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ARTICLE INFO ABSTRACT

Keywords: Previous studies have shown that climate change makes Norwegian fjords prone to deoxygenation and water
Coastal wat.er darkening darkening (reduced light penetration) with ecological implications across the food web from phytoplankton to
Deoxygenation fish. While deoxygenation occurs in deep fjord basins due to reduced water renewal, water darkening has pri-
E};i(t”:ftenuation marily been linked to increased loads of colored dissolved organic matter (CDOM) of terrestrial origin in rivers
CDOM draining to the Baltic Sea, the North Sea and ultimately to the Norwegian Coastal Current and associated coastal
Fjords waters. Here, we investigate the hypothesis that water darkening is also linked to deoxygenation of fjord basins.

We measure the downwelling irradiance in a water column with hypoxic and anoxic water and compare it with a
nearby, well-oxygenated water column. Our data show increased darkening in the hypoxic and anoxic layers,
likely due to elevated concentrations of CDOM that is produced locally in these layers. We discuss the ecological
implication of this result, which we believe is particularly relevant for the mesopelagic habitat.

1. Introduction

Previous studies have shown that climate change makes Norwegian
coastal waters and fjords prone to deoxygenation (Aksnes et al., 2019;
Darelius, 2020; Johnsen et al., 2024) and water darkening (Aksnes et al.,
2009; Frigstad et al., 2023; Opdal et al., 2023). Although “coastal water
darkening” was first reported for fjords, it now more generally refers to
the 20th century trend of decreasing light penetration of visible light
such as reported for the North Sea (Capuzzo et al., 2015; Dupont and
Aksnes, 2013; Opdal et al., 2019), the Baltic Sea (Fleming-Lehtinen and
Laamanen, 2012; Kahru et al., 2022; Sandén and Hakansson, 1996), as
well as for the Norwegian Coastal Water (NCW) which embraces the
entire coast of Norway (Opdal et al., 2023, 2024). Such water darkening
is an important driver of upper water processes such as photosynthesis
and primary productivity, while also having implications for deeper
waters where organisms depending on vision, such as many mesopelagic
fish, are distributed.

Coastal water darkening has primarily been associated with
increased supplies of colored dissolved organic matter (CDOM) of
terrestrial origin, but also wind-driven resuspension of sediments in
shallow areas (Capuzzo et al., 2015; Wilson and Heath, 2019) and
elevated pigment and organic matter concentrations following eutro-
phication events (Fleming-Lehtinen and Laamanen, 2012; Stigebrandt
and Andersson, 2020). A long-term increase in the loads of CDOM of

terrestrial origin (hereby referred to as t-CDOM) has been linked to
increased vegetation in Scandinavia and Northern Europe that has been
connected to increased warming, precipitation, and changes in land use
(Larsen et al., 2011; Opdal et al., 2023, 2024). The t-CDOM is trans-
ported with freshwater ultimately draining to the NCW that is carried
northward along the Norwegian coast with the Norwegian Coastal
Current (NCC, Fig. 1A) (Opdal et al., 2023; Seetre, 2007). Parts of this
t-CDOM is labile and can thus be degraded within weeks in freshwater or
upon entering the coastal system (Erlandsson and Stigebrandt, 2006),
but a significant proportion is also recalcitrant and cause elevated light
attenuation far from the original freshwater source (Hgjerslev et al.,
1996; Opdal et al., 2023; Stedmon and Markager, 2003). The t-CDOM
content of the NCW absorbs light and therefore decreases the water
column light penetration (Frigstad et al., 2013; Opdal et al., 2023). Due
to its freshwater content, NCW is less dense and floats above the more
saline and transparent oceanic water (Aksnes, 2015; Seetre, 2007). This
means that the direct effect from t-CDOM on light penetration is
restricted to the NCW-layer. Due to the shading, however, the water
masses below and all the way to the bottom also become darker with
increased t-CDOM of the NCW layer.

Besides the water darkening caused by t-CDOM, previous evidence
also suggests an additional darkening effect in deep fjord basins where
low concentrations of dissolved oxygen occur (Aksnes et al., 2009). Due
to lack of in situ light measurements at large depths, however, the actual
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darkening associated with such deoxygenation has until now not been
measured. In the present study, we have selected a fjord, Haugsvaerf-
jorden, that is sufficiently shallow so that in situ light could be measured
in water masses that were hypoxic, anoxic as well as in the
well-oxygenated upper layer. To quantify a darkening effect expected to
be associated with hypoxic and anoxic water, we compare the light
penetration in Haugsverfjorden basin with that in the upper
well-oxygenated 125 m of the neighbor fjord, Masfjorden, which
Haugsvarfjorden branches off from (Fig. 1B).

