser and increase 

phytoplankton growth and division very quickly. The primary source of phosphorus in 

Oslofjord is human activities, with sewage as the significant contributor. In the outer 

Oslofjorden, agriculture is also a considerable contributor (Selvik and Høgåsen, 2018).  

Iron is a micronutrient, essential but required in minimal amounts and rarely problematic 

except in the large oceans (Reynolds, 2006b).  

Silica plays a regulatory role in plankton. It is not a conventional nutrient but is a vital skeletal 

requirement of diatoms. The amounts of silicon deposited in the cell wall vary both between 

species and with size (Reynolds, 2006b). Silica concentrations in Oslofjorden vary depending 

on the season (Paasche and Ostergren, 1980). 

Whether primary production by phytoplankton is limited by nitrogen (N) or phosphorus (P) is 

broadly framed in terms of the relative availabilities of N and P in the water compared to the 

stoichiometric need for average cell growth, named the Redfield ratio. The Redfield formula: 

106C: 16N:1P represents the average composition of a microalgae cell and defines the 

quantitative relations between the C, N and P biochemical cycles (Redfield, 1958). The 

Redfield N:P ratio of 16:1 is therefore often used as a benchmark for differentiating N-

limitation from P-limitation and is thought to set an upper limit on the nitrate: phosphate ratio 

in the ocean (Falkowski, 1997; Tyrrell, 1999). 

Although the inorganic N:P ratio in the deep sea is remarkably constant and close to 16:1, the 

plasticity and variability in phytoplankton have been shown many times. The critical N:P is 

more likely to be in 15-30 (Geider and La Roche, 2002). However, there are considerable 

variations between species and groups of phytoplankton. Diatoms have lower C:P and N:P 

ratios than other groups (Ho et al., 2003).   

Historically freshwater is considered P-limited (Schindler, 1977) while seawater is considered 

nitrogen-limited (Ryther and Dunstan, 1971). One critical difference between lakes and 

estuaries regards the importance of N fixation. Cyanobacteria’s ability for N-fixation is one 

mechanism that leads to P regulation of primary production and eutrophication in freshwater 

(Schindler, 1977). This N fixation response generally does not occur in estuaries with 

salinities >10 to 12, even when they are firmly N limited (Howarth, 1988).  

The resistance towards recognising nitrogen’s importance in estuarine waters has slowed the 

control of nitrogen pollution (Howarth and Marino, 2010). In the inner Oslofjorden nitrogen 

removal technology was implemented in the sewage treatment plants from 1997. In the outer 
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Oslofjorden, there sewage treatment plants still only remove phosphorous. Although there is a 

higher human population density around the inner parts of Oslofjorden compared to the outer 

parts, this practice leads to higher levels of nitrogen in the surface waters in the outer 

Oslofjorden compared to the inner parts (Staalstrøm et al., 2021). 

Light and temperature 

With light energy, pelagic primary producers reduce carbon dioxide to carbohydrate and 

oxygen through chlorophyll based photosynthesis (Reynolds, 2006b). It is, however, not a 

linear relationship between irradiance and primary production. Solar light fluxes vary 

significantly with the season in the southern part of Norway, from 6 hours daylight during 

mid-winter to 18 hours daylight in summer. A Skeletonema dominating bloom has occurred 

even in January in Oslofjorden (Dittami et al., 2013), showing enough light for photosynthesis 

during winter.  

Temperature controls the speed of physiological processes and thereby growth and division in 

phytoplankton. Different taxonomic groups will have different temperature optima. 

Skeletonema is an example of a fast-growing taxon and shows high temperature tolerance and 

plasticity to salinity and is very common throughout the world, particularly at low 

temperatures (Carstensen et al., 2015). Skeletonema is dominating the spring bloom in 

Oslofjorden (Paasche and Ostergren, 1980). Prorocentrum is more correlated to higher 

temperatures and is typically a summer-blooming taxon (Horner, 2002). 

Temperature also has an indirect effect on the pelagic environment by contributing to 

stratification. Stratification of the water column is a prerequisite for the first annual bloom. 

Increased stratification permits photosynthetic plankton to keep their vertical distribution in 

the photic zone. Higher winter temperatures may lead to earlier stratification and decrease the 

amount of nutrients available for growth (Winder and Sommer, 2012). 

An increase of nutrients in the water column will theoretically stimulate increased 

phytoplankton production. However, despite an increase in nutrients in Oslofjorden, there is a 

decrease in the levels of chlorophyll (Staalstrøm et al., 2021). Changes in light conditions will 

possibly reduce phytoplankton growth even under the right nutrient conditions (Frigstad et al. 

2020). 

 

Impact of eutrophication 

Eutrophication is a significant threat to coastal marine ecosystems worldwide (Cloern, 2001). 

Increased supply of nutrients to the ecosystem cause decreased surface water quality (Nixon, 

1995; Paasche and Erga, 1987), increased phytoplankton production, and increased risk of 

toxic algal blooms (Heisler et al., 2008). Sinking plankton biomass contribute to oxygen 

consumption, thereby lowering oxygen levels in the deeper basins (Cloern, 2001; Staalstrøm, 

2015), Figure 3. 

The limited water exchange in the Oslofjorden makes the deep basins vulnerable to pollution, 

especially nutrients and organic matter, which may lead to a high level of oxygen 

consumption in the deep-water (Staalstrøm 2015). Today, there are several basins in the fjord 
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where the oxygen levels are permanently low. Interestingly, paleoecological analyses have 

shown that the ecological conditions on the sea bottom in the inner Oslofjorden were good in 

pre-industrial times. Following the development of bottom-water oxygen deficiency, the 

environmental condition started to decline in the deeper, inner parts during the late 1800s. 

During the 1900s, the negative trend developed to shallower depths and broader parts of the 

fjord (Dolven et al., 2013). 

 

 

Figure 3: Conceptual diagram detailing the factors that determine the dissolved oxygen content of a fjord or 

bay. Diagram courtesy of the Integration and Application Network (ian.umces.edu), University of Maryland, 

Centre for Environmental Science. 

 

Impact of climatic changes/warmer climate 

Recent calculations by The Norwegian Meteorological Institute show that the meteorological 

spring starts about two weeks earlier in the Oslofjorden today compared to 20 years ago 

(Anon, 2021a). This means that terrestrial growth starts earlier and snow is melting earlier, 

followed by earlier spring floods in rivers and waterways (Anon, 2021a). These changes 

affect phytoplankton physiology. Simulation studies have shown increased phytoplankton 

metabolism with increasing temperature (Taucher and Oschlies, 2011). However, several 

studies show that rising temperature leads to lower phytoplankton biomass as increased 

stratification can limit access to nutrients and light (Winder and Sommer, 2012). Higher 

temperatures may also increase herbivore grazing activity and reduce the phytoplankton 

biomass (Borkman and Smayda, 2009). Increased stratification and freshening of the upper 

parts of the water column at higher latitudes such as the Oslofjorden is projected to be a very 

likely consequence of global warming (IPCC, 2019). This increased stratification may prevent 
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vertical mixing of water bodies and thereby access the phytoplankton to access nutrient 

sources from deeper waters (IPCC, 2019; Winder and Sommer, 2012). 

 

Chlorophyll a as indicators of environmental status 

Chlorophyll a is commonly used as a proxy for phytoplankton biomass and as an indicator for 

environmental status of water bodies. It is currently the only biological indicator of ecological 

status in marine pelagic waters of Norway implemented in the EU Water Framework 

Directive (WFD, 2000/60/EC). WFD sets out a requirement that water should be of “good” to 

“very good quality,” as measured by ecological measures of quality and rely on our ability to 

determine the definition of these (Borja et al., 2010). Norway adopted the WFD in 2000, and 

the Norwegian Environment Agency published the first national guidelines in 2013. 

Chlorophyll a is assumed to have an approximately linear relationship with the amount of 

carbon (C) produced (Devlin et al., 2007). There are very similar patterns between the 

seasonal curves for chlorophyll and phytoplankton biomass and abundance. Still, studies from 

temperate waters show seasonal variation in the C:Chla a values (Jakobsen and Markager, 

2016).  

There may be several reasons for this. Water analysis of chlorophyll a includes small cells 

and cyanobacteria, which cannot be identified and counted under a light microscope (Bratbak 

et al., 2011). Additionally, seasonal peaks in chlorophyll a may consist of different species 

with variable pigments throughout the year and the cellular chlorophyll a content may vary 

when irradiance fluctuates (high light adaptation) (Henriksen et al., 2002). Skeletonema cf. 

costatum can reduce the cellular content of chlorophyll a with 70% from low to high 

irradiance (Laviale and Neveux, 2011). However, several uncertainties also influence the 

calculation of cell volume and carbon content. It is based on microscopic analysis and 

depends on the quality of the sample age and fixative, equipment and operator (Jakobsen and 

Markager, 2016).  

 

Time-series 

The value of continuous monitoring and time-series analyses goes beyond understanding the 

long-term effects of the actual organism or area studied. Together with being the best tool to 

assess, model and predict the effect of anthropogenic or natural environmental changes, it can 

also function as a natural laboratory for research about ecological processes which reaches 

further than the local sampling area (Zingone et al., 2019). A prerequisite for this is that the 

sampling data is available as a quality assured open-access dataset, which will ensure 

reproducible analysis and possibilities for further analyses on the same dataset. 

In Norway there exists few long-term time series of phytoplankton data. Except for the inner 

and outer Oslofjorden and the Flødevigen station of the Institute for Marine Research (IMR), 

the coastal monitoring programmes (Økokyst) are developing time series for phytoplankton 

and environmental variables from many stations along the Norwegian coast. 
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In Europe the most well-known phytoplankton long time series are: 

• Station MaChiara (MC) – Gulf of Naples, Stazione Zoologica Anton Dohrn, Napoli, 

Italy (Ribera d ’Alcalà et al., 2004) 

• Station L4 – Plymouth, UK, Western Channel Observatory; NERC National 

Capability of the Plymouth Marine Laboratory and Marine Biological Association 

(Widdicombe et al., 2010). 

• The “Helgoland Roads”, Biologische Anstalt Helgoland (BAH) – Alfred Wegner 

Institute for Polar and Marine Research, Helgoland, Germany (Wiltshire et al., 2010). 

• SOMLIT-Astan – French national monitoring station off Roscoff run by 

CNRS/UMPC, North East English Channel, France (Guilloux et al., 2013). 
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Objectives 

The overall aim of this thesis was to study the long-term changes in the phytoplankton 

community in the Oslofjorden in relation to eutrophication and climatic changes.  

The first aim was to compile phytoplankton and environmental data from research- and 

monitoring projects conducted in inner Oslofjorden during the last century.  

Secondly, we wanted to use the data collected to understand how chlorophyll-a levels have 

changed over time and investigate the drivers of these changes. In particular, we wanted to 

determine how nutrient levels, together with temperature and salinity, control chlorophyll 

levels through the year (seasonality) and over the years. 

Thirdly, we addressed the following questions: 

- Has the seasonal pattern of phytoplankton taxonomic composition and abundance 

changed over time in the inner Oslofjorden? 

-  Have the phytoplankton taxa that dominate the blooms changed during the last 

century? 

- Has the occurrence of harmful algae changed over time? 

Finally, we wanted to compare the results from the inner to the outer part of Oslofjorden and 
address the consequences of climate change. Specifically, we wanted to investigate if the 

phytoplankton abundance during spring bloom has changed during the last 20 years and how 

this relates to abiotic factors such as nutrients, salinity and stratification. In addition, we 

wished to investigate if the increased riverine inputs of nutrients have led to coastal 

darkening, which could also potentially explain the decrease in phytoplankton.  
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METHODS 

The Oslofjorden study site 

The Oslofjorden is Norway’s most urban and densely populated coastline, with 1.6 million 

people (Anon, 2021b). Population growth and densification are expected, with consequences 

for discharges and surface water. The counties around the Oslofjorden have the country’s 

largest agricultural areas (average 17%, compared to the other counties’ average of 3.4%). In 

addition, the topography of southern Norway means that water from “the whole” of Eastern 

Norway drains into the Oslofjorden (Moland 2021). 

While the inner Oslofjorden is a small sill fjord (190 km2 size), the outer part is an open fjord 

of 2000 km2 (Baalsrud & Magnusson, 2002) but with several side fjords (Staalstrøm et al., 

2021). The two parts are connected through the Drøbaksundet, where the sill is as shallow as 

19.5 m. North of the Drøbak sill there are more sills that divide the fjord into several basins, 

such as Vestfjorden, Bærumsbassenget, Bekkelagsbassenget and Bunnefjorden. This 

bathymetry is a constraint to efficient deep-water renewal (Magnusson and Berge 2015b; 

Staalstrøm 2015) that take place in the inner part only on average every 3-5 years (Baalsrud & 

Magnusson, 2002). In the south, the Oslofjorden is connected to the Skagerrak Sea. There are 

also many basins in the outer fjord, but only the side fjords are vulnerable to the lack of deep-

water removal (Staalstrøm et al., 2021).  

The Inner Oslofjorden is a relatively sheltered area with calm weather, warm summers, and 

cold winters.  Typically, with southern winds in the summer and northerly winds during 

winter. Longer periods of northerly winds are favorable for water exchange since they pull the 

surface layer southwards and facilitate the influx of oxygen-rich Atlantic and saline water 

which flows northwards along the bottom and past the sills. Climatic changes seem to lead to 

weaker or shorter periods of these northerly winds, impacting the frequency of deep-water 

exchange (Thaulow and Faafeng 2014). 

Rivers, waterways and land run-offs are the key contributors of bioavailable phosphate in the 

fjord, but the contribution from sewage plants and especially overflow run-off is also 

significant. However, a major part of the total delivery of organic substances, which 

contributes to oxygen consumption below 20 meters, is released from the sewage plants 

(Vogelsang 2011). 

Four big rivers that drain eastern Norway (most densely populated part of Norway) are 

released in the Oslofjorden. Therefore, the outer Oslofjorden is under a continuous and strong 

anthropogenic influence (e.g. urbanisation and domestic sewage input) that compromise its 

use and water quality. Recent estimates show that these four rivers contribute to 74% of the 

total nutrient loads. These loads also enter the inner Oslofjorden and contribute to increasing 

nutrient levels in the Skagerrak (Staalstrøm et al., 2021).  

An increase in eutrophication and release of particles increase the problem of decreased 

oxygen quality in many deep basins. Together with continuous trawling that disturbs the 

habitats, these may be the reasons for the observed decrease in demersal fish populations in 

the Oslofjorden (Moland et al., 2021). At the same time, reductions of the seagrass beds and 

the kelp forest are also found together with higher abundance of introduced marine species 



15 
 

(Rinde et al., 2021). The management of the Oslofjorden is now a national concern, and a new 

management plan is in place (Anon, 2021b). 

