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Abstract: The optical complexity of coastal waters is mostly caused by the water discharged from land
carrying optical components (such as dissolved and particulate matter) into coastal bays and estuaries, and
increasing the attenuation of light. This paper aims to investigate the links between in-water optical properties
in four Swedish bays (from the northern Baltic proper up to the Bothnian bay) and the land use and land cover
(LULC) in the respective catchment of each bay. The optical properties were measured in situ over the last
two decades by various research and monitoring groups while the LULC in each bay was classified using
the Copernicus Land Monitoring Service based on Landsat 8 and Sentinel-3 data. The absorption coefficient
of coloured dissolve organic matter (CDOM) at 440 nm, aCDOM (440), and its spectral slope factor, SCDOM,
were mostly correlated to natural land cover classes (Wetland, Meadow) acting as sources of CDOM, while
Agricultural and Urban classes seem to act as sinks. The Agricultural class was also found to be a sink
for suspended particulate organic matter (SPOM) whilst Coniferous and Mixed Forests as well as Meadows
acted as a sources. SPOM seems to mostly originate from Natural classes, possibly due to the release of pollen
and other organic matter. Overall, the methods applied here allow for a better understanding of effects of land
used and land cover on the bio-optical properties, and thus coastal water quality, on a macroscopic scale.

Keywords: Land Use and Land Cover (LULC); in-water optical properties; bio-optics; suspended
particulate matter; coloured dissolved organic matter; chlorophyll-a; catchment area; water
discharge; land-sea interactions

1. Introduction

Seen from Space, or from a plane, coastal waters are usually not blue but often yellow or brownish,
or even green or red during certain phytoplankton blooms. The yellow-brown shades are due to
one of the main optical components found in natural waters: CDOM, also referred to as “yellow
substance”. It consist of humic and fulvic substances [1] which originate mostly from decomposing
plant material and have a complex chemical nature, consisting mostly of diverse polymers with
aromatic rings and long-chains of alkyls [2]. Humic substances are derived from the
decomposition of plants and are ultimately drained into coasts by rivers and by runoff from land
[1]. CDOM has a high absorption in the UV-blue spectrum which decreases with increasing
wavelength towards the red in a logarithmic manner. Thus, CDOM appears yellow. Besides particle
scatter, CDOM absorption is one of the key inherent optical properties (IOP’s) of seawater.
Preisendorfer [3] defined the IOP’s as those optical properties that are independent of the radiance
distribution, while apparent optical properties (AOP’s) — such as diffuse attenuation or Secchi
depth - are also influenced by the sun angle and thus the radiance distribution.

Carder et al. [4] studied the nature of CDOM in the Gulf of Mexico and determined that they
could either be of a more humic character (i.e. larger molecules and a slope factor Scoowm closer to -
0.0011) when related to bogs, or a more fulvic character (i.e. smaller, i.e. more degraded molecules,
and a slope factor closer to -0.0022). The Baltic Sea is rich in dissolved organic carbon (DOC), the

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202309.1382.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 September 2023 doi:10.20944/preprints202309.1382.v1

2

light-absorbing fraction of which is referred to as CDOM. Harvey et al. [5] found that the slope factor
Scoom varied over the year, both in the Gulf of Bothnia (with a high terrestrial input) as well as in the
NW Baltic proper (with a relatively low terrestrial input.

CDOM absorption is particularly high in the Baltic Sea compared to other seas and oceans
around the world [1]. In the Baltic Sea CDOM is the main optical constituent determining the
light attenuation, especially in coastal areas [6,7]. Another important optical component in coastal
waters is SPM, consisting of solid particles made up by both inorganic sediments (sand and silt), by
organic material (usually in minor proportions) and by phytoplankton. The absorption
characteristics of SPM are usually difficult to measure because it also scatters light, especially its
inorganic fraction [8,9]. Light scattering by particles depends on particle composition, size and
shape as well as the refraction index of the particles [10]. Because of their high water fraction,
phytoplankton have a relatively low refractive index of 1.02-1.07 while inorganic particles have a high
refractive index ranging from 1.1-1.26 [11-14]. Inorganic SPM is usually found in coastal areas and
indicates coastal influence [7,15].

SPM is often found in large proportions in coastal waters and may indicate physical forcing such
as wind-wave action, eddies and tidal currents, causing the resuspension of sediments derived from
discharge of particle-laden rivers [16,17]. The absorption properties of non-algal organic SPM
are similar to those of CDOM but with a different spectral slope [18].

The study by Le et al. [19] evaluated the effect of LULC derived from remote sensing data on the
inherent optical properties of several estuaries in the northern Gulf of Mexico. Initially, the authors
derived eight main classes: Urban, Agriculture, Evergreen Forest, Deciduous forest, Water, Wetland,
Range Land and Barren Land. Next, they compiled the Urban and Agriculture class into a ‘Developed’,
and Evergreen Forest and Wetlands into a ‘Natural’ class. They could then show that there were
significant correlation between the optical properties and the ratio of Developed to Natural LULC
classification across 6 bays.

The aim of this paper is to describe the optical characteristics of four Swedish bays in relation to
the LULC characteristics of the respective catchment of each bay. First, the catchment area of each
bay is defined based on the hydrology. The LULC characteristics are then derived from remote
sensing data, and are further analyzed using an Open Source Geographic Information System
(GIS). Subsequently, the relationship between LULC cover and optical properties is evaluated via
correlation analysis. One of our main hypotheses is that catchments with a relative large percentage
of bogs and a larger extent of natural land cover are characterized by higher CDOM absorption.

The objectives of this study can be summarized in the following way: Firstly, we will assess the
nature of the CDOM absorption at 440 nm and the CDOM slope factor of each bay in relation to the
proportion of different natural land categories. Secondly, we will evaluate if different land cover
categories may have an effect on the SPM load, or on the nature of the SPM found in the four coastal
bays. Thirdly, we will investigate if LULC has an effect on the levels of chlorophyll-a (Chl-a)
concentration found in the bays, and, finally, we will investigate if there are any relationships
between LULC cover and bio-optical water quality that are specific for Scandinavia and the high
latitudes.

2. Materials and Methods

2.1. Site descriptions

For the analysis, we selected four Swedish bays where measurement transects of optical in-
water variables (e.g. Chl-a, CDOM, SPM and turbidity) were performed over the last two decades
by the Marine Remote Sensing Group (MRSG) and the pelagic Monitoring Group (MG) at DEEP,
Stockholm University, and also during 2018 through a collaboration between MRSG and the
monitoring group from Umed Marine Sciences (UMF), Umeé University.

