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Abstract Due to its Arctic location at 79°N, Kongsfjorden in Svalbard experiences
strong seasonality in light climate, changing from polar night to midnight sun. Sea
ice conditions and the optical properties of seawater further modify the amount and
the spectral composition of solar radiation penetrating into the water column, thus
defining the underwater light climate in Kongsfjorden. Light represents one of the
major shaping factors for the entire marine ecosystem. A number of studies focus-
ing on implications of the underwater light for marine organisms have been

A. K. Pavlov (24)
Norwegian Polar Institute, Fram Centre, Tromsg, Norway

Institute of Oceanology, Polish Academy of Sciences, Sopot, Poland
Akvaplan-niva A/S, Fram Centre, Tromsg, Norway

E. Leu
Akvaplan-niva A/S, Fram Centre, Tromsg, Norway

D. Hanelt
Aquatic Ecophysiology and Phycology, University of Hamburg, Hamburg, Germany

1. Bartsch
Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research,
Bremerhaven, Germany

U. Karsten
Institute of Biological Sciences, Applied Ecology and Phycology, University of Rostock,
Rostock, Germany

S. R. Hudson - J.-C. Gallet - M. A. Granskog
Norwegian Polar Institute, Fram Centre, Tromsg, Norway

F. Cottier
Scottish Association for Marine Science, Scottish Oceans Institute, Oban, UK

Department of Arctic and Marine Biology, Faculty of Biosciences, Fisheries and Economics,
UiT The Arctic University of Norway, Tromsg, Norway

© Springer Nature Switzerland AG 2019 137
H. Hop, C. Wiencke (eds.), The Ecosystem of Kongsfjorden, Svalbard,
Advances in Polar Ecology 2, https://doi.org/10.1007/978-3-319-46425-1_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-46425-1_5&domain=pdf
https://doi.org/10.1007/978-3-319-46425-1_5

138 A. K. Pavlov et al.

conducted in Kongsfjorden, generating diverse datasets on seawater optical proper-
ties, scattered over time and space. This review synthesizes the fragmentary infor-
mation available from the literature as well as presenting some unpublished data,
and discusses the underwater light climate and its main controlling factors in
Kongsfjorden. Furthermore, we provide a short synopsis about the relevance of light
for different components of an Arctic marine ecosystem, exemplified by studies car-
ried out in Kongsfjorden. Due to its year-round accessibility and its high-Arctic
location, Kongsfjorden has become a prime fjord for studying how the strong sea-
sonal changes in light availability, ranging from polar night to midnight sun, affect
marine life with respect to primary production, behavioural aspects and synchroni-
zation of growth and reproduction.

Keywords Arctic - Svalbard - PAR - UVR - Optical properties - Marine ecosystem

5.1 Introduction

Located in the Arctic at 79°N on the west coast of Svalbard Archipelago,
Kongsfjorden is influenced by marine- and land-terminating glaciers (Fig. 5.1). Due
to the proximity of the West Spitsbergen Current (WSC), warm and saline Atlantic
Water is regularly advected into the fjord throughout the year (Cottier et al. 2007).
Furthermore, little landfast sea—ice has been observed in Kongsfjorden during the
past decade (Pavlova et al., Chap. 4), which is largely associated with an increase of
northward heat flux in the WSC and a consequent warming of West Spitsbergen
fjords (Cottier et al. 2007; Spielhagen et al. 2011; Pavlov et al. 2013). This change
has affected the underwater light climate and has many biological and ecological
implications, such as, increasing exposure of pelagic microalgae to high irradiances
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Fig. 5.1 Kongsfjorden, Svalbard. Location of common observation sites: Hansneset (HN), Nansen
Bay (NB), Old pier (OP, which is the closest location to the Kings Bay Marine Laboratory),
Brandal (BR), London (L), EPOCA mesocosm experiment (E), mooring stations M1 and M2
(2010—present) as well as oceanographic stations KBO to KB7. Satellite image is a composite of
two Landsat 8 satellite scenes taken on 19 and 30 August 2013. (Credits: Norwegian Polar Institute
and USGS)

(Leu et al. 2016; Wiencke and Hop 2016) and shifts of kelps to shallower depths
(Bartsch et al. 2016).

The strong seasonality of the light climate in Kongsfjorden, alternating from
polar night to midnight sun, is characteristic of Arctic marine environments. In addi-
tion, the variability of cloud cover (Maturilli et al., Chap. 2) and sea ice cover with
snow (Pavlova et al., Chap. 4) at different time scales are important factors defining
the amount and spectral composition of light reaching the upper water column. As
a water body, Kongsfjorden is also a dynamic system, characterized by an estuarine
circulation, water mass exchange with the adjacent West Spitsbergen shelf, pro-
cesses of sea ice formation and melting, input of local run-off and glacial meltwater
introducing inorganic and organic matter into the system (Svendsen et al. 2002),
and phytoplankton blooms at diverse times and locations. Together, these factors
result in a complex underwater light climate with high variability in time and space
(e.g. Hanelt et al. 2001, 2004; Hegseth et al., Chap. 6).

While Kongsfjorden is the site of considerable research efforts (e.g. Wiencke
and Hop 2016), one challenge of particular relevance for studies of the underwater
light climate is a lack of coordination and standardization of methods. Despite the
wealth of multidisciplinary data from this Arctic fjord system, there is a need for
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both targeted and comprehensive studies addressing the optical properties and the
underwater light climate in Kongsfjorden in a systematic way. So far, most of the
available optical data are by-products from biologically motivated studies (e.g.
Hanelt et al. 2001, 2004; Wiencke et al. 2004, 2006; Leu 2006; Leu et al. 20064, b,
2016; Volent et al. 2007; Sakshaug et al. 2009; Pavlov et al. 2014; Cohen et al.
2015; Berge et al. 2015a; Taskjelle et al. 2016) at various sites in this fjord
(Fig. 5.1).

This review compiles the fragmentary information available (both published
and unpublished) on underwater irradiance, absorption, scattering and diffuse
attenuation coefficients, and identifies the most important steering factors for sea-
sonal and long-term variability. Moreover, it provides a brief overview as to the
relevance of Arctic underwater light conditions for marine organisms and the
marine ecosystem in Kongsfjorden. It can serve as a source of useful background
information for future studies of processes that influence or are influenced by the
underwater light climate in Kongsfjorden and other similar high-latitude marine
environments.

5.2 The Underwater Light Climate in Kongsfjorden

5.2.1 Incoming Irradiance

Incoming irradiance (i.e. that reaching the bottom of the atmosphere) represents
the boundary condition for the underwater light climate. In addition to strong sea-
sonality, there is a large day-to-day variability in incoming light throughout the
season as seen from daily averages of incoming downwelling irradiance in the
photosynthetically active radiation (PAR) range. Mean daily irradiance in the PAR
range (E4(PAR)) values during the course of 2012 (Fig. 5.2) is based on measure-
ments of the broadband downwelling planar irradiance (measured with CM11 and
CMP21 pyranometers, Kipp & Zonen) over the wavelength range 370-695 nm,
which is close to conventional PAR range of 400-700 nm (Maturilli et al., Chap.
2). Monthly means of E4(PAR) for the period 1993-2013 are presented in Maturilli
et al. (Chap. 2), providing insights on inter-annual variability of incoming PAR.

Daily averaged E4PAR) values range from <5-10 pmol m=2 s~! in October—
February, to 720-740 pmol m=2 s7!' in June (Fig. 5.2). Based on episodic
measurements taken between May and July (Table 5.1), maximum E4 PAR)
measured above the water surface is usually below 1300 pmol m~2 s~!. During the
period of midnight sun, E4PAR) values in air during night range from 100 to
300 pmol m~2 s~! in May (Leu et al. 2016; Table 5.1).

Daily cycles of E4(PAR) observed at Baseline Surface Radiation Network
(BSRN) at the AWIPEV station in Ny-Alesund (for details, see Maturilli
et al., Chap. 2) under clear sky and overcast conditions demonstrate a strong influ-


https://doi.org/10.1007/978-3-319-46425-1_2
https://doi.org/10.1007/978-3-319-46425-1_2
https://doi.org/10.1007/978-3-319-46425-1_2

5 The Underwater Light Climate in Kongsfjorden and Its Ecological Implications 141

800 —
4 E(PAR), Daily mean, BSRN, 2012

E, (PAR) (umol m?s)

Jan ! Feb I Mar I Apr I May I Jun I Jul ! Aug ! Sep ! Oct ! MNov ! Dec I
Time (month)

Fig. 5.2 Mean daily irradiance in the PAR range (E;(PAR)) values during the course of 2012 (data
from Maturilli et al., Chap. 2). E((PAR) values in the range 370-695 nm were observed by a
Baseline Surface Radiation Network (BSRN) pyranometer at the AWIPEV station, and converted
to pmol m~2 s~! with a conversion factor 4.6. (Morel and Smith 1974; McCree 1981)

ence of clouds (Fig. 5.3a). On a cloudy day, E4PAR) values at noon are only
about half of those on a day with clear skies. The corresponding incoming down-
welling spectral irradiance (E4(A)) was measured with TriOS Ramses ACC-VIS
radiometers (TriOS Mess- and Datentechnik GmbH, Rastede, Germany) at the
Sverdrup station on the same days (Fig. 5.3b; for methodological details, see
Pedersen et al. 2015). In this case, the cloud cover acts as a neutral density filter
over the PAR wavelength range, not significantly changing the spectral composi-
tion of light (Fig. 5.3b). However, cloud cover does significantly reduce the frac-
tion of incoming solar energy that is outside the PAR wavelengths.

A detailed overview over longer time series of incoming downwelling ultraviolet
radiation, E4(UV) can be found in Maturilli et al. (chap. 2). Data from episodic
measurements of incoming EyPAR) and E,(UV) available in the literature are
presented in Tables 5.1, 5.2 and 5.3.

