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Shifts in macroalgae
composition alters carbon
flow in Coastal Baltic Sea
ecosystems: implications for
dissolved organic carbon
bioavailability and flux
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Christopher D. Hepburn4,5 and Georg Martin1

1Estonian Marine Institute, University of Tartu, Tallinn, Estonia, 2Department of Functional and
Evolutionary Ecology, Faculty of Life Sciences, University of Vienna, Vienna, Austria, 3College of
Oceanography and Ecological Science, Shanghai Ocean University, Shanghai, China, 4Department of
Marine Science, University of Otago, Dunedin, New Zealand, 5Centre of Research Excellence,
University of Otago, Dunedin, New Zealand
The extracellular release of dissolved organic carbon (DOC) from marine

macroalgae supports coasta l ecosystem funct ion by supply ing

photosynthetically fixed carbon to higher trophic levels via the microbial

loop. Despite its widely acknowledged biogeochemical importance, DOC is

not typically included in primary production estimates of coastal systems.

Additionally, little is known about how changes in species composition and

coverage will affect the supply of DOC to coastal systems. Within the context of

the Baltic Sea, anthropogenic forces are driving a decline in habitat forming

kelp species (Fucus vesiculosus) which is superseded by filamentous/turfing

algal species, a pattern of change observed globally in numerous other aquatic

systems. To evaluate how the drivers of this change may impact the flow of

carbon within the Baltic Sea coastal system, the production of DOC by the

filamentous algae (Ectocarpus siliculosus) was examined and its rate of release

determined (0.095 mg C · g DW−1 · h−1 in light and 0.070 mg C · g DW−1 · h−1 in

dark). In addition, bioassays were used to assess the short-term DOC use by

bacteria as a proxy of the lability of the released products, with the majority

(28.7% released in light and 18.6% released in dark) of the products remaining

after 120 hours. This data was linked with long term macroalgae biomass and

coverage surveys in order to assess changes in macroalgae community

structure through time and to produce standing stock estimates of F.

vesiculosus. DOC production as a metric of algal coverage was used to make

a preliminary estimation of how changes in community structure may impact

the flow of carbon within the system. Our results suggest that decreased levels

of DOC released by filamentous algae relative to F. vesiculosus will act to

reduce microbial activity. Our model estimates the presence of approximately

150,000 tonnes of F. vesiculosus (dry weight) within the Estonian coastal

system translating to an annual release of 7,391 tonnes of DOC. Our study
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indicates that filamentous-dominated systems have likely altered carbon flow,

impacting the broader ecology of the Baltic Sea. Consequently, the loss of kelp

species and the expansion of filamentous algae may alter carbon dynamics,

with important ecological consequences for other coastal systems globally.
KEYWORDS

seaweed, microbial loop, coastal ecosystem function, blue carbon, ocean carbon
biogeochemical cycle, eutrophication, algae physiology, community shift
1 Introduction

It is now well established that numerous species of macroalgae

release a fraction of their photosynthetic products as dissolved organic

matter (DOM) (Paine et al., 2021; Hall et al., 2022; Abdullah and

Fredriksen, 2004). This, coupled with their high rate of photosynthetic

activity, implicates them as an important group involved in the transfer

of carbon from primary producers to higher trophic levels via the

release of this matter. DOM transfer has therefore been suggested to

play a central role in driving microbial function in nearshore coastal

ecosystems (Pomeroy et al., 2007). Despite the recognized need to

develop more comprehensive models for the flux of carbon in coastal

ecosystems, a lack of primary information regarding release rates and

the lability of these products presents a substantial challenge for the

accurate evaluation of these systems. Specifically, we lack baseline

estimates of DOC release rates for the vast majority of macroalgae

species which is further confounded by a lack of temporal information

regarding how seasonality and life history influence DOC release rates.

Few studies report the lability of released products and the degree to

which they are consumed by heterotrophic bacteria, thus limiting our

ability to assess the importance of macroalgal DOC in the microbial

loop (Egea et al., 2023; Xie et al., 2024). A need therefore arises to relate

measured values of DOC release and consumption with macroalgae

biomass estimates as means to assess the magnitude of carbon transfer.

Therefore, it is important to assess the ecology of macroalgae not only

at the species level but also at the community level, which is still

inadequately understood.

The Baltic Sea represents a proper model area for examining

the flux of dissolved organic nutrients within an aquatic context.

The sea’s naturally low salinity (Snoeijs-Leijonmalm, 2017;

HELCOM Balance , 2007 from http : / /ba lance-eu .org/

publications/index.html) also presents a substantial physiological

challenge for the organisms that inhabit their as osmotic pressure

acts to restrict a combination of both marine and freshwater

organisms (Snoe i j s -Le i jonmalm and Andr én , 2017) .