Figure 1) indicates the two zones of this study: Zone 1 comprising the northern Baltic proper and
the Aland Sea, and Zone II in the Bothnian Bay. Optical measurements were performed along
transects through the different bays (see section 2.2 below). A numerical analysis of the land cover in
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the catchments surrounding those bays was carried out using the Geographic Information System
(GIS) software, QGIS. A catchment is here defined as the natural drainage area, i.e. a zone where
rainfall flows into streams, rivers, lakes and ground waters, and eventually ends up in certain water
bodies (basins) or bays. Section aims at describing the selected bays and the main surrounding
elements (both natural and artificial) that affect these coastal water bodies while section 2.1.2 is
dedicated to the description of catchments and rivers related to these bays.
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Figure 1. Overview of the Baltic Sea and its location within Europe. Zone I and II are areas of interest
for the study. Source: Baltic Sea catchment area and HELCOM Sub-basins 2018 [20] Country
boundaries: Natural Earth [21], European coastline shapefile: EEA [22], SMHI's sub-basin division
(havs-omraden_SVAR_2016 [23]).

2.1.1. Description of each site (bay)

Bréviken bay (Figure 2a) is a large east-west facing bay. Its topography is particularly shallow
with a depth gradient from its southern bank (mean depth: 10 m) to its northern bank (mean depth:
40 m). The Swedish Water Archive divides the bay into 5 sub-basins: Pampusfjarden (A), Inner
Bréaviken (B), Mid-Bréaviken (C), Outer Braviken (D), Braviken’s coastal waters (E). Several sampling
stations (BR1-BR9) of the MRSG (SU) are located along a salinity gradient from the inner bay
towards (A) the open sea (E). Many industrial sites are established in the bay and several pulp
industry premises are located on the shores of Pampusfjarden and the bay also hosts Europe's
largest grain facility port for export which leads to a lot of ship and boat traffic inside the bay.

Himmerfjarden bay (Fig 2b), is a narrow, elongated bay facing from north to south and it is
deeper than Braviken (40 m mean depth). In the inner bay, there is a sewage treatment plant,
which is the third largest in Stockholm County. Himmerfjarden bay consists of several basins
that are separated by sills, and is also fragmented by many islands of various size which makes the
water circulations more complex than in Braviken. The water basins in HFj are called Naslandfjarden
(W), Himmerfjdrden (X), Svardsfjarden (Y) and Krabbfjarden (Z). Himmerfjarden bay surrounds a
central island called Morko which hosts recreational sites and natural reserves as well as summer
houses. There is a salinity gradient from the inner bay (W) out into the open sea (X), as well as a
gradient of optical properties [7]. The optical transects considered in this study starts at station H6
Naslandfjarden (W) going out to H2 in Svirdsfjairden (Y). An extra station Bl is located in
Krabbfjarden in the SW of the island Asko (which is a nature reserve and home of Asko Laboratory,
sustained by Stockholm University). Even though B1 is shielded by the island and not part of the
chosen optical transect, it has shown to have similar optical characteristics as station H2 just inside


https://doi.org/10.20944/preprints202309.1382.v1

Hfj bay [7]. This is why the optical variable of station B1 and H2 were combined and averaged in the
analysis detailed below.

Figure 2. The four Swedish bays, their sub-basins and sampling stations. Zone I: Braviken (a),
Himmerfjarden (b), Osthammar (c). Zone II: Ranea (d). Map generated in QGIS using predefined
shapefiles (European coastline shapefile [22]), SMHI's sub-basin division (havs-omraden_SVAR_2016
[23]). Recurrence layer — Global Surface Water, Surface elevation — Copernicus EU-DEM- v1.1; Sentinel
Hub [24]). .

Osthammar bay (Fig 2¢) is very shallow and lies in the Aland Sea which is adjacent to the most
southern part of the Bothnian Sea. It can be regarded as a bay even though its shape is more complex
than those of the other bays of zone L Its main branch stretches from SW to NE. Its sub-basins are:
Osthammarfjarden (Q), Hargsviken (R), Galtfjirden (S) and Singofjarden (T). The transect of
measurement originates at station U22 towards the outermost station Ul5, along an increasing
salinity gradient. Station U18, U14, U13 and U11 lie in between. At the junction of the sub-basins
Q, R and S there is a large island called Virlingsd. The water flows from the inner Osthammar bay
(Q) into R where the municipality of Hargshamn is located with its large, industrial port. This part of
the bay is deeper than the passage flowing from Q to S-basin, which allows the passage of cargo
boats. The water flow is thus more important the R-S than in Q-S passage. The second inlet branch of
the bay is called Edeboviken, where station U12 is usually sampled by the pelagic Monitoring Group
(MG) from Stockholm University, but it was rejected from the analysis here because its optical
properties have shown to be very different from U13. The presence of Vaddoviken bay at the end of
the transect might also influence the optical characteristics of the last sampling station U15. The
remainder of the bay, i.e. denoted basins S and T (Figure 2c), are fragmented by many islands which
makes the circulation of water rather complex.

Raned bay (Figure 2d) is located in the western Gulf of Bothnia (zone 1II, Figure 1), where the
waters in the surface layers are frozen during winter, and usually have a very high content of CDOM


https://doi.org/10.20944/preprints202309.1382.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 September 2023

5

from riverine sources [26]. The coastal waters are characterized by a very strong coastal influence both
after the ice thawing in spring and all during summer. The sampling station RA1, RA2, RA6, RA7 and
RAS are located in 4 sub-basins, stretching from the inner bay towards the outer bay:
Ranefjarden (L), Gussofjarden (M), Tistersofjarden (N) and Fjuskofjarden (O).

2.1.2. Selection of catchments and description of the hydrology

The catchments surrounding the bays were selected based on the ‘Water Web’ of the Swedish
Meteorological and Hydrological Institute (SMHI), that can be used to assess the Current
Hydrological Status in a certain catchment area [25], as mentioned above, a catchment is defined
as an area from which rain and river water flows into other downstream waterbodies. We
initially selected both the greater catchment zone for each bay (shapefile haro_y_2016_3) as well as
the sub-catchments directly surrounding the bays (shapefile aro_y_2016_3). Eventually, these areas
were merged as to constitute the greater catchment zone of interest for each of the 4 bays,
respectively (Figure 3a and 3b). The average discharge value for each month over the period 1991-
2021 was derived for each discharge basin and summarized in an Excel spreadsheet. The size of the
catchments varied from only 993 km? for Osthammar bay to 23 368 km? for Himmerfjérden bay. The
freshwater discharge value also varied considerably with the lowest value for Osthammar bay, about
4 m3 s-1 on a yearly average (see Supplementary Figures S3), and the highest value for Braviken of
about 65 m3 s! on a yearly average. One can explain such big differences by the size of the
catchment, and also the presence of the main Swedish rivers.

In Braviken for instance, the Motala river (Figure 3a) is connected to Lake Vattern and leads into
Pampusfjairden (area A, Figure 2a) passing through Motala, Linkoping, and eventually
Norrkdping. Lake Vittern, with a total surface area of 1 912 km? is the second largest lake of Sweden
and the sixth largest lake in Europe. It thus generates a considerable freshwater flow of about 50 m3s!
at its source in Motala, gathering even more discharge water on its way to Norrkoping where the
water flow reaches about 100 m?s-! in winter and spring, and around 50 m37in summer and
autumn (Supplementary fig. S3b). Vittern also exhibits downstream connections with the Gota
Canal, while one section flows down into Lake Véanern and another into the Baltic Sea (Figure 3), but
the water flows are negligible when compared to Motala river (less than 1 m3s?). The Braviken
catchment is composed of two parts - its greater catchment (light green) and its surrounding
catchment (dark green).

Himmerfjirden bay originates by approximately 50% from the streams of its surrounding
catchment (dark purple) and ca. 50% from its greater catchment (light purple), collecting all the
discharge water into Lake Malaren (Figure 3a). Unlike the greater catchment of Braviken, it is not
connected by a natural river but with the S6dertélje Canal, named after the town it passes through.
This canal is regulated by locks and has a very low and almost constant flow of freshwater of about

5 m3s-l. During events of floods and heavy rainfall, the locks can be opened up to alleviate the
flooding risk in Stockholm City and the discharge jumps then suddenly up to 100 m3s-1, but these
kinds of events are quite rare and did not occur during any field campaign considered in this study.

The yearly average of freshwater discharge is estimated to be 8 m3s-1 (see Supplementary fig. S3a).
The Osthammar bay receives its waters from various streams and small rivers. The catchment
includes many small lakes and minor bogs which explains why the water outflow is only about 4

m3s-1 on a yearly average. The value even decreases to a minimum value of 0.5 m3s-1 during summer
because its small streams evaporate to a large extent before reaching the coast (see Supplementary
fig. S3a).

doi:10.20944/preprints202309.1382.v1
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(b)
Figure 3. a. Catchments of zone I. Light and dark green: Braviken bay. Light and dark purple:

Himmerfjarden bay. Orange: Osthammar bay. Maps generated in QGIS using predefined shapefiles
(European coastline shapefile [22]), Recurrence layer — Global Surface Water, Surface elevation —
Copernicus EU-DEM- v1.1; Sentinel Hub [24]), Water course network [25]. Figure 3b. The Rénea
estuary is located in zone II in Swedish Lapland (see also Fig 1). Its landscape is highly influenced by
a myriad of various streams, converging into the Ranea river. The shape of the discharge
variation curve along the year is remarkably different from the catchments of zone I. A major peak in
mid-May can be observed every year induced by the thawing of sea ice and snow. It gives rise to huge
discharge of about 320 m’" at its maximum (see Supplementary Fig. S3b). The inflow of
freshwater decreases to about 50 m3s™! during May, and then progressively further down to ca. 20
m’s~! during the winter months. .

2.2. Optical transects

The MRSG performed two satellite validation campaigns in Braviken bay on board R/V Electra
during 1-2 July 2021 and 28-29 of April 2022. Optical measurements were taken along transects
with a salinity gradient (Figure 2a) from the inner bay (A) out to the open Baltic Sea (E). The data from
the field campaigns in 2021 and 2022 was merged with other transects from past expeditions
performed over the last 15 years in the four bays (Table 1). It must be noted that the MRSG has
trained the pelagic monitoring groups at SU and UU over the last two decades on how to perform
optical measurements (e.g. CDOM, SPM and turbidity) and the groups share their optical
protocols and also intercompare their methods [27]). Table 1 provides a summary of the
measurements performed, including dates, operating group and number of samples gathered.
Altogether n = 116 stations were sampled for this study, including measurements of Chl-a, SPM,
SPIM, SPOM concentrations, turbidity (t), Secchi Depth (SD), CDOM absorption, acpomand the
CDOM slope factor, Scoom. The largest collection of data comes from the Himmerfjérden area.

2.2.1. Water sampling and measurement protocols

Note that the procedures below follow the Optical Measurement Protocols of the Marine
Remote Sensing Group. During the field work, the samples were gathered 20-30 cm below the water
surface with a sturdy sampling bucket with a pip. The bucket was rinsed twice with sea water
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before sampling as to avoid contamination. The sampling bottles were also rinsed twice with sea
water and then filled with sea water from the bucket. The same standard protocol was applied
for all other field campaigns by the MRSG but other laboratories sometimes have slightly different
protocols. Nonetheless, intercomparison workshops are held regularly to make sure that the
measurements between groups are comparable [27].

2.2.1.1. SPM, SPIM and SPOM measurements

Depending on the Secchi depth reading, 1- 2 L of sea water were sampled for SPM
measurements. The measurements were performed using the gravimetric method developed
by Strickland and Parsons [28]. This method consists of filtering a certain quantity of natural
water through microfibers glass filters (GF/F filters) of 47 mm diameter and with a nominal pore size
of 0.7 um. Before filtration, the filters were pre-rinsed with ultra-pure water (UPW), combusted and
pre-weighed (tare weight) with a high-precision scale (Satorius MP3 microbalance — + 1 pg). Note
that every sampling bottle was gently mixed before filtration (for the resuspension of particles). All
filters were rinsed at the end of the filtering process with 100 mL UPW for removal of salt residuals.
After filtration each filter was placed in a numbered (by etching), clean square aluminium foil (10
x10 cm). Then, the filters were dried for at least 4 hours in 60 °C (alternatively overnight). The filters
were subsequently stored in a desiccator in order to keep them dry until weighing. The dry weight
of SPM was derived by subtracting the tare weight from the dry weight. In order to derive SPIM,
the filters were combusted for 5 hours at 480 °C, and were weighed again. The organic fraction was
then derived from the weight difference between the total SPM (dry weight) and the SPIM (combusted
weight), assuming all organic matter has been combusted. The handling of the filters sometimes leads
to the loss of filter bits. Therefore, triplicate filters were taken for every station as quality control
of the measurements. Outliers were removed if the standard deviation was more than 20%. For
every field campaign between 5 and 10 blank filters were processed in the same way except that ultra-
pure water (UPW) was used (0.5 L) instead of sea water, and their average weight was then used
to correct for handling errors. The standard error of the method is 10% [29]. In the Bothnian bay, the
rinsing with UPW was sometimes omitted by mistake by the local monitoring group, and during
the data quality control (i.e. comparison against the measured turbidity values), the samples were
found to be invalid and therefore had to be omitted.

Table 1. Overview table of stations (n) sampled in the 4 areas of investigation. The full data set can be

found in Table S2. .
Bay
Braviken Himmerfjarden Osthammar Raned
Apr Apr2018 n=4 (MRSG) SPM, SPIM, Aug n=4 (MG) Jul n=4 (MRSG & MG UMF)SPV, SPIM,
2022 n=5(MRSG) SPOM 2021 SPM, SPIM, SPOM 2018 SPOM not
missing missing valid
n=6 (MRSG) Aug2017 n=5 (MG) Jul n=4 (MG) Jun n=4 (MRSG & UMF) SPM,
Jul SPM, SPIM, 2021 SPM, SPIM, SPOM 2018 SPIM, SPOM not valid
2021 SPOM missing
mlssmg
Apr n=8(MRSG) Jul n=4 (MRSG) Aug n=4 (MG) May n=4 (MRSG & UMF) SPM,
2018 ScDOM missing2017 2020 SPM, SPIM, SPOM 2018 SPIM, SPOM not valid
missing
Aug n=2(MG) May2012 Jul n=4 (MG)
2013 turbidity’ n=4 (MRSG) 2020 SPM, SPIM, SPOM
ScDOM missing missing
n=2 (MG) Apr2012 Aug n=4 (MG)
]ul t—urbidity/ n=3 (MRSG) 2019 SPM, SPIM, SPOM
2013 5:DOM missing missing
Jun n=2 (MG) Aug2010 Jul n=4 (MG)
2013 turbidity, n=8 (MRSG) 2019  ScDOM , aCDOM, SPM,
ScDOM missing SPIM,
SPOM missing
Aug n=2 (MG) Jul n=13 (MRSG) Aug n=4 (MG)

2012  ScDOM missing2007 2010 turbidity missing
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Jun n=2 (MG) Jul n=6 (MG)
2012  ScDOM missing 2010 turbidity missing
Total stations sampled: Total stations sampled: Total stations sampled: Total stations sampled:
n=29 n=41 n=34 n=12

2.2.1.2. Turbidity measurements

Turbidity was measured during field campaigns with a portable turbidity meter (Hach Lang
2100Qis). The calibration of the device is done using standard formazin solutions of known
turbidity (10, 20, 100, 800 FNU). Formazin Nephelometric Unit (FNU) is a unit equivalent to NTU but
is measured in the near infrared (NIR) rather than using white light. The standard calibration
solutions are provided by the manufacturer. Before performing a measurement, one gently mixes a
sample [16]. It is important to wait for 10 s before starting the measurement in order to get rid of air
bubbles that could cause extra scattering, and thus wrongly increase the turbidity value. Each
turbidity sample was measured 5 times and the values were averaged and corrected for the average
turbidity value of ultrapure water (UPW) which was also measured 5 times.

2.2.1.3. CDOM Measurements

The CDOM samples were collected in 250 mL amber glass bottles and the samples were filtered
through 0.22 um membrane filters using glass filtration unit fitted with a metal mesh to avoid
clogging of the filtering unit. The filtrate was then transferred into 100 mL amber glass bottles and
stored in a fridge at 4 C® for up to 3 months. The absorption spectra of CDOM was measured by
scanning the sample in a Shimadzu UVPV-2401 dual beam spectrophotometer (Shimadzu
Corporation, Kyoto, Japan). Before scanning, the samples were removed from the fridge and
allowed to reach room temperature (overnight). The absorption spectrum was measured in the
range from 350 to 800 nm in cylindrical quartz cuvettes (10 cm). First, a baseline was performed,
using both cuvettes filled with UPW. The cuvette in the back was then used as a reference (filled with
UPW). The front cuvette was then filled with the sample water and scanned. A complete
absorption spectrum was then obtained (in 1 nm steps). The value at 700 nm was used to correct for
measuring errors and the spectral absorption coefficient for CDOM was derived from the
following relation, according to Kirk [1]:

acopom(A) = In(10) OD(A)L, [m™] (1)
with OD(A) being optical density, L being the optical path length of the cuvette in meter, here 0.1 m.
Note that the OD is measured in logarithmic values (Ln10). The absorption at 440 nm, gao, is thus
derived per meter after log-transformation. The absorbance was first corrected for the reading at 700
nm and then converted to absorption; then the whole spectrum was log-transformed, providing a
linear regression. Subsequently, the slope in the range of 350 to 500 nm was derived, which
corresponds to the slope factor of CDOM, Scoowm.

2.2.1.4. Chlorophyll-a measurements

0.2 - 0.5 L of sea water were filtered onto 25 mm diameter GF/F filters. Filtering was performed
on board ship and the filters were flash-frozen in liquid nitrogen and stored for 2 weeks. Each
sample was filtered and measured in triplicates. Before the spectral analysis, the samples were
placed in 5 mL of 90% acetone solution and sonicated for 30 s for destruction of the cell walls and
extraction in acetone. The samples were then centrifuged for 10 min at 3000 rpm so that all
particles could settle in the bottom of the polypropylene test tube and thus avoid the effect of
scattering on the absorption spectrum. After 30 minutes of extraction, the samples were transferred
into 1 cm quartz cuvettes and scanned against 90 % acetone (350-850 nm) in a Shimadzu UVPC-
2401 dual beam spectrophotometer. The spectra were then processed in Excel with the algorithms
and coefficients provided by Strickland and Parsons [30] in order to derive the Chl-a
concentration in pugL-'. This method has shown to be within 10% error during an inter-calibration
performed by the ESA MERIS Validation Team [31] and within 2-10% when compared to the
Swedish monitoring groups [27].
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2.3. Land Use and Land Cover analysis

The land Use and Land Cover (LULC) of each bay was analysed in QGIS (version 3.26.2
‘Buenos Aires’), an open-source Geographic Information System (GIS). Data from two sources were
used, firstly shapefiles from the Swedish Hydrological Meteorological Institute (SMHI), which
provided the polygons shapefiles of the Swedish catchments (Haro) and sub watersheds (aro)
around the different bays of the study using SVAR version 2016_3 [23]; maps of the different
catchment areas are shown in Figure 3.

The catchment area selection was not trivial and was performed with regards to hydrological
data from the SMHI and freshwater discharge values [25]. Secondly, we used CORINE Land Cover
2018 (CLC2018) database derived from Sentinel-2 and Landsat-8 satellites images [24].

This dataset provided initially 44 land cover categories (see Supplementary Table S1) which
were further aggregated into 10 classes for this study (Figure 4). The following operations were
performed to process the data in QGIS:

e  Reprojection of CORINE into the same geographical projection as for the Catchment shapefile
EPSG3006 SWEREF99 TM used by the Swedish Meteorological and Hydrological Institute,
SMHI [23].

e  Fixing geometries of CORINE data via the vector operation “fix geometries”

¢  Reduced the number of Level 1 attributes from 44 to 10 categories (so called code_18).

e  Aggregating the original 44 to 10 polygons of the same Level 1 class.

e Intersection of the dissolved LULC polygons with the catchment boundaries to get rid of
information outside the areas of interests.

e  Eventually, computation of percentage area per category of Level 1.

A& Urban

[ Agriculture

B Pasture

[ Deciduous Forest
B Coniferous Forest
B Mixed Forest

[ Meadow

Il Barren Land

B Wetland

Bl Water

Figure 4. Legend for the final 10 aggregated LULC classes.

All 11 urban classes from the original 44 classes were gathered under the class Urban. All arable
land, permanent crops and heterogeneous agricultural areas (consisting of 10 classes) were
aggregate into Agriculture. The class Pastures was left as designated in CORINE. It may differ
from the Agriculture class due to the manure from cattle, and also from the class Meadow which refers
to land that is covered by different natural grass types and bushes. All open spaces with little or no
vegetation were assembled into one class: Barren Land. The four shrub classes aggregated into the
Meadow class. All 5 wetlands classes were united into a Wetland class. Similarly, the 5 water
subcategories into one Water class. Deciduous forest, Coniferous forest and Mixed forest were left
unchanged.

2.4. Combining optical and LULC data

All data were collected and processed in Excel for further analysis. A first analysis was done
in order to operate a data quality check. From the geographical coordinates of a given station the
horizontal distance (in km) from an outlet was derived with the aim to make the transects within
the 4 bays comparable. The outlet was chosen to be either a defined river mouth (cf. Osthammar
and Réanea), or the innermost station usually sampled by the respective monitoring or research group
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(e.g. station H5 and BR5 in Himmerfjarden and Braviken). A new data sheet was then compiled
for each optical parameter, and various plots were made to visualise the data, either season-wise or
regardless of the time of the year. It allowed to identify outliers and observe variability between the
bays as well as seasonal variability, and to choose which variable to focus on. Finally, the stations were
aggregated based on their horizontal distance from the outlet. The optical properties in each transect
were then averaged by taking the geographic middle stations. The mean horizontal distance from
the outlet ranged from around 15 + 5 km in the different areas. Any innermost or outermost station
making the mean distance deviating from this range were rejected from the study in order to make
the data sets comparable. This workflow is summarised in Figure 5.

Water-in Optical variables LULC Categorisation

Creation of the optical dataset:
1 optical varinbl o

gathering of water-in op les from differen

Downloading of existing shapefiles and
layers:
- E

P

us CORINE CLC2018

1%t Analysis: Optical variable against horizontal distance . ents SMHI SVAR2016

from outlet * Watercourse Network - SMHI SVAR2016

Quality check and rejection of outliers Processing on QGIS: categorisation into 10 classes of LULC
of 4 Swedish catchments

Averaging of optical variables per transects

Correlation matrix analysis:
finding trends between LULC and water-in optical
variables

Plotting of optical variable against Land Cover characteristics:

Displaying evidence that variability of coastal waters optical properties can be (partly) explained by variability of
LULC found in drainage catchments

Figure 5. Workflow diagram of data processing method.

The respective optical variable was then averaged for every transect. It was eventually possible
to plot an optical variable against a LULC information such as a percentage of a given land cover, or
a ratio of several land covers. To better understand the contribution and influence of every LULC
class on the optical variables, a correlation matrix was prepared. The correlations in the matrix were
then tested using a significance test based on the p-value test with a = 0. 05.

Le et al. [19] observed in their study that groups of LULC categories should be assembled
in order to relate them to optical properties on a macroscopic scale. They derived a Natural
category (Coniferous Forest + Wetland) as well as a Developed category (Urban + Agriculture).
Eventually, they inferred that the Ratio Developed / Natural category showed interesting results when
comparing to the optical properties of various estuaries in their study. As a first step, such group
categories and ratios were also derived and tested for this study but were also adapted with regards
to our correlation matrix and typical trends observed in Swedish bays (see results of the correlation
analyses and tend analysis below). The natural class used here, denoted Natural*, thus was merged to
include Coniferous Forest + Wetland + Meadows while the developed class, denoted Developed*,
included Urban + Agriculture + Pastures (although the latter was so small in % area that it did not
show any effect on the results, see below). Finally, the ratio of Developed* over Natural* was denoted
Ratio*. Next, the correlation matrix was used to evaluate the link between CDOM, LULC and
Discharge. Correlations were applied between optical properties and the final LULC categories
as well as the grouped categories Natural*, Developed* and Ratio* as defined above, and also
between optical properties and the discharge values derived for the different bays from the Current
Hydrological Status on the SMHI Water Web [25].

3. Results

3.1. Variability of LULC in the catchments

Figure 6 shows an example of LULC map obtained in the surrounding catchment of
Himmerfjarden bay. The LULC classification for the other three bays can be found in the
supplementary data (Supplementary Figures S2a-S2c).
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Figure 6. Map of the Himmerfjarden catchment before and after LULC analysis. Processed in QGIS
using predefined shapefiles: main catchment areas (huvudavrinningsomraden) - SVAR2016_3 [25],
Land Cover — Copernicus Land Monitoring Service ([25]; Google Satellite. .