 

 

Figure 4: Study area Oslofjorden. The dots represent the main sampling stations, where red is the inner 

Oslofjorden and green in the outer Oslofjorden. The greyscale bar depicts the depth in meters. 
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Phytoplankton data compilation 

Phytoplankton data from the Oslofjorden have not previously been available in one database. 
Therefore, during this project, we compiled data from a range of research- and monitoring 
projects conducted in the Oslofjorden from 1896 until 2020. Historical data from before 1994 
was found as handwritten or printed tables in reports and published sources and digitalised. 
Data from 1994 and onwards have been accessed digitally from the NIVA’s databases.  

After compilation, the data were checked for digitalisation errors, which could occur during 
manual digitalisation or just the compilation process. Duplicates and zero values were 
removed. As the microalgae taxonomy is in constant revision, we have used the original 
names in our database and matched them to accepted names in the open-access reference 
system; World Register of Marine Species (Worms) (WoRMS Editorial Board, 2021). We 
also cross checked the last updated nomenclature in Algaebase (Guiry and Guiry, 2021) to 
assign species to a valid class name. Before matching the species list, the original species 
names were cleaned from spelling mistakes, or just spelling mismatches like spaces, commas, 
etc.  

Time series analysis – General additive modelling (GAM) 

The overall question in this thesis is how the phytoplankton community have changed over 

the century. We want to study if the different variables such as phytoplankton biomass and 

abundance have changed and how this is controlled by nutrient, salinity and light. In 

temperate waters, there is a strong seasonal component. The data is collected throughout the 

year over many years and with different sampling frequencies. 

Time series analysis is a technique to derive a trend across time. There are multiple 

approaches to this and we have chosen General additive modelling (GAM) (Wood, 2017). 

This is a commonly used method for modelling long time series, especially when the seasonal 

component is strong. A Generalised Additive Model (GAM) does this by identifying and 

summing multiple functions that result in a non-linear trend line that best fits the data. 

• any trend or long-term change in the level of the time series, and 

• any seasonal or within-year variation, and 

• any variation or interaction in the trend and seasonal features of the data, 

The principle behind GAMs is similar to that of regression, which is a measure of the relation 

between the mean value of one variable (e.g., biomass of phytoplankton) and corresponding 

values of other variables (e.g., day of year and years). 

GAMs are non-parametric regression models, where the relations between the response 

variable and the explanatory variables are represented by smooth functions. This means that 

GAMs do not require predefined mathematical equations describing the presumed 

relationships because the general shape of these relationships is captured by the smooth 

functions. GAMs were fitted time series for total phytoplankton and the main phytoplankton 

groups. 

Except that instead of summing effects of individual predictors, GAMs are a sum of smooth 

functions. In smoothing, the data points of a signal are modified, so individual points higher 
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than the adjacent points (presumably because of noise) are reduced, and points that are lower 

than the adjacent points are increased, leading to a smoother signal.  

Smooth functions allow us to model more complex patterns, and they can be averaged to 

obtain smoothed curves that are more generalisable. 

We considered three models with different levels of complexity. The predictor variables were 

the day of the year (D) and year (Y). Model M1 included average seasonal patterns with the 

assumption of no trends between years. Model M2 included trends between years but had the 

assumption of no changes in seasonal patterns over the years. Model M3 included seasonal 

and interannual trends and allowed for possible changes in seasonal patterns over the year. 

Comparison of the three models (M1-M3) by finding the model with lowest AIC and GCV 

showed us which model had the best performance. From this we could find out if i.e., overall 

biomass or chlorophyll a levels are dominated by seasonal or annual changes or a 

combination of both. Overall, we found that the most complex model, M3 performed best for 

all variables, which implies that both overall levels and the seasonal pattern have changed 

over time.  
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RESULTS  

There are a few long-term time series of phytoplankton data in Norway (from Flødevigen by 

IMR, the monitoring of inner and outer Oslofjorden and from the Økokyst programmes), but 

they are not publicly available. Therefore, to conduct the analysis for this project, we have 

compiled a large dataset: “Phytoplankton sampling in the inner part of Oslofjorden” (PAPER 

I). The dataset is a comprehensive data collection comprising quantitative phytoplankton cell 

counts and biovolumes with associated metadata, and additional abiotic hydrographical and 

water chemistry data. The database consists of 605 sampling events resulting in 23,647 

phytoplankton taxon records (Figure 5). The primary data source for the collection is the 

monitoring programme for inner Oslofjorden conducted with varying annual frequencies from 

1973 until today, mainly by the Norwegian Institute for water research (NIVA). The database 

is supplemented with data from various research projects from 1896 to 1965, conducted by 

researchers from the University of Oslo (UiO). The database can be downloaded from 

https://doi.org/10.15468/gugesq, and further information about the dataset is described in 

PAPER I. 

 

Figure 5: Number of phytoplankton sampling events per year registered in the Oslofjorden phytoplankton 

database (PAPER I). 

 

As the population of Oslo grew, more and more sewage entered the fjord. In the 1960s, the 

first sewage cleaning plant was put into operation. In 1973 the programme for monitoring the 

marine environment of the inner Oslofjorden started. In PAPER II, we studied the response of 

the phytoplankton production to nutrient inputs from 1973 to 2019.  

The analysis results in this paper show how levels of chlorophyll a have decreased 

significantly since 1980 (
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Figure 6). This decrease correlates with a decrease in nitrogen and phosphorus.  

For the first 25 years of the time series (1973-1998), phosphorous (P) loads in surface waters 

decreased as P-reduction technology was gradually introduced (

Figure 6). However, after 2000, P loads in surface waters began to increase again. Nitrogen 

(N) loads have gradually decreased during the whole study period. N-removal technology was 

introduced to the sewage treatment plants between 1997 and 2000. Despite an increase in 

human population, the reduction of N loads in the upper water column has continued. Both 

decreased production of phytoplankton and increased water clarity were related to this. 

Seasonality of both N and P shows a clear dependency on chlorophyll (

Figure 6). Specifically, we found a positive correlation between chlorophyll a and P during 

spring and chlorophyll a and N during autumn. This correlation indicates that P significantly 

limits growth during the spring bloom and N limits growth during summer and autumn. Since 

the increase in P levels from the 2000s seems not to have led to increased chlorophyll levels, 

we suggest that nitrogen may have become more limiting earlier in the season in later years. 

Although phosphorus levels are rising again, chlorophyll a levels are still low. We therefore 

suggest that this is because nitrogen is limiting the growth. If nitrogen increases again, the 

chlorophyll a level may also begin to rise.  
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Figure 6: Yearly changes in chlorophyll a, phosphorus and nitrogen from 1973 to 2017 at DK1 (Steilene) in the 

inner Oslofjorden. The tick marks on the x-axes in panels a and b and the dots in panel c show the locations of 

the data. White areas in panel c are due to a lack of data (PAPER II). 

 

In PAPER III, we have used the data on phytoplankton biomass and abundance to further 

study the changes in the seasonal pattern of phytoplankton taxonomic composition and 

abundance during the last century. 

Comparison of three GAM models (M1-M3) for 2006−2020 showed that the most complex 

model, which included seasonal and interannual trends, performed best for all taxonomic groups. 

This result indicates that both overall biomass levels and the seasonal pattern in biomass have 

changed since 2006. Predictions derived from this model is shown in Figure 7. The analyses 

show a general reduction in phytoplankton abundance based on cell counts since the 1970s, 

especially for the diatoms (Figure 7). The analysis also showed that there had been a change 

in seasonality towards later spring and autumn blooms, especially since 2013. Our results 

suggest that this change is mainly driven by diatoms.  
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Figure 7: Seasonal and yearly changes in phytoplankton biomass or abundance at station S1 in the inner 

Oslofjorden. Left panel:  Seasonal patterns in biomass for the period 2006-2020 estimated by model M3. Solid 

line is the smoothed curve fitted by the GAM-model Eq. 5 and the light-coloured areas represent the 95% 

confidence bands. Middle panel: Combined seasonal and interannual patterns for biomass in the period 1994-

2020. Right panel: abundance for the period 1933 to 2020. Values are shown with lighter colours for higher 

levels. Dots in middle and right panels show the locations of the data. White areas in middle and right panels 

are due to lack of data (PAPER III). 
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The results indicate a reduction in abundance of key genera of diatoms such as Skeletonema 

and Chaetoceros, common during the spring bloom. However, Pseudo-nitzschia, common 

during late spring and early summer, does not show the same decrease.  

Further analysis of the drivers of these changes shows a positive interannual correlation 

between phosphorus and the biomass of all phytoplankton groups are positive both during 

spring and autumn, which corresponds to the positive correlation found between chlorophyll a 

and phosphorus in Paper II. The positive correlation between nitrogen and chlorophyll a 

corresponds to the positive correlation between nitrogen and dinoflagellates (Figure 8).  

There is a correlation between high salinity, low temperature, and high diatom biomass during 

the first three months (Jan-Mar) of the year (Figure 9). The correlation turns to positive 

between diatoms and sea surface temperature (SST) during April and May, implying that high 

SST is associated with a delayed diatom spring bloom. 
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Figure 8:Seasonally varying coefficient model showing the seasonal specific correlation between phytoplankton 

groups and nutrient estimated by model M4. a-c are the intercepts of each modelled group. d-j show the 

estimated ln-scale change in biomass for one-ln-unit increases in, respectively, phosphorus (P) (d-f), nitrogen 

(N) (g-i) and silicate (Si) (j) compared to the long-term averages of ln(P), ln(N) and ln(Si) or a given time of 

year. The stippled lines show the location of zero, corresponding to no correlation between biomass and P, N or 

Si.  
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Figure 9: Seasonally varying coefficient model showing the seasonal specific correlation between phytoplankton 

groups and salinity estimated by model M4. a-c) The intercepts of each modelled group. d-i) Estimated ln-scale 

change in biomass for one-ln-unit increases in, respectively, salinity (S) (d-f), and sea surface temperature 

(SST) (g-i) compared to the long-term averages of ln(S), and SST or a given time of year. The stippled lines show 

the location of zero, corresponding to no correlation between biomass and S and SST.  
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In PAPER IV we analysed five stations in outer Oslofjorden to further investigate how 

potential climate-induced changes can impact the phytoplankton community. The five stations 

are situated from north to south along a salinity gradient, but an initial analysis showed that 

the phytoplankton phenology is comparable. The analysis showed that on average Secchi disc 

depth has increased, but the chlorophyll a levels have remained stable throughout the last 20 

years. 

When analysing the changes in seasonality over the years it was clear that the spring bloom 

had decreased, and the autumn bloom increased. The decrease in chlorophyll is followed by a 

decline in diatom abundance and is evident for most dominating diatom taxa apart from 

Pseudo-nitzshia. During the same period, there has been an increase in the abundance of 

dinoflagellates. 

We found indications of decreased salinity and significant increased SST in the surface waters 

for the period 2000-2020.  

We found a significant negative correlation between winter temperatures and diatom 

abundance when investigating the correlation between nutrients, temperature, salinity, and the 

different phytoplankton groups. This result indicates that high winter/spring temp gives lower 

diatom abundance and low winter, and spring temperatures gives higher abundances.  

There is also a clear positive correlation between high salinity and high abundances of 

diatoms, indicating that low salinity and increased stratification leads to lower diatom 

abundances.  

At one station, OF2, we also have records of zooplankton from the period 2007-2020. The 

seasonal and yearly patterns of zooplankton show that there has been a decrease in the 

zooplankton fraction larger than 1000 µm but an increase in the smaller zooplankton (180-

1000 µm) (Figure 10). The smaller size groups are more abundant during spring, while in the 

summer and autumn, the larger ones have higher total biomass (Figure 10). The increase in 

smaller zooplankton occurs during summer, while there are indications of higher winter 

biomass since 2013 for the total biomass of zooplankton (Figure 11). 
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Figure 10: Seasonal and yearly biomass of zooplankton from 2013 to 2020 estimated by model M2 in the outer 

Oslofjorden. Trend pattern is shown with 95 % confidence bands in grey. 

 

 

Figure 11: Seasonal and yearly changes in abundance of calanoides, for the period 2013-2020, estimated by 

model M3 in the outer Oslofjorden. The solid line is the smoothed curve fitted by the GAM-model, and the light-

coloured areas represent the 95% confidence bands.  
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DISCUSSION  

The ecological situation in the Oslofjorden is under severe threat. Kelp forests and seagrass 

meadows are declining, and fish and seabird populations are critically low (Anon, 2021b). 

Phytoplankton has an essential function in the marine ecosystem, and changes in 

phytoplankton abundance, distribution, and biodiversity impact the whole ecosystem. With 

gathering this long-term dataset from the Oslofjorden, we have developed a database that 

makes it possible to explore time changes in a eutrophic coastal area. The extent of the dataset 

also made it possible to study some of the main drivers of these changes. 

Seasonal distribution of phytoplankton in Oslofjorden 

There is a strong seasonal pattern in the phytoplankton blooms in the Oslofjorden, typical for 

high latitudes (Cloern and Jassby, 2010; Longhurst, 1995). During winter, the cooling of 

surface waters cause unstable water masses, and northern winds mix up nutrient-rich deep 

waters. Then, in early spring, the water column stratifies due to solar heating and freshwater 

inputs. The first annual bloom is set off when light availability becomes sufficient for 

photosynthesis. The stratification keeps phytoplankton in the well-lit upper water masses and 

enhances phytoplankton growth rate (Moschonas et al., 2017). In Oslofjorden, the first spring 

bloom typically starts in March/April. Then there is often an early summer bloom in June, and 

an autumn bloom in September (PAPER II). This pattern is similar in both the inner and outer 

Oslofjorden (PAPER IV) and on the Swedish west coast (Skjevik et al., 2011). The timing of 

phytoplankton blooms has been relatively constant throughout the century (Braarud and 

Nygaard 1967).  

The spring bloom typically starts with diatoms, followed by dinoflagellates and other micro-

eukaryotes. All available registrations from 1897 to 2020 show a similar distribution of 

blooming groups throughout the year. However, both overall abundance and biomass and the 

phytoplankton phenology have changed over the study period (1933-2020) (PAPER III). 

Impact of changes in eutrophication 

Oslofjorden can be sectioned into two parts: the inner more semi-enclosed area and the outer 

more open sea. However, they are connected through the Drøbak strait and under the same 

pressure from utilisation and urbanisation (Moland et al., 2021). There are historical 

differences both in the nutrient loads and in management practices. Nitrogen removal was 

implemented in sewage plants the inner Oslofjorden from 1997 and 2000, but not in the outer 

parts. Today, there is a net influx of nitrogen rich water from the outer fjord to the inner parts 

during summer (Staalstrøm et al., 2021). We have found that nitrogen is limiting growth of 

phytoplankton to a greater degree in the inner (PAPER II and PAPER III) compared to the 

outer Oslofjorden (PAPER IV). This implies that the nitrogen reducing measures 

implemented in the inner Oslofjorden have limited phytoplankton production (PAPER III). 