Consequently, the Baltic Sea displays a strong trend of low

diversity but high biomass relative to other fully marine systems

(Kautsky et al., 2017; Snoeijs-Leijonmalm, 2017; Snoeijs-

Leijonmalm and Andrén, 2017). Additionally, the Baltic Sea’s

relatively low volume combined with slow water exchange with

North Sea constricted by the Danish Straits results in a residence
02
time in the range of 30 to 40 years (Snoeijs-Leijonmalm and

Andrén, 2017). Consequently, the Baltic Sea is particularly

susceptible to anthropogenic forces, which have acted to yield

substantial change in the sea’s underlying water chemistry

(Elmgren, 2001; Andersson et al., 2015). This is particularly

evident with the influx of high nutrient loads beginning in the

early 20th century associated with industrial agricultural producing

a marked increase in both nitrogen and phosphorous loads

(Elmgren, 2001; Fonselius and Valderrama, 2003; Gustafsson

et al., 2012; Andersson et al., 2015). Regime shifts have been

documented for the Baltic Sea ecosystem during the second half

of the 20th century, involving different components of ecosystem

(Alheit et al., 2005). Notably, the Baltic Sea has been observed to

have undergone drastic shifts in both the distribution and presence

of its phytobenthic communities (Eriksson et al., 1998; Kovtun

et al., 2009; Eveleens Maarse et al., 2020).

In the Baltic Sea, Fucus vesiculosus Linnaeus acts as a

phytobenthic ecosystem engineer (Malm and Isæus, 2005;

Kautsky et al., 2017, 2019). F. vesiculosus’ high productivity

coupled with its substantial biomass within the littoral rocky

photic zone, colloquially named the ‘Fucus belt’, plays an

important role in structuring coastal habitats by providing

complex three-dimensional structure that acts to positively affect

biodiversity by supporting numerous other organisms, including

both invertebrates and fishes e.g. Haage, 1975, 1976; Kautsky and

Kautsky, 1989; Wallentinus, 1991; Wikström and Kautsky, 2007.

Therefore, any changes to the health or structure of the Fucus belt

are likely to dramatically affect the system as a whole. Beginning in

the early to mid-20th century, F. vesiculosus has declined in

abundance throughout the Baltic Sea as a consequence of a

variety of anthropogenic factors including both point source

pollution affecting local populations as well as a more generalized

decline due to sea wide eutrophication (Lehtinen et al., 1988;

Cederwall, 1990; Vogt and Schramm, 1991; Schramm, 1996;

Nilsson et al., 2004; Torn et al., 2006; Rinne and Salovius-Laurén,

2020). While numerous studies have investigated the consequences

of Fucus spp. decline, including F. vesiculosus, on coastal ecosystem

function such as habitat loss (Airoldi et al., 2008; Rinne and

Salovius-Laurén, 2020; Rinne et al., 2022), fish or fisheries decline

(Rajasilta et al., 1999; Kautsky and Kautsky, 2000; Mattsson, 2019),

and nutrient uptake (Duarte et al., 2015), none have yet to explore
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how this loss may act to alter carbon flow through changes in the

quantities of DOC released by macroalgae. Such a question is

relevant as DOC is released across the lifetime of the plant rather

than just during senescence. Depending upon the lability of the

released products, this DOC represents an under accounted for and

likely important source of carbon which may support the wider

food web via the microbial loop or alternatively act as an important

carbon sink (Paine et al., 2021; Dolliver and O’Connor, 2022).

The ecophysiological properties a given algal species possesses

underpins its growth rate and when a resource such as space, light,

or nutrients, is limited, determines its ability to out compete others

(Olson and Lubchenco, 1990; Edwards and Connell, 2012). Within

the context of the Baltic Sea, eutrophication has been demonstrated

to favor filamentous brown algal species for this reason (Kiirikki

and Blomster 1996; Bonsdorff et al., 1997). Such species compete

with and displace larger perennial species like F. vesiculosus through

the formation of dense matts which prevent settlement and

attachment of fucoids to hard substrate (Kiirikki, 1996a).

Additionally, filamentous brown algae attach epiphytically to

existing fucoids, smothering the host reducing overall fitness

(Berger et al., 2003; Isæus et al., 2004). Moreover, benthic

filamentous algae act to entrain large amounts of sediment,

further suppressing the settlement and fitness of benthic algae

post settlement (Isæus et al., 2004). In the Northeastern Baltic

Sea, two dominant species of filamentous ‘turfing’ algae are present,

Pyaiella littoralis and Ectocarpus siliculosus, which can be

distinguished only by examination of the reproductive structures

or through genetic tests. Both P. littoralis and E. siliculosus are

capable of taking advantage of elevated nutrient levels or otherwise

large nutrient pulses, particularly during the spring months

(Kiirikