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Phytoplankton depend on light, and while intensity effects are well known, responses to light spectrum are less
studied. The northern Baltic Sea appears increasingly brown due to CDOM, which absorbs blue light. Using incubation
experiments and DNA barcoding on communities from Kattegat, the Central Baltic, and the Bothnian Bay, we show
that browner, red-shifted light promotes mixotrophs and heterotrophs. Green algae from the Bothnian Bay tolerated
red light, unlike those from southern regions, indicating local adaptation. These results reveal CDOM-driven spectral
selection shaping northern Baltic phytoplankton communities as browning intensifies.
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1. Introduction

Light intensity is a key driver of phytoplankton adaptation.
Species that efficiently utilise photosynthetically available
radiation (PAR) have a competitive advantage in their en-
vironment (Demir-Hilton etal,, 2011; Edwards, Litchman
and Klausmeier, 2013). Less is known about responses to
spectral quality of the light environment, which can also
affect species distribution and support functional diversity.
Knowledge of the underwater light spectra compared to
primary production and the absorption spectra of phyto-
plankton have been used to improve remote sensing (Sak-
shaug and Slagstad, 1991; Johnsen et al., 1992; Werdell et
al,, 2018). The visible light which enters the marine envi-
ronment is subject to absorption by water, this causes the
longer wavelengths of red and green to be increasingly lost
with depth so that oligotrophic oceans appear blue. Other
light-absorbing constituents of ocean water, such as chro-
mophoric/coloured dissolved organic matter (CDOM) and
phytoplankton, can vary in their relative contributions and
overlap in their effect on the light spectrum (Allen et al.,
2020). For this reason, the Baltic Sea, which is greatly influ-
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enced by terrestrial CDOM, is classed as optically complex
(Levin et al., 2013).

The environmental gradients in the Baltic Sea make
it a useful model to forecast effects of change in marine
systems. In this semi-enclosed sea, there are north-south
gradients of decreasing CDOM, increased temperature and
salinity, and the limiting nutrient shifts from phosphorus to
nitrogen. CDOM primarily absorbs light in the blue part of
the spectrum so that light in waters of the northern Baltic
is shifted towards red wavelengths which gives it a brown
appearance (Harvey et al,, 2015; Simis et al., 2017; Kratzer
and Moore, 2018). Terrestrial CDOM runs off from soils
after rainfall and drains into the Baltic. Studies of boreal
lakes point to land use and afforestation, iron deposition,
and reduced sulphur input from acid rain as causes of an
increase in CDOM (Xiao et al.,, 2020; §kerlep etal, 2022).
Rainfall and CDOM levels are projected to increase fur-
ther with climate change and this has implications for the
survival, proliferation, and the composition of future phy-
toplankton communities (Paczkowska et al., 2017; Straat,
Morth and Undeman, 2018). Terrestrial CDOM addition
can alter the food web by promoting heterotrophic bacteria
and mixotrophic phytoplankton over phototrophs (Bamst-
edt and Wikner, 2016; Figueroa et al., 2016; Spilling et al.,
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2022). This is likely because waters subject to browning
have both a reduced intensity and a narrower spectrum of
light available for photosynthesis.

Chlorophylls and other pigments that phytoplankton
use to capture light have absorbance peaks at different
wavelengths. The combination of these pigments is species-
specific and can also be adjusted dynamically. For example,
Synechococcus spp. cyanobacteria exploit spectral niches
by adjusting cellular contents of red/orange wavelength
absorbing phycocyanin and blue/green absorbing phyco-
erythrin pigments (Kehoe and Grossman, 1994; Palenik,
2001; Stomp et al., 2004). Picocyanobacteria in the Baltic
show diversity in phycocyanin operon sequence, suggest-
ing specialisation to the light environment (Haverkamp
etal,, 2009; Larsson et al,, 2014). Cyanobacteria outcom-
pete eukaryotes in competition experiments in green light
(Luimstra et al,, 2020). Green algae and most other eukary-
otic phytoplankton exhibit higher growth rates in blue light
(Neun et al., 2022). Some eukaryotic phytoplankton show
adaptations to light environments. For example, the green
alga, Ostreococcus, associated with oligotrophic ocean wa-
ters responds to red, green, and blue light distinctly at
transcriptional and physiological levels (Sands et al., 2023).
The diatom Phaeodactylum tricornutum also exhibits dis-
tinct transcriptional responses to red, green, and blue light
(Valle et al., 2014; Fortunato et al.,, 2016). These exam-
ples demonstrate a precedent for light quality responses
in phytoplankton, suggesting that the ability to discern and
respond to specific wavelengths is advantageous. Most of
these studies have, however, been performed using iso-
lates, which calls for investigations in natural habitats.

In this study we seek to determine whether the brown
light environment contributes to the phytoplankton com-
munity structure changes seen along the north-south gra-
dient of the Baltic Sea and to the Kattegat, an area of transi-
tion to the North Sea (Wasmund and Uhlig, 2003; Paczkow-
ska et al,, 2017). We hypothesise that phytoplankton in
the Northern Baltic are adapted to browning light. These
adaptations may confer competitive advantages to certain
taxa and thereby influence community composition. In the
applied nutrient replete conditions, and the reduced light
spectra in this experiment, we expected a shift favouring
heterotrophic and mixotrophic plankton in the red and
brown treatments. For efficient light capture in the nar-
rowed spectrum of brown light, we expected that domi-
nating species would be those which produce high levels
of chlorophyll a (Chl-a), phycoerythrin, and phycocyanin.
To test this hypothesis, we conducted controlled compe-
tition experiments under different spectral treatments to
identify which light conditions favour specific phytoplank-
ton taxa and whether taxa from different sites respond
differently.

Seawater samples were taken from sites along the Baltic
Sea gradient and incubated under three light spectra at
equal PAR; a blue and green enriched spectrum broadly
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characteristic of oligotrophic marine waters (Stomp et al.,
2007), an orange/brown spectrum representing increased
absorption of short wavelengths typical of CDOM rich wa-
ters, and an extreme treatment of red wavelengths only.
The samples were incubated for 10 days to allow develop-
ment of different phytoplankton groups/taxa in the light
spectra. Phytoplankton groups were analysed using 16S
and 18S metabarcoding.

2. Methods

Seawater samples were collected in a CDOM gradient in
Swedish marine waters during autumn 2022. The follow-
ing physicochemical parameters at the sites were collected
as part of ongoing monitoring and accessed on SHARK-
Web (SMHI, 2023). Humic substances were detected by
fluorescence at 350/450 nm. DOC was detected by high-
temperature combustion with non-dispersive infrared ab-
sorption (NDIR). Further details of monitoring data collec-
tion are given with Supplementary Table 1.

Data on light absorption at 412 nm were obtained from
the Aqua MODIS Level 3 dataset on NASA Ocean Color at
a 4 km resolution (Modis, 2022) as in Hill et al. (2019),
and displayed using ArcGIS. This data was used to provide
a regional overview of spatial differences in humic con-
tent across the Baltic Sea, although uncertainties remain
for absolute concentrations in optically complex coastal
waters.

2.1 Field sampling

Three stations with depths of 50 to 100 m were selected,
Supplementary Table 1. Sampling was carried out on the
r/v Svea in September 2022 for the Kattegat (Anholt E,
Lat. 56.66783, Long. 12.112) and the Gotland Basin sta-
tion, Central Baltic Proper (BY39, Lat. 56.11600, Long.
16.53433) stations, and on the vessel KBV181 in October
2022 for the Bothnian Bay Station (F3/A5, Lat. 65.16633,
Long 23.23283) (Figure 1). Stations were sampled during
daylight. Based on 1% surface irradiance depths ranging
from 3.2 to 15.4 m in the northern Bothnian Bay (Bamst-
edt and Wikner, 2016), a 2 m depth was selected for light
measurements, sample collection, and experimental light
conditions. Relative irradiance across the visible spectrum
was measured at a depth of 2 m (unshaded side of vessel)
using an OceanlInsight Spectrometer USB4000 calibrated
using a halogen lamp (Ocean OpticsTM calibration unit,
HAL 2000) (Bamstedt, 2019) and analysed using Ocean-
View software 2.0.14 (Figure 2). The fibre-optical cable
was aimed vertically up towards the surface to capture
downwelling irradiation.

Water was collected from a depth of 2 m, using CTD
bottles. On board the ship, the water was stored at 12°C
and exposed to shaded daylight for around 4 to 5 hrs per
day to allow survival with minimal growth. The transport
time from sampling to the laboratory spanned between 30
hours and 6 days, and in each case, experimentation was
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Figure 1. Sampling sites and mean absorbance at 412 nm
for September 2022, overlaid in circles with measurements
of CDOM at a 1 m depth by absorption (g440) estimate m™!
from monitoring surveys at a limited number of sites. Data
from MODIS Aqua by NASA Ocean Color (Modis, 2022) and
SHARKWeb (SMHI, 2023). Length 17 cm.

carried out immediately on arrival of samples to the lab
on land.

Three replicates of 500 ml water were vacuum filtered
(20kPa) onto 0.2 um filters (Pall Acrodisc™ Syringe Filters
with Supor™ Membrane, Sterile, 32 mm) at time of water
collection and stored at —20°C in 700 ul DNA Shield (Zymo
Research) for later DNA extraction.

2.2 Incubation experiment

After transport to the onshore lab and immediately prior
to incubation, three further replicates of 500 ml water
from each site were vacuum filtered for metabarcoding.
These samples were used to check for loss of taxa during
transport and are referred to as the lab community.

The samples were subjected to three spectral light
regimes: blue/green light, orange/brown light, and red
light. For the blue and green treatment, 77% of total ir-
radiance measured was blue wavelengths between 400-
499 nm. In the browning spectrum, 53% of irradiance mea-
sured was in the green range between 500-599 nm, and
30% in the red between 600 and 699 nm. The red treat-
ment had 94% irradiance in the red range, 600-699 nm.
The spectra were formed by filters over fluorescent light-
bulbs (Supplementary Figure 1) and the samples were in-
cubated at 12°C in a regime of 8 hours darkness, 16 hours
light. Samples of 500 ml were placed into cell culture flasks
with vented filter caps (T175, Sarstedt Inc.) as 3 replicates
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in each of the 3 light treatments. Flasks were set to receive
4 ymol photons m~2 s~ light 400-700 nm using a Walz
PAR meter with a flat sensor. This low light was to ensure
limitation. This light level is relevant and sufficient for
photosynthesis of Baltic phytoplankton, Supplementary
Table 2 (Andersson et al., 1989; Ask et al,, 2016; Biggs et
al,, 2022). To prevent nutrient limitation, Guillard’s (F/2)
Marine Water Enrichment Solution with silica was used.
The flasks were incubated standing upright for 10 days
with twice daily gentle mixing by inversion and samples
were vacuum filtered as before.

2.3 Metabarcoding of 16S and 18S RNA genes

All samples were stored at —80°C prior to DNA extraction
using ZymoBIOMICS DNA/RNA Miniprep Kit (Ver. 2.0.0).
Amplification of 16S gene was performed by PCR using
the Nanopore (SQK-165024) kit and the standard protocol.
The kit amplifies full-length 16S using the primers 27F 5'-
AGAGTTTGATCMTGGCTCAG and 1492R 5'-CGGTTACCTTG
TTACGACTT. 4 ng DNA per sample were pooled for a to-
tal of 88 ng per library for sequencing. Amplification of
18S gene was carried out twice using two sets of primers
to amplify two variable regions. Balzano primers amplify
the V4 region: V4F CCAGCASCYGCGGTAATTCC and V4RB
ACTTTCGTTCTTGATYRR (Balzano et al., 2015; Latz et al,,
2022), and Hugerth primers amplify the V9 region 574*F
CGGTAAYTCCAGCTCYAV and 1132R CCGTCAATTHCTTYAA
RT (Hugerth et al,, 2014). LongAmp™ Hot Start Taq from
New England BioLabs was used to amplify the 18S gene,
as this gives fragments with dA-tails at the 3’ ends. Bovine
serum albumen was used to bind inhibitors. The ligation
kit SQK-LSK109 from Oxford Nanopore was used to ligate
adapters. Full PCR conditions can be found in the supple-
mentary information. Sequencing of both 16S and 18S was
carried out using Nanopore MinlON technology and flow
cells type FLO-MIN106 (Oxford Nanopore Technologies

plc).

2.3.1 Downstream sequencing analysis pipeline
For the downstream analyses, MinKNOW software ver-
sion 23.07.12 with Dorado 7.1.4 (c) 2023 Oxford Nanopore
Technologies PLC was used to basecall reads in 450 bps
HAC mode (high accuracy). For the 18S datasets, samples
were demultiplexed and barcode indexes, adapters, and
primers trimmed with MiniBar.py version 0.24 (Krehen-
winkel et al,, 2019) which recognises different forward
and reverse barcode index sequences. Read quality and
length were assessed using NanoPlot V1.41.6 (De Coster
and Rademakers, 2023). Reads were trimmed using Chop-
per v0.6.0 (De Coster and Rademakers, 2023). Min length
200, max 700 for 18S Balzano gave a mean quality of Q13.8.
Min length 200, max 900 for 18S Hugerth gave a mean of
Q13.4. Min length 200, max 2000 for 16S gave a mean of
Q13.6.

To identify taxa and their relative abundances in each
sample, QIIME2 (version amplicon-2023.9) was used to
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Figure 2. Relative irradiance of light wavelengths at a 2 m depth normalised to maximum irradiance. Absorbance spectra
of key algal chlorophylls and pigments from the PhotochemCAD database (Taniguchi and Lindsey, 2023).

perform closed reference clustering by VSearch at 97%
identity to form OTUs (Operational Taxonomic Units)
(Rognes et al., 2016; Bokulich et al.,, 2018; Bolyen et al,,
2019). This method permits clustering regardless of taxo-
nomic level, but is limited to the database used, and allows
direct comparison of the two 18S primer sets. The same
databases were used for clustering and taxonomy. Fea-
tures of less than ten occurrences across all samples were
removed. Tools for Nanopore data only provide OTUs via
clustering as denoising is not designed to handle this data
(Santos et al.,, 2020). Taxonomy for 18S reads was assigned
with PR2 database 5.0.0 (Guillou et al., 2013), identify-
ing 123 named OTUs in the Hugerth primer dataset, and
207 OTUs in the Balzano dataset. Taxonomy for 16S reads
was assigned using Greengenes 2022.10 (McDonald et al,,
2023) which identified 343 OTUs.

2.4 Differential abundance of taxonomic groups

For the following analyses, Metazoa were removed. ANCOM-
BC (analysis of composition with bias correction using

linear regression) was used to test for significantly differ-

ential abundances of taxa (Lin and Peddada, 2020). Taxa

were also grouped according to trophic types assigned by
SMHI (SMHI, 2023) and (Olenina et al., 2006) and similarly
to studies of lake browning (Senar et al,, 2021). Eukary-
otic taxa were grouped into: green algae, diatoms, other
phototrophs, mixotrophs, and heterotrophs. Phototrophic
and mixotrophic taxa were then grouped by major pho-
tosynthetic pigments (other than chlorophyll a) (Roy et
al,, 2011). The three groups were: chlorophyll b (Chl-b),
chlorophyll ¢ (Chl-c), and both chlorophyll ¢ and phyco-
biliproteins (Chl-c PB). 16S taxa were also grouped accord-
ing to photosynthetic potential into alphaproteobacteria,
gammaproteobacteria, other heterotrophs, and cyanobac-
teria (excluding Vampirovibrionia which are heterotrophs).
Taxa assigned to these groupings are given in Supplemen-
tary Table 3. ANOVA and post hoc Tukey’s HSD tests were
used to test for significant differences in relative abun-
dances of the trophy and pigment groupings.

The two primers used for the 18S amplicons, Hugerth
and Balzano, gave similar results for dominant and signifi-
cant taxa (Supplementary Figure 3). The results presented
are from the Balzano primers as this was of a greater depth
and gave more named OTUs.
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3. Results

3.1 Physicochemical characteristics of sample sites
Weather conditions were similar at all stations, with sunny
and calm seas. The following monitoring data was accessed
on SHARKWeb (SMHI, 2023). Chlorophyll a concentrations
were similar at all stations, ~2-3 pg/L. The water temper-
ature was 15-16°C in the Kattegat (Anholt E) and Gotland
Basin (BY39) stations and around 9°C in the Bothnian Bay
(F3/A5) station. Total nitrogen and silicate increased from
south to north, while total phosphorus was lowest in the
Bothnian Bay. The Secchi depth was greater in the Katte-
gat (9 m) than in the Bothnian Bay (5 m), Supplementary
Table 1.

The concentration of humic substances at the Bothnian
Bay site was 20.1 ug/L, 5-fold higher than in the Kattegat,
4.1 pg/L. In line with this, September-October measure-
ments from 2012 to 2022 show means of 16.9 ug/L at the
Bothnian Bay station and 4.4 ug/L at the Kattegat station.
Dissolved organic carbon (DOC) at the Bothnian Bay sta-
tion was 405 umol/L ata depth of 5 m (mean of 377 umol/L
for September and October readings 2013 to 2022). CDOM
in the Bothnian Bay station had a mean absorption (g440)
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estimate of 0.9 m™! between surface and 1 m depth for
Septembers 2018 to 2022, also from monitoring data on
SHARKWeb, (SMHI, 2023). For the two southern sites, ab-
sorbance at 412 nm was detected remotely by MODIS Aqua,
NASA Ocean Color (Modis, 2022). Means of these data have
been plotted for September 2022 alongside measurements
of CDOM at a 1 m depth in absorption (g440) estimate m™1
during monitoring surveys at limited sites as on SHARK-
Web (SMHI, 2023) (Figure 1). Further absorbance estima-
tions at 412 nm using MODIS data covering monthly means
for 2022, annual means for 2013-2022, and September
means for 2013-2022 (Supplementary Figures 5a-c).

3.2 Spectral characteristics vary by site

An initial depth profile at the Bothnian Bay site had shown
that the spectrum is narrowed considerably by a depth
of 2 m and the overall irradiance is also reduced (Supple-
mentary Figure 3). This was also seen in our measure-
ments during sampling (Figure 2). Blue wavelengths were
greatly reduced below 450 nm, while green through to
red wavelengths remained relatively prominent. In con-
trast, at both southerly sites, a greater irradiance of light
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Figure 3. Eukaryotic taxa relative abundances at sites at the time of sampling. Percentages exclude unknown OTUs,
Metazoa, and those unassigned to groupings. Taxa grouped by trophic mode (a), phototrophic and mixotrophic taxa
grouped by major photosynthetic pigment (b), taxa which differed significantly among sites as identified by ANCOM-BC
analysis (c). Data are means and standard errors. Different letters indicate significant differences (P < 0.05) determined

by Tukey’s test.
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was present across the visible spectrum at this shallow
reading. UV light was reduced at all sites and was not
present in the Bothnian Bay reading. A comparison of light
colour by percentage of total PAR irradiance was made,
wavelengths were grouped into: 400-499 nm for blue,
500-599 nm for green, and 600 to 799 nm for red. This
showed that the Bothnian Bay differs from the southerly
sites with lower proportions of blue (22% of the total PAR
versus 40% in the other sites) and higher proportions of
green wavelengths (51% versus 37% and 32% in the Got-
land Basin and Kattegat sites respectively). The total PAR
was also much lower overall in the Bothnian Bay site, (Sup-
plementary Figure 1b). The green light proportion was
also slightly elevated in Gotland Basin compared to the
Kattegat site.

3.3 Community structure and composition across sites
The proportions of taxa in the communities were different
at each site. The Bothnian Bay had significantly higher
proportions of mixotrophic cryptophyte OTUs than other

sites (mean relative abundance of 50% versus 12% and
0.2% for Gotland Basin and Kattegat respectively), and
more chlorophytes than the Kattegat (5% versus 0.4%)
(Figure 3c). The Kattegat samples had the highest pro-
portions of dinoflagellates (68% mostly Syndiniales and
Dinophyceae, versus 15% and 1.4% in the Gotland Basin
and Bothnian Bay) and diatoms (7% mostly Mediophyceae
versus 2.8% and 1.7% in the Gotland Basin and Bothnian

Bay).

Eukaryotic taxa were grouped according to taxonomic
and trophic types. When comparing the relative propor-
tions of taxa in these groups, the Gotland Basin site had the
most heterotrophs, and the least mixotrophs. The Kattegat
site had the most diatoms and the least green algae, and the
Bothnian Bay site had the highest proportion of other pho-
totrophs (Figure 3a). Phototrophic and mixotrophs were
then grouped by major photosynthetic pigment (other than
chlorophyll a) according to taxonomy. The three groups
were: chlorophyll b (Chl-b), chlorophyll ¢ (Chl-c), and both
chlorophyll c and phycobiliproteins (Chl-c PB). The Gotland
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Figure 5. Relative abundances of eukaryotic taxa for the Bothnian Bay after light incubation. Percentages exclude
unknown OTUs, Metazoa, and unassigned groupings. Taxa grouped by trophic mode (a), phototrophic and mixotrophic
taxa grouped by major photosynthetic pigment (b), taxa which differed significantly after incubation as identified by
ANCOM-BC analysis (c). Data are means and standard errors. Different letters indicate significant differences (P < 0.05)

determined by Tukey’s test.

Basin site had the highest proportion of Chl-b containing
taxa. The Kattegat site had the most Chl-c containing taxa,
this is explained by the higher proportions of diatoms and
dinoflagellates. The Bothnian Bay had the highest propor-
tion of Chl-c PB containing taxa (Figure 3b).

From the 16S amplicon data, the Bothnian Bay site had
the lowest proportion of cyanobacteria (5% versus 32%
for both Gotland Basin and Kattegat sites) and gammapro-
teobacteria (16% versus 26% and 33%). The Bothnian Bay
had the highest proportions of alphaproteobacteria (40%
versus 27% and 23% in the Gotland Basin and Kattegat
sites) and other heterotrophic bacteria (40% versus 15%
and 12%). Proportions of the total cyanobacteria which
are considered toxic or able to form HABs (harmful algal
blooms) were compared across sites, taxa listed in Sup-
plementary Table 4. These were low overall but showed
higher relative abundances in the Bothnian Bay (9%) and
Kattegat (7%) sites at the point of sampling compared to
the Gotland Basin (3%) (Figure 4b).

3.4 Community structure comparisons among light
treatments

3.4.1 Bothnian Bay

All light treated samples diverged from the initial lab com-

munity to a similar extent, (Supplementary Figure 5), how-

ever eukaryotic communities grown in brown light
diverged least.

Blue light favoured chlorophyte green algae (mainly
Bathycoccus spp.) which reached 46% of the community
(Figure 5a). The blue light samples therefore had the high-
est proportion of taxa which use Chl-b (Figure 5b). Other
phototrophs and heterotrophs were comparatively lower
in blue, as were cryptophytes (at 6%) and Alveolata (in-
cluding Ciliophora) (at 8%).

In the bacterial community, cyanobacteria proportions
were low in blue light (2%), while Gammaproteobacte-
ria accounted for 58% (Figure 6a,c). Alphaproteobacteria
remained ~21%.

Under brown light, chlorophyte proportions were in-
termediate between blue and red treatments. Mixotrophic
Cryptophyta increased to 15%, and heterotroph propor-
tions were higher than in blue light. Alveolata remained
low in brown light (13%). Cyanobacteria proportions re-
mained at 2%, and Gammaproteobacteria were similar to
blue light. Alphaproteobacteria proportions did not differ
significantly (~21%).

Red light reduced chlorophyte relative abundance to
10% (Figure 5a). In contrast, other phototrophs and
mixotrophs increased, with Cryptophyta reaching 23%.
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Figure 6. Relative abundances of eukaryotic taxa for the Bothnian Bay after light incubation. Percentages exclude
unknown OTUs, Metazoa, and unassigned groupings. Taxa grouped by trophic mode (a), phototrophic and mixotrophic
taxa grouped by major photosynthetic pigment (b), taxa which differed significantly after incubation as identified by

ANCOM-BC analysis (c). Data are meansand standard errors. Different letters indicate significant differences (P < 0.05)
determined by Tukey’s test.
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Figure 7. Relative abundances of eukaryotic taxa for samples from the Gotland Basin after light incubation. Percentages
exclude unknown OTUs, Metazoa, and those which could not be assigned to groupings. Taxa grouped by trophic mode
(a), phototrophic and mixotrophic taxa grouped by major photosynthetic pigment (b), taxa which differed significantly

after incubation as identified by ANCOM-BC analysis (c). Data are means and standard errors. No significant differences
were seen between treatments for a) and b).
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Figure 8. Relative abundances of bacterial taxa for samples from the Gotland Basin after light incubation. Taxa grouped by
photosynthetic potential (a), percentage of cyanobacteria which are potentially toxic (b), taxa which differed significantly
after incubation as identified by ANCOM-BC analysis (c). Data are means and standard errors. Different letters indicate
significant differences (P < 0.05) determined by Tukey’s test.

Alveolata proportions were highest in red light (18%) (Fig-
ure 5c). Red light treated communities also had higher
proportions of heterotrophs than in blue light.

Taxa with Chl-c PB were relatively highest in red light
(Figure 5b), whereas there were no significant changes
in taxa possessing Chl-c alone. This suggests a switch in
competitive advantage conferred by the light harvesting
capabilities of these chlorophylls and pigments.

In bacterial communities, cyanobacteria proportions
decreased slightly to 1% in red light (Figure 6a,c), while
gammaproteobacteria proportions increased to 68%. Pro-
portions of toxic cyanobacteria did not differ among the
light treatments (Figure 6b).

3.4.2 Gotland Basin

A similar level of divergence from the starting community
was seen in all treatments (Supplementary Figure 5). How-
ever, unlike the Bothnian Bay, light treatments did not pro-
duce marked shifts in trophic structure. Chlorophytes were
low in all lights (0.2% to 0.3%) (Figure 7a). Telonemia
(heterotrophic) proportions were generally large (16%

to 20%), and heterotrophy dominated at ~95%. Diatom
and green algae proportions were particularly low after
all treatments. No significant differences were observed
in trophic type or accessory pigments among the light
treated samples (Figure 7a-b). Of the phototrophs that
were present, the major accessory pigment type was mainly
of Chl-c at ~87%.

On comparison of the bacterial communities, cyanobac-
teria proportions were highest at 20% in blue, 19% in
brown, and lower at 15% in red light. The cyanobiaceae
proportions were 0.3% in all three light treatments.
Gammaproteobacteria, alphaproteobacteria, other hetero-
trophic bacteria, and toxic cyanobacteria proportions did
not vary significantly (Figure 8a-c).