The inner part of Oslofjorden has undergone extreme changes in nutrient supplies during the 

last century: from the beginning of sewage release in the surface layers to modern and 

extensive sewage cleaning. For a semi-enclosed fjord, like the inner Oslofjorden, 

eutrophication effects on the phytoplankton community were evident as early as the beginning 

of 1900s (Braarud and Bursa, 1939; Hjort and Gran, 1900). Already in the 1930s, a very high 
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abundance of phytoplankton was found, especially during summer. The coccolithophore 

Emiliania huxleyi often dominated summer plankton (Braarud, 1969). Extensive E. huxleyi 

blooms were common in inner Oslofjorden with numbers as high as 12 million cells L-1 

(Birkenes and Braarud, 1952). As a result of the decrease in nutrient supply, the abundance of 

E. huxleyi has continuously declined in the last 30 years. Since 2007, there have not been any 

records of E. huxleyi blooms above 5 million cells L-1 in the inner Oslofjorden (PAPER III). 

The chlorophyll levels, phytoplankton biomass, and abundance in inner Oslofjorden 

decreased tenfold in the period 1973-1990 (PAPER II, PAPER III). Concurrently, the amount 

of nutrients in surface water has also declined. Phosphorus levels decreased rapidly from 1980 

until around 1998 but have since increased again. Even if the amount of nutrients cannot be 

linearly correlated to a reduction in primary production (Lenhart et al., 1997), the reduced 

nutrient loads are likely to impact the significant chlorophyll a decrease. Our results indicate 

that phosphorus controls the spring bloom amplitude and the reduced phosphorus 

concentration contributed to the decline in chlorophyll from the 1980s to the 1990s. However, 

the increase in phosphorus since the 2000s seems not to have led to increased chlorophyll 

levels, possibly because of limitation from the low nitrogen (PAPER II).  

Further we analysed how these changes have impacted the phytoplankton community. The 

analysis reveals that diatoms are a key group in driving this change and shows how the 

reduction in diatoms corresponds to decreasing levels of nutrients. However, dinoflagellates 

do not have the same reduction as diatoms in the Oslofjorden (PAPER III). Dinoflagellates 

have advantageous strategies over diatoms to utilise phosphorus in phosphorus limited 

environments (Martínez-Soto et al., 2015).  They also have the ability of mixotrophy and have 

low requirements of silicate. Due to their capability of vertical migration, they may also 

exploit nutrients from deeper water. These strategies may be why dinoflagellates do not have 

the same reduction in biomass as diatoms during spring, but a rather small decrease during 

summer and early autumn. In PAPER I we found clear indications that phytoplankton 

biomass was nitrogen-limited during summer and autumn. We suggested that the continuous 

reduction in nitrogen was the main controlling factor of the decreasing chlorophyll trend. 

Further analysis indicates that dinoflagellates are most affected by nitrogen limitation during 

summer and autumn (PAPER III). Due to the implementation of nitrogen cleaning measures, 

there has been a continuous decrease in the supply of nitrogen in inner Oslofjorden, which is 

often found to control coastal eutrophication (Howarth and Marino, 2010). Interestingly, in 

the outer Oslofjorden where nitrogen removal is not implemented in the sewage treatment, the 

dinoflagellate abundance has increased since 1990, while the diatoms have decreased, similar 

to inner Oslofjorden (PAPER IV). 

Impact of a warmer climate 

Changes in nutrient loads can explain the overall changes in phytoplankton biomass and 

abundance found in Oslofjorden. However, there are also indications of changes that cannot 

be fully explained by eutrophication.  

Our analysis shows that the onset of the first spring bloom started progressively later during 

the last 15 years. From 2006 to 2020 the analysis has shown that a delayed start to the spring 

bloom co-occurred with increasing SST in winter and spring. The study showed how the 
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positive association between high SST and delayed spring bloom was linked to diatoms. 

Similar correlations between high SST and decreasing phytoplankton biomass have been 

found in experimental studies (Sommer and Lengfellner, 2008) and between high winter 

temperatures and delayed spring bloom (Borkman and Smayda, 2009). In addition, reduced 

phosphorus levels in winter and spring may have contributed to earlier termination of the 

spring bloom, as supported by the interannual correlation analysis that suggested that diatoms 

can be limited by phosphorus during the spring bloom. This correlation corresponds to the 

reduction in chlorophyll a levels in inner Oslofjorden proposed to be due to phosphate 

limitation (PAPER II). Therefore, the reduced diatom growth in early March may be caused 

by a combined effect of increased SST during winter and phosphate limited growth of 

diatoms during early spring.  There is a rise in silicate levels, primarily during spring, 

probably caused by reduced utilisation from diatoms (PAPER III).   

All available registrations from 1897 to 2020 show a spring bloom dominated by diatoms and 

dinoflagellates in March. The reduction in biomass for diatoms since 2006, corresponds to 

decreasing levels of nutrients. However, dinoflagellates do not have the same reduction as 

diatoms in the inner Oslofjorden. In the outer Oslofjorden, there is an increase in the 

abundance of dinoflagellates during spring (PAPER IV). We argue above how dinoflagellates 

have advantages above other microalgae due to different  strategies to utilise nutrients. But a 

shift towards a more dinoflagellate dominated spring bloom can also be linked to warmer 

winters, especially in coastal areas (Klais et al., 2011). 

An increase in Secchi-depth has followed the decrease in phytoplankton abundance and 

biomass. As the high biomass of phytoplankton is a major cause of reduced water clarity, this 

relationship is expected. However, the trends in Secchi-depth do not strictly follow the trends 

in chlorophyll (PAPER II). We have suggested that a possible explanation is increased 

outflow of dissolved organic matter run-off from rivers, which has increased, especially in the 

eastern part of Norway during the period from 1986 to 2013 (Finstad et al., 2016) and led to 

the darkening of coastal water (Aksnes et al., 2009). However, in the outer Oslofjorden, there 

is an apparent increase in Secchi-depth, which was not expected (PAPER IV).  

Skeletonema is the major driver of the delay in spring bloom in our study. The first annual 

peak in Skeletonema has weakened and been moved towards the peak in Chaetoceros. The 

first seasonal peak in Chaetoceros has been at the same time through the 15 years of in-depth 

studies. All dominating diatom taxa have decreased in abundance since 1990, but only 

Skeletonema have had a significant decrease in biomass in the last 15 years. 

A long-term declining trend in Skeletonema abundance is found in other areas where nutrient 

levels are decreasing, e.g. Narragansett Bay (Borkman and Smayda, 2009). The authors found 

the strongest correlation between this reduction and an increase in water temperature and 

grazers, with significant correlations with reductions in phosphorus and silicate. The short-

term analysis of zooplankton biomass from one station in outer Oslofjorden show indications 

of higher abundances during winter and early spring, but the results are not conclusive 

(PAPER IV). 
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FUTURE PERSPECTIVES  

During this study, we have compiled an extensive dataset comprising phytoplankton counts, 

chlorophyll and environmental variables in the inner Oslofjorden. Many of these data have 

not previously been publicly available. We have shown that this dataset can be used to 

analyse and understand the changes in the pelagic environment in a eutrophic environment. 

This work has given us some answers, but also new questions. We hope the compilation will 

facilitate more research to be conducted. We have found a correlation between increased 

temperature and changes in blooming patterns but have not yet succeeded in fully understood 

the mechanisms that control these changes. Further, we want to study the implication of 

stratification and possibly changes in the composition of phytoplankton species during the 

spring bloom. We should also connect to more data and expertise in zooplankton and fish to 

understand these changes' implications for the food web. 

We also wanted to use the results for management purposes, but this work is still in progress.  

  



31 
 

REFERENCES 

 

Anon, 2021a. Våren kjem stadig tidlegare. Meteorologisk institutt [WWW Document]. URL 
https://www.met.no/nyhetsarkiv/varen-kjem-stadig-tidlegare 

Anon, 2021b. Helhetlig tiltaksplan for en ren og rik Oslofjord med et aktivt friluftsliv. 

Behrenfeld, M.J., Boss, E., Siegel, D.A., Shea, D.M., 2005. Carbon-based ocean productivity 
and phytoplankton physiology from space. Global Biogeochem. Cycles 19, 1–14. 
https://doi.org/10.1029/2004GB002299 

Birkenes, E., Braarud, T., 1952. Phytoplankton in the Oslo Fjord during a “Coccolithus 
huxleyi-summer.” Avh. (Det Nor. videnskaps-akademi i Oslo  trykt utg.). 2, 23. 

Borkman, D.G., Smayda, T., 2009. Multidecadal (1959-1997) changes in Skeletonema 
abundance and seasonal bloom patterns in Narragansett Bay, Rhode Island, USA. J. Sea 
Res. 61, 84–94. https://doi.org/10.1016/j.seares.2008.10.004 

Boyce, D.G., Lewis, M.R., Worm, B., 2010. Global phytoplankton decline over the past 
century. Nature 466, 591–596. https://doi.org/10.1038/nature09268 

Braarud, T., 1969. Pollution effect upon the phytoplankton of the Oslofjord. Int. Counsil 
Explor. Sea 1–20. 

Braarud, T., Bursa, A., 1939. The Phytoplankton of the Oslo Fjord 1933-1934. Hvalrådets 
Skr. 19, 6–63. 

Bratbak, G., Jacquet, S., Larsen, A., Pettersson, L.H., Sazhin, A.F., Thyrhaug, R., 2011. The 
plankton community in Norwegian coastal waters-abundance, composition, spatial 
distribution and diel variation. Cont. Shelf Res. 31, 1500–1514. 
https://doi.org/10.1016/j.csr.2011.06.014 

Carstensen, J., Klais, R., Cloern, J.E., 2015. Phytoplankton blooms in estuarine and coastal 
waters: Seasonal patterns and key species. Estuar. Coast. Shelf Sci. 162, 98–109. 
https://doi.org/10.1016/j.ecss.2015.05.005 

Chassot, E., Bonhommeau, S., Dulvy, N.K., Mélin, F., Watson, R., Gascuel, D., Le Pape, O., 
2010. Global marine primary production constrains fisheries catches. Ecol. Lett. 13, 
495–505. https://doi.org/10.1111/j.1461-0248.2010.01443.x 

Cloern, J.E., 2001. Our evolving conceptual model of the coastal eutrophication problem. 
Mar. Ecol. Prog. Ser. 210, 223–253. 

Cloern, J.E., Jassby, A.D., 2010. Patterns and scales of phytoplankton variability in estuarine-
coastal ecosystems. Estuaries and Coasts 33, 230–241. https://doi.org/10.1007/s12237-
009-9195-3 

Devlin, M., Best, M., Coates, D., Bresnan, E., O’Boyle, S., Park, R., Silke, J., Cusack, C., 
Skeats, J., 2007. Establishing boundary classes for the classification of UK marine 
waters using phytoplankton communities. Mar. Pollut. Bull. 55, 91–103. 
https://doi.org/10.1016/j.marpolbul.2006.09.018 

Dittami, S.M., Hostyeva, V., Egge, E.S., Kegel, J.U., Eikrem, W., Edvardsen, B., 2013. 
Seasonal dynamics of harmful algae in outer Oslofjorden monitored by microarray, 
qPCR, and microscopy. Environ. Sci. Pollut. Res. 20, 6719–6732. 
https://doi.org/10.1007/s11356-012-1392-0 



32 
 

Falkowski, P.G., 1997. Evolution of the nitrogen cycle and its influence on the biological 
sequestration of CO2 in the ocean. Nature 387, 272–275. 
https://doi.org/10.1038/387272a0 

Field, C.B.F., Behrenfeld, M.J., Randerson, J.T., Falkowski, P., 1998. Primary Production of 
the Biosphere: Integrating Terrestrial and Oceanic Components. Science (80-. ). 281, 
237–240. https://doi.org/10.1126/science.281.5374.237 

Geider, R.J., La Roche, J., 2002. Redfield revisited: Variability of C:N:P in marine 
microalgae and its biochemical basis. Eur. J. Phycol. 37, 1–17. 
https://doi.org/10.1017/S0967026201003456 

Guiry, M.D., Guiry, G.M., 2021. AlgaeBase. World-wide electronic publication, National 
University of Ireland, Galway. https://www.algaebase.org; searched on 09 June 2021. 
[WWW Document]. 

Heisler, J., Glibert, P.M., Burkholder, J.M., Anderson, D.M., Cochlan, W., Dennison, W.C., 
Dortch, Q., Gobler, C.J., Heil, C.A., Humphries, E., Lewitus, A., Magnien, R., Marshall, 
H.G., Sellner, K., Stockwell, D.A., Stoecker, D.K., Suddleson, M., 2008. Eutrophication 
and harmful algal blooms: A scientific consensus. Harmful Algae 8, 3–13. 
https://doi.org/10.1016/j.hal.2008.08.006 

Henriksen, P., Riemann, B., Kaas, H., Sørensen, H.M., Sørensen, H.L., 2002. Effects of 
nutrient-limitation and irradiance on marine phytoplankton pigments. J. Plankton Res. 
24, 835–858. https://doi.org/10.1093/plankt/24.9.835 

Hjort, J., Gran, H.H., 1900. Hydrographic-Biological Investigations of The Skagerrak and the 
Christiania Fiord. Rep. Nor. Fish. Mar. I, 1–107. 

Ho, T.Y., Quigg, A., Finkel, Z. V., Milligan, A.J., Wyman, K., Falkowski, P.G., Morel, 
F.M.M., 2003. The elemental composition of some marine phytoplankton. J. Phycol. 39, 
1145–1159. https://doi.org/10.1111/j.0022-3646.2003.03-090.x 

Horner, R.A., 2002. A Taxonomic Guide To Some Common Phytoplankton. Biopress 
Limited, Dorset Press, Dorchester, UK. 

Howarth, R.W., 1988. Nutrient limitation of net primary produc- tion in marine ecosystems. 
Annu. Rev. Ecol. Evol. Syst. 19, 89–110. 

Howarth, R.W., Marino, R., 2010. Nitrogen as the limiting nutrient for eutrophication in 
coastal marine ecosystems: Evolving views over three decades. Limnol. Oceanogr. 51, 
364–376. https://doi.org/10.4319/lo.2006.51.1_part_2.0364 

Ibarbalz, F.M., Henry, N., Brandão, M.C., Martini, S., Busseni, G., Byrne, H., Coelho, L.P., 
Endo, H., Gasol, J.M., Gregory, A.C., Mahé, F., Rigonato, J., Royo-Llonch, M., Salazar, 
G., Sanz-Sáez, I., Scalco, E., Soviadan, D., Zayed, A.A., Zingone, A., Labadie, K., 
Ferland, J., Marec, C., Kandels, S., Picheral, M., Dimier, C., Poulain, J., Pisarev, S., 
Carmichael, M., Pesant, S., Acinas, S.G., Babin, M., Bork, P., Boss, E., Bowler, C., 
Cochrane, G., de Vargas, C., Follows, M., Gorsky, G., Grimsley, N., Guidi, L., 
Hingamp, P., Iudicone, D., Jaillon, O., Karp-Boss, L., Karsenti, E., Not, F., Ogata, H., 
Poulton, N., Raes, J., Sardet, C., Speich, S., Stemmann, L., Sullivan, M.B., Sunagawa, 
S., Wincker, P., Pelletier, E., Bopp, L., Lombard, F., Zinger, L., 2019. Global Trends in 
Marine Plankton Diversity across Kingdoms of Life. Cell 179, 1084-1097.e21. 
https://doi.org/10.1016/j.cell.2019.10.008 

IPCC, 2019. A Special Report on the Ocean and Cryosphere in a Changing Climate, 



33 
 

Intergovernmental Panel on Climate Change. 

Jakobsen, H.H., Markager, S., 2016. Carbon-to-chlorophyll ratio for phytoplankton in 
temperate coastal waters: Seasonal patterns and relationship to nutrients. Limnol. 
Oceanogr. 61, 1853–1868. https://doi.org/10.1002/lno.10338 

Käse, L., Geuer, J.K., 2018. Phytoplankton responses to marine climate change, in: In 
Jungblut S., Liebich V., Bode M. (Eds) YOUMARES 8–Oceans Across Boundaries: 
Learning from Each Other, Pages 55–72, Springer. Doi:10.1007/978-3-319-93284-2_5., 
CC BY 4.0, Https://Commons.Wikimedia.Org/w/Index.Php?Curid=88053138. 

Klais, R., Tamminen, T., Kremp, A., Spilling, K., Olli, K., 2011. Decadal-Scale Changes of 
Dinoflagellates and Diatoms in the Anomalous Baltic Sea Spring Bloom. PLoS One 6, 
e21567. https://doi.org/10.1371/journal.pone.0021567 

Laviale, M., Neveux, J., 2011. Relationships between pigment ratios and growth irradiance in 
11 marine phytoplankton species. Mar. Ecol. Prog. Ser. 425, 63–77. 
https://doi.org/10.3354/meps09013 

Lenhart, H.J., Radach, G., Ruardij, P., 1997. The effects of river input on the ecosystem 
dynamics in the continental coastal zone of the North Sea using ERSEM. J. Sea Res. 38, 
249–274. https://doi.org/10.1016/S1385-1101(97)00049-X 

Longhurst, A., 1995. Seasonal cycles of pelagic production and consumtion. Prog. Oceanogr. 
36, 77–167. https://doi.org/10.1016/0079-6611(95)00015-1 

Los, F.J., Wijsman, J.W.M., 2007. Application of a validated primary production model 
(BLOOM) as a screening tool for marine, coastal and transitional waters. J. Mar. Syst. 
64, 201–215. https://doi.org/10.1016/j.jmarsys.2006.03.009 

Martínez-Soto, M.C., Basterretxea, G., Garcés, E., Anglès, S., Jordi, A., Tovar-Sánchez, A., 
2015. Species-specific variation in the phosphorus nutritional sources by 
microphytoplankton in a Mediterranean estuary. Front. Mar. Sci. 2, 1–11. 
https://doi.org/10.3389/fmars.2015.00054 

McQuatters-Gollop, A., Raitsos, D.E., Edwards, M., Pradhan, Y., Mee, L.D., Lavender, S.J., 
Attrill, M.J., 2007. A long-term chlorophyll dataset reveals regime shift in North Sea 
phytoplankton biomass unconnected to nutrient levels. Limnol. Oceanogr. 52, 635–648. 
https://doi.org/10.4319/lo.2007.52.2.0635 

Moland, E., Synnes, A.-E., Naustvoll, L.-J., Brandt, C.F., Norderhaug, K.M., Thormar, J., 
Biuw, M., Jorde, P.E., Knutsen, H., Dahle, G., Jelmert, A., Bosgraaf, S., Olsen, E.M., 
Deininger, A., Haga, A., 2021. Krafttak for kysttorsken. 

Moschonas, G., Gowen, R.J., Paterson, R.F., Mitchell, E., Stewart, B.M., McNeill, S., Glibert, 
P.M., Davidson, K., 2017. Nitrogen dynamics and phytoplankton community structure: 
the role of organic nutrients. Biogeochemistry 134, 125–145. 
https://doi.org/10.1007/s10533-017-0351-8 

Nixon, S.W., 1995. Coastal and marine eutrophication: a definiton, social causes and future 
concerns. Ophelia 41, 199–219. 

Paasche, E., Erga, S.., 1987. Næringssalter og planktonvekst i Oslofjorden. Nor. Vann 2, 199–
206. 

Paasche, E., Ostergren, I., 1980. The annual cycle of plankton diatom growth and silica 
production in the inner Oslofjord, Norway. Limnol. Oceanogr. 25, 481–494. 



34 
 

https://doi.org/10.1016/0198-0254(80)96048-3 

Redfield, A.C.. S., 1958. The biological control of chemical factors in the environment. Am. 
Sci. 46, 205–221. 

Reynolds, C., 2006a. Ecology of Phytoplankton, The effects of brief mindfulness intervention 
on acute pain experience: An examination of individual difference. 
https://doi.org/10.1017/CBO9781107415324.004 

Reynolds, C., 2006b. The ecology of phytoplankton (Ecology, biodiversity and conservation). 
Cambridge University Press, Cambridge. 

Rinde, E., Bekkby, T., Kvile, K., Andersen, G.S., Brkljacic, M., Anglès, M., Christie, H., 
Fagerli, C.W., Fredriksen, S., Moy, S., Staalstrøm, A., Tveiten, L., 2021. Kartlegging av 
et utvalg marine naturtyper i Oslofjorden. 

Ryther, J.H.., Dunstan, W.M.., 1971. Nitrogen , Phosphorus , and Eutrophication in the 
Coastal Marine Environment. Science (80-. ). 171, 1008–1013. 

Schindler, D.W., 1977. Evolution of Phosphorous Limitation in Lakes. Sci. . 195, ص ;8 شماره 
99-260–262117. 

Selvik, J., Høgåsen, T., 2018. Kildefordelte tilførsler av nitrogen og fosfor til norske 
kystområder i 2017 - tabeller og figurer. 

Simon, N., Cras, A.L., Foulon, E., Lemée, R., 2009. Diversity and evolution of marine 
phytoplankton. Comptes Rendus - Biol. 332, 159–170. 
https://doi.org/10.1016/j.crvi.2008.09.009 

Skjevik, A.-T., Bäck, Ö., Edler, L., Hansson, L.J., Johansen, M., Karlson, B., 2011. 
Växtplankton från Västerhavet. 

Sommer, U., Lengfellner, K., 2008. Climate change and the timing, magnitude, and 
composition of the phytoplankton spring bloom. Glob. Chang. Biol. 14, 1199–1208. 
https://doi.org/10.1111/j.1365-2486.2008.01571.x 

Staalstrøm, A., 2015. Tidally-induced turbulent mixing in a sill fjord. University of Oslo. 

Staalstrøm, A., Walday, M., Vogelsang, C., Frigstad, H., Borgersen, G., Albretsen, J., 
Naustvoll, L., 2021. Utredning av behovet for å redusere tilførslene av nitrogen til Ytre 
Oslofjord. 

Taucher, J., Oschlies, A., 2011. Can we predict the direction of marine primary production 
change under global warming? Geophys. Res. Lett. 38. 
https://doi.org/10.1029/2010GL045934 

Tyrrell, T., 1999. The relative influences of nitrogen and phosphorus on oceanic primary 
production. Nature 400, 525–531. 

Winder, M., Sommer, U., 2012. Phytoplankton response to a changing climate. Hydrobiologia 
698, 5–16. https://doi.org/10.1007/s10750-012-1149-2 

Wood, S., 2017. Generalized additive models : An introduction with R (Second ed.). Portland: 
CRC Press. CRC Press, Portland. 

WoRMS Editorial Board, 2021. World Register of Marine Species [WWW Document]. 
https://doi.org/10.14284/170 

Zingone, A., D’Alelio, D., Mazzocchi, M.G., Montresor, M., Sarno, D., Balestra, C., 



35 
 

Cannavacciuolo, M., Casotti, R., Conversano, F., Di Capua, I., Iudicone, D., Margiotta, 
F., Passarelli, A., Percopo, I., Ribera d’Alcalà, M., Saggiomo, M., Saggiomo, V., 
Tramontano, F., Zazo, G., 2019. Time series and beyond: Multifaceted plankton research 
at a marine Mediterranean LTER site. Nat. Conserv. 34, 273–310. 
https://doi.org/10.3897/natureconservation.34.30789 

  



36 



II





Contents lists available at ScienceDirect 

Journal of Sea Research 

journal homepage: www.elsevier.com/locate/seares 

Long-term coastal monitoring data show nutrient-driven reduction in 

chlorophyll 

Elisabeth Lundsøra,b,⁎, Leif Christian Stigea, Kai Sørensenc, Bente Edvardsena 

a Department of Biosciences, University of Oslo, PO Box 1066 Blindern, 0316 Oslo, Norway 
b Norconsult AS, PO Box 626, 1303 Sandvika, Norway 
c Norwegian Institute for Water Research (NIVA), Gaustadalléen 21, 0349 Oslo, Norway  

A R T I C L E  I N F O   

Keywords: 

Time series analysis 

Ecosystem management 

Oslofjorden 

Eutrophication 

GAM 

Anthropogenic pressure 

A B S T R A C T   

In this study we have compiled a long-term monitoring dataset from the inner Oslofjorden and supplemented it 

with short-term research data from the same station. Using generalized additive models analysing the data from 

this time series, we have examined how chlorophyll-a, hydrography, and various nutrient concentrations have 

changed during 1973–2017 and how they correlate. We describe the seasonality in chlorophyll-a, nitrogen, 

phosphorus, Secchi-depth, temperature and salinity and how the levels of each variable have changed the last 

forty years. The results show specifically how levels of chlorophyll-a have decreased significantly and how this 

correlates with decrease in nitrogen and phosphorus levels. Our results show a significantly positive correlation 

between chlorophyll-a and phosphorus during spring bloom and between chlorophyll-a and nitrogen during 

autumn bloom. However, phosphorus levels have increased again during the last 20 years, but chlorophyll-a 

levels are still low, indicating that the chlorophyll-a level currently may be controlled by the continuous de-

creasing trend in nitrogen. If nitrogen increase again, the chlorophyll-a level may also begin to increase. The 

impact of increasing temperature and possible change in starting point for the growing season should be studied 

further.   

1. Introduction 

Eutrophication is a major threat to coastal marine ecosystems 

worldwide, and has been known as such for more than 50 years (Ryther 

and Dunstan, 1971). Increased supply of nutrients to the ecosystem 

causes increased phytoplankton production and can lead to reduced 

surface water quality (Nixon, 1995; Paasche and Erga, 1987). Sinking 

plankton biomass can further contribute to oxygen consumption and 

thereby lower oxygen levels in the deeper basins (Cloern, 2001;  

Staalstrøm, 2015). Eutrophication may also lead to an increased oc-

currence of toxic algal blooms (Heisler et al., 2008). 

Phytoplankton seasonality is primarily controlled by light, nutrient 

availability, and stratification. In temperate marine environments, 

phytoplankton phenology is dominated by two bloom events 

(Longhurst, 1995). During winter, when growth is limited by light and 

water masses are unstable, the density of phytoplankton is low. Spring 

bloom starts when increased daily irradiance and increased stratifica-

tion cause phytoplankton to grow rapidly in the upper mixed layer on 

nutrients supplied by prior turbulence and convective mixing of the 

upper water column (Erga and Heimdal, 1984; Kristiansen et al., 2001;  

Sverdrup, 1953). The spring bloom ends by combined effects of nutrient 

depletion, grazing, and sometimes viral control (Erga, 1989; Kristiansen 

et al., 2001; Larsen et al., 2004). In the inner Oslofjorden, as in other 

Norwegian fjords, it is also common to have a second bloom in May or 

June when snow is melting in the highlands and nutrient-rich melting 

water is reaching the coast (Paasche and Erga, 1988). The autumn 

bloom occurs when and if seasonally increasing vertical mixing (con-

vective cooling and winds) renews the nutrient supply in the euphotic 

zone before light availability becomes limiting (Findlay et al., 2006;  

Paasche and Ostergren, 1980). 

The water quality of the inner Oslofjorden is believed to have im-

proved significantly from the 1960s until today and the fjord, which 

was found polluted and unattractive by the general public until the 

1990s can be considered a summer paradise today with appealing 

beaches and swimming facilities close to the city centre (Baalsrud and 

Magnusson, 2002). The fjord is used both for transportation and re-

creation for a growing population, and it is the main recipient of was-

tewater for the city of Oslo, the capital of Norway. Records from as 
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early as the 1900s describe increased phytoplankton abundance at-

tributed to the supply of nutrients in the near city and the harbour areas 

(Braarud, 1969). The release of wastewater sewage into the fjord in-

creased dramatically after the introduction of water closets around 

1900, and the first sewage plant (Skarpsno) was built in 1911. This 

sewage plant provided only physical cleaning, but later Skarpsno was 

the first sewage treatment plant with chemical removal of nutrients 

(phosphorus), which was introduced in 1975 (Baalsrud and Magnusson, 

2002). From this time and onwards, more sewage plants were built, and 

gradually more of the wastewater was collected and treated. Nitrogen 

removal by biological treatment was established in the first plant 

(VEAS) in 1997, and the last one (Bekkelaget) in 2000 (Baalsrud and 

Magnusson, 2002). 

Eutrophication impact on the phytoplankton community in the 

Oslofjorden has been documented through surveys from the early 1900s 

(see Braarud, 1969). An extensive survey was carried out by the Uni-

versity of Oslo in 1933–34, which showed that the seasonal patterns of 

phytoplankton were very different in the inner and outer parts of the 

fjord and that this was caused by the nutrient loads (Braarud, 1945). An 

extensive study conducted in 1962–64 documented that the upper 

water column was heavily eutrofied, and nutrient supply from land- 

based activities was one of the main sources causing this problem 

(Munthe-Kaas, 1968). Therefore a monitoring program of the water 

quality in inner Oslofjorden started in 1973 and is still ongoing 

(Lundsør et al., 2018; Magnusson and Källkvist, 1974a). 

Maintaining a good environmental status is one of the major pre-

requisites for the ecosystem to be able to provide the necessary habitat 

for marine organisms (Dickey-Collas et al., 2017). Knowledge about the 

dynamics of the phytoplankton community and phenology is a pre-

requisite for the understanding of processes and drivers of changes in 

the marine ecosystem (Johannessen, 2014). Chlorophyll-a is commonly 

used as a proxy for phytoplankton biomass and as an indicator of en-

vironmental status. Chlorophyll-a levels above a specified threshold 

(area-specific) are an indication of reduced water quality. The EU Water 

Framework Directive (WFD, 2000/60/EC) has set a requirement that 

water should be of “good” to “very good quality,” as measured by 

various ecological parameters (Borja et al., 2010). Norway adopted the 

WFD in 2000, and the Norwegian Environment Agency published the 

first national guidelines in 2013. The evaluation of the ecological status 

of pelagic waters of the inner Oslofjorden in 2018 (Lundsør et al., 2018) 

states that chlorophyll-a levels qualify for “good to moderate” ecolo-

gical conditions by the WFD (Direktoratsgruppen vanndirektivet, 

2018). 

Increased knowledge about the causes of observed changes in 

chlorophyll-a is fundamental for the management of the Oslofjorden 

and other coastal waters under pressure. To determine if such changes 

are caused by anthropogenic pressures or by natural variability is, 

however, difficult in habitats with high variability in salinity, tem-

perature, and light (Elliott and Quintino, 2007), and require long-term 

observations of chlorophyll-a as well as potential drivers of the changes. 

Therefore we have used data from the monitoring program and pre-

vious research projects where chlorophyll-a, nutrients and hydrography 

data have been collected for 45 years. This time series provides a unique 

opportunity for studying and better understanding the effects of climate 

and eutrophication on changes in chlorophyll-a. 

This study aimed to understand how chlorophyll-a levels have 

changed over time and investigate the causes of these changes. In 

particular, we wanted to determine how nutrient levels, together with 

temperature and salinity, control chlorophyll levels through the year 

(seasonality) and over the years. To accomplish these goals, we used 

generalized additive models (GAM) and determined how the key en-

vironmental variables temperature, salinity, Secchi depth, and various 

nutrient concentrations have changed with the season and over the 

years. This knowledge is necessary to understand how anthropogenic 

impact contributes to eutrophication and changes in phytoplankton 

biomass, which is fundamental for knowledge-based long-term 

management of temperate fjord systems. 

2. Material and methods 

2.1. The study area 

The inner Oslofjorden is a sill fjord of 190 km2 size (Baalsrud and 

Magnusson, 2002). The connection to the more open outer Oslofjorden 

and Skagerrak is through the narrow sound of Drøbaksundet, where the 

sill is as shallow as 19.5 m. North of the Drøbak sill more sills divide the 

fjord into several basins, such as Vestfjorden, Bærumsbassenget, Bek-

kelagsbassenget, and Bunnefjorden. This bathymetry is a constraint to 

efficient deep-water renewal (Magnusson and Berge, 2015; Staalstrøm, 

2015) that takes place in the inner Bunnefjorden basin only on average 

every 3–5 years (Baalsrud and Magnusson, 2002). In Vestfjorden, the 

deep-water exchange takes place every year. 

Rivers and streams are the major sources of new bioavailable 

phosphate in the fjord, but the contribution from sewage treatment 

plants and overflow runoff is also significant (Vogelsang 2011). The 

limited deep-water exchange makes the fjord especially vulnerable to 

pollution, especially of nutrients and organic matter that may lead to 

high levels of oxygen consumption in the deep-water (Staalstrøm, 

2015). 

The Oslofjorden is a relatively sheltered area with calm weather. 

The prevailing winds are southerly or south-westerly in the summer and 

northerly during winter (Baalsrud and Magnusson, 2002). Long periods 

of northerly winds are favourable for water exchange since such winds 

pull the surface mixed layer southwards, thereby producing a water 

deficiency that facilitates the influx of oxygen-enriched, saline, and 

heavy Atlantic water northwards along the bottom and pass the sills. 

Climate changes seem to lead to weaker or shorter periods of these 

northerly winds that impact the frequency of deep-water exchange 

(Thaulow and Faafeng, 2014). 

2.2. Compilation of historical water quality data from the inner Oslofjorden 

The monitoring program of the inner Oslofjorden presently covers 

22 stations. The sampling station Dk1 is one of the two major stations 

that are visited on all surveys and with the longest time series of data 

collected. It is situated in Vestfjorden at N 59.8149 E 10.5694 (west of 

the islands “Steilene”) and is 100 m deep (Fig. 1). The compilation of 

historical data was conducted in collaboration between Norconsult, 

University of Oslo and Norwegian Institute for Water Research (NIVA). 

The data used in this study are the variables temperature, salinity, 

nutrients, Secchi depth, and chlorophyll-a from monthly surveys. Water 

sampling methods have been either by a hand-held water sampler, 

Niskin water bottles attached to a CTD-rosette lowered to the sampling 

depths or a 2 m plastic Ramberg sampler for an integrated 0–2 m 

sample (Lundsør et al., 2018; Magnusson and Källkvist, 1974a). 

Over time there have been different sampling regimes, and chlor-

ophyll-a has been sampled at different standard depths, ranging from 0, 

0–2, 4, and 5 m. We here used data from 0 m, which is the most 

common sampling depth in our material. 

2.3. Hydrography, nutrients, and chlorophyll-a 

Water samples have been collected from station Dk1 in the inner 

Oslofjorden by NIVA for “Fagrådet for vann- og avløpsteknisk sa-

marbeid i Indre Oslofjorden” (Fagrådet) for most years since 1973 and 

by Norconsult for the years 2015–2018 (see Fig. 2 for data overview). 

Most data used were already digitalized, but the remaining were 

compiled from written reports in this study. For the years 1980–1981, 

Svein Kristiansen provided data from a study by Paasche and 

Kristiansen (1982). 

Chlorophyll-a samples were analysed by a standard spectro-

photometric method (Dahl and Sørensen, 1981) from early 1980s using 
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a 90%-acetone extraction with homogenisation of the extract. This 

became later the Norwegian Standard NS 4766 (NS4766, 1983). Before 

1980s NIVA used mainly in vitro fluorometric methods, either a FM3 or 

a Turner filterfluorometer, which were calibrated with the 90%-acetone 

spectrophotometric method using algal cultures. From 1989 the 

NS4766 method was replaced with the spectrophotometric 100% me-

thanol extraction method following the Norwegian Standard NS4767 

(NS4767, 1983) (Kai Sørensen, pers.com.). We here analysed the data 

on ln-scale (logChl = ln[μg/L chlorophyll-a]) to homogenize the var-

iance. 

Water for analyses of nutrient and chlorophyll-a concentrations was 

collected together and mostly from the same sampling bottles, which 

means that time and place are the same. The water samples were 

analysed in the laboratory by NIVA (1973–2014) and ALS Scandinavia 

in Oslo (2015–2018). The methodology for the analysis of dissolved, 

inorganic, and organic concentrations of total nitrogen (N) and total 

phosphorus (P) used from 1973 to 1984 (P) and to 1993 (N) was photo- 

oxidation with ultraviolet radiation (Henriksen, 1970). The Norwegian 

standard spectrophotometric methods for determination were im-

plemented in 1984 for phosphorus and 1993 for nitrogen (NS 4725 and 

NS 4743). We here analysed data on ln-scale (logN = ln[μM total N], 

logP = ln[μM total P]), as we expected the response variable in the 

analysis, logChl, to be linearly related to logN and logP. 

Sea surface temperature (SST, °C) was measured with a reversing 

thermometer until CTD measurements were used from 1985. Sea 

Surface Salinity (S, practical salinity units, PSU) was measured from 

water samples with a laboratory salinometer (Magnusson and Källkvist, 

1974b) until 1985 when salinity was estimated from conductivity 

measured by CTD. We here analysed data on ln-scale (logS = ln[S]) to 

avoid undue large influence from a few low values. Secchi depth 

(Secchi, m) is measured by lowering a disk into the water and measuring 

what depth the plate becomes invisible, lowering further and hauling it 

up until it is visible again. The average depth of the two observations is 

measured by a standard white disk of approx. 30 cm in diameter. 

Measuring Secchi depth is a useful tool for checking vertical visibility in 

the water, and is used as a supplement to other variables in order to 

describe the water quality (Aas et al., 2014; Direktoratsgruppen vann-

direktivet, 2018). We here analysed data on ln-scale (logSecchi = ln[m]) 

as we expected a linear relationship between logSecchi and logChl. 

2.4. Statistical analyses 

2.4.1. Quantification of trends 

To quantify and describe the seasonal and interannual trends in 

chlorophyll-a, nutrient levels and hydrographical factors, a non-para-

metric regression analysis was performed. Generalized additive models 

(GAMs) were used as implemented in the mgcv-package version 1.8–26 

(Wood, 2017) in the statistical programming environment R version 

3.5.1 (R Core Team, 2017). 

Three models with different levels of complexity were considered 

for each response variable. The alternative response variables were 

logChlt, logSecchit, logNt, logPt, logSt, and SSTt (in Eqs. (1)–(3) referred to 

by the generic notation Xt). The subscript t refers to time. 

The predictor variables were day of the year (Dt) and year (Yt). 

Model M1 (Eq. (1)) shows average seasonal patterns with the assump-

tion of no trends between years: 

= + +X a f D( )t t t (1)  

Here, a is an intercept, f is a smooth function of D (a cyclic cubic 

spline, whose ends match to wrap the last day of the year to the first one 

in a seasonal cycle), and ε is an independent and normal distributed 

error term. Model M2 (Eq. (2)) includes trends between years but has 

the assumption of no changes in seasonal patterns over the years: 

= + + +X a f D g Y( ) ( )t t t t 2  

Here, a, f and ε have the same interpretation as in Eq. (1) but are 

estimated separately from that model, and g is a smooth function of Y (a 

thin plate regression spline, i.e., the default spline function in the mgcv 

package). Model M3 (Eq. (3)) includes seasonal and interannual trends 

and allows for possible changes in seasonal patterns over the years: 

= + +X a h D Y( , )t t t t (3) 

Here, h is a two-dimensional tensor product smooth function of D and Y 

(a tensor product of two basis functions: a cyclic cubic spline function of 

D and a thin plate regression spline function of Y). 

2.4.2. The relationship between chlorophyll-a and environmental variables 

In the second part of the analysis, we investigated how variation in 

nutrients and hydrographical variables could explain the variation in 

Fig. 1. Sampling station Dk1 (Steilene) in the inner Oslofjorden, Norway, a fjord of the Skagerrak.  
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Fig. 2. Hydrographical surface data from station Dk1, inner Oslofjorden, Norway, used in this study. Dark areas indicate winter season from October to March.  
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chlorophyll-a levels. Model M4 (Eq. (4)) shows the seasonal correlation 

between levels of chlorophyll-a (logChl), phosphorous (logP) and ni-

trogen (logN): 

= + + + +logChl b k D m D logPc n D logNc( ) ( )· ( )·t t t t t t t (4) 

Here, b is the intercept, k, m and n are smooth (cyclic cubic spline) 

functions of D, logPc is logP centred by subtracting the mean, and logNc 

is logN centred by subtracting the mean. The function k(Dt) gives the 

seasonal trend predicted for logPc = 0 and logNc = 0, that is, for mean 

values of logP and logN. The functions m(Dt) and n(Dt) give the season- 

dependent coefficients for, respectively, the effects of logPc and logNc 

on logChl. These two functions thereby show how the interannual cor-

relations between logChl and logP and between logChl and logN change 

through the season. 

Model M5 (Eq. (5)) shows associations between chlorophyll-a and 

nutrients as well as temperature and salinity: 

= + + +logChl c o logN logP p T logS( , ) ( , )t t t t t t (5) 

Here, c is the intercept, and o and p are two-dimensional smooth 

functions (tensor products of thin plate regression spline basis func-

tions). This analysis was restricted to the part of the year when nu-

trients could be limiting the growth (day 100–300, April to October), as 

indicated by positive correlations between nutrient levels and logChl 

according to the results of model M4. In addition to the full model (Eq.  

(5)), we considered reduced models with either of the two-dimensional 

smooth functions omitted or replaced by one-dimensional thin plate 

regression spline smooth functions, r(logNt), s(logPt), u(Tt) or v(logSt). 

2.4.3. Model comparison and diagnostics 

Alternative model formulations were compared based on the 

Akaike's Information Criterion (AIC) (Akaike, 1974), the generalized 

cross-validation score (GCV, Wood 2006), and the percentage of de-

viance explained (R2). The AIC measures the trade-off between good-

ness-of-fit and model parsimony and the GCV is a measure of leave-one- 

sample-out prediction error. Models with low AIC and low GCV were 

preferred over models with higher AIC and GCV. Only differences in 

AIC of more than 2 were considered statistically significant. To assess if 

residuals were approximately normally distributed and homoscedastic, 

we inspected quantile-quantile normal plots of the residuals and plots of 

residuals versus each covariate; to assess for temporal dependency, we 

plotted the autocorrelation function of the residuals. To assess if multi- 

collinearity among predictor variables led to serious variance inflation 

in models M4 and M5, we calculated the variance inflation factor (VIF). 

The VIF estimates how much higher the uncertainty of the parameter 

estimates is because of collinearity; high VIF (e.g., VIF > 5) indicates 

that predictor effects cannot be separated based on the data used 

(Sheather, 2009). For M4, we calculated the VIF for each month sepa-

rately, based on month-specific linear models that jointly are equivalent 

to M4: 

= + + +logChl b0 b1 logPc b2 logNc· ·t i i i t i i t i t i, , , , (6) 

Here, logChlt,i, logPct,i and logNct,i refer, respectively to mean values of 

logChl, logPc and logNc in year t and month i, b0i, b1i and b2i are re-

gression coefficients (corresponding to the smooth functions k, i and n 

in Eq. (4)), and εt,i is an error term. For M5 we calculated the VIF for a 

simplified model compared to Eq. (5) with linear and additive effects of 

logN, logP, T and logS. 

3. Results 

3.1. Overview of time series data 

The sampling frequency and number of variables studied have 

varied slightly over time, depending on the aim of the surveys. Type of 

variables and sampling frequency at DK1, inner Oslofjorden are given 

in Fig. 2. The number of sampling events has varied from 5 to 22 per 

year. 

3.2. Seasonality and long-term trends 

To determine seasonal and yearly changes in chlorophyll-a levels 

and the environmental variables, i.e., temperature, salinity, Secchi disk 

depth, and nutrient concentrations, we first analysed the data with day 

of year (D) and year as explanatory variables. 

Three alternative models were tested and compared (Table 1). The 

comparison shows that season alone (model M1) explains 16.5% of the 

variation in chlorophyll-a, 94% in SST (sea surface temperature), and 

between 24 and 58% of the variation in the other variables. When also 

including changes over the years (model M2), R2 increases for all 

variables and especially for chlorophyll-a, phosphorus, and nitrogen. At 

the same time, the GCV score is reduced, and AIC reduced with more 

than 2, which implies that there are significant changes between the 

years. However, for all variables except phosphorus, the model that also 

allows changes in seasonal patterns between years (model M3) is best 

fit to explain the variations. In comparison with the previous two, this 

model reduces GCV score and AIC with more than a factor 2. R2 in-

creases to between 33.5 and 95.4%. This shows that there are both 

changes between years and in seasonal patterns over the years. 