The results of the LULC classification for all four bays are presented in table 2. For each bay, the
three major classes in percentage area are represented in bold characters. Braviken (Br) and
Himmerfjarden (Hfj) bays exhibit quite similar land cover profiles, except that Hfjis more artificially
developed due to its slightly more important Agriculture and Urban classes (Supplementary figures
S2(a)-2(b)). The Ranea estuary stands out with a much more Natural profile (Supplementary figure
S2c). In this part of Swedish Lapland, the flora is not only dominated by Coniferous forest but also by
vast Meadows (13.2%) and Wetlands (19.1%). Osthammar, located slightly to the North of Stockholm
archipelago, displays anintermediate profile between that of Ranea, Himmerfjarden bay and Braviken
bay. On the one hand, Agriculture (11.3%) is the third most important class, but to a lesser extent than
for Braviken bay (20.0%) or Himmerfjarden bay (23.2%). On the other hand, its Forest coverage is
more similar to that of Rénea bay.

Table 2 also shows that the leading LULC category in each catchment area is the category
Coniferous Forest. This is very typical for Swedish forests which are dominated by Spruce and Pine
which together make up about 80% of tree coverage [32], see Supplementary Figure S1).
Overall, agriculture was the second most important land cover type, apart from the more pristine
area Rénea in the north-western Bothnian Bay. Furthermore, mixed forest made up 4.3 % to 14.3%
across all catchments, while the category Water was also important in the catchments of
Bréviken (18.4%) and Himmerfjarden (10.6%) due to the influence of Lake Vittern (Braviken) and
the combined influence from Malaren and Hjalmaren (Himmerfjarden).
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Table 2. The variability of LULC in the catchment areas of four Swedish bays. Values were obtained
after processing of Copernicus CORINE_2018 data in QGIS. The main LULC classes are shown in
bold. Classes for which the surface area was 0-3% across all bays were rejected from further analysis
(marked in light grey) as they did not have a visual impact on the correlation analysis (see
below),and therefore were assumed not to have a significant effect on the optical properties in the
coastal bays. .

UrbanAgriculturConiferousDeciduousMixedMeadowPastureWetlandWaterBarren
e Forest ~ Forest Forest land

Braviken (Br)
n=29 2.6% 20.0% 47.3% 2.6% 43% 25% 14% 1.0% 18.4% 0.0%
(16,40x103 km?)
Himmerfjirden (Hfj)
n=41 44% 23.2% 47.4% 1.2% 65% 4.0% 0.7% 15% 10.6% 0.5%
(23.37x10% km?)
Réaned (R4)
n=34 03% 15% 52.4% 1.1% 8.6% 132% 02% 191% 3.8% 0.0%
(5.67x10% km2)
Osthammar (Osth)
n=12 29% 11.3% 56.2% 1.8% 143% 81% 1.1% 07% 3.7% 0.0%
(993 km?2)

3.1. Investigating the nature of CDOM due to LULC

Figure 7 displays CDOM absorption at 440 nm, acoom (440) against the distance from the outlet
for each respective bay (data from all seasons included). The maximum CDOM values were found in
Ranea (up to about 6 m™) during the transect in May 2018, which corresponds to the snow and ice
thawing period. At that time of the year the average water catchment discharge, Q, is about 300 m3s
(Supplementary Figure 3b). The results from the correlation analysis of LULC categories vs. acpom
and Scoowv, respectively are shown in table 3.

Figure 8a shows the averaged value per transect and bay for acpom for all times of year in
relation to Ratio*(Dev/Nat) . The results show that Ranea bay has the most natural catchment with a
Ratio*(Dev/Nat) of around 0.023, followed by Oshammar bay (0.235), Braviken (0.47) and
Himmerfjarden bays (0.535).
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Figure 7. CDOM absorption at 440 nm, aCDOM, in four Swedish bays: (a) Ranea bay (Ra), (b)
Osthammar bay (Osth), (c) Braviken bay (Br) and (d) Himmerfirden bay (Hfj). Values are plotted
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against horizontal distance from the outlet (in km). All transects were plotted within each bay
regardless of the season. .

Table 3. Correlation Matrix for CDOM absorption at 440 nm, acoom, and spectral slope coefficient.
Significant correlations are marked in bold characters after p-value test (with significance level a =

0.05). .

Water  Coniferous Forest ~ Mixed Forest Meadow Wetland  Agriculture
Scoom  -0.744 0.585 0.387 0.984 0.916 -0.980

-0.510 0.421 0.166 0.882 0.933 -0.944
aCDOM

Urban Pasture Discharge Dev* Natural* Ratio*
Scoom -0.878 -0.767 0.829 -0.985 0.998 -0.975
ACDOM -0.980 -0.648 0.815 -0.964 0.931 -0.926

Overall, the CDOM absorption, acoom, decreases with increasing proportion of developed
areas, although this trend also depends on the time of year. Figures 9a shows the trend for spring,
while Figure 9b shows the trend for summer (each based on the average values per bay and per
season). The slope of CDOM, Scoom (Figure 8b) shows a similar spatial trend as acpowm, apart from
in Hfj. The overall decreasing trend indicates that more natural LULC types will generate more
humic acids, whereas the more developed bays (Himmerfjarden and Braviken) tend to have a lower
spectral slope factor, and thus contain a higher proportion of fulvic acids. Note the very large
variability of the Scoom in Himmerfjirden bay. Seasonal variability can be here rejected as
explanation as the highest value (Aug-2010) and the lowest value (Aug-2017) were both obtained
during measurement campaigns in summer. The large variability in Himmerfjarden bay is likely to
be due to the influence of Himmerfjarden Sewage Treatment Plant situated in the inner bay, where
nitrate is treated by bacterial breakdown [33]. Besides breaking down nitrates, the bacteria may also
use CDOM as a substrate, and break down the larger humic acids to fulvic acids. On the other hand
during periods of flooding, untreated stormwater may enter the bay, and thus giving rise to larger
humic acids.

Ratio* (Dev/Nat)
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Figure 8. a. CDOM Absorption at 440 nm, aCDOM, against the LULC category Ratio* (Dev/Nat); all
transects for all seasons. Figure 8b. Averaged slope factor per transects against the ratio of developed
to natural areas: Ratio* (Dev/Nat) per bay; Ranea (Ra), Osthammar (Osth), Braviken (Br) and
Himmerfjarden (Hfj) - all transects for all seasons. .
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Figure 9. a. CDOM Absorption at 440 nm, acoom, against the LULC category Ratio* (Dev/Nat)
average value per transect and bay in summer, and 9b. average value per transect and bay in spring;
Rénea (Ra), Osthammar (Osth), Braviken (Br) and Himmerfjarden (Hfj). Note the difference in slope
between Figure 9a and 9b. .

3.2. Investigating the nature of particulate material with LULC

Overall, the Suspended Particulate Matter (SPM) and turbidity correlation analyses did not
show such clear trends as CDOM absorption and slope across the different areas of interest, apart
from Suspended Particulate Inorganic Matter, SPOM (Table 4) which showed a positive significant
relationship with the LULC classes Coniferous Forest, Mixed Forest and Meadow, and thus with the
Natural* classes, while it showed a negative relationship with Agriculture, and the ratio of developed
to natural classes (Ratio*).

Table 4. Correlation Matrix for SPM, SPOM and turbidity. Significant correlations are highlighted in
bold characters after p-value test (with significance level a =0.05).

WaterConiferous ForestMixed ForestMeadow WetlandAgriculture

SPM -0.274 0.739 0.588 0.538 -0.991 -0.895
SPOM -0.848 0.999 0.979 0964 -0.824 -0.963
Turbidity 0.164 0.379 0.185 0.125 -0.839  0.618
Urban Pasture Discharge Natural* Dev*  Ratio*

SPM -0.884 0.714 -0.978 0.646 -0.925 0.866
SPOM -0.344 0.060 -0.586 0.991 -0.941 -0.978
Turbidity -0.999 0.945 -0.973 0.256 -0.672 0.672

3.3. Investigating the dependency of the Chl-a concentration on LULC

Figure 10 displays the average Chl-a values for a given field campaign plotted against the ratio of
Developed to Natural (Dev/Nat) LULC. Raned bay clearly stands out with its relatively low
Chlorophyll-a concentrations, both in spring and summer. This is likely to be related to the high
CDOM absorption with very large values found in coastal areas of the Bothnian bay (Figure 7a).
Indeed, the strong light attenuation by CDOM in this area has been shown to limit the growth of
phytoplankton and algae, and instead to favour bacterial production [23]. Since the Réned
measurements clearly stand out when compared to the other bays, it has been rejected from
the correlation matrix for the remainder of the analysis. The motivation for this is that the relatively
low Chl-a levels here are most likely due to light limitation by CDOM rather than caused by
different LULC categories. The correlation matrix (table 5) shows significant negative correlations for
Chl-a with the classes Agriculture, Wetland, Developed as well as the Ratio of Dev/Nat.
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Figure 10. Chl-a concentration in four Swedish bays - Ranea (Ra), Osthammar (Osth), Braviken (BR)
.and Himmerfjarden (Hfj) - against ratio of Developed to Natural (Dev/Nat) LULC.

Table 5. Correlation Matrix for Chl-a concentration with LULC categories. Significant correlations
are shown in bold characters after p-value test (with significance level a =0.05).

Wate Coniferous Mixed Heaths  Wetlan  Agricultur
r Forest Forest d e
Chl-a -0.616 0.938 0.849 0.816 -0.968 -0.997
Urba Pasture Discharge  Natural Dev* Ratio*
n *
Chl-a -0.644 0.398 -0.828 0.886 -1.000 -0.991

4. Discussion

4.1. LULC classification

The Land Use and Land Cover (LULC) analysis is central in this study, focussing initially on
analysing the variation of LULC from one Swedish bay to another. Our LULC classification (Table 2)
gave a similar result as the one performed by Franzén et al. [34] who classified the sub-catchment
area around Himmerfjarden with 57% forest, 33% land, 4% lake and 5% urban areas. We decided to
use the great catchment in our study, assuming that the optical properties in the whole catchment are
carried downstream, and therefore influence the optical properties of the bay. Gullstrand et al. [35]
classified Braviken with 49% forest, 18% agriculture and 20% water which, again is quite similar to
our classification (Table 2), even though we decided to include the greater catchment rather than just
the surrounding catchment of the bay. As the bays also differ in their surrounding and catchment
areas, it is likely that the bio-optical properties are influenced by the variation of the land cover and
land use in each area. Table 2 shows that the leading LULC category in each catchment area is the
category Coniferous Forest, followed by Mixed Forest. The dominance of Coniferous Forest is very typical
for Swedish forests [32]. Our LULC analysis also confirms previous work showing that catchments
in boreal regions are mostly covered with coniferous and mixed forests [36], carrying high
concentrations of terrestrial dissolved organic matter (DOM) downstream during the productive
seasons. Additionally, there are usually wetlands and bogs in boreal areas, which have the tendency
to hold large quantities of organic matter [37]. CDOM usually increases in spring after the ice melt,
followed by a decrease in summer and an increase, again, during autumn [5,38]. Said Al-Kharusi [39]
proposed that recent advances in remote sensing technology, GIS and modelling could improve our
understanding of CDOM in inland waters on large geographic scales. The same has been
demonstrated here for the distribution of CDOM in coastal waters.

4.1.1. Influence of LULC classification on acpom and Scoom.
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As shown in the results section, acoom and Scpomare both positively related to Wetland, and
the Natural* LULC classes while they are negatively correlated to Agriculture and the Developed classes.
Zheng et al. [40] found positive correlations for acoom and Scoom with the natural categories Forest and
Grassland in the yellow river basin. An explanation why we did not find a significant positive
correlation with Forest might be that our forests are mostly dominated by coniferous trees. Plant
material starts degrading during autumn, and is slowly being broken down to humic substances
which accumulates on land and in ice and snow during the winter. During the ice melt in spring, this
CDOM of terrigenous source is then drained into coastal waters. The minimum range of CDOM
values (around 1 m) is found in Himmerfjarden bay (corresponding to the average value in the
middle of the transect). Note that Zone I does not exhibit any strong peaks in discharge for the
thawing in spring, based on the hydrological data from SMHI [26].

The results shown in Figures 9a and 9b clearly indicate a seasonal variability in the optical
properties. The results show a steeper (decreasing) average slope in spring than in summer.
According to the correlation matrix (table 3), Wetland and Meadows showed significant and
positively correlated coefficients with the CDOM slope factor. This means the higher the wetland or
meadow percentage area, the greater the slope factor, and thus the more humic the type of CDOM
(i.e. a slope closer to -0.0011), Carder et al. [4].

We also find that the categories Agriculture, Developed and also Ratio* each show a significant,
negative correlation with Scoom. The influence of developed categories is more difficult to interpret.
One explanation could simply be the degradation of CDOM, either by UV light (a phenomenon
called photobleaching, or fading) and degradation by bacteria. Indeed, CDOM is naturally
broken down progressively - chemically or physically —in these ways. For instance, Hulatt et al.
[41] found that photo bleaching can cause a significant increase in the spectral slope factor (by 0.004
nm™), that is to say that CDOM tends to get progressively more broken down into smaller
fractions, and thus tends to get a more fulvic profile (i.e. a slope closer to -0.0022). Therefore,
Agriculture and other developed categories might influence the CDOM slope factor by enhancing
the decomposition of CDOM. Williams et al. [4] found that dissolved organic matter (DOM) in
streams influenced by agriculture was more labile and more accessible to microbial degradation
than DOM found in wetland streams, supporting lower rates of microbial activity. Such result
suggests that the Developed™ classes of LULC will be likely to stimulate bacterial breakdown of CDOM,
and thus be more likely to generate a higher content of smaller fulvic acids.

4.1.2. Influence of LULC classification on SPM

As mentioned before, there were no obvious relationships between total SPM and LULC cover.
However, for suspended particulate organic matter (SPOM) significant and robust relationships
were found for the classes Coniferous and Mixed Forests, as well as Meadows and the categories
Natural* and Ratio* (see table 4) while the Agricultural class showed a negative but significant
correlation. One could explain the positive correlations with predominantly natural categories by
the fact that they generate a lot of pollen in spring and summer. Pollen constitutes indeed an
important fraction of SPM in natural waters [43] and in the Baltic Sea [44]. Viennet [43] focused
his study on morpho-granulometry analysis as to investigate the nature, origin and transfer of SPM.
He found that SPM consists of three main categories: mineral particles (silica sands and clays),
organic matter (coal, carbonized OM), peat and loam (humus-containing soil) and other biologic
matter (phytoplankton and pollen). This may therefore explain the occurrence of strong relationships
between SPOM on the one hand, and forests on the other hand. Pawlik and Ficek [44] found that
in many areas of the central Baltic Sea, pine pollen can constitute up to 50% of the SPM in the 1.25-
250 um size range during spring.

Agriculture was found to be negatively correlated with SPOM (but not with SPIM) and
agricultural land thus seems to act as sink of organic matter. Wetland showed a significant
negative correlation with total SPM. Such a result was also found by Le et al. [19] and is coherent
with the hypothesis that bogs may act as sinks for suspended material which may fall out and settle.
Furthermore, plants and their roots may act as physical barriers preventing erosion, and thus also

doi:10.20944/preprints202309.1382.v1
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decreasing the SPM concentration. Some of the findings regarding SPM are contradictory to the
literature. For example, one may hypothesise that the inorganic fraction (SPIM) would be positively
correlated with the Urban and Agriculture classes as shown in Le et al. [19] in the Gulf of Mexico. This
relies on the assumption that developed areas give rise to more exposed soils or barren land,
allowing for more runoff of sediments and other particulates into rivers and, eventually the sea.
However, considering SPM and SPIM, we did not find any significant relationships to any of the
investigated LULC types. This may partially be due to the fact that the Urban class only made up a
very small percentage in each area of interest (ranging from 0.3 % to 4.4 %), which is rather low
compared to the main categories. Also, given that our study is in a completely different vegetation
zone, the results from the study by Le et al. [19] in the Gulf of Mexico, with very large and continued
high run-off and larger Urban proportions as well as a lack of seasonal influence, cannot be simply
assumed to also apply to high latitudes.

It must also be noted, that the bays in zone I all had a relatively low discharge over the year,
while Rénea showed a very strong discharge in spring (Supplementary Figures S3a-3c), while its
urban category is negligible (0.3 %). This means that the nature of our data set does not allow to
properly investigate the effect of the Urban class.

4.1.3. Influence of LULC classification on Chl-a

We found a non-significant negative relationship with Chil-a concentration for the Urban class
(Table 5) which may be related to the generally small surface areas of the urban classes in our
catchment areas. The negative correlation between Wetland and Chi-a indicate that Wetland acts
as a sink. Wetlands are often used as a measure to mitigate the effects of eutrophication. For example,
some vegetation types are used as buffer zones around the Baltic Sea coasts in order to fix carbon
(and nutrients), and thus reduce nutrient leakage into the Baltic Sea, e.g. wetlands and reed belts. Reed
has the potential to sequester nutrients and to stabilize soils, as well as to reduce heavy metals [45].
By growing reed one can therefore reduce erosion and drainage of SPM, and at the same time reduce
the 624 drainage of nutrients if the reeds are harvested, and for example used as cow feed.
Furthermore, underwater seagrass meadows can also act as nutrient and sediment traps [46] and are
therefore also important for the reduction of Chi-a and SPM contents in coastal bays.

5. Conclusions

This macroscopic study of four Swedish bays with their respective catchments lead to some
compelling findings. Land Use and Cover analysis allows to investigate the nature of CDOM in the
Baltic Sea. For instance, with a GIS analysis assessing the percentage of land cover one can then
approximate the slope value of CDOM, Scoowm : around -0.019 for Natural/Wetland covered watershed;
around -0.015 in more developed catchments. Given that only limited information exists regarding
the specific IOPs such as Scoom in Swedish coastal areas, CDOM estimates based on LULC
classification may show to be useful in the local or regional adaptation of bio-optical and/or remote
sensing algorithms. This study shows that the CDOM absorption mean value for a given bay can
also be approximated by mapping the extent of Natural land cover (Wetland and Meadow). Moreover,
the strong correlation found between SPOM and Meadow, Mixed Forest and Coniferous Forest seems to
indicate that SPOM mostly originates from pollen. Furthermore, this study also confirms the role of
Wetlands, which seem to be a primary terrigenous source of CDOM with high humic character and
also physical barriers for SPM, acting as buffer zones and trapping sediments. The correlation
analysis for Chl-a showed different patterns and were usually opposite to the findings in Le et al.
[19], indicating that complex biological factors may rule Chl-a production, and that these results do
not generally apply to ecosystems across different vegetation zones (warm-temperate to
subtropical vs. boreal) and may also strongly depend on the nature of dominant LULC
categories. Suspended particulate matter and turbidity were the least conclusive parts of this
study and require a consideration of other parameters related to physical forcing (e.g. bottom
depth of lakes and bays, wind speed and weather condition for a given transect) which was beyond
the scope of the study. In further studies, one could also weigh each watershed by its average
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discharge value, and thereby account for the relative contribution of each area to the total discharge,
and also relate it to the volume of the respective bay.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Swedish standing volume by Swedish tree species in percent; Figure
S2a-c: Landcover maps for Braviken, Osthammar and Ranea bays; S3a-b: Freshwater discharge value per
catchment for the Himmerfjarden, Osthammar (a), Braviken and Réanea bays (b). Table S1:Corine Land Cover
Classes; Table S2: Bio-optical dataset used in this study.
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