2. Materials & methods
2.1. Study area

Fjords are long and narrow inlets separated from the outer coast by
sills, which are topographical barriers. The water renewal of a fjord
basin, i.e., the volume of the fjord that is situated below the sill depth,
can be limited and this can generate oxygen loss in the fjord basin over
time (Aure and Stigebrandt, 1989). Such oxygen loss occurs in periods
when microbial oxygen consumption of the fjord basin exceeds the ox-
ygen supplied from water renewals. Our study site, Masfjorden (Fig. 1),
is separated from the outer fjord Fensfjorden by a 75 m deep sill. This
relatively deep sill provides good water exchange and connection with
the NCC (Aksnes et al., 1989) which ensure good oxygen conditions
above the sill depth as well as in the upper part of the fjord basin that has
a maximum depth of 494 m. Haugsverfjorden, with a maximum depth
of 125 m, branches off from Masfjorden over a 25 m deep sill. This en-
sures good water exchange with Masfjorden and consequently good
oxygen conditions above the sill depth. The fjord basin of Haugsvaerf-
jorden, however, is prone to hypoxia and anoxia at depths at which
downwelling irradiance can be measured with commercially available
light meters.

Our observations were made during four research cruises with R.V.
Kristine Bonnevie in Masfjorden and Haugsverfjorden 2020-2022
(Fig. 1; Table S1).

2.2. CTD deployments

Depth profiles of dissolved oxygen, salinity, temperature, and chlo-
rophyll fluorescence were collected from CTD deployments (Sea-Bird
SBE 9). Conductivity and oxygen sensors were calibrated, while chlo-
rophyll fluorescence is reported in relative units (Supplementary S2).

2.3. Light measurements

Downwelling irradiance was measured using two hyperspectral
RAMSES TriOS ACC spectroradiometers: one deck sensor and one un-
derwater sensor. The surface sensor was mounted at the top of the
wheelhouse of the ship, while the sub-surface sensor was deployed close
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to solar noon (+ca. 3 h) from the sunny side of the ship (see further
details in Supplementary S3). We estimated the light attenuation of
downwelling irradiance at wavelength 500 nm from the observed light
penetration, which was represented as a fraction of surface light, f, = E,/
Ey. Here, E, and E are the simultaneously measured irradiances at depth
z and at the surface (i.e., with the deck sensor) respectively. We chose
500 nm because this is representative for the wavelengths that pene-
trated deepest into the water column of the two fjords. We also note that
this wavelength is close to the peak sensitivity of the visual pigments of
mesopelagic fish (480-492 nm; Warrant and Locket, 2004; Turner et al.,
2009), a prominent organism group residing in the mesopelagic zone of
Norwegian fjords as well as in the global ocean (Giske et al., 1990;
Gjgseaeter and Kawaguchi, 1980; Irigoien et al., 2014).

Following the methodology of Aksnes et al. (2017), for each
deployment of the spectroradiometer, we estimated depth-specific light
attenuation coefficients (Ksgp) as the slope in the linear regressions of In
(fy) versus z for 10 m intervals. E.g., K5oo at depth 50 m was derived from
the measurements taken in the depth interval from 45 m to 55 m. Only
Kspp values from In(f;) regressions with a R? > 0.95 were used.

During the cruise in August 2021, CDOM measurements were con-
ducted in Haugsverfjorden on water samples collected using Niskin
water collectors mounted on the CTD. The CDOM concentrations were
characterized by the spectrophotometric light absorption at 500 nm of
water filtered through 0.22 pm (Sterivex-GP filters, Millipore). For the
spectrophotometric light absorption reading we used a spectropho-
tometer (UV/VIS Spectrometer Lambda 2, PerkinElmer) with a 10 cm
quartz cuvette. All measurements were relative to a cuvette with Milli-Q
water measured at the start of analysis. Below, these absorption mea-
surements are referred to as a(CDOM)sqo. See further details in Sup-
plementary S4.

2.4. Data analysis

Previous studies in Norwegian fjords and coastal water report that
the variations in salinity, chlorophyll, and dissolved oxygen account for
part of the variation in quantities considered to be proxies for light
attenuation (Aksnes, 2015; Opdal et al., 2023). These previous studies
have used salinity as a proxy for t-CDOM, i.e., decreasing salinity (more
freshwater influenced) means higher t-CDOM content.

In the present study, we examine to what extent the variation in the
three water mass properties account for the attenuation coefficient,
Kso0, that we derived from actual measurements of downwelling irra-
diance (see section 2.3). We used a multiple regression analysis with
Ksoo as the dependent variable and salinity, relative chlorophyll fluo-
rescence, and dissolved oxygen as independent variables. Prior to the
regression, we excluded 31 out of 277 datapoints in Haugsverfjorden
and 15 out of 204 datapoints in Masfjorden because of NA values from
the fluorometer.

All illustrations and analyses were done in R (R Core Team, 2022)
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Fig. 1. Map of (A) Norway and location of study (red square) with simplified arrows illustrating the North Atlantic current (NAC) and Norwegian coastal current
(NCC) and (B) the fjord system used in our study. Details about sampling can be found in Table S1. Norway land shape files are from the European Environment
Agency (European Environment Agency, 2017; eea.europa.eu) and bathymetry data are from GEBCO (GEBCO Compilation Group, 2023; download.gebco.net). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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with the additional packages tidyverse (Wickham et al., 2019), ggO-
ceanMaps (Wihtakari, 2024), and lm.beta (Behrendt, 2022). For both
the spectroradiometer and the CTD, depth was derived from measured
pressure according to 1 dbar = 1 m seawater.

3. Results

Light penetrated deeper in Masfjorden than in Haugsverfjorden,
with more than 10 times as much light penetrating to 100 m depth in
Masfjorden compared to Haugsverfjorden (Fig. 2). This difference was
due to an increase in light attenuation (Ksgo) at depths below ca. 50 m, i.
e., in the hypoxic and anoxic layers of Haugsverfjorden (Fig. 3A and B).
In contrast, Ksop remained constant (or decreased slightly, Fig. 3A)
below 50 m in the well-oxygenated Masfjorden (~200 pmol O kg~!,
Fig. 3B).

The difference in light penetration between the two fjords was lowest
in June 2020 (Fig. 2). This was due to a prominent Deep Chlorophyll
Maximum (DCM) around 40 m depth in Masfjorden as shown by the
high relative chlorophyll fluorescence values (Fig. 3D) and the associ-
ated increase in K5 (Fig. 3A). The shading from this DCM caused a ten-
fold darkening at the depths below but was not sufficient to make
Masfjorden darker than Haugsvarfjorden at 100 m depth (Fig. 2). The
largest difference in the light penetration between the two fjords was
seen in March 2020 when a DCM was not present. At this time, the
deepest light measurement in Haugsverfjorden (at 90 m depth) was ca.
14% of that measured at the same depth in Masfjorden (Fig. 2).

The association between water darkening and hypoxia was quanti-
fied using multiple regression analysis. The estimated standardized
regression coefficients (p-values in Table 1) suggest that the variation in
dissolved oxygen concentration accounted for a larger fraction of the
variation in Ksoo than salinity and relative chlorophyll fluorescence did.
Salinity and fluorescence are common proxies used for t-CDOM (lower
salinity, more t-CDOM) and chlorophyll respectively. When removing
water that were mildly hypoxic to anoxic from the regression analysis (i.
e., only including measurements with dissolved oxygen >100 pmol
kg1, n = 341), the effect of dissolved oxygen disappeared as a predictor
of Kspg (coefficient = —0.0000068, p-value > 0.1, p-value = —0.01). The
absolute value of the salinity coefficient decreased somewhat (coeffi-
cient = —0.0172, p-value <« 0.001, p-value = —0.46) while chlorophyll
fluorescence maintained a similar coefficient to the one in Table 1 (co-
efficient = 0.0276, p-value <« 0.001, p-value = 0.61), and the regression
had an overall better fit to the data (Rgde = 0.83, p-value <« 0.001).

Our a(CDOM)sgp measurements in Haugsvarfjorden showed
elevated CDOM concentrations in surface waters (Fig. S5). This is ex-
pected from the concurrent decrease in salinity towards the surface
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Fig. 2. Depth profiles (0-125 m) of light penetration at 500 nm (dimensionless,
given as fraction of surface light; f,) in Haugsveerfjorden and Masfjorden.
Sampling dates are listed in Table S1.
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(Fig. 3C) showing increased influence of freshwater and its content of t-
CDOM. The increases in a(CDOM)s509, however, was even more pro-
nounced (3- to 4-fold) when moving deeper into the hypoxic and anoxic
layers, which are more saline and less influenced by freshwater than the
layers above.

4. Discussion

Our results are consistent with the hypothesis that deoxygenation of
fjords involve water darkening. This darkening comes in addition to the
darkening associated with increased supplies of t-CDOM from terrestrial
sources previously reported on (Opdal et al., 2023). According to the
multiple regression analysis of the relationship between light attenua-
tion and hydrographic predictors, a 200 pmol kg™! drop in dissolved
oxygen concentration was accompanied with a 0.054 m! increase in the
light attenuation coefficient, Ksoo (Table 1). The concurrent increase in a
(CDOM)sqp (Fig. S5) suggests that the elevated K5 in the hypoxic and
anoxic layers are due to locally produced CDOM rather than t-CDOM.
We interfere this from the assumption that t-CDOM, which is brought to
the sea with freshwater, should decrease, and not increase, when salinity
increases such as in the hypoxic and anoxic layers of Haugsverfjorden.

The basin of Haugsverfjorden, i.e., the fjord volume situated below
the sill depth of 25 m, contains water that has been trapped for some
time. During such stagnant periods, the fjord basin receives sinking
particulate organic matter (POM), which is degraded into DOM, and
further processed by heterotrophic bacteria consuming dissolved oxygen
and causing oxygen depletion. Previous studies report positive correla-
tions between CDOM and the Apparent Oxygen Utilization (AOU, a
proxy for microbial degradation and water mass aging) in the mesope-
lagic water masses of the open ocean (Catala et al., 2015; Nelson and
Siegel, 2013; Swan et al., 2009). In addition to CDOM production from
microbial degradation consuming oxygen, anoxic coastal waters might
experience further accumulation of CDOM under sulfidic conditions
because of microbial degradation consuming sulfate as the oxidizing
agent (Margolin et al., 2018). CDOM retained within sediments might
also be released to overlying bottom waters under anoxic conditions
(Kowalczuk et al., 2015; Loginova et al., 2016; Skoog et al., 1996). We
find it likely that the elevated light attenuation in the oxygen-depleted
waters in Haugsverfjorden partially arise from locally produced
CDOM from microbial degradation of organic matter that sinks into the
stagnant basin water. Below, we refer to this presumably local CDOM as
1-CDOM.

When low-oxygen water (from mildly hypoxic to anoxic, dissolved
oxygen <100 pmol kg™!) was excluded from our regression analysis,
only salinity and relative chlorophyll fluorescence remained significant
predictors of light attenuation. This could suggest that the relationship
between light attenuation and dissolved oxygen (and the associated I-
CDOM) is only apparent in water masses with dissolved oxygen con-
centration below a certain threshold. An alternative explanation is that
variations in t-CDOM and chlorophyll pigment concentration that
occurred simultaneously with the reduction in dissolved oxygen in the
upper 125 m of Masfjorden (dissolved oxygen decrease from ~340 pmol
kg™! to ~200 pmol kg™1), and the upper 50 m of Haugsvarfjorden
(dissolved oxygen decrease from ~350 pmol kg~! to ~100 pmol kg™1),
overshadowed associations between dissolved oxygen and 1-CDOM.

The deeper basin water of Haugsvarfjorden was anoxic and sulfidic
during our cruises in 2020-2022. Data from August 2018, however,
suggest that anoxia has not been a permanent feature of the basin as raw
dissolved oxygen measurements from a CTD profile showed increasing
oxygen from 85 m to 115 m depth (dissolved oxygen increased from
0.02mL L ! to 1.24 mL L’l; see Fig. 3.2.4. D in Pitcher et al. (2021),
which is equivalent to dissolved oxygen <1 pmol kg ! to 54 pmol kg !
respectively). Continued global warming is expected to cause reduced
water renewal and enhanced deoxygenation, not only in Haugsverf-
jorden, but in many Norwegian fjords (Aksnes et al., 2019; Darelius,
2020; Johnsen et al., 2024). The shallower the sill depth, the larger the
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Fig. 3. Depth profiles (0-125 m) of (A) light attenuation coefficients of downwelling irradiance at 500 nm (Ksgo), (B) dissolved oxygen, (C) salinity and (D) relative
chlorophyll fluorescence in Haugsvarfjorden and Masfjorden. Sampling dates are listed in Table S1.

Table 1

Multiple linear regression results of light attenuation of downwelling irradiance
(Kso0) versus salinity, oxygen (umol kg~1) and relative chlorophyll fluorescence
in Haugsvearfjorden and Masfjorden (n = 435, dej, = 0.66, p-value < 0.001). SE
is the standard error of the regression coefficient and f are the standardized
regression coefficients that give an estimate of the relative contribution of the
variation in each independent variable to the variation in the dependent variable
(computed using the Im.beta R package (Behrendt, 2022)).

Regression SE p-value Standardized
coefficient regression
coefficient ()
Intercept 1.218 0.0604
Salinity —0.0317 0.0017 <0.001 -0.77
Oxygen (pmol —0.00027 0.00001  «0.001 -0.97
kg™h)
Chlorophyll 0.0276 0.0017 <0.001 0.55
fluorescence
(relative)

likelihood for deoxygenation (Aure and Stigebrandt, 1989) and associ-
ated 1-CDOM darkening. Increased loads of t-CDOM brought to the sea
by freshwater is also linked to global warming (Larsen et al., 2011;
Opdal et al., 2023). While t-CDOM increases the light attenuation of
upper water masses being affected by freshwater, 1-CDOM increases the
light attenuation at depths where deoxygenation occurs — resulting in a
two-sided water darkening effect.

Such two-sided darkening has been associated with mesopelagic
regime shifts in Norwegian fjords (Aksnes et al., 2009). Like in the
ocean, deep fjords in Norway house large populations of mesopelagic
fish and invertebrates that distribute vertically according to light and

light penetration (Kaartvedt et al., 2019) and some species (e.g., lan-
ternfishes) are likely tolerant of low oxygen levels (Olivar et al., 2017;
Torres et al., 2012). Mesopelagic regime shifts in fjords have involved
mass occurrences of the deep-water jellyfish, Periphylla periphylla (Fossa,
1992; Sgrnes et al., 2007), which is a tactile feeder, apparently at the
expense of mesopelagic fishes that are predominantly visual feeders
(Aksnes et al., 2009; Eiane et al., 1999). Regime shifts involving visual
constraints associated with darkening might be further exacerbated by
low dissolved oxygen levels that can reduce light sensitivity and vision
in marine organisms (McCormick et al., 2019, 2023).

In addition to previous reports of positive correlations between
CDOM light absorption and AOU in oceanic areas (Catala et al., 2015;
Nelson and Siegel, 2013; Swan et al., 2009), elevated light attenuation of
downwelling irradiance has been reported for hypoxic locations in the
subtropical Atlantic and Pacific Oceans (Aksnes et al., 2017). Thus, an
association between water darkening, -CDOM production, and deoxy-
genation might be a general phenomenon that is common for mesope-
lagic waters in both coastal and oceanic areas. An important difference
between coastal and oceanic areas, however, is that mesopelagic dark-
ening in coastal areas might be magnified by the two-sided darkening
effect. This is because coastal areas are more prone than oceanic areas to
receive freshwater with elevated amounts of t-CDOM, as discussed in
Opdal et al. (2023). Furthermore, the darkening associated with deox-
ygenation and 1-CDOM in deep waters adds to the existing advice (e.g.,
Kampa, 1971; Kaartvedt et al., 2019) that light penetration of mesope-
lagic waters needs to be interfered from in situ light measurements in the
mesopelagic rather than from extrapolation of attenuation coefficients
derived for the upper water column.
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GLOSSARY
Abbr. Explanation Unit
NCwW Norwegian coastal water.
NCC Norwegian coastal current.
POM Particulate organic matter.
DOM Dissolved organic matter. Organic material able to pass through a 0.2-0.4 pm filter (Nelson and Siegel, 2013).
CDOM Colored dissolved organic matter. DOM that absorbs solar radiation.
t-CDOM Here defined as CDOM of terrestrial origin.
1-CDOM Here defined as CDOM produced locally in marine waters by microbial degradation of POM.
DCM Deep chlorophyll maximum.
Kspo Light attenuation coefficient from in situ measurements of downwelling irradiance at wavelength (1) = 500 nm. m!
a(CDOM)soo CDOM light absorption at wavelength (A) = 500 nm. m!
Darkening Water becomes darker because of increased light attenuation.
AOU Apparent oxygen utilization.

Data availability

Data and code will be available in the Norwegian Marine Data Centre
repository under an existing parent dataset (https://doi.
org/10.21335/NMDC-92774636). Until then, data will be available on
request.
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