5.2.2 Underwater Irradiance in the PAR Range

Numerous light measurements have been carried out in Kongsfjorden over the past
decades, employing a wide variety of methods and instruments. The following
sections summarize the available information, and present also hitherto unpublished
material.
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Fig. 5.3 (a) Examples of incident irradiance in the PAR range (E; (PAR)) daily cycles in
Ny-Alesund on a clear day (25 May 2010) and an overcast day (28 May 2010). Data were obtained
from Baseline Surface Radiation Network (BSRN) pyranometer measurements at the AWIPEV
station and converted from W m~2 to pmol m~2 s~! by using a conversion factor of 4.6 (Morel and
Smith 1974; McCree 1981); (b) Examples of incident downwelling spectral irradiance, E4(A) in the
range 370-695 nm at noon on the same dates, as well as their ratio. Data were obtained with TriOS
Ramses ACC-VIS radiometers (TriOS Mess- and Datentechnik GmbH, Rastede, Germany) at
Sverdrup station

5.2.2.1 Point and Episodic Measurements of Underwater Irradiance
in the PAR Range

During summer, attenuation coefficients in water tend to be higher than during clear
water conditions in spring (Hanelt et al. 2001) due to the high concentration of opti-
cally active substances (OAS), such as inorganic particles and phytoplankton. The
diffuse attenuation coefficient of downwelling irradiance in the PAR range (K4(PAR)),
estimated from irradiance measurements with cosine (flat) sensors, ranged between
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Fig. 5.4 Example of differential water column stratification in August 2012 at a coastal site off
Hansneset influenced by freshwater run-off causing an apparent 3-layer structure (named here as
Surface, Intermediate, Deep) with regards to attenuation of E4PAR,Z) with depth. (Source:
D. Hanelt, unpubl.)

0.09 m™! for clear water conditions and 0.80 m~" in turbid waters (Table 5.1). Inflow
of turbid glacier water or sediment-loaded meltwater streams can cause a stratification
in water turbidity (Hanelt et al. 2001), which may result in several layers with differ-
ent light attenuation, as observed in August 2012 at Hansneset (K4(PAR) = 0.49 m™!
for 0—6 m depth, Ky(PAR) = 0.29 m~! for 6-13.5 m depth, and K(PAR) =0.15 m~!' for
13.5-25 m depth (Fig. 5.4; D. Hanelt, unpubl.). Based on literature data, the 10%
depth transmittance of E((PAR) ranged between 3 and 26 m and the 1% depth ranged
between 6 and 51 m (Table 5.1), with highest values at >50 m depth in waters not
significantly influenced by meltwater from glaciers (Woelfel et al. 2014).

5.2.2.2 Temporal Variability of Underwater Irradiance in the PAR Range

Point measurements, such as those presented in Table 5.1 and Fig. 5.4, do not
include information on diurnal changes, and reflect poorly seasonal and inter-annual
variability and change of the light climate. In recent years, light loggers have been
deployed in Kongsfjorden as part of various coastal benthic studies. Additionally,
cosine corrected PAR sensors have been mounted on moorings deployed in the
pelagic zone of Kongsfjorden since autumn 2009 (M1 and M2 locations, Fig. 5.1),
providing a near continuous record of underwater irradiance in the PAR range
E4«(PAR,Z). There, the sensor has been deployed at various depths (Z), from a
minimum depth of 27 m in 2010-2011 to a maximum of 43 m in 2012-13 (Fig. 5.5b,
¢; F. Cottier, unpubl.). The E,(PAR,Z) data were part of a multi-parameter suite of
measurements collected from the moorings that have been used to support
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Fig. 5.5 (a) Seasonal time series of incident downwelling irradiance, E4(PAR) at noon in 2010-
2011; Data was obtained with TriOS Ramses ACC-VIS radiometers (TriOS Mess- and Datentechnik
GmbH, Rastede, Germany) at Sverdrup station. (b, ¢) Seasonal measurements of normalized mean
daily irradiance, E((PAR,Z) (grey) and fluorescence, F (green) at two pelagic mooring sites in
2010-11 (b) and 2012-13 (c), respectively (M1 and M2; see Fig. 5.1). Moorings were equipped
with Satlantic PAR sensors and Seapoint Chlorophyll fluorometers in addition to standard
temperature and salinity sensors and current meter. Due to the extended period of deployment of
both sensors and the problems associated with fouling of sensors and their calibration, the data
were normalized to each year’s maximum value. The occurrence of sea ice (shown as white
rectangle) above the mooring was detected using acoustic Doppler current profiler (ADCP) data
with the method of Hyatt et al. (2008)

oceanographic and ecological studies in Kongsfjorden since 2002. In addition, an
underwater E4(PAR,Z) time series has been initiated close to Ny-Alesund, to char-
acterize the light climate of the coastal zone, within the COSYNA measuring net-
work with online information available since autumn 2016 (https://www.awi.de/en/
expedition/observatories/water-cosyna.html).

Although in the atmosphere the highest E4(PAR) at the terrestrial BSRN station
isreached in mid-summer (Sect. 5.2.1; Kupfer et al. 2006; Maturilli et al. 2015, Chap.
2), the situation appears more complex underwater. The recent near-shore (Bartsch
et al. 2016) and pelagic long-term measurements (Fig. 5.5b, ¢), show that the high-
est underwater E4(PAR,Z) in the years 2011 and 2013 occurred in mid-March to
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mid-April (neither site was ice-covered), followed by a temporary reduction of
E4(PAR,Z) by >50% in May, and then another maximum in June, slightly lower than
in March—April. The pattern is consistent between the 2 years and the different loca-
tions (coastal and pelagic), although the second peak in June was more pronounced
at the pelagic site, compared to the coastal site (Bartsch et al. 2016). Based on mea-
surements at Sverdrup station, the reduction in underwater Ey(PAR,Z) in May in
2011 is not coincident with a decrease in incoming E4(PAR) (Fig. 5.5a; J.-C. Gallet,
unpubl.). The transient decrease of underwater E,(PAR,Z) in May is linked to phy-
toplankton blooms indicated by elevated fluorescence values (Fig. 5.5b, c¢), which is
a typical timing for spring phytoplankton blooms in Kongsfjorden (Hegseth et al.,
Chap. 6). Lower values and an increasing variability during the summer months
(from July onwards) may be caused by two factors: biofouling and meltwater inflow
from the marine-terminating tidewater glaciers, leading to strongly variable and
rather turbid water conditions from July through September (Zajaczkowski and
Legezynska 2001). Biofouling build-up on the sensors during long-term deploy-
ment obviously leads to increasingly greater underestimates of the available light.
Thus, such time series provide valuable information on seasonal dynamics, whereas
absolute values have to be treated with caution.

Besides the pronounced seasonal variability of underwater E4(PAR,Z), consider-
able short-term (day-to-day) variation is also apparent throughout the year (Fig. 5.5),
owing to changes in both cloud cover and the optical properties of seawater.
Underwater diurnal cycles of E4PAR,Z) at shallow sites in Kongsfjorden were
recently described in details by Sevilgen et al. (2014) and Leu et al. (2016). The
spectral composition of irradiance also changes, depending on both solar angle and
cloud cover. During night, however, at the lowest solar elevations, the differences
between clear sky and cloudy conditions become subtle (Leu et al. 2016). In stands
of macroalgae along rocky coasts, an additional variation of irradiance is caused by
the algae, as shown by diurnal E«PAR,Z) along a depth profile, measured both
above and below the kelp canopy (I. Bartsch, unpubl.). Dense kelp beds at 2.5 and
5 m depth (Bartsch et al. 2016) only allowed a low transmission of light, varying
between 3% and 29% depending on time of the day, turbidity, and wave exposure
and currents, mechanically moving kelp forests.

While the incoming surface radiation at noon in May was approximately 5 times
higher than at midnight, irrespective of clear or overcast conditions (Fig. 5.3a), the
underwater day—night variation also depends on the content and properties of OAS,
mainly non-algal matter delivered along with the glacial run-off, which often
experiences diurnal variations in Svalbard during summer (e.g. Hodgkins 2001). At
coastal sites (Hansneset) in the beginning of July 2012, the mean underwater
Ey(PAR,Z) values at noon were 10—13 times higher than at midnight, but only 5-8
times higher at the end of July. This non-linear response pattern was likely caused
by an increase of turbidity due to elevated concentration of non-algal matter during
times of glacial melt, as irradiances steadily declined in July 2012 (Bartsch et al.
2016). The two contrasting situations are represented in Fig. 5.6a, b. Because
turbidity normally increases even more during August and September (e.g. Paar
et al. 2016), the day—night variation presumably drops even further. As to absolute
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Fig. 5.6 Diurnal variation of irradiance in the PAR range (E4PAR,Z)) (10 min intervals) mea-
sured at several depths above and below the kelp forest off Hansneset during a day (7 July) with
relatively clear waters (a) and a day (29 July) with more turbid waters (b) in 2012. Two irradiance
loggers (Odyssey Dataflow Systems, Christchurch, New Zealand) calibrated against a cosine cor-
rected underwater quantum sensor (LI-192, LI-COR Biosciences, Lincoln, Nebraska, USA) were
mounted on each of four vertical racks which were fixed at the seafloor at 2.5, 5, 10 and 15 m depth
(Bartsch et al. 2016). One logger was installed below the kelp canopy, approx. 20 cm (+10 cm)
above the seafloor representing the “below canopy” situation, and another logger was mounted
90 cm (10 cm) above the first logger, representing the “above canopy” situation. The diurnal
variations in irradiance were possibly related to variable cloud cover but also influenced by tides;
correlation to these factors was not achievable. Cleaning of the sensors surface took place
approximately every 10 days except for the logger “4.2 m above canopy — sensor not cleaned”
(black line, lower graph), which shows the considerable reduction in irradiance through
sedimentation or fouling taking place within 3 weeks. Note the scale difference of the Y-axis
between (a) and (b). (I. Bartsch, unpubl.)
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values, Ey(PAR,Z) values at midnight in July at coastal sites (Hansneset) do not
exceed 2.5 pmol m~2 s7! at 15 m depth (Fig. 5.6).

Time series data presented in this section reflect the strong variability of
EyPAR,Z) in a natural system, and underline the importance of these types of
measurements as providers of realistic in situ data for estimates of primary
production, ecological interpretation and for monitoring the potential “darkening”
of Kongsfjorden, an increase in light attenuation observed in other Sub-Arctic and
Arctic coastal waters as a consequence of increased land run-off due to melting of
glaciers (Aksnes et al. 2009).

5.2.3 Underwater Irradiance in the UV Range

Measurements of UVA (320—400 nm) and UVB (280-320 nm) radiation are sum-
marized in Tables 5.2 and 5.3. Some of the references in tables only mention the
available K,(UVA) and Ky(UVB) values, whereas others provide corresponding UV
penetration depths.

UV radiation is readily attenuated by snow and ice or absorbed in the upper
water layer, especially during summer when relatively high concentrations of
coloured or chromophoric dissolved organic matter (CDOM) and particulate matter
are present. During the main productive period in spring, however, the 1% depth for
E4(UVA,Z) was between 2 and 29 m, and for E4(UVB,Z) between 10 and 15 m on
sunny days (Leu 2006). Diurnal measurements of E4(UVB,Z) and E,(UVA,Z) at 0.5
and 8 m depth, obtained between 29 April and 1 May 2008 close to Ny-Alesund,
showed maximum values for E4(UVA,Z) at these two depths of 9 and 3.5 W m~2,
respectively, and 0.27 and 0.03 W m~2 for E«(UVB,Z) (Fig. 5.4 in Leu et al. 2016).
The E4(UVA) in air was generally in the range of 9-19 W m=2, with values up to
30 W m~ reported by Leu (2006) during late spring 2004. These higher values
might partly be attributed to a wider wavelength range of the sensor used (290-
400 nm), as opposed to the instruments at the meteorological BSRN station (300-
370 nm). Values of Ky(UVA) are higher than Ky(PAR), and range from 0.73 up to
1.5 m™! in the Nansen Bay, resulting in a 10% depth of E4UVA,Z) at coastal
locations between 2 and 6 m depth, and a 1% depth between 3 and 12 m. Diurnal
measurements in May 2008 confirmed that UVB absorption was stronger than UVA
absorption between 0.5 and 8 m depth (Fig. 5.4 in Leu et al. 2016).

5.2.4 Light Climate During Polar Night

Knowledge about Arctic marine biological activities during polar night is very limited
(Berge et al. 2015b) and only few studies have focused on underwater light climate
(Berge et al. 2015a; Cohen et al. 2015). Although light levels during the polar night are
not extreme per se in that they do resemble night light levels at lower latitudes, they
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remain constant for prolonged periods during winter. Thus, it is not the low light levels
in itself that affect organisms during the polar night, but the fact that the low light levels
do not change (Berge et al. 2015b). Despite almost constant low atmospheric illumina-
tion for extended periods, light during polar night might still play a role as environ-
mental cue for zooplankton species, as demonstrated from in sifu observations and
behavioural experimental studies in Kongsfjorden (Batnes et al. 2015; Last et al. 2016).
For the end of January, Cohen et al. (2015) reported incoming E4(PAR) levels of 1.0—
1.5:1075 pmol m= s7! over the day-night cycle, with a spectral maximum around
455 nm at solar noon. Further, modelling of the underwater light field in Kongsfjorden
demonstrated a shift in wavelength maximum of transmitted light towards longer
wavelengths, e.g. 465 nm at 10 m and 485 nm at 30 m (Cohen et al. 2015).

5.2.5 Attenuation of Light by Snow and Sea Ice
in Kongsfjorden

When present, snow and sea ice strongly attenuate solar radiation, limiting its trans-
mission into Kongsfjorden waters (Hamre et al. 2004; Winther et al. 2004; Taskjelle
et al. 2016). Snow is an effective scattering medium, with low absorption in the vis-
ible spectrum, giving it its bright white appearance. While the absorption properties
of sea ice and water are similar, sea ice causes much more scattering of light than
liquid seawater (e.g. Hamre et al. 2004; Johnsen et al. 2009) due to air and brine
inclusions. Data from Kongsfjorden show that 60 cm of bare sea—ice attenuates
E4(PAR) by about 80% (Winther et al. 2004). Snow-covered sea—ice typically trans-
mits less than 1% of E4(PAR), and even less E4(UV) (Winther et al. 2004). The effec-
tive attenuation coefficients for E4(PAR) and E4(UV) of 60 cm of sea ice with 15 cm
of snow are nearly an order of magnitude higher than those of the water column
(Tables 5.1, 5.2 and 5.3). Thus, the extent and evolution of the sea—ice cover in
Kongsfjorden strongly affects the availability of light for photosynthesis, especially
during early spring, and protect algae in or under the ice from harmful UV and
excessive PAR values (e.g. Vincent and Roy 1993). The coverage by landfast sea—ice
in the inner part of the fjord, restricted by a virtual line between Brandal and
Tgnsneset, has been monitored since 2003 (see Gerland and Renner 2007 for details).
Less ice has been recorded in recent years, especially since 2007 (Pavlova et al.,
Chap. 4), and most importantly this has left most of the optical observation sites
(Fig. 5.1) virtually free of landfast sea—ice in spring during the last decade.

5.2.6 Optically Active Substances

Light absorption and scattering is affected not only by seawater and sea ice, but also
by optically active substances (OAS). The main subgroups of OAS are CDOM and
particulate matter (defined operationally as the material that retains on a filter of
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nominal pore size of 0.7 pm) including algal pigments, and non-algal particles

(matter). Below we summarize the limited knowledge of OAS in fjord waters and
sea ice.

5.2.6.1 Optically Active Substances in Seawater

Several studies have been published that contain data on OAS in the water of
Kongsfjorden (e.g. Carlsen et al. 2007; Volent et al. 2007; Pettersen et al. 2011;
Pavlov et al. 2014). Average spectral absorption coefficient for CDOM (acpom(M))
from the fjord in June 2010 (Location E; Pavlov et al. 2014) is shown (Fig. 5.7),
along with previously unpublished data on total particulate absorption (a,(A)) from
several stations in Kongsfjorden in April 2014 (J. Meler, unpubl.). Absorption by
CDOM was measured following Stedmon and Markager (2001), and particulate
absorption was measured using a filter-pad technique according to Tassan and
Ferrari (2002).

CDOM absorption in Kongsfjorden follows a characteristic exponential
increase towards shorter UV wavelengths (e.g. Bricaud et al. 1981). Pavlov et al.
(2014) reported acpom(375) values between 0.10 and 0.18 m~" in surface waters of
Kongsfjorden, which is similar or slightly higher compared to acpom(375) of
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Fig. 5.7 Absorption by chromophoric dissolved organic matter (CDOM), acpom(A) and total
absorption by particulate matter, a,(A) in Kongsfjorden for the wavelength range 380-700 nm.
CDOM data are from Pavlov et al. (2014) for marine waters in the fjord (location E, Fig. 5.1) and
those influenced by presence of mycosporine-like amino acids (MAA). Data on a,(A) are the
average of 4 samples at surface, 5, 10 and 15 m depth collected at stations KB2, KB3, KBS, KB6,
KB7 in April 2014. Spectra of a,(A) are obtained using the method of Tassan and Ferrari (2002).

For station locations, see Fig. 5.1. For reference, the absorption by pure water aw()) is also shown
(Pope and Fry 1997)



156 A. K. Pavlov et al.

0.10 m~" on average in the core of the WSC outside Kongsfjorden (cf. Granskog
et al. 2012; Pavlov et al. 2015). Given that Atlantic Water and its mixing products
have been dominant water masses in Kongsfjorden over the past decade, this indi-
cates that Atlantic Water from WSC is an important source of CDOM in the fjord.
At the same time, local production of marine CDOM in Kongsfjorden has also
been documented and associated with bacterial activity (Pavlov et al. 2014) and
with degradation of kelp tissue, which contains CDOM substances (Hulatt et al.
2009). Additionally, phytoplankton in Kongsfjorden may produce mycosporine-
like amino acids (MAA), known as photoprotective compounds that are effective
absorbers in some UV bands (Karsten 2008; Ha et al. 2012; Pavlov et al. 2014).
In some cases, MAA-like absorption peaks appear in CDOM spectra and can
increase absorption of UV and PAR in near-surface waters substantially (Fig. 5.7).
The contribution of terrestrial CDOM, which is significant in many coastal envi-
ronments (e.g. Babin et al. 2003), is believed to be low in Kongsfjorden. Pavlov
et al. (2014) described the dominance of marine CDOM in surface waters of
Kongsfjorden (in June—July 2010), as well as reported relatively low concentra-
tions of dissolved organic carbon (DOC) below 90 pmol L~!, which is low com-
pared to other Arctic coastal waters with prominent terrestrial input of dissolved
organic matter (Stedmon et al. 2011; Pavlov et al. 2016). This is most likely
caused by sparse terrestrial vegetation and dominance of glacial melt with low
fraction of dissolved organic matter.

The contribution of particulate matter to total attenuation is typically signifi-
cant in glacial environments (Volent et al. 2007; Johnsen et al. 2009; Lund-Hansen
et al. 2010; Murray et al. 2015; Holinde and Zielinski 2016). Particulate absorp-
tion is then dominated by non-algal particles (Fig. 5.7), while the main algal (phy-
toplankton) absorption peaks (at 440 and 675 nm) are not pronounced, as these
measurements were made early in the season before phytoplankton biomass had
developed. For the reference, the timing and magnitude of phytoplankton blooms
in Kongsfjorden have been rather variable (for a summary, see Hegseth et al.,
Chap. 6). These observations are similar to other fjords influenced by glaciers
(e.g. Lund-Hansen et al. 2010). Overall, particulate absorption coefficients are
quite low in the outer parts of the fjord (stations KB2 and KB3 in Fig. 5.7), and
increase towards the inner fjord (stations KBS and KB6), where the contribution
of non-algal matter (most likely coming from glacial meltwater) is significant
(Fig. 5.1). Later in the season, large amounts of glacial run-off likely cause the
absorption by non-algal material to be even higher (by order of magnitude), with
effects on underwater light conditions.

Particulate matter in the water column is known to cause more scattering than
absorption (Mobley 1994). Here we present vertical profiles of scattering coefficient
at 555 nm, b(555), from a synoptic survey along the main fjord axis (Fig. 5.8;
S. Sagan, unpubl.), measured with an ac-9 absorption and attenuation meter (WET
Labs, Philomath, OR, USA; for details on methods and data processing, see
Granskog et al. 2015). The gradient in »(555) along the fjord is pronounced with
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Fig. 5.8 (a) Vertical profiles of total scattering coefficient at 555 nm, H(555) at 5 stations in
Kongsfjorden, measured in July 2010; (b) Spectra of total absorption coefficient, a(A) averaged
over top 10 m at the same stations; (c¢) Spectra of total scattering coefficient, b(A) averaged over top
10 m at the same stations. (S. Sagan, unpubl.)

highest scattering observed in the inner part of the fjord at station Kb5 (Fig. 5.8a).
Corresponding spectra of both absorption and scattering coefficients, averaged over
the top 10 m, show that scattering coefficients are 5—6 times higher than absorption
coefficients across visible wavebands (Fig. 5.8b, c¢). For comparison, a higher ratio
of scattering to absorption (ca. 12) across PAR wavelengths was reported for
Kangerlussuaq fjord in Greenland (Lund-Hansen et al. 2010).

5.2.6.2 Optically Active Substances in Sea Ice

In sea ice, algae that can be found throughout the ice layer are particularly impor-
tant. These algae quickly colonize new ice (thinner than 15 cm) in spring (Taskjelle
et al. 2016) and continue to accumulate, increasing particulate absorption. In snow-
free new ice in Kongsfjorden (Taskjelle et al. 2016), the presence of MAA com-
pounds is apparent from absorption spectra with peaks at typical MAA absorption
bands around 330-360 nm (cf. Pavlov et al. 2014), and MAA also make a signifi-
cant contribution to the attenuation of UV radiation in sea ice. In the new ice
described in Taskjelle et al. (2016), the absorption by particulate matter is slightly
higher than that by CDOM, except at UV wavelengths when MAAs are produced.
In thicker ice with snow cover, no indications of MAA absorption peaks have been
found (M.A. Granskog and B. Hamre, unpubl.), which is most likely an effect of
less E4(UV) exposure due to high attenuation of UV radiation by snow and ice
(Winther et al. 2004).
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5.3 Underwater Light: Implications for Organisms
and the Marine Ecosystem of Kongsfjorden

Underwater light is critical in many different ecological contexts, from phototrophic
primary production of algae to visual orientation in predators. These topics have
been a research topic in many studies performed in Kongsfjorden — and the major
results are summarized in the following sections.

5.3.1 Light as Energy Source for Arctic Primary Producers:
Challenges of Strong Seasonality and Consequences
of Ongoing Changes

The pronounced seasonal changes in irradiance in Arctic waters and the generally
low incoming radiation have strong implications for primary production and
seasonal growth of marine phototrophs, consisting of phytoplankton,
microphytobenthos and macroalgae (very sparse data only available on sea ice algae
and phototrophic bacteria in Kongsfjorden).

In the pelagic realm, the bulk of annual new primary production takes place dur-
ing a short time window in spring, with a strong peak in algal biomass concentra-
tions providing the basis for the pelagic food web. Grazers that depend on
phytoplankton as food supply for successful reproduction have adjusted their annual
cycles to match this timing (Sgreide et al. 2010; Varpe 2012). Light availability is
the single most important factor controlling the timing of phytoplankton blooms,
although other factors might play important roles as well (for details about the situ-
ation in Kongsfjorden, see Hegseth et al., Chap. 6). In Kongsfjorden, the phyto-
plankton bloom usually declines in late spring because of nutrient depletion (Hodal
etal. 2012; Piquet et al. 2014; Hegseth et al., Chap. 6), in combination with grazing.
The bloom as such may already cause some shading (see Fig. 5.5), but most impor-
tantly, light availability drops sharply in late spring/early summer caused by the
onset of runoff from land and glacier melt, bringing large amount of particulate
matter into the fjord. In the innermost part of the fjord, reduced light availability due
to glacier meltwater run-off (Figs. 5.1 and 5.8) and sea ice affects the phytoplankton
development already in early spring, resulting in lower biomass development and
smaller size composition of the phytoplankton community (Piquet et al. 2014).
During summer, pelagic primary production can continue, but is generally lower
than in the spring, due to reduced availability of nutrients and light. The few pub-
lished studies presenting data on phytoplankton in Kongsfjorden indicate primary
production rates ranging between 27 and 180 g C m~2 yr~! (e.g. Hop et al. 2002;
Hodal et al. 2012). These values are within the range of those reported from the
Barents Sea and Fram Strait region (see Hodal et al. 2012, and references therein),
but higher than annual primary production reported from Young Sound, Greenland
(6-10 g C y~!; Rysgaard and Nielsen 2006).
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Even during wintertime, living vegetative phytoplankton cells have been found
in Svalbard surface waters (Berge et al. 2015a; Vader et al. 2015; Kvernvik et al.
2018), although ambient radiation in Kongsfjorden during the polar night is too low
to allow primary production (Kvernvik et al. 2018). Whereas details of their
overwintering strategies are still to be resolved, it has been documented that Arctic
benthic diatoms and perennial kelps utilize storage compounds (lipids,
polysaccharides) to cope with polar winter conditions (Dunton 1990; Karsten et al.
this volume).

Microphytobenthic communities in shallow waters are physiologically well
adapted to fluctuating light conditions as well as to hydrological gradients and
sediment characteristics (Karsten et al. 2009). Benthic diatoms dominate the shallow
water sediments in Kongsfjorden, as reflected in high chlorophyll a (chl a) values of
up to 317 mg m~2, but the spatial heterogeneity is large (Woelfel et al. 2010). Daily
microphytobenthic gross primary production in Kongsfjorden was estimated to
range between 2 and 48 mmol O, m d~! depending on site and applied model
(Woelfel et al. 2010; Sevilgen et al. 2014), resulting in a gross production of
17-554 mg C m=2 d~! (Woelfel et al. 2010).

For seaweeds in Kongsfjorden, the majority of annual biomass is probably also
formed prior to mid-summer, and the bulk of it is composed of large brown algae of
the order Laminariales (kelps), while bushy red algae (Rhodophyta) constitute the
understory seaweeds (Bartsch et al. 2016, Hop et al. 2012, 2016; Karsten et al.,
Chap. 8). There are four biomass dominant species, which occur between 0 and ca.
20 m depths: Laminara digitata, Saccharina latissima, Alaria esculenta and
Saccorhiza dermatodea (Hop et al. 2016). These kelps form new blades every spring
and constituted a maximum of 9.5 m? of blade area per m? seabed at a depth of 2.5 m
at the onset of summer in 2012. The maximum standing stock of seaweeds was
14.1 kg m~2 fresh weight at 2.5 m, decreasing to 0.6 kg m~? fresh weight at 15 m
depthin 2012—13 (Bartsch et al. 2016). This is the highest seaweed biomass recorded
at an Arctic site and normally more characteristic for sub-Arctic to cold—temperate
communities (e.g. Sharp et al. 2008).

Physiological studies of algae in Kongsfjorden have furthermore revealed low
light compensation points (= irradiance at which gross photosynthesis equals
respiration) of about 2-7 pmol m~2 s™!. Photosynthesis in kelps was saturated at low
light levels of 20—40 pmol m=2 s~!, and microphytobenthic photosynthesis was half-
saturated at 33 pmol m=2 s~! (Latala 1990; Karsten et al. 2006; Roleda et al. 2006;
Sevilgen et al. 2014; Kriiger 2016). These features constitute adaptations to the
highly variable and often low light environment, which are a general characteristic
of polar phototrophs (Glud et al. 2002; Gémez et al. 2009).

Climate warming causes changes in the light conditions in Arctic aquatic ecosys-
tems (see Sect. 5.2): decrease in sea ice cover results in increased Eq(PAR,Z) in the
water column; glacial melting processes and riverine run-off increase turbidity and
reduce the light available for photosynthetic primary production later in the year.
The strong decrease in sea—ice cover in Kongsfjorden is probably also one of the
major factors behind the increase of seaweed biomass off Hansneset between 1996—
98 and 2012-13 (Bartsch et al. 2016). At the outer part of Kongsfjorden, where the
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community was dominated by crustose coralline algae in 1980, filamentous brown
algae had become dominant by 1995, pointing to increased benthic primary produc-
tivity as a consequence of an overall more favourable light climate (Kortsch et al.
2012).

5.3.2 Light as Stress Factor: Adverse Effects of High
Irradiance in the PAR (E,(PAR,Z)) and UV Range
(E«UV,Z)) on Arctic Primary Producers

Although light is necessary as an energy source for primary production, excessive
levels of irradiance can also become detrimental to organisms. Primary producers,
with their ability to efficiently collect PAR by means of their pigments, are
particularly threatened. Of the incoming radiation, UV radiation has the greatest
potential to affect organisms negatively due to both its high energy content, and the
fact that these wavelengths are absorbed specifically by several important
biomolecules, such as proteins and deoxyribonucleic acid (DNA). Due to the
relatively high transparency of the water column in Kongsfjorden (except for the
inner basin close to glaciers) during the peak production period in spring, irradiances
might even become detrimental for organisms residing close to the sea surface. The
considerable body of research on the impact of Ey(UV,Z) especially on seaweeds of
Kongsfjorden has been reviewed (see Bischof et al. 2006, and references therein),
and will not be described in detail here. For over a decade, the effects of UV radiation
on macroalgal ecology, physiology, biochemistry, cell biology and molecular
biology have been studied in Kongsfjorden. Major insights include a reduced
reproductive success because of the pronounced UV-susceptibility of early life
history stages such as spores, gametes, gametophytes and juvenile seaweed stages
(e.g. Wiencke et al. 2004, and references therein). The UV-susceptibility of kelp
spores often determines the upper depth distribution of kelp species (e.g. Wiencke
et al. 20006).

Ambient levels of E4PAR,Z) in the uppermost part of the water column in
Kongsfjorden have been shown to decrease growth rates and affect the biochemical
composition of phytoplankton communities (Leu et al. 2006a), decreasing their
content of polyunsaturated fatty acids (PUFAs), and inducing the production of
photoprotective pigments. Similar results were found in a controlled exposure of
diatom cultures at two different depths in sifu (Leu et al. 2016), however, no negative
effects that could be attributed to UV radiation alone were reported. Similarly, a
mesocosm study with a natural phytoplankton community, performed in summer
2001, showed no distinct negative effects of UVB (Wingberg et al. 2008). Benthic
diatoms in Kongsfjorden are generally not affected by UV radiation, because most
taxa avoid this waveband by physiological, biochemical and behavioural
mechanisms, which include, for example, the synthesis and accumulation of MAAs
or the capability of vertical migration into the upper sediments (Karsten et al. 2012).
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5.3.3 Photoperiod as Environmental Signal for Seasonal
Growth Patterns in Arctic Kelp Species

Besides the significance of daylength for providing light energy for growth and
carbon allocation, photoperiod (daylength) is also a primary trigger for the regulation
of seasonal growth and reproduction (Liining 1989). For the Arctic, little information
is available on the impact of photoperiod for the regulation of phytoplankton,
microphytobenthos or seaweed growth and reproduction. One exception is the
endemic Arctic kelp Laminaria solidungula, also present in Kongsfjorden (Hop
etal. 2012; Fredriksen et al. 2014), which grows predominantly in winter (Chapman
and Lindley 1980). The onset of growth is presumably regulated by an endogenous
circannual growth rhythm and short photoperiods. This has been verified for
temperate kelp species with a similar growth strategy (Liining 1991; tom Dieck
1991). The onset of reproduction of L. solidungula and another Arctic brown algae,
Saccorhiza dermatodea, is induced by short daylengths (Hooper 1984; Keats and
South 1985; Henry 1987; tom Dieck 1989; Roleda 2016). Two other Arctic kelp
species from Kongsfjorden (Saccharina latissima and Saccharina nigripes) are
fully fertile only in autumn (I. Bartsch, pers. comm.), potentially indicating that
their fertility is induced by short daylengths.