3.3. Chlorophyll-a long-term trends 

The seasonal and interannual trends in chlorophyll-a estimated from 

model M2 are shown on a logarithmic scale in Fig. 3a and b. The sea-

sonal trends represent the average seasonality from all years monitored 

from 1973 to 2017. The model indicated a seasonal cycle with a spring 

bloom in March/April, an early summer bloom in June and autumn 

bloom in September (Fig. 3a). Fig. 3b shows that chlorophyll levels 

increased in the 1970s to a peak around 1980, decreased during the 

1980s, and remained low from the 1990s to today. In the 1970s, the 

chlorophyll level was commonly around 20 μg/L during the spring 

bloom and often above 10 μg/L during summer months. Blooming le-

vels in the last years were mostly below 6 μg/L (Fig. 2a). The change 

over time was statistically significant, as evidenced by a reduction in 

AIC of more than 2 when comparing model M2 to model M1 (Table 1), 

as well as by the confidence bands of the year trend (Fig. 3b). 

The best model in terms of AIC and GCV was the one assuming that 

not only has the overall chlorophyll-a level varied over the years but 

also that the seasonal pattern varied (i.e., M3, Table 1). This model 

shows that the relative magnitudes of the spring bloom, summer low 

and autumn bloom have varied over time, and also suggests a tendency 

of later spring blooms in later years (Fig. 3c, with estimated seasonal 

patterns in selected years shown in the supplementary Fig. S1). 

3.4. Nutrients 

The nitrogen model indicated a seasonal cycle with a constant de-

crease in the amount of total nitrogen from January until the last days 

of August (Fig. 4a), which coincided with the autumn bloom (Fig. 3).  

Fig. 4b shows that there has been a declining trend in the nitrogen level 

since 1982, and that the levels have continued to decrease throughout 

the investigated period. The change over time was statistically sig-

nificant (Table 1, Fig. 4). 

Similar to chlorophyll-a and Secchi depth, the best model in terms 

of AIC and GCV was the one considering that not only has the overall 

amount of total nitrogen varied over the years but also that the seasonal 

patterns have varied (i.e., M3, Table 1). Specifically, it appeared that 

summer levels of total nitrogen started to decrease already in the 1970s 

while the winter levels first started to decrease in the 1990s (Fig. 4c, 

Fig. S2). 

The seasonal model for phosphorus (M1) indicated a seasonal cycle 

similar to nitrogen, with decreasing concentrations from the beginning 

of the year until September (Fig. 5a). However, for phosphorus, we see 
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that the steepest decrease was from winter to April (Day 100), which 

coincided with the spring bloom (Fig. 3). Fig. 5b shows that there was a 

decline in the phosphorus level from 1973 to 1998 but that it has in-

creased again after 2000. The change over time is statistically 

significant (Table 1, Fig. 5). 

As model M2 was the best in terms of AIC and GCV (Table 1), the 

results indicated that the seasonality of phosphorus levels has not 

changed to the same degree as for other variables presented here. 

Table 1 

Generalized Additive Model (GAM) results of the three different seasonal models tested for each response variable (Eqs. (1)–(3)). Model M1 (Eq. (1)) shows average 

seasonal patterns with the assumption of no changes between years. Model M2 (Eq. (2)) includes changes through years but has the assumption of no changes in 

seasonal patterns over the years (i.e., effects of season and year are additive at the scale of the predictor-variable). Model M3 (Eq. (3)) shows both seasonal and yearly 

variations, allowing for changes in seasonal patterns over the years. Model performance was measured by the Generalized cross-validation (GCV) score, Akaike's 

Information Criterion (AIC), and percentage of deviance explained (R2). All models are significant, with p  <  .01. The model with the lowest AIC and GCV is marked 

bold.            

Response Model M1 Model M2 Model M3 

AIC GCV R2 AIC GCV R2 AIC GCV R2  

Chlorophyll-a 1310 0.827 16.5% 1251.8 0.735 27.7% 1227.8 0.706 36.5% 

Secchi depth 802.1 0.168 24.2% 748.5 0.154 30.8% 740.1 0.152 33.5% 

Phosphorus 496.5 0.212 43.1% 412.8 0.170 55.8% 422.9 0.176 58.0% 

Nitrogen 190.8 0.099 32.1% 65.5 0.070 53.6% 61.5 0.069 55.7% 

Salinity −514.0 0.015 37.8% −533.0 0.014 43% −541 0.014 46.6% 

SST 2260.5 2.623 94.1% 2230.4 2.494 94.5% 2166.9 2.247 95.4% 
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Fig. 3. Seasonal and yearly changes in chlorophyll-a level from 1973 to 2017 at station DK1 in the inner Oslofjorden estimated by model M2 (a and b) and M3 (c). 

Seasonal (a) and interannual (b) patterns are shown with 95% confidence intervals in grey. Combined seasonal and interannual patterns (c) are shown with lighter 

colours for higher levels of chlorophyll-a. The tick marks on the x-axes in panels a and b and the dots in panel c show the locations of the data. White areas in panel c 

are due to lack of data. 
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Fig. 4. Seasonal and yearly changes in nitrogen from 1973 to 2017 at DK1 (Steilene) in the inner Oslofjorden estimated by model M2 (a and b) and M3 (c). Seasonal 

(a) and interannual (b) patterns are shown with 95% confidence intervals in grey. Combined seasonal and interannual patterns (c) are shown with lighter colours for 

higher levels of total nitrogen. The tick marks on the x-axes in panels a and b and the dots in panel c show the locations of the data. White areas in panel c are due to a 

lack of data. 
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Consistent with this finding, we found that the phosphorus levels de-

creased in all seasons until 1998, when the levels started to increase 

again. Note that while the proportional changes were similar in all 

seasons, the changes in terms of μM phosphorus were largest in winter 

(Fig. 5c, Fig. S3). 

3.5. Secchi depth 

The analysis of Secchi depth data showed a seasonal cycle with 

decreasing Secchi depth from winter until the beginning of May, when 

the Secchi depth tended to be at the shallowest (Fig. 6a). The shallow 

Secchi depth was found to continue throughout the growing season 

with a slight increase during summer and a small decrease again during 

autumn bloom. Fig. 6b shows that there has been a trend towards 

deeper Secchi depth, starting in 1980. The best model in terms of AIC 

and GCV was the one considering that not only has the overall Secchi 

depth level varied over the years but also that the seasonal pattern 

varied (i.e., M3, Table 1). This model showed that the period with low 

Secchi depth in summer generally became shorter during the 1980s and 

1990s, and also suggested a tendency of earlier increase in turbidity 

during the last ten years (Fig. 6c, Fig. S6. Comparison between yearly 

pattern of Secchi depth (Fig. 3b) and chlorophyll-a (Fig. 3b) showed 

that there was an inverse relationship between these two variables, 

with low values for Secchi depth and high chlorophyll-a levels during 

the 1970s and 1980s, but in later years, generally but not always, co-

inciding with high chlorophyll-a levels. 

3.6. Temperature and salinity 

Sea surface temperature and salinity showed opposite seasonality, 

with SST increasing and salinity decreasing from winter to summer 

(Figs. 7a and 8a). Fig. 7b shows that there has been an increase in SST 

from 1973 to 2017. This change over time was statistically significant 

(Table 1, Fig. 7b). For salinity, the change over the years was statisti-

cally significant (Table 1) but with no clear long-term trend (Fig. 8b). 

As for most of the other variables, the best models for SST and 

salinity were the ones considering changes over the years in seasonal 

patterns (i.e., M3, Table 1). These models suggested a tendency of more 

pronounced increase in winter than summer sea surface temperatures 

(Fig. 7c, Fig. S5), and variability between years in the timing of spring 

reduction and autumn increase in sea surface salinity (Fig. 8, Fig. S6). 
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Fig. 5. Seasonal and yearly changes in phosphorus from 1973 to 2017 at DK1 (Steilene) in the inner Oslofjorden estimated by model M2 (a and b) and M3 (c). 

Seasonal (a) and interannual (b) patterns are shown with 95% confidence intervals in grey. Combined seasonal and interannual patterns (c) are shown with lighter 

colours for higher levels of total phosphorus. The tick marks on the x-axes in panels a and b and the dots in panel c show the locations of the data. White areas in panel 

c are due to a lack of data. 
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Fig. 6. Seasonal and yearly changes in Secchi depth from 1973 to 2017 at DK1 (Steilene) in the inner Oslofjorden estimated by model M2 (a and b) and M3 (c). 

Seasonal (a) and interannual (b) patterns are shown with 95% confidence intervals in grey. Combined seasonal and interannual patterns (c) are shown with lighter 

colours for higher levels of Secchi depth. The tick marks on the x-axes in panels a and b and the dots in panel c show the locations of the data. White areas in panel c 

are due to lack of data. 
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3.7. Correlation between chlorophyll-a and nutrient levels 

The interannual correlation between the levels of chlorophyll-a and 

total phosphorus dependent on the day of year is shown in Fig. 9b. 

During the winter (October to February), there was a negative corre-

lation that was changing to a strong positive correlation in April–May, 

which was the time just after the spring bloom. A significantly positive 

correlation in May was also shown by a linear model using only data 

from this month (Table S1). From June through November the corre-

lation was close to zero. The total nitrogen levels showed a positive 

correlation with chlorophyll-a throughout the growth season 

(March–October) (Fig. 9c) and decreased slowly after that until the end 

of the growth period in October/November. The correlation between 

chlorophyll-a and total phosphorous was only significantly positive 

during the first blooming (spring bloom), while the positive correlation 

between chlorophyll-a and nitrogen was significantly different from 

zero from June to October. The magnitude of collinearity between the 

nutrient variables was checked by calculating the variance inflation 

factor (VIF). VIF was 2.15 for February and below 1.6 for all other 

months (Table S1), which is well below the cut-off value of 5 often used 

(Sheather, 2009). 

3.8. Which environmental variables best explain the changes in chlorophyll- 

a? 

The aim of the analysis using model M5 was to explore which en-

vironmental drivers were associated with the changes in chlorophyll-a 

over the years. The results showed that the full model, including total 

nitrogen, phosphorus, temperature as well as salinity as predictors of 

chlorophyll-a, was best in terms of GCV, AIC, and R2 (Table 2). The 

interaction effect of total nitrogen and phosphorus showed that both 

these nutrients contributed to explain variations in chlorophyll-a and 

suggested that low levels of either nutrient could lead to reduced 

chlorophyll-a (Fig. 10a). The highest chlorophyll-a levels (bloom) were 

observed when both nutrients were at high levels. The interaction effect 

of SST and salinity showed that chlorophyll-a levels were low in typical 

winter situations when temperatures were low, and salinity was high. 

The highest chlorophyll-a levels were observed at temperatures around 

10 °C and high salinities, which is typical for the spring situation when 

water is mixed and just starting to get stratified (Fig. 10b). The data 

available for this model are scarce, and it may be less robust than the 

previous models. VIF was below 2.6 for all variables (Table S2) which is 

below the cut-off of 5 and considered acceptable. 
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Fig. 7. Seasonal and yearly changes in sea surface temperature (SST) from 1973 to 2017 at DK1 (Steilene) in the inner Oslofjorden estimated by model M2 (a and b) 

and M3 (c). Seasonal (a) and interannual (b) patterns are shown with 95% confidence intervals in grey. Note the different y-axis scales. Combined seasonal and 

interannual patterns (c) are shown with lighter colours for higher temperature levels. The tick marks on the x-axes in panels a and b and the dots in panel c show the 

locations of the data. White areas in panel c are due to lack of data. 
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Fig. 8. Seasonal and yearly changes in sea surface salinity from 1973 to 2017 at DK1 (Steilene) in the inner Oslofjorden estimated by model M2 (a and b) and M3 (c). 

Seasonal (a) and interannual (b) patterns are shown with 95% confidence intervals in grey. Combined seasonal and interannual patterns (c) are shown with lighter 

colours for higher salinity levels. The tick marks on the x-axes in panels a and b and the dots in panel c show the locations of the data. White areas in panel c are due 

to lack of data. 
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3.9. Variability of predicted chlorophyll-a during five decades 

To further explore the relative roles of nutrients (N and P) and 

physical factors (temperature and salinity) in explaining the changes in 

chlorophyll-a, we compared the observed trends in chlorophyll-a with 

three sets of predictions from model M5: from the full model, from a 

reduced model formulation with only nutrients as predictors, and from 

a reduced model formulation with only physical factors as predictors 

(Fig. 11). We found that only model formulations that included nutrient 

variables (shown by red and green lines in Fig. 11) were able to explain 

the high chlorophyll-a levels in the 1970s and 1980s, and that physical 

factors alone could not explain this phenomenon. In contrast, a model 

with only temperature and salinity (blue lines in Fig. 11) showed si-

milar chlorophyll-a levels in the 1970s and 1980s as in later decades. 

The physical factors mainly contributed to explain the seasonal pattern 

in chlorophyll-a levels, for example the increase from April to May, 

which was not explainable through nutrients alone (i.e., the nutrients- 

only model, shown by green lines in Fig. 11, predicted constant 

chlorophyll-a during these months). 

4. Discussion 

Changing from a fjord that was found dirty and unattractive by the 

general public, the marine pelagic environment of the inner Oslofjorden 

is believed to have improved significantly during the last thirty years. 

Data from the monitoring program compiled as far back as 1973 made 

it possible to study the changes in chlorophyll during this transition 

period and the possible drivers for these changes. Our analyses revealed 

that chlorophyll-a levels have been significantly reduced during the 

period 1980 to 1990 and that this reduction is most likely due to a 

major reduction in the supply of total nitrogen and phosphorus. 
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Fig. 9. Seasonally varying coefficient model showing the seasonal specific correlation between chlorophyll-a and total phosphorus (panel b) and nitrogen (panel c) 

estimated by model M4. Panel a) is the intercept. Panels b and c show the estimated ln-scale change in chlorophyll-a for one-ln-unit increases in, respectively, 

phosphorus (P) and nitrogen (N) compared to the long-term averages of ln(P) and ln(N) for a given time of year. The stippled lines show the location of zero, 

corresponding to no correlation between chlorophyll-a and P or N. 

Table 2 

Generalized Additive Model (GAM) results for effects of nitrogen (logN), 

phosphorus (logP), temperature (T) and salinity (S) on chlorophyll-a (logChl). 

The table shows Generalized cross-validation (GCV) score, percentage of var-

iance explained (R2, %), and Akaike's Information Criterion (AIC) for the full as 

well as for reduced models (Eq. (5)). Only models with all terms statistically 

significant (p  <  .05) are shown. The best model is marked bold.      