3.4.3 Kattegat
All light treated samples diverged similarly, though red
treated samples diverged most from the prior lab commu-
nity (Supplementary Figure 5).

Blue light supported the highest combined diatom pro-
portions and lower heterotrophic dominance relative to
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Figure 9. Relative abundances of eukaryotes from the Kattegat after light incubation. Percentages exclude unknown
OTUs, Metazoa, and those unassigned to groupings. Taxa grouped by trophic mode (a), phototrophic and mixotrophic
taxa grouped by major photosynthetic pigment (b), taxa which differed significantly after incubation as identified by
ANCOM-BC analysis (c). Data are means and standard errors. Different letters indicate significant differences (P < 0.05)

determined by Tukey’s test.

red and brown treatments (Figure 9a). Total dinoflagel-
lates were lowest in blue (44%). Cyanobacteria were high-
est in blue light (44%) (Figure 10a). Alphaproteobacteria
were lowest in blue (18%).

Brown light increased Telonemia proportions (Figure
9c). Dinoflagellates increased to 58%. Phototrophs re-
mained low overall. Cyanobacteria declined to 24%, and
Alphaproteobacteria proportions were intermediate be-
tween blue and red treatments.

Red light further increased dinoflagellates (67%), in-

cluding Syndiniales Group III (parasites of other dinoflag-
ellates), and increased the diatom group Pedinellales. Pho-
totroph proportions remained low overall. Cyanobacteria
proportions declined to 20%. Toxic cyanobacteria propor-
tions were low overall but slightly higher in red than blue
light. Alphaproteobacteria increased markedly to 38% in
red light (Figure 10a-c). Toxic cyanobacteria proportions
were low overall though higher in red light compared to
blue.

As in the Gotland Basin, the dominant pigment category
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Figure 10. Relative abundances of bacterial taxa from the Kattegat after light incubation. Taxa grouped by photosynthetic
potential (a), percentage of cyanobacteria which are potentially toxic (b), taxa which differed significantly after incubation
as identified by ANCOM-BC analysis (c). Data are means and standard errors. Different letters indicate significant
differences, where present, (P < 0.05) determined by Tukey’s test.

after all treatments was Chl-¢ (>99%) (Figure 9b).

4. Discussion

Baltic Sea waters are optically complex and are classed
as Case 2 waters due to high CDOM content (Levin et al.,
2013). Water in the Baltic Proper can be predominantly
green due to strong absorption of blue and red wavelengths,
an effect which increases with depth (Haverkamp et al.,
2008; Levin et al., 2013). We found higher proportions of
green light at our Gotland Basin and Bothnian Bay sites
than the Kattegat site (Figure 2, Supplementary Figure 1b).
Both phytoplankton and CDOM contribute substantially
to total light absorption in Baltic surface waters (Kratzer
and Tett, 2009; Meler, Ostrowska and Ston-Egiert, 2016)
and the relationship between Chl-a and biomass is influ-
enced by cell size, accessory pigment composition, and
PAR availability which can vary seasonally (Meler et al,,
2018).

These spatial differences in spectral composition cre-
ate heterogeneous light environments across the Baltic

Sea within which phytoplankton communities may exhibit
regional adaptation.

As expected, the initial communities differed among
sites and were consistent with previous observations and
monitoring data for the Baltic Sea. Salinity is the primary
large-scale environmental gradient structuring pelagic com-
munities in the Baltic Sea and likely contributed to the dif-
ferences in initial community composition among basins
(Hu et al,, 2016). In the present experiment, salinity was
not manipulated. Thus, the observed responses to spec-
tral light treatments reflect community level adjustments
within salinity conditioned assemblages. Greater propor-
tions of mixotrophic cryptophytes and green algae were
found in the Bothnian Bay compared to the Kattegat, while
dinoflagellates and diatoms were most abundant in the
Kattegat samples (Ojaveer et al.,, 2010; Hu et al,, 2016). Pi-
cophytoplankton are associated with low light conditions
like that of the Bothnian Bay because smaller cells are
less affected by self-shading. The Bothnian Bay samples
had the smallest proportions of cyanobacteria, in line with
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studies of the northern Baltic, (Andersson et al., 2015),
whereas the Gotland Basin samples had high proportions
of Telonemia, as previously noted in the Baltic Proper (Hu
etal, 2016). Species of the picocyanobacteria Synechococ-
cus are known to differ across Baltic regions, and a divide
was also seen here (Haverkamp et al., 2008; Haverkamp
etal, 2009). Sequences from the Bothnian Bay and Got-
land Basin clustered more closely with S. lacustris, associ-
ated with freshwater (Cabello-Yeves et al., 2022), whereas
the Kattegat samples clustered closely to the CC9311 and
CC9902 strains of Synechococcus, described as chromatic
acclimators, capable of surviving in shifting spectral light
environments (Larsson et al., 2014).This may be a result
of the low salinity in the Baltic, and these strains are likely
to be locally adapted so that we cannot describe their pig-
ment status from these data.

The light treatments caused shifts in the eukaryotic and
bacterial communities, demonstrating that spectral qual-
ity can restructure phytoplankton assemblages. Across
basins, red light promoted heterotrophic eukaryotes, while
phototrophs were at the highest relative abundances in
blue light. Phototrophic cyanobacteria proportions were
also higher in the blue light treatments and lower in red.
In the Bothnian Bay samples, mixotroph proportions in-
creased under red relative to blue light, whereas in the
Gotland Basin heterotroph proportions were high after all
treatments. These differences among sites suggest that
responses to spectral shifts depend partly on pre-existing
community structure and regional adaptation. Light inten-
sity was low in all treatments so that phototrophs must
efficiently use the available wavelengths. In the Gotland
Basin samples, the treatments may have been limiting to
phototrophic taxa. The Bothnian Bay samples showed that
green algae, mainly Bathycoccus spp., although proportion-
ally low overall, survived better in the limiting red and
brown light treatments compared to green algae at the
other sites. The differences among the samples sourced
from the sites is likely due to existing adaptation in the re-
sponses of taxa in communities from the different regions.

Light absorption by phytoplankton differs depending
on pigment composition (Meler et al., 2018), and group-
ing taxa by major accessory pigments revealed differences
according to light treatment. In the Bothnian Bay, green
algae containing Chl-b were most prevalent in blue light.
Chl-b improves absorption of blue wavelengths (Lichten-
thaler, 1987; Croce and van Amerongen, 2014). Taxa with
both Chl-c and phycobiliproteins were most prevalent in
red. In all sites, taxa with Chl-c remained prevalent after
all light treatments. This suggests that the broader ab-
sorption range of Chl-c is advantageous in varying spectral
conditions. Cryptophytes, which use chlorophylls a and c,
and modify concentrations and structure of phycobilipro-
teins during photoacclimation (Heidenreich and Richard-
son, 2020; Spangler et al., 2022), also showed flexibility
across treatments. Our results are in line with a previ-
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ous study reporting that cryptophytes show positive re-
sponses to browning in lake experiments (Lyche Solheim et
al,, 2024). These results indicate that phytoplankton taxa
with broader or more adaptable pigment systems may be
favoured under the spectrally shifted light environments
associated with increasing browning.

Changes in light quality influenced the relative dom-
inance of functional groups but did not induce relative
increases in taxa which are considered invasive or with
potential for toxicity in the Baltic Sea. This suggests that
light quality is not a driver for these concerns. Similarly, no
consistent decrease in diatoms was seen in this study as a
result of the light treatments. The filamentous cyanobacte-
ria Nodularia was absent from the Bothnian Bay site and
was most abundant in the Kattegat site, consistent with
previous reports, (Olofsson et al., 2020). This genus per-
sisted across light treatments, suggesting that light quality
does not regulate its proliferation.

Heterotrophic bacteria were most prevalent at the Both-

nian Bay site. Although Alphaproteobacteria and Gammapro-

teobacteria, contain proteorhodopsin which can absorb
blue or green light (Slamovits et al,, 2011), our abundance
data do not indicate an advantage for this trait. An increase
inmixotrophic phytoplankton has been observed along the
south to north gradient in the Baltic (Paczkowska et al,,
2017), and our results indicate that browning, red-shifted
spectra may further favour mixotrophic and heterotrophic
strategies relative to primarily phototrophic taxa.

5. Conclusion

Availability of light affects the comparative survival of phy-
toplankton species in a community. Heterotrophic eukary-
ote proportions were highest in red light, whereas diatom
and other phototroph proportions were highest in blue
light. In the Bothnian Bay, chlorophyte taxa which produce
Chl-b were in higher proportions after blue light incuba-
tion, while red light samples had the highest proportion of
cryptophyte taxa with Chl-c and phycobilins. Cyanobacte-
ria proportions similarly decreased in red light and were
highest in blue. These differences among sites likely reflect
adaptation to light regimes along the Baltic gradient. Our
study supports the hypothesis that spectral light quality
is a hidden diversity driver, and that local adaptations to
light spectrum occur.
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