5.3.4 Visual Predation During Polar Night: Foraging at the
Light Limit

For many animals, light is vital for visual predation (Kaartvedt et al. 1996; Torgersen
2001; Abrahamsen et al. 2010; Varpe et al. 2015). In Kongsfjorden, many organisms,
including fish, seabirds, euphausiids (krill), amphipods, and copepods that are
active and feeding throughout the year adapt their behavioural pattern according to
the annual course of fluctuating light levels (Kraft et al. 2013; Batnes et al. 2015;
Berge et al. 2015a). Recent work from Kongsfjorden suggests that even low levels
of atmospheric light (diffuse sunlight, moon, Aurora Borealis), during periods when
a photoperiod of about 5 h is present (Cohen et al. 2015), may indeed play a role in
predator—prey dynamics (Cronin et al. 2016; Last et al. 2016). For example,
approximately half of the fish (Polar cod [Boreogadus saida], Atlantic cod [Gadus
morhua), and haddock [Melanogrammus aeglefinus]) collected in trawls from
Kongsfjorden in winter had stomachs at least half full, with mainly pelagic
euphausiids prey, and for polar cod both euphausiids and calanoid copepods (Berge
et al. 2015a). Likewise, the gut content of seabirds collected from Kongsfjorden in
winter (Little auk [Alle alle], Briinnich’s guillemot [Uria lomvia], and Black
guillemot [Cepphus grylle]) showed evidence that the birds fed on euphausiids and
amphipods (Berge et al. 2015a). Interestingly, lenses in the eyes of polar cod show
adaptations for maintaining a focused visual image at low light levels, which is not
the case for lenses of boreal Atlantic cod (Jonsson et al. 2014). Collectively, this
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suggests that ambient light may play a variable role in winter feeding among fish
(and perhaps seabird) species in Kongsfjorden, with Arctic species being better
adapted to winter light levels and more recently established boreal species relying
on other sensory modalities (Varpe et al. 2015).

The pelagic zooplankton in Kongsfjorden, preyed upon by fishes and seabirds,
can likewise use available light even at the darkest times of the year. While
conventional light meters are not sensitive enough to measure underwater light in
the polar night (e.g. Table 5.1), Cohen et al. (2015) used measurements of diffuse
skylight irradiances near Ny-Alesund and measurements of inherent optical
properties of seawater (such as spectral absorption and attenuation) from
Kongsfjorden to model the underwater light field during the polar night. After
weighting the spectrally-resolved light field by the spectral sensitivity of zooplankton
visual systems, they determined that Arctic zooplankton (Thysanoessa inermis
euphausiids and Calanus spp. copepods) could detect and utilize ambient light
down to 20-30 m depth at midday.

5.3.5 Diel Vertical Migration of Zooplankton During Midnight
Sun and Polar Night

Diurnal changes of incoming irradiance are known to cause synchronized diel verti-
cal migration (DVM) in zooplankton. Zooplankton DVM occurs in all oceans of the
world and in lakes, and involves a trade-off between increased foraging opportuni-
ties in surface layers and a reduced risk of predation at depth (Hays 2003). The
phenomenon is generally found to be light-mediated (for reviews, see Hays 2003;
Cohen and Forward 2009; Ringelberg 2009). The extreme variability in diurnal
light-dark cycles in Polar Regions also has been shown to cause seasonal patterns in
DVM (Wallace et al. 2010; Berge et al. 2014). Diel changes in irradiance are most
pronounced during the intervening autumn and spring seasons. One would therefore
anticipate little or no DVM during the summer and winter, whereas DVM in spring
and autumn is likely to offer the greatest benefits (see e.g. Fischer and Visbeck
1993; Berge et al. 2014). One study from Kongsfjorden reported complete absence
of synchronized migrations of zooplankton during midnight sun (Blachowiak-
Samolyk et al. 2006). In contrast, Cottier et al. (2006) described — also based on data
collected in Kongsfjorden — a conceptual model of asynchronous DVM during the
Arctic summer, where each individual migrates according to its own needs rather
than as part of a population, with the more typical synchronized mode of DVM re-
established as soon as the diel cycle of irradiation returns to a more distinct day-
night cycle. Findings about DVM during the polar night are similarly diverse:
whereas several studies have reported a complete lack of synchronized migrations
of zooplankton during the polar night (e.g. Kosobokova 1978; Fischer and Visbeck
1993from the Arctic; Cisewski et al. 2010 from Antarctica), Berge et al. (2009)
presented the first evidence of synchronized migration pattern during the polar night
in two Svalbard fjords, Kongsfjorden and Rijpfjorden (northern Svalbard). Wallace
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et al. (2010) provided further evidence of this by examining migration patterns from
a continuous acoustic data series covering two annual cycles in Kongsfjorden and
Rijpfjorden, addressing as well the impact of sea ice cover on this behaviour. Last
et al. (2016) determined that the lunar cycle serves as a proximate cue for zooplank-
ton DVM during polar night.

5.4 Future Directions for Studies of the Underwater Light
Climate

The review work has pinpointed some essential knowledge gaps that can be of inter-
est to study in the future. Geographically, waters near marine-terminating glaciers
in Kongsfjorden have recently been described as biological hotspots (Lydersen et al.
2014; Urbanski et al. 2017); however, optical observations from these areas are rare
and might be an important focus of future studies. Temporally, evidence for high
levels of biological activity during polar night has recently been presented (Berge
et al. 2015a, b); additional and more thorough optical observations during this time
of year would be important to better understand how low light conditions influence
the marine ecosystem in Kongsfjorden during winter.

Another knowledge gap relates to a lack of longer time series of optical observa-
tions, covering different areas of Kongsfjorden and different ranges of depths, and
that are also coordinated with land-based observations of incoming solar radiation
(broadband and spectral). Additionally, there is clearly a need for direct observa-
tions of inherent optical properties, such as spectral absorption and attenuation
coefficients in the water column, which can be further assimilated into radiative
transfer and coupled physical-biological models to get a better understanding of the
underwater light climate during different seasons and locations in the fjord (cf.,
Cohen et al. 2015).

To overcome many observational challenges, new technological advances in
both instrumentation (e.g. new hyperspectral sensors, setups to prevent biofouling
of instruments) and observation platforms (e.g. underwater observatories in the
coastal domain, gliders and remotely operated vehicles) will be helpful to better
comprehend the variability of underwater light climate, and thus, its ecological
implications. In turn, this might create even more challenges when it comes to
comparison of different optical datasets. Thus, standardization and intercalibration
of optical measurements and subsequent processing and sharing of the data should
be prioritized.

Acknowledgement We thank organizers of the Kongsfjorden Ecosystem Workshop (Hamn i
Senja, March 2014) for the initiation of this review study. For AP, PK, JM, SH, SS and MAG, this
work was partly supported by the Polish-Norwegian Research Programme operated by the
National Centre for Research and Development under the Norwegian Financial Mechanism 2009—
2014 in the framework of Project Contract Pol-Nor/197511/40/2013, CDOM-HEAT; and for AP,
SH and MAG by the Research Council of Norway through the STASIS project (221961/F20). UK
gratefully acknowledges financial support through the project KA 899/15-1/2/3 in the framework



164 A. K. Pavlov et al.

of the DFG (Deutsche Forschungsgemeinschaft) Priority Programme 1158 “Antarctic Research”.
SS was supported by the Norwegian Financial Mechanism, project ALKEKONGE, PNRF-
234-Al-1/07. We thank Oddveig @ien @rvoll and Anders Skoglund at the Mapping section of the
Norwegian Polar Institute for preparing the map of Kongsfjorden (Fig. 5.1). We thank Colin
Griffiths for Kongsfjorden mooring work, funded by UK Natural Environment Research Council
and the Research Council of Norway Projects Circa (214271) and Cleopatra (178766). We also
thank three anonymous reviewers for constructive feedback that helped to improve this work.

References

Abrahamsen MB, Browman HI, Fields DM, Skiftesvik AB (2010) The three-dimensional prey
field of the northern krill, Meganyctiphanes norvegica, and the escape responses of their cope-
pod prey. Mar Biol 157:1251-1258

Aksnes DL, Dupont N, Staby A, Fiksen @, Kaartvedt S, Aure J (2009) Coastal water darkening and
implications for mesopelagic regime shifts in Norwegian fjords. Mar Ecol Prog Ser 387:39-49

Babin M, Stramski D, Ferrari GM, Claustre H, Bricaud A, Obolensky G, Hoepftner N (2003)
Variations in the light absorption coefficients of phytoplankton, nonalgal particles, and dis-
solved organic matter in coastal waters around Europe. J Geophys Res Oceans 108(C7):3211.
https://doi.org/10.1029/2001JC000882

Bartsch I, Paar M, Fredriksen S, Schwanitz M, Daniel C, Hop H, Wiencke C (2016) Changes in
kelp forest biomass and depth distribution in Kongsfjorden, Svalbard, between 1996-1998 and
2012-2014 reflect Arctic warming. Polar Biol 39:2021-2036

Bétnes AS, Miljeteig C, Berge J, Greenacre M, Johnsen G (2015) Quantifying the light sensitiv-
ity of Calanus spp. during the polar night: potential for orchestrated migrations conducted by
ambient light from the sun, moon, or aurora borealis? Polar Biol 38:51-65

Berge J, Cottier F, Last KS, Varpe @, Leu E, Sgreide J, Eiane K, Falk-Petersen S, Willis K, Nygérd
H, Vogedes D, Griffiths C, Johnsen G, Lorenzen D, Brierley AS (2009) Diel vertical migration
of Arctic zooplankton during the polar night. Biol Lett 5:69-72

Berge J, Cottier F, Varpe @, Renaud PE, Falk-Petersen S, Kwasniewski S, Griffiths C, Sgreide JE,
Johnsen G, Aubert A, Bjerke O (2014) Arctic complexity: a case study on diel vertical migra-
tion of zooplankton. J Plankton Res 36:1279-1297

Berge J, Daase M, Renaud PE, Ambrose WG Jr, Darnis G, Last KS, Leu E, Cohen JH, Johnsen
G, Moline MA, Cottier F, Varpe @, Shunatova N, Balazy P, Morata N, Massabuau J-C, Falk-
Petersen S, Kosobokova K, Hoppe CIM, Weslawski JM, Kuklinski P, Legezynska J, Nikishina
D, Cusa M, Kedra M, Wlodarska-Kowalczuk M, Vogedes D, Camus L, Tran D, Michaud E,
Gabrielsen TM, Granovitch A, Gonchar A, Krapp R, Callesen TA (2015a) Unexpected levels
of biological activity during the polar night offer new perspectives on a warming Arctic. Curr
Biol 25:2555-2561

Berge J, Renaud PE, Darnis G, Cottier F, Last K, Gabrielsen TM, Johnsen G, Seuthe L, Weslawski
IM, Leu E, Moline M, Nahrgang J, Sgreide JE, Varpe @, Lgnne OJ, Daase M, Falk-Petersen
S (2015b) In the dark: a review of ecosystem processes during the Arctic polar night. Prog
Oceanogr 139:258-271

Bischof K, Hanelt D, Tiig H, Karsten U, Brouwer PEM, Wiencke C (1998) Acclimation of brown
algal photosynthesis to ultraviolet radiation in Arctic coastal waters (Spitsbergen, Norway).
Polar Biol 20:388-395

Bischof K, Hanelt D, Wiencke C (1999) Acclimation of maximal quantum yield of photosynthesis
in the brown alga Alaria esculenta under high light and UV-radiation. Plant Biol 1:435-444

Bischof K, Hanelt D, Aguilera J, Karsten U, Vogele B, Sawall T, Wiencke C (2002) Seasonal
variation in ecophysiological patterns in macroalgae from an Arctic fjord: I. Sensitivity of
photosynthesis to ultraviolet radiation. Mar Biol 140:1097-1106


https://doi.org/10.1029/2001JC000882

5 The Underwater Light Climate in Kongsfjorden and Its Ecological Implications 165

Bischof K, Gémez I, Molis M, Hanelt D, Karsten U, Liider U, Roleda MY, Zacher K, Wiencke C
(2006) Ultraviolet radiation shapes seaweed communities. Rev Environ Sci Biotechnol 5:141—
166. https://doi.org/10.1007/s11157-006-0002-3

Blachowiak-Samolyk K, Kwasniewski S, Richardson K, Dmoch K, Hansen E, Hop H, Falk-
Petersen S, Mouritzen LT (2006) Arctic zooplankton do not perform diel vertical migration
(DVM) during periods of midnight sun. Mar Ecol Prog Ser 308:101-116

Bricaud A, Morel A, Prieur L (1981) Absorption by dissolved organic matter of the sea (yellow
substance) in the UV and visible domains. Limnol Oceanogr 26:43-53

Carlsen BP, Johnsen G, Berge J, Kuklinski P (2007) Biodiversity patterns of macro-epifauna on
different lamina parts of Laminaria digitata and Saccharina latissima collected during spring
and summer 2004 in Kongsfjorden, Svalbard. Polar Biol 30:939-943

Chapman A, Lindley J (1980) Seasonal growth of Laminaria solidungula in the Canadian High
Arctic in relation to irradiance and dissolved nutrient concentrations. Mar Biol 57:1-5

Cisewski B, Strass VH, Rhein M, Krigefsky S (2010) Seasonal variation of diel vertical migration
of zooplankton from ADCP backscatter time series data in the Lazarev Sea, Antarctica. Deep-
Sea Res I Oceanogr Res Pap 57:78-94

Cohen JH, Forward RB Jr (2009) Zooplankton diel vertical migration: a review of proximate con-
trol. Oceanogr Mar Biol 47:77-110

Cohen JH, Berge J, Moline MA, Sgrensen AJ, Last K, Falk-Petersen S, Renaud PE, Leu ES,
Grenvald J, Cottier F, Cronin H, Menze S, Norgren P, Varpe @, Daase M, Darnis G, Johnsen G
(2015) Is ambient light during the High Arctic polar night sufficient to act as a visual cue for
zooplankton? PLoS One 10:e0126247

Cottier FR, Tarling GA, Wold A, Falk-Petersen S (2006) Unsynchronized and synchronized verti-
cal migration of zooplankton in a high arctic fjord. Limnol Oceanogr 51:2586-2599

Cottier F, Nilsen F, Inall M, Gerland S, Tverberg V, Svendsen H (2007) Wintertime warming of an
Arctic shelf in response to large-scale atmospheric circulation. Geophys Res Lett 34:1.10607.
https://doi.org/10.1029/2007GL029948

Cronin HA, Cohen JH, Berge J, Johnsen G, Moline MA (2016) Bioluminescence as an ecologi-
cal factor during high Arctic polar night. Sci Rep 6:36374. https://doi.org/10.1038/srep36374

Dunton KH (1990) Growth and production in Laminaria solidungula: relation to continuous
underwater light levels in the Alaskan High Arctic. Mar Biol 106:297-304

Fischer J, Visbeck M (1993) Seasonal variation of the daily zooplankton migration in the Greenland
Sea. Deep-Sea Res I Oceanogr Res Pap 40:1547-1557

Fredriksen S, Bartsch I, Wiencke C (2014) New additions to the benthic marine flora of
Kongsfjorden, western Svalbard, and comparison between 1996/1998 and 2012/2013. Bot Mar
57:203-216

Fricke A, Molis M, Wiencke C, Valdivia N, Chapman AS (2001) Effects of UV radiation on the
structure of Arctic macrobenthic communities. Polar Biol 34:995-1009

Gerland S, Renner AHH (2007) Sea-ice mass-balance monitoring in an Arctic fjord. Ann Glaciol
46:435-442

Glud RN, Kiihl M, Wenzhofer F, Rysgaard S (2002) Benthic diatoms of a high Arctic fjord (Young
Sound, NE Greenland): importance for ecosystem primary production. Mar Ecol Prog Ser
238:15-29

Gomez I, Wulff A, Roleda M, Huovinen P, Karsten U, Quartino ML, Dunton K, Wiencke C (2009)
Light and temperature demands of marine benthic microalgae and seaweeds in polar regions.
Bot Mar 52:593-608

Granskog MA, Stedmon CA, Dodd PA, Amon RM, Pavlov AK, de Steur L, Hansen E (2012)
Characteristics of colored dissolved organic matter (CDOM) in the Arctic outflow in the Fram
Strait: assessing the changes and fate of terrigenous CDOM in the Arctic Ocean. ] Geophys Res
117:C12021. https://doi.org/10.1029/2012JC008075

Granskog MA, Pavlov AK, Sagan S, Kowalczuk P, Raczkowska A, Stedmon CA (2015) Effect of
sea-ice melt on inherent optical properties and vertical distribution of solar radiant heating in
Arctic surface waters. ] Geophys Res 120:7028-7039. https://doi.org/10.1002/2015JC011087


https://doi.org/10.1007/s11157-006-0002-3
https://doi.org/10.1029/2007GL029948
https://doi.org/10.1038/srep36374
https://doi.org/10.1029/2012JC008075
https://doi.org/10.1002/2015JC011087

166 A. K. Pavlov et al.

Ha SY, Kim YN, Park MO, Kang SH, Kim HC, Shin KH (2012) Production of mycosporine-like
amino acids of in situ phytoplankton community in Kongsfjorden, Svalbard, Arctic. J Photoch
Photobio B 114:1-4

Hamre B, Winther J-G, Gerland S, Stamnes JJ, Stamnes K (2004) Modeled and measured optical
transmittance of snow-covered first-year sea ice in Kongsfjorden, Svalbard. J Geophys Res
109:C10006. https://doi.org/10.1029/2003JC001926

Hanelt D (1998) Capability of dynamic photoinhibition in Arctic macroalgae is related to their
depth distribution. Mar Biol 131:361-369

Hanelt D, Wiencke C, Nultsch W (1997) Influence of UV radiation on photosynthesis of Arctic
macroalgae in the field. J Photochem Photobiol B 38:40—47

Hanelt D, Tiig H, Bischof K, Grofl C, Lippert H, Sawall T, Wiencke C (2001) Light regime in an
Arctic fjord: a study related to stratospheric ozone depletion as a basis for determination of UV
effects on algal growth. Mar Biol 138:649-658

Hanelt D, Bischof K, Wiencke C (2004) The radiation, temperature and salinity regime in
Kongsfjorden. Ber Polarforsch Meeresforsch 492:14-25

Hays GC (2003) A review of the adaptive significance and ecosystem consequences of zooplank-
ton diel vertical migrations. Hydrobiologia 503:163—170

Hegseth EN, Assmy P, Wiktor JM, Wiktor JM Jr, Kristiansen S, Leu E, Tverberg V, Gabrielsen
TM, Skogseth R, Cottier F (this volume-d) Chapter 6: Phytoplankton seasonal dynamics in
Kongsfjorden, Svalbard and the adjacent shelf. In: Hop H, Wiencke C (eds) The ecosystem of
Kongsfjorden, Svalbard, Advances in polar ecology 2. Springer, Cham

Henry EC (1987) Primitive reproductive characters and a photoperiodic response in Saccorhiza
dermatodea (Laminariales, Phaecophyceae). Br Phycol J 22:23-31

Hodal H, Falk-Petersen S, Hop H, Kristiansen S, Reigstad M (2012) Spring bloom dynamics in
Kongsfjorden, Svalbard: nutrients, phytoplankton, protozoans and primary production. Polar
Biol 35:191-203

Hodgkins R (2001) Seasonal evolution of meltwater generation, storage and discharge at a non-
temperate glacier in Svalbard. Hydrol Process 15:41-460

Holinde L, Zielinski O (2016) Bio-optical characterization and light availability parameterization
in Uummannagq Fjord and Vaigat-Disko Bay (West Greenland). Ocean Sci 12:117-128

Hooper RG (1984) Functional adaptations to the polar environment by the Arctic kelp, Laminaria
solidungula. Br Phycol J 19:194

Hop H, Pearson T, Hegseth EN, Kovacs KM, Wiencke C, Kwasniewski S, Eiane K, Mehlum F,
Gulliksen B, Wlodarska-Kowalczuk M, Lydersen C, Weslawski JM, Cochrane S, Gabrielsen
GW, Leakey RJG, Lgnne OJ, Zajaczkowski M, Falk-Petersen S, Kendall M, Wingberg S—A,
Bischof K, Voronkov AY, Kovaltchouk NA, Wiktor J, Poltermann M, di Prisco G, Papucci C,
Gerland S (2002) The marine ecosystem of Kongsfjorden, Svalbard. Polar Res 21:167-208

Hop H, Wiencke C, Vogele B, Kovaltchouk NA (2012) Species composition, zonation, and bio-
mass of marine benthic macroalgae in Kongsfjorden, Svalbard. Bot Mar 55:399-414

Hop H, Kovaltchouk NA, Wiencke C (2016) Distribution of macroalgae in Kongsfjorden, Svalbard.
Polar Biol 39:2037-2051

Hulatt CJ, Thomas DN, Bowers DG, Norman L, Zhang C (2009) Exudation and decomposition
of chromophoric dissolved organic matter (CDOM) from some temperate macroalgae. Estuar
Coast Shelf Sci 84:147-153

Hyatt J, Visbeck M, Beardsley R, Owens W (2008) Measurements of sea ice properties using
a moored upward-looking acoustic Doppler current profiler (ADCP). Deep-Sea Res II
55:351-364

Johnsen G, Volent Z, Sakshaug E, Sigernes F, Pettersson LH (2009) Remote sensing in the Barents
Sea. In: Sakshaug E, Johnsen G, Kovacs K (eds) Ecosystem Barents Sea. Tapir Academic
Press, Trondheim, pp 139-166

Jonsson M, Varpe @, Koztowski T, Berge J, Kroger RH (2014) Differences in lens optical plasticity
in two gadoid fishes meeting in the Arctic. ] Comp Physiol A 200:949-957


https://doi.org/10.1029/2003JC001926

5 The Underwater Light Climate in Kongsfjorden and Its Ecological Implications 167

Kaartvedt S, Melle W, Knutsen T, Skjoldal HR (1996) Vertical distribution of fish and krill beneath
water of varying optical properties. Mar Ecol Prog Ser 136:51-58

Karsten U (2008) Defense strategies of algae and cyanobacteria against solar ultraviolet radiation.
In: Algal chemical ecology. Springer, Heidelberg, pp 273-296

Karsten U, Bischof K, Hanelt D, Tiig H, Wiencke C (1999) The effect of ultraviolet radiation
on photosynthesis and ultraviolet-absorbing substances in the endemic Arctic macroalga
Devaleraea ramentacea (Rhodophyta). Physiol Plantarum 105:58-66

Karsten U, Schumann R, Rothe S, Jung I, Medlin L (2006) Temperature and light requirements
for growth of two diatom species (Bacillariophyceae) isolated from an Arctic macroalga. Polar
Biol 29:476-486

Karsten U, Wulff A, Roleda MY, Miiller R, Steinhoff FS, Fredersdorf J, Wiencke C (2009)
Physiological responses of polar benthic algae to ultraviolet radiation. Bot Mar 52:639-654

Karsten U, Schlie C, Woelfel J, Becker B (2012) Benthic diatoms in Arctic Seas-ecological func-
tions and adaptions. Polarforschung 81:77-84

Karsten U, Schaub I, Woelfel J, Sevilgen DS, Schlie C, Becker B, Wulff A, Graeve M, Wagner H
(this volume-b) Chapter 8: Living on cold substrata — new approaches to study microphytoben-
thos ecophysiology and ecology in Kongsfjorden. In: Hop H, Wiencke C (eds) The ecosystem
of Kongsfjorden, Svalbard, Advances in polar ecology 2. Springer, Cham

Keats DW, South R (1985) Aspects of the reproductive phenology of Saccorhiza dermatodea
(Phaeophyta, Laminariales) in Newfoundland. Br Phycol J 20:117-122

Kortsch S, Primicerio R, Beuchel F, Renaud PE, Rodrigues J, Lgnne OJ, Gulliksen B (2012) Climate-
driven regime shifts in Arctic marine benthos. Proc Natl Acad Sci U S A 109:14052-14057

Kosobokova KN (1978) Diurnal vertical distribution of Calanus hyperboreus Kroyer and Calanus
glacialis Jaschnov in the central Polar Basin. Oceanology 18:476-480

Kraft A, Berge J, Varpe @, Falk-Petersen S (2013) Feeding in Arctic darkness: mid-winter diet of
the pelagic amphipods Themisto abyssorum and T. libellula. Mar Biol 160:241-248

Kriiger M (2016) Photosynthese-Lichtkurven ausgewihlter Makroalgenarten des Kongsfjords
(Spitzbergen, Norwegen) als Grundlage fiir Abschitzungen der Produktivitit des arktischen
Kelpwaldes. Diploma thesis, Technical University of Freiberg, Germany

Kupfer H, Herber A, Konig-Langlo G (2006) Radiation measurements and synoptic observations
at Ny Aalesund, Svalbard. Ber Polarforsch Meeresforsch 538:1-115

Kvernvik AC, Hoppe CJM, Lawrenz E, Prasil O, Wiktor JM, Greenacre M, Leu E (2018) Fast reac-
tivation of photosynthesis in arctic phytoplankton during the polar night. J Phycol 54:461-470

Last KS, Hobbs L, Berge J, Brierley AS, Cottier F (2016) Moonlight drives ocean-scale mass verti-
cal migration of zooplankton during the Arctic winter. Curr Biol 26:1-8

Latala A (1990) Photosynthesis and respiration of some marine benthic algae from Spitsbergen.
Polar Res 8:303-307

Leu E (2006) Effects of a changing arctic light climate on the nutritional quality of phytoplankton.
Dissertation, University of Oslo, Faculty of Mathematics and Natural Sciences, 194 p

Leu E, Falk-Petersen S, Kwasniewski S, Wulff A, Edvardsen K, Hessen DO (2006a) Fatty acid
dynamics during the spring bloom in a High Arctic fjord: importance of abiotic factors versus
community changes. Can J Fish Aquat Sci 63:2760-2779

Leu E, Wingberg S-A, Wulff A, Falk-Petersen S, @rbek JB, Hessen DO (2006b) Effects of changes
in ambient PAR and UV radiation on the nutritional quality of an Arctic diatom (Thalassiosira
antarctica var. borealis). ] Exp Mar Biol Ecol 337:65-81

Leu E, Graeve M, Wulff A (2016) A (too) bright future? — Arctic diatoms under radiation stress.
Polar Biol 39:1711-1724

Lund-Hansen LC, Andersen TJ, Nielsen MH, Pejrup M (2010) Suspended matter, Chl-a, CDOM,
grain sizes, and optical properties in the Arctic fjord-type estuary, Kangerlussuaq, West
Greenland during summer. Estuar Coasts 33:1442-1451

Liining K (1989) Environmental triggers in algal seasonality. Bot Mar 32:389-398



168 A. K. Pavlov et al.

Liining K (1991) Circannual growth rhythm in a brown alga, Pterygophora californica. Bot Acta
104:157-162

Lydersen C, Assmy P, Falk-Petersen S, Kohler J, Kovacs KM, Reigstad M, Steen H, Strgm H,
Sundfjord A, Varpe @, Walczowski W, Weslawski JM, Zajaczkowski M (2014) The impor-
tance of tidewater glaciers for marine mammals and seabirds in Svalbard, Norway. ] Mar Syst
129:452-471

Maturilli M, Herber A, Kénig-Langlo G (2015) Surface radiation climatology for Ny-Alesund,
Svalbard (78.9 N), basic observations for trend detection. Theor Appl Climatol 120:331-339

Maturilli M, Hanssen-Bauer I, Neuber R, Rex M, Edvardsen K (this volume-b) Chapter 2: The
atmosphere above Ny-Alesund: climate and global warming, ozone and surface UV radiation.
In: Hop H, Wiencke C (eds) The ecosystem of Kongsfjorden, Svalbard, Advances in polar
ecology 2. Springer, Cham

McCree KJ (1981) Photosynthetically active radiation. In: Lange OL, Nobel PS, Osmond CB,
Ziegler H (eds) Physiological plant ecology I. Springer, Berlin/New York, pp 41-55

Mobley CD (1994) Light and water: radiative transfer in natural waters. Academic, San Diego

Morel A, Smith RC (1974) Relation between total quanta and total energy for aquatic photosyn-
thesis. Limnol Oceanogr 19:591-600

Murray C, Markager S, Stedmon CA, Juul-Pedersen T, Sejr MK, Bruhn A (2015) The influence of
glacial melt water on bio-optical properties in two contrasting Greenlandic fjords. Estuar Coast
Shelf Sci 163:72-83

Paar M, Voronkov A, Hop H, Brey T, Bartsch I, Schwanitz M, Wiencke C, Lebreton B, Asmus R,
Asmus H (2016) Temporal shift in biomass and production of macrozoobenthos in the mac-
roalgal belt at Hansneset, Kongsfjorden, after 15 years. Polar Biol 39:2065-2076

Pavlov AK, Tverberg V, Ivanov BV, Nilsen F, Falk-Petersen S, Granskog MA (2013) Warming of
Atlantic Water in two west Spitsbergen fjords over the last century (1912-2009). Polar Res
32:11206. https://doi.org/10.3402/polar.v32i0.11206

Pavlov AK, Silyakova A, Granskog MA, Bellerby RG, Engel A, Schulz KG, Brussaard CP
(2014) Marine CDOM accumulation during a coastal Arctic mesocosm experiment: no
response to elevated pCO levels. J Geophys Res Biogeosci 119:1216-1230. https://doi.
0rg/10.1002/2013JG002587

Pavlov AK, Granskog MA, Stedmon CA, Ivanov BV, Hudson SR, Falk-Petersen S (2015)
Contrasting optical properties of surface waters across the Fram Strait and its potential biologi-
cal implications. J Mar Syst 143:62-72. https://doi.org/10.1016/j.jmarsys.2014.11.001

Pavlov AK, Stedmon CA, Semushin AV, Martma T, Ivanov BV, Kowalczuk P, Granskog MA
(2016) Linkages between the circulation and distribution of dissolved organic matter in the
White Sea, Arctic Ocean. Cont Shelf Res 119:1-13. https://doi.org/10.1016/j.csr.2016.03.004

Pavlova O, Gerland S, Hop H (this volume-c) Chapter 4: Changes in sea-ice extent and thick-
ness in Kongsfjorden, Svalbard (2003-2016). In: Hop H, Wiencke C (eds) The ecosystem of
Kongsfjorden, Svalbard, Advances in polar ecology 2. Springer, Cham

Pedersen CA, Gallet JC, Strom J, Gerland S, Hudson SR, Forsstrom S, Isaksson E, Berntzen TK
(2015) In situ observations of black carbon in snow and the corresponding spectral surface
albedo reduction. J Geophys Res Atmos 120:1476-1489

Pettersen R, Johnsen G, Berge J, Hovland EK (2011) Phytoplankton chemotaxonomy in waters
around the Svalbard archipelago reveals high amounts of Chl b and presence of gyroxanthin-
diester. Polar Biol 34:627-635

Piquet A-T, van de Poll W, Visser R, Wiencke C, Bolhuis H, Buma A (2014) Springtime phyto-
plankton dynamics in Arctic Krossfjorden and Kongsfjorden (Spitsbergen) as a function of
glacier proximity. Biogeosciences 11:2263-2279

Pope RM, Fry ES (1997) Absorption spectrum (380-700 nm) of pure water. II. Integrating cavity
measurements. Appl Opt 36:8710-8723

Ringelberg J (2009) Diel vertical migration of zooplankton in lakes and oceans: causal explana-
tions and adaptive significances. Springer Science & Business Media, Dordrecht


https://doi.org/10.3402/polar.v32i0.11206
https://doi.org/10.1002/2013JG002587
https://doi.org/10.1002/2013JG002587
https://doi.org/10.1016/j.jmarsys.2014.11.001
https://doi.org/10.1016/j.csr.2016.03.004

5 The Underwater Light Climate in Kongsfjorden and Its Ecological Implications 169

Roleda MY (2016) Stress physiology and reproductive phenology of Arctic endemic kelp
Laminaria solidungula J. Agardh. Polar Biol 39:1967-1978

Roleda MY, Hanelt D, Wiencke C (2006) Exposure to ultraviolet radiation delays photosynthetic
recovery in Arctic kelp zoospores. Photosynth Res 88:311-322

Rysgaard S, Nielsen TG (2006) Carbon cycling in a high-arctic marine ecosystem—Young Sound,
NE Greenland. Prog Oceanogr 71:426-445

Sakshaug E, Johnsen G, Volent Z (2009) Light. In: Sakshaug E, Johnsen G, Kovacs K (eds)
Ecosystem Barents Sea. Tapir Academic Press, Trondheim, pp 117-138

Schulz KG, Bellerby RGJ, Brussaard CPD, Budenbender J, Czerny J, Engel A, Fischer M, Koch-
Klavsen S, Krug SA, Lischka S, Ludwig A, Meyerhofer M, Nondal G, Silyakova A, Stuhr
A, Riebesell U (2013) Temporal biomass dynamics of an Arctic plankton bloom in response
to increasing levels of atmospheric carbon dioxide. Biogeosciences 10:161-180. https://doi.
org/10.5194/bg-10-161-2013

Sevilgen DS, de Beer D, Al-Handal A, Brey T, Polerecky L (2014) Oxygen budgets in subtidal arc-
tic (Kongsfjorden, Svalbard) and temperate (Helgoland, North Sea) microphytobenthic com-
munities. Mar Ecol Prog Ser 504:27-42

Sharp G, Allard M, Lewis A, Semple R, Rochefort G (2008) The potential for seaweed resource
development in subarctic Canada; Nunavik, Ungava Bay. J Appl Phycol 20:491-498

Sgreide JE, Leu E, Berge J, Graeve M, Falk-Petersen S (2010) Timing of blooms, algal food
quality and Calanus glacialis reproduction and growth in a changing Arctic. Glob Chang Biol
16:3154-3163

Spielhagen RF, Werner K, Sgrensen SA, Zamelczyk K, Kandiano E, Budeus G, Husum K,
Marchitto TM, Hald M (2011) Enhanced modern heat transfer to the Arctic by warm Atlantic
water. Science 331:450-453

Stedmon C, Markager S (2001) The optics of chromophoric dissolved organic matter (CDOM) in
the Greenland Sea: an algorithm for differentiation between marine and terrestrially derived
organic matter. Limnol Oceanogr 46:2087-2093

Stedmon CA, Amon RMW, Rinehart AJ, Walker SA (2011) The supply and characteristics of col-
ored dissolved organic matter (CDOM) in the Arctic Ocean: Pan Arctic trends and differences.
Mar Chem 124:108-118

Svendsen H, Beszczynska-Moller A, Hagen JO, Lefauconnier B, Tverberg V, Gerland S, @rbak
JB, Bischof K, Papucci C, Zajaczkowski M, Azzolini R, Bruland O, Wiencke C, Winther J-G,
Dallmann W (2002) The physical environment of Kongsfjorden—Krossfjorden, an Arctic fjord
system in Svalbard. Polar Res 21:133-166

Taskjelle T, Hudson SR, Granskog MA, Nicolaus M, Lei R, Gerland S, Stamnes JJ, Hamre B (2016)
Spectral albedo and transmittance of thin young Arctic Sea ice. J Geophys Res 121:540-553.
https://doi.org/10.1002/2015JC011254

Tassan S, Ferrari G (2002) A sensitivity analysis of the ‘Transmittance—Reflectance’ method for
measuring light absorption by aquatic particles. J Plankton Res 24:757-774

tom Dieck T (1989) Vergleichende Untersuchungen zur Okophysiologie und Kreuzbarkeit inner-
halb der digitaten Sektion der Gattung Laminaria. PhD thesis, University of Hamburg,
Hamburg, Germany

tom Dieck I (1991) Circannual growth rhythm and photoperiodic sorus induction in the kelp
Laminaria setchellii (Phaeophyta). J Phycol 27:341-350

Torgersen T (2001) Visual predation by the euphausiid Meganyctiphanes norvegica. Mar Ecol
Prog Ser 209:295-299

Urbanski JA, Stempniewicz L, Weslawski JM, Draganska-Deja K, Wochna A, Goc M, Iliszko L
(2017) Subglacial discharges create fluctuating foraging hotspots for sea birds in tidewater
glacial bays. Sci Rep 7:43999. https://doi.org/10.1038/srep43999

Vader A, Marquardt M, Meshram AR, Gabrielsen TM (2015) Key Arctic phototrophs are wide-
spread in the polar night. Polar Biol 38:13-21


https://doi.org/10.5194/bg-10-161-2013
https://doi.org/10.5194/bg-10-161-2013
https://doi.org/10.1002/2015JC011254
https://doi.org/10.1038/srep43999

170 A. K. Pavlov et al.

van de Poll WH, Hanelt D, Hoyer K, Buma AGJ, Breeman AM (2002) Ultraviolet-B induced
cyclobutane pyrimidine dimer formation and repair in Arctic marine macrophytes. Photochem
Photobiol 76:493-501

Varpe @ (2012) Fitness and phenology: annual routines and zooplankton adaptations to seasonal
cycles. J Plankton Res 34:267-276

Varpe @, Daase M, Kristiansen T (2015) A fish-eye view on the new Arctic lightscape. ICES J Mar
Sci 72:2532-2538

Vincent WF, Roy S (1993) Solar ultraviolet-B radiation and aquatic primary production: damage,
protection, and recovery. Environ Rev 1:1-12

Volent Z, Johnsen G, Sigernes F (2007) Kelp forest mapping by use of airborne hyperspectral
imager. J Appl Remote Sens 1:011503. https://doi.org/10.1117/1.2822611

Wallace MI, Cottier FR, Berge J, Tarling GA, Griffiths C, Brierley AS (2010) Comparison of zoo-
plankton vertical migration in an ice-free and a seasonally ice-covered Arctic fjord: an insight
into the influence of sea ice cover on zooplankton behavior. Limnol Oceanogr 55:831-845

Wingberg S—A, Andreasson KI, Gustavson K, Reinthaler T, Henriksen P (2008) UV-B effects
on microplankton communities in Kongsfjord, Svalbard—A mesocosm experiment. ] Exp Mar
Biol Ecol 365:156-163

Wiencke C, Hop H (2016) Ecosystem Kongsfjorden: new views after more than a decade of
research. Polar Biol 39:1679-1687

Wiencke C, Gémez I, Pakker H, Flores-Moya A, Altamirano M, Hanelt D, Bischof K, Figueroa FL
(2000) Impact of UV-radiation on viability, photosynthetic characteristics and DNA of brown
algal zoospores: implications for depth zonation. Mar Ecol Prog Ser 197:217-229

Wiencke C, Clayton M, Schoenwaelder M (2004) Sensitivity and acclimation to UV radiation of
zoospores from five species of Laminariales from the Arctic. Mar Biol 145:31-39

Wiencke C, Roleda MY, Gruber A, Clayton MN, Bischof K (2006) Susceptibility of zoospores to
UV radiation determines upper depth distribution limit of Arctic kelps: evidence through field
experiments. J Ecol 94:455-463

Winther J-G, Edvardsen K, Gerland S, Hamre B (2004) Surface reflectance of sea ice and under-
ice irradiance in Kongsfjorden, Svalbard. Polar Res 23:115-118

Woelfel J, Schumann R, Peine F, Flohr A, Kruss A, Tegowski J, Blondel P, Wiencke C, Karsten U
(2010) Microphytobenthos of Arctic Kongsfjorden (Svalbard, Norway): biomass and potential
primary production along the shore line. Polar Biol 33:1239-1253

Woelfel J, Eggert A, Karsten U (2014) Marginal impacts of rising temperature on Arctic benthic
microalgae production based on in situ measurements and modelled estimates. Mar Ecol Prog
Ser 501:25-40

Zajaczkowski MJ, Legezynska J (2001) Estimation of zooplankton mortality caused by an Arctic
glacier outflow. Oceanologia 43:341-351


https://doi.org/10.1117/1.2822611

	Chapter 5: The Underwater Light Climate in Kongsfjorden and Its Ecological ­Implications
	5.1 Introduction
	5.2 The Underwater Light Climate in Kongsfjorden
	5.2.1 Incoming Irradiance
	5.2.2 Underwater Irradiance in the PAR Range
	5.2.2.1 Point and Episodic Measurements of Underwater Irradiance in the PAR Range
	5.2.2.2 Temporal Variability of Underwater Irradiance in the PAR Range

	5.2.3 Underwater Irradiance in the UV Range
	5.2.4 Light Climate During Polar Night
	5.2.5 Attenuation of Light by Snow and Sea Ice in Kongsfjorden
	5.2.6 Optically Active Substances
	5.2.6.1 Optically Active Substances in Seawater
	5.2.6.2 Optically Active Substances in Sea Ice


	5.3 Underwater Light: Implications for Organisms and the Marine Ecosystem of Kongsfjorden
	5.3.1 Light as Energy Source for Arctic Primary Producers: Challenges of Strong Seasonality and Consequences of Ongoing Changes
	5.3.2 Light as Stress Factor: Adverse Effects of High Irradiance in the PAR (Ed(PAR,Z)) and UV Range (Ed(UV,Z)) on Arctic Primary Producers
	5.3.3 Photoperiod as Environmental Signal for Seasonal Growth Patterns in Arctic Kelp Species
	5.3.4 Visual Predation During Polar Night: Foraging at the Light Limit
	5.3.5 Diel Vertical Migration of Zooplankton During Midnight Sun and Polar Night

	5.4 Future Directions for Studies of the Underwater Light Climate
	References