Predictor functions GCV R2 AIC  

o(logNt, logPt) + p(Tt, St) 0.499 37.4% 300.9 

o(logNt, logPt) + u(Tt,) 0.510 32.0% 304.5 

o(logNt, logPt) 0.556 23.6% 316.8 

p(Tt, St) 0.644 14.5% 337.3 

r(logNt) + p(Tt, St) 0.513 32.6% 305.2 

s(logPt) + p(Tt, St) 0.571 26.5% 320.1 

Fig. 10. Combined effects of nutrients (a) and tem-

perature and salinity (b) for the levels of chlorophyll- 

a at DK1 (Steilene) in the inner Oslofjorden esti-

mated by model M5. The plots are from the model 

with the best AIC and GCV scores, with 37% of 

variance explained. Chlorophyll-a levels are shown 

with lighter colours for higher levels. White area is 

due to a lack of data. 
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4.1. Seasonality 

The analyses of seasonal trends showed a strong seasonality in all 

parameters, as expected at high latitudes (Cloern and Jassby, 2010;  

Longhurst, 1995). There is a distinct spring bloom in March/April, 

when light conditions become sufficient, and often an early summer 

bloom in June and an autumn bloom in September, which is a common 

pattern in this and nearby areas, like the outer Oslofjorden (Aure et al., 

2014; Paasche and Ostergren, 1980) and the Swedish Westcoast 

(Skjevik et al., 2011).The timing of the two latter blooms are however 

more variable than the first one. The main changes through the study 

period were found in the level of the blooms; while before 1990 the 

chlorophyll-a levels could reach 20 μg/L, it has only rarely exceeded 

10 μg/L thereafter. Our analyses also indicated that there has been a 

change towards a later onset of the growth season. This shift is possibly 

related to increased surface water temperatures (Fig. 7), however, in-

creased temperatures are expected to lead to an earlier onset of the 

spring bloom (Desmit et al., 2019), while we have seen a possible delay. 

A prerequisite for the onset of the spring bloom is stratification of the 

upper water column and our analyses shows a slight seasonal change in 

salinity, e.g. with the spring decline in salinity occurring later in the 

year after the 1980s (Fig. 8, Fig. S6)." Salinity generally contributes 

more than temperature to the stratification in Oslofjorden (Staalstrøm 

et al., 2012). A delay of the spring bloom could also be related to 

darkening of coastal waters because of increased amounts of organic 

matters in the freshwater discharge into the fjords (Opdal et al., 2019). 

It could also be caused by top-down control by zooplankton (Behrenfeld 

and Boss, 2014) that hypothetically survive in higher numbers during 

warm winters. 

Our analyses showed a stronger positive correlation of chlorophyll-a 

with phosphorus than with nitrogen in April–May when the chlor-

ophyll-a levels are decreasing after the spring bloom and nutrient levels 

are declining. This finding indicates that year to year trends in chlor-

ophyll-a levels at this time of year were best explained by the trends in 

phosphorus. The concentrations of nutrients (total nitrogen and total 

phosphorus) decrease through spring and summer to a minimum at the 

end of August. Our analysis further show a stronger positive correlation 

of chlorophyll-a with nitrogen than phosphorus in June to October, 

which suggests that year to year trends of the chlorophyll-a level at this 

time of year was best explained by the trends in nitrogen (Fig. 9). One 

Fig. 11. Predictions of chlorophyll-a obtained from model M5 for the five decades covered by the time series. Red colour shows model predictions from the full 

model, green colour from a model formulation with only nutrients as predictors, and blue colour from a model formulation with only physical factors as predictors. 

Black points represent observed data from the relevant decade. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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interpretation of these findings is that phosphorus limits phytoplankton 

growth during spring bloom while nitrogen is limiting late in summer. 

This was also found in in the western Dutch Wadden Sea (Ly et al., 

2014). However, a study from Oslofjorden in 1986 indicated that the 

summer period was especially phosphorus limited (Paasche and Erga, 

1988). Phytoplankton respond to a shortage of phosphate by producing 

the enzyme alkaline phosphatase, which hydrolyses organic phosphorus 

into phosphate used for phytoplankton growth. This ability to store 

organic phosphorus may make the phytoplankton more adaptive to low 

levels of phosphorus than nitrogen (Lin et al., 2016). 

Our analyses are based on total amounts of nitrogen and phosphorus 

due to limited data of dissolved inorganic nutrients in the long-term 

dataset. Total N and total P may have limitations in predicting nutrient 

limitation in autotrophic phytoplankton as they also include biologi-

cally unavailable fractions of the nutrients. However, it has been found 

to perform moderately well with the main shortcoming being high 

threshold levels (Ptacnik et al., 2010). We therefore conclude that the 

nutrient-chlorophyll associations found may be underestimated, but 

significant. 

4.2. Long term trends 

The chlorophyll-a levels in inner Oslofjorden decreased by around 

70% in the period 1980–1990 (i.e. -1 on the ln scale in Fig. 2), and 

fluctuated after that, but remained at low levels representing good 

ecological status. The effects of eutrophication on the phytoplankton 

community have been documented as far back as the early 1900s 

(Braarud, 1945; Braarud and Bursa, 1939; Hjort and Gran, 1900;  

Munthe-Kaas, 1967). Also, the extensive study conducted in 1962–64 

documented that the upper water column was heavily eutrofied, and 

nutrient supply from land-based activities was one of the main sources 

(Munthe-Kaas, 1968). Our analysis shows that as the levels of chlor-

ophyll-a decreased through the 1980s, the Secchi-depth increased. This 

is an expected relationship, as high biomass of phytoplankton is a major 

cause of reduced water clarity. However, the trends in Secchi-depth do 

not follow the trends in chlorophyll exactly. Possible explanations are 

increased outflow of dissolved organic matter runoff from rivers, which 

has been found to increase, especially in the eastern part of Norway 

during the period from 1986 to 2013 (Finstad et al., 2016) and led to 

darkening of coastal water (Aksnes et al., 2009). This change in tur-

bidity should be studied further in order to determine the impact on 

primary production and water quality. During the same time as chlor-

ophyll-a levels have decreased, the amount of nitrogen in surface water 

has also decreased steadily and still is. The levels of phosphorus de-

creased rapidly until around 1998,but have since then increased to the 

same levels as the beginning of the time series (1973). Model studies 

from the coastal zone of the North Sea indicate that nutrient loads 

cannot be linearly correlated to a reduction in primary production 

(Lenhart et al., 1997). However, it is likely that the reduction of nu-

trient loads has had an essential impact on the significant chlorophyll-a 

decrease during the study period. Our results further indicate that 

spring bloom amplitude is controlled by phosphorus. The reduced 

phosphorus concentration contributed to the decrease in chlorophyll-a 

from 1980s to 1990s. Interestingly, the increase in phosphorus since the 

2000s seems not to have led to increased chlorophyll levels, possibly 

because of limitation from the low nitrogen. This indicates that nitrogen 

may have become more limiting earlier in the season in later years. To 

determine whether changes in chlorophyll-a level and turbidity are 

caused by anthropogenic pressures or is natural variability can be 

especially tricky in temperate fjords with high variation in salinity and 

temperature (Borja et al., 2016; Elliott and Quintino, 2007). However, 

in the inner Oslofjorden, the results obtained in this investigation are, to 

a large extent, coherent with what is expected after a reduction in an-

thropogenic nutrient load. 

4.3. Management 

The story about the reduced eutrophication and improved water 

quality of the Oslofjorden is an excellent example of how management 

initiatives can work and repair some of the old mistakes. The decrease 

in chlorophyll-a levels are likely related to management measures and 

improved cleaning systems at the sewage treatment plants, especially 

the introduction of nitrogen removal by biological treatment. The 

monitoring program was initiated due to concern about the effects of 

eutrophication of the fjord, but it is now also essential to study the 

effects of de-eutrophication after cleaning and how other variables such 

as inorganic particles and dissolved organic matter may affect the pe-

lagic environment. The study station Dk1 in the inner Oslofjorden is not 

only one of the main stations of the monitoring program, but also a 

common sampling station included in many research projects in the 

inner Oslofjorden. Therefore, we managed to fill some of the gaps in the 

monitoring data with data from other research studies. Even though the 

main aim of a monitoring program may be the detection of a trend or 

the non-compliance with a water quality standard (de Jonge et al., 

2006), in a rapidly changing environment with new threats and con-

cerns, using monitoring data is essential not only to document the 

changes but to study how to improve and restore the environment 

(Cadée and Hegeman, 2002; de Jonge et al., 2006). 

The observed improvement in the quality of the surface water 

through the 1980s (Magnusson et al., 1989; Paasche and Erga, 1988) 

was assumed to be due to improved sewage cleaning, but based on data 

available at that time it was not possible to be sure. The observed 

changes could also be natural fluctuations. Our long-term analysis 

confirms these early assumptions to be true and shows the long-term 

significant decrease in chlorophyll-a and the close relationship with 

nutrient levels. However, we also see that after the significant decline, 

phosphorus has increased since around 1998. We have seen how the 

reduction in phosphorus has contributed to decrease in the chlorophyll- 

a levels of the spring bloom. As phosphorus levels are increasing again 

it should be raised as a concern for management. We expect that if the 

nitrogen levels are kept low, this will most likely keep the chlorophyll 

levels low too. Due to this situation nitrogen may currently be the 

critical factor in controlling chlorophyll-a phenology in the inner 

Oslofjorden. 

In this study, we have shown how the long-term monitoring dataset 

from the inner Oslofjorden can be used to understand how anthro-

pogenic pressures contribute to eutrophication and changes in phyto-

plankton biomass. The analysis here are, however, only indications of 

biomass changes, and it is also important to understand whether the 

phytoplankton community composition is changing and how this af-

fects marine biodiversity in the area. There is a growing concern about 

the local fish stocks in the fjord, as a decrease in the juvenile cod po-

pulation is evident from the long-term beach seine monitoring (Tore 

Johannessen pers. com.). In 2019 the Norwegian Directorate of 

Fisheries closed all fishing of cod (Gadus morhua) in the Oslofjorden 

(Ministry of Trade Industry and Fisheries, 2019). In a rapidly changing 

environment, with temperature increase, salinity changes, and water 

darkening, we need this understanding when redesigning monitoring 

programs to meet future needs and ensure knowledge-based manage-

ment. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 

interests or personal relationships that could have appeared to influ-

ence the work reported in this paper. 

Acknowledgement 

This work was funded by Fagrådet (for vann og avløpsteknisk 

E. Lundsør, et al.   



samarbeid i indre Oslofjord), the Research Council of Norway (RCN, 

grant no 262960/O30), and Norconsult. LCS thanks the RCN for sup-

port through RCN grant no. 280468. We are grateful to staff at NIVA, 

especially André Staalstrøm, Jan Magnusson and Guri Sogn Andersen 

for necessary help to get access to historic monitoring data. We also 

thank Eivind Aas (UiO) and Svein Kristiansen (UIT) for access to re-

search data. We are also thankful to collages at Norconsult AS and UiO, 

especially the crew on R/V Trygve Braarud for the collection of more 

recent data and samples. We also thank Pernille Bechmann for help on 

digitalizing data from printed reports and Torbjørn Kornstad and Jan 

David Heuschele for useful input in GAMs and figures. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https:// 

doi.org/10.1016/j.seares.2020.101925. 

References 

Aas, E., Høkedal, J., Sørensen, K., 2014. Secchi depth in the Oslofjord-Skagerrak area: 

theory, experiments and relationships to other quantities. Ocean Sci. 10, 177–199. 

https://doi.org/10.5194/os-10-177-2014. 

Akaike, H., 1974. A new look at the statistical model identification. IEEE Trans. Automat. 

Contr. 19, 716–723. 

Aksnes, D.L., Dupont, N., Staby, A., Fiksen, Ø., Kaartvedt, S., Aure, J., 2009. Coastal water 

darkening and implications for mesopelagic regime shifts in Norwegian fjords. Mar. 

Ecol. Prog. Ser. 387, 39–49. https://doi.org/10.3354/meps08120. 

Aure, J., Danielssen, D.S., Naustvoll, L.J., 2014. Miljøundersøkelser i norske fjorder: Ytre 

vOslofjord 1937–2011. 

Baalsrud, K., Magnusson, J., 2002. Indre Oslofjord; Natur og Miljø. Fagrådet for vann- og 

avløpsteknisk samarbeid i indre Oslofjord. 

Behrenfeld, M.J., Boss, E.S., 2014. Resurrecting the ecological underpinnings of ocean 

plankton blooms. Annu. Rev. Mar. Sci. 6, 167–194. https://doi.org/10.1146/ 

annurev-marine-052913-021325. 

Borja, Á., Elliott, M., Carstensen, J., Heiskanen, A.-S., van de Bund, W., 2010. Marine 

management – towards an integrated implementation of the European marine 

strategy framework and the water framework directives. Mar. Pollut. Bull. 60, 

2175–2186. https://doi.org/10.1016/j.marpolbul.2010.09.026. 

Borja, Á., Chust, G., Rodríguez, J.G., Bald, J., Belzunce-segarra, M.J., Franco, J., 

Garmendia, J.M., Larreta, J., Menchaca, I., Muxika, I., Solaun, O., Revilla, M., 

Uriarte, A., Valencia, V., Zorita, I., 2016. “The past is the future of the present”: 

learning from long-time series of marine monitoring. Sci. Total Environ. 566–567, 

698–711. https://doi.org/10.1016/j.scitotenv.2016.05.111. 

Braarud, T., 1945. A Phytoplankton Survey of the Polluted Waters of Inner Oslo Fjord. Det 

Norske Vitenskapsakademi i Oslo. 

Braarud, T., 1969. Pollution effect upon the phytoplankton of the Oslofjord. Int. Counsil 

Explor. Sea 1–20. 

Braarud, T., Bursa, A., 1939. The phytoplankton of the Oslo Fjord 1933-1934. Hvalrådets 

Skr. 19, 6–63. 

Cadée, G.C., Hegeman, J., 2002. Phytoplankton in the Marsdiep at the end of the 20th 

century; 30 years monitoring biomass, primary production, and Phaeocystis blooms. 

J. Sea Res. 48, 97–110. 

Cloern, J.E., 2001. Our evolving conceptual model of the coastal eutrophication problem. 

Mar. Ecol. Prog. Ser. 210, 223–253. 

Cloern, J.E., Jassby, A.D., 2010. Patterns and scales of phytoplankton variability in es-

tuarine-coastal ecosystems. Estuar. Coasts 33, 230–241. https://doi.org/10.1007/ 

s12237-009-9195-3. 

Dahl, I., Sørensen, K., 1981. Spektrofotometrisk bestemmelse av klorofyll a i acet-

onekstrakt. 

de Jonge, V.N., Elliott, M., Brauer, V.S., 2006. Marine monitoring: its shortcomings and 

mismatch with the EU water framework Directive's objectives. Mar. Pollut. Bull. 53, 

5–19. https://doi.org/10.1016/j.marpolbul.2005.11.026. 

Desmit, X., Nohe, A., Borges, A.V., Prins, T., De Cauwer, K., Lagring, R., Van der Zande, 

D., Sabbe, K., 2019. Changes in chlorophyll concentration and phenology in the 

North Sea in relation to de-eutrophication and sea surface warming. Limnol. 

Oceanogr. 1–20. https://doi.org/10.1002/lno.11351. 

Dickey-Collas, M., McQuatters-Gollop, A., Bresnan, E., Kraberg, A.C., Manderson, J.P., 

Nash, R.D.M., Otto, S.A., Sell, A.F., Tweddle, J.F., Trenkel, V.M., 2017. Pelagic ha-

bitat: exploring the concept of good environmental status. ICES J. Mar. Sci. 74, 

2333–2341. https://doi.org/10.1093/icesjms/fsx158. 

Direktoratsgruppen vanndirektivet, 2018. Veileder 2:2018 Klassifisering. 

Elliott, M., Quintino, V., 2007. The estuarine quality paradox, environmental homeostasis 

and the difficulty of detecting anthropogenic stress in naturally stressed areas. Mar. 

Pollut. Bull. 54, 640–645. https://doi.org/10.1016/j.marpolbul.2007.02.003. 

Erga, S.R., 1989. Ecological studies on the phytoplankton of Boknafjorden, western 

Norway. II. Environmental control of photosynthesis. J. Plankton Res. 11, 785–812. 

https://doi.org/10.1093/plankt/11.4.785. 

Erga, S.R., Heimdal, B.R., 1984. Ecological studies on the phytoplankton of Korsfjorden, 

western Norway. The dynamics of a spring bloom seen in relation to hydrographical 

conditions and light regime. J. Plankton Res. 6, 67–90. https://doi.org/10.1093/ 

plankt/6.1.67. 

Findlay, H.S., Yool, A., Nodale, M., Pitchford, J.W., 2006. Modelling of autumn plankton 

bloom dynamics. J. Plankton Res. 28, 209–220. https://doi.org/10.1093/plankt/ 

fbi114. 

Finstad, A.G., Andersen, T., Larsen, S., Tominaga, K., Blumentrath, S., De Wit, H.A., 

Tømmervik, H., Hessen, D.O., 2016. From greening to browning: catchment vege-

tation development and reduced S-deposition promote organic carbon load on dec-

adal time scales in Nordic lakes. Sci. Rep. 6, 1–8. https://doi.org/10.1038/ 

srep31944. 

Heisler, J., Glibert, P.M., Burkholder, J.M., Anderson, D.M., Cochlan, W., Dennison, W.C., 

Dortch, Q., Gobler, C.J., Heil, C.A., Humphries, E., Lewitus, A., Magnien, R., 

Marshall, H.G., Sellner, K., Stockwell, D.A., Stoecker, D.K., Suddleson, M., 2008. 

Eutrophication and harmful algal blooms: a scientific consensus. Harmful Algae 8, 

3–13. https://doi.org/10.1016/j.hal.2008.08.006. 

Henriksen, A., 1970. Determination of total nitrogen, phosphorus and iron in fresh water 

by photo-oxidation with ultraviolet radiation. Analyst 95, 601–608. https://doi.org/ 

10.1039/an9709500601. 

Hjort, J., Gran, H.H., 1900. Hydrographic-biological investigations of the Skagerrak and 

the Christiania fiord. Rep. Nor. Fish. Mar. I 1–107. 

Johannessen, T., 2014. From an Antagonistic to a Synergistic Predator Prey Perspective - 

Bifurcations in Marine Ecosystems, 1st ed. Academic Press. 

Kristiansen, S., Farbrot, T., Naustvoll, L.J., 2001. Spring bloom nutrient dynamics in the 

Oslofjord. Mar. Ecol. Prog. Ser. 219, 41–49. https://doi.org/10.3354/meps219041. 

Larsen, A., Flaten, A.F., Sandaa, R., Castberg, T., Thyrhaug, R., Erga, S.R., Jacquet, S., 

Bratbak, G., 2004. Spring phytoplankton bloom dynamics in Norwegian coastal 

waters : microbial community succession and diversity. Limnol. Oceanogr. 49, 

180–190. 

Lenhart, H.J., Radach, G., Ruardij, P., 1997. The effects of river input on the ecosystem 

dynamics in the continental coastal zone of the North Sea using ERSEM. J. Sea Res. 

38, 249–274. https://doi.org/10.1016/S1385-1101(97)00049-X. 

Lin, S., Litaker, R.W., Sunda, W.G., 2016. Phosphorus physiological ecology and mole-

cular mechanisms in marine phytoplankton. J. Phycol. 52, 10–36. https://doi.org/10. 

1111/jpy.12365. 

Longhurst, A., 1995. Seasonal cycles of pelagic production and consumtion. Prog. 

Oceanogr. 36, 77–167. https://doi.org/10.1016/0079-6611(95)00015-1. 

Lundsør, E., Dolven, J., Beckmann, P., Haugestøl, G.L., 2018. Overvåkning av indre 

Oslofjord 2017. 

Ly, J., Philippart, C.J.M., Kromkamp, J.C., 2014. Phosphorus limitation during a phyto-

plankton spring bloom in the western Dutch Wadden Sea. J. Sea Res. 88, 109–120. 

https://doi.org/10.1016/j.seares.2013.12.010. 

Magnusson, F.J., Berge, J.A., 2015. Overvåking av Indre Oslofjord i 2014. pp. 1–24. 

Magnusson, J., Källkvist, T., 1974a. Undersøkelse av de hydrografiske og biologiske 

forhold i indre Oslofjord. In: Overvåkningsprogram Årsrapport 1973. 

Magnusson, J., Källkvist, T., 1974b. UNDERSØKELSE AV DE HYDROGRAFISKE OG 

BIOLOGISKE FORHOLD I INDRE OSLOFJORD OVERVÅKINGSPROGRAM. 

ÅRSRAPPORT 1973. 

Magnusson, J., Moy, F., Bokn, T., Larsen, G., 1989. Overvåking av forurensningstilstanden 

i Indre Oslofjorden 1988. 

Ministry of Trade Industry and Fisheries, 2019. Vil bedre situasjonen for kysttorsken i sør. 

Munthe-Kaas, H., 1967. Oslofjordundersøkelsen 62–65; Delrapport 1. Overflatelagets 

rekreasjonskvalitet. 

Munthe-Kaas, H., 1968. Oslofjordundersøkelsen 62–65; Delrapport 14. Materialbalanse. 

Nixon, S.W., 1995. Coastal and marine eutrophication: a definiton, social causes and 

future concerns. Ophelia 41, 199–219. 

Opdal, A.F., Lindemann, C., Aksnes, D.L., 2019. Centennial decline in North Sea water 

clarity causes strong delay in phytoplankton bloom timing. Glob. Chang. Biol. 25, 

3946–3953. https://doi.org/10.1111/gcb.14810. 

Paasche, E., Erga, S., 1987. Næringssalter og planktonvekst i Oslofjorden. Nor. Vann 2, 

199–206. 

Paasche, E., Erga, S.R., 1988. Phosphorus and nitrogen limitation of phytoplankton in the 

inner Oslofjord. Sarsia 73, 229–243. 

Paasche, E., Kristiansen, S., 1982. Nitrogen nutrition of the phytoplankton in the 

Oslofjord. Estuar. Coast. Shelf Sci. 14, 237–249. https://doi.org/10.1016/S0302- 

3524(82)80014-5. 

Paasche, E., Ostergren, I., 1980. The annual cycle of plankton diatom growth and silica 

production in the inner Oslofjord, Norway. Limnol. Oceanogr. 25, 481–494. https:// 

doi.org/10.1016/0198-0254(80)96048-3. 

Ptacnik, R., Andersen, T., Tamminen, T., 2010. Performance of the Redfield Ratio and a 

Family of Nutrient Limitation Indicators as Thresholds for Phytoplankton N vs. P 

Limitation. pp. 1201–1214. https://doi.org/10.1007/s10021-010-9380-z. 

R Core Team, 2017. R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria [WWW Document].  https:// 

www.R-project.org/. 

Ryther, J.H., Dunstan, W.M., 1971. Nitrogen, phosphorus, and eutrophication in the 

coastal marine environment. Science 171, 1008–1013 (80-.). 

Sheather, S.J., 2009. A Modern Approach to Regression with R, Journal of Statistical 

Software. Springer, New York. https://doi.org/10.18637/jss.v033.b03. 

Skjevik, A.-T., Bäck, Ö., Edler, L., Hansson, L.J., Johansen, M., Karlson, B., 2011. 

Växtplankton från Västerhavet. 

Staalstrøm, A., 2015. Tidally-Induced Turbulent Mixing in a Sill Fjord. University of Oslo. 

Staalstrøm, A., Aas, E., Liljebladh, B., 2012. Propagation and dissipation of internal tides 

in the Oslofjord. Ocean Sci. 8, 525–543. https://doi.org/10.5194/os-8-525-2012. 

Sverdrup, H., 1953. On conditions for the vernal blooming of phytoplankton. J. du Cons. 

18, 287–295. https://doi.org/10.4319/lom.2007.5.269. 

Thaulow, H., Faafeng, B., 2014. Indre Oslofjord 2013 - Status. trusler og tiltak. 

Vogelsang, C., 2011. Strategi 2010. Samlet vurdering av resultatene fra 

E. Lundsør, et al.   

https://doi.org/10.1016/j.seares.2020.101925
https://doi.org/10.1016/j.seares.2020.101925
https://doi.org/10.5194/os-10-177-2014
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0010
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0010
https://doi.org/10.3354/meps08120
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0020
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0020
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0025
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0025
https://doi.org/10.1146/annurev-marine-052913-021325
https://doi.org/10.1146/annurev-marine-052913-021325
https://doi.org/10.1016/j.marpolbul.2010.09.026
https://doi.org/10.1016/j.scitotenv.2016.05.111
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0045
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0045
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0050
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0050
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0055
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0055
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0060
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0060
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0060
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0065
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0065
https://doi.org/10.1007/s12237-009-9195-3
https://doi.org/10.1007/s12237-009-9195-3
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0075
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0075
https://doi.org/10.1016/j.marpolbul.2005.11.026
https://doi.org/10.1002/lno.11351
https://doi.org/10.1093/icesjms/fsx158
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0095
https://doi.org/10.1016/j.marpolbul.2007.02.003
https://doi.org/10.1093/plankt/11.4.785
https://doi.org/10.1093/plankt/6.1.67
https://doi.org/10.1093/plankt/6.1.67
https://doi.org/10.1093/plankt/fbi114
https://doi.org/10.1093/plankt/fbi114
https://doi.org/10.1038/srep31944
https://doi.org/10.1038/srep31944
https://doi.org/10.1016/j.hal.2008.08.006
https://doi.org/10.1039/an9709500601
https://doi.org/10.1039/an9709500601
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0135
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0135
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0140
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0140
https://doi.org/10.3354/meps219041
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0150
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0150
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0150
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0150
https://doi.org/10.1016/S1385-1101(97)00049-X
https://doi.org/10.1111/jpy.12365
https://doi.org/10.1111/jpy.12365
https://doi.org/10.1016/0079-6611(95)00015-1
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0170
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0170
https://doi.org/10.1016/j.seares.2013.12.010
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0180
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0185
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0185
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0190
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0190
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0190
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0195
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0195
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0200
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0205
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0205
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0210
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0215
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0215
https://doi.org/10.1111/gcb.14810
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0225
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0225
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0230
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0230
https://doi.org/10.1016/S0302-3524(82)80014-5
https://doi.org/10.1016/S0302-3524(82)80014-5
https://doi.org/10.1016/0198-0254(80)96048-3
https://doi.org/10.1016/0198-0254(80)96048-3
https://doi.org/10.1007/s10021-010-9380-z
https://www.R-project.org/
https://www.R-project.org/
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0245
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0245
https://doi.org/10.18637/jss.v033.b03
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0255
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0255
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0260
https://doi.org/10.5194/os-8-525-2012
https://doi.org/10.4319/lom.2007.5.269
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf0275
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf2000


modellsimuleringer med NIVAs fjordmodell og fra studiet av tilførsler av omsettelig 

organisk stoff fra renseanlegg og elver. Oslo.Strategi 2010. Samlet vurdering av re-

sultatene fra modellsimuleringer med NIVAs fjordmodell og fra studiet av tilførsler av 

omsettelig organisk stoff fra renseanlegg og elver. Oslo. 

Wood, S., 2006. Generalized additive models: an introduction with R (FL). Chapman and 

Hall/CRC Press, Boca Raton. 

Wood, S., 2017. Generalized additive models : An introduction with R, Second ed. CRC 

Press, Portland.  

E. Lundsør, et al.   

http://refhub.elsevier.com/S1385-1101(20)30125-8/rf2000
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf2000
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf2000
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf2000
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf2025
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf2025
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf2010
http://refhub.elsevier.com/S1385-1101(20)30125-8/rf2010



	Thesis_Lundsor -  A4-
	4 faner 1
	PAPER 1
	4 faner 2
	PAPER 2
	Long-term coastal monitoring data show nutrient-driven reduction in chlorophyll
	Introduction
	Material and methods
	The study area
	Compilation of historical water quality data from the inner Oslofjorden
	Hydrography, nutrients, and chlorophyll-a
	Statistical analyses
	Quantification of trends
	The relationship between chlorophyll-a and environmental variables
	Model comparison and diagnostics


	Results
	Overview of time series data
	Seasonality and long-term trends
	Chlorophyll-a long-term trends
	Nutrients
	Secchi depth
	Temperature and salinity
	Correlation between chlorophyll-a and nutrient levels
	Which environmental variables best explain the changes in chlorophyll-a?
	Variability of predicted chlorophyll-a during five decades

	Discussion
	Seasonality
	Long term trends
	Management

	Declaration of Competing Interest
	Acknowledgement
	mk:H1_27
	Supplementary data
	References


	4 faner 3
	PAPER 3
	4 faner 4
	PAPER 4
	Blank Page
	Blank Page
	Blank Page


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move right by 2.83 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20150414103238
       907.0866
       SRA3 liggende
       Blank
       1275.5906
          

     Wide
     1
     0
     No
     2657
     296
    
     Fixed
     Right
     2.8346
     0.0000
            
                
         Both
         103
         CurrentPage
         122
              

       CurrentAVDoc
          

     None
     65.1969
     Right
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     0
     2
     0
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move right by 2.83 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20150414103238
       907.0866
       SRA3 liggende
       Blank
       1275.5906
          

     Wide
     1
     0
     No
     2657
     296
    
     Fixed
     Right
     2.8346
     0.0000
            
                
         Both
         103
         CurrentPage
         122
              

       CurrentAVDoc
          

     None
     65.1969
     Right
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     0
     2
     0
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move right by 2.83 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20150414103238
       907.0866
       SRA3 liggende
       Blank
       1275.5906
          

     Wide
     1
     0
     No
     2657
     296
    
     Fixed
     Right
     2.8346
     0.0000
            
                
         Both
         103
         CurrentPage
         122
              

       CurrentAVDoc
          

     None
     65.1969
     Right
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     0
     2
     0
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move right by 2.83 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20150414103238
       907.0866
       SRA3 liggende
       Blank
       1275.5906
          

     Wide
     1
     0
     No
     2657
     296
    
     Fixed
     Right
     2.8346
     0.0000
            
                
         Both
         103
         CurrentPage
         122
              

       CurrentAVDoc
          

     None
     65.1969
     Right
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     0
     2
     0
     1
      

   1
  

 HistoryList_V1
 qi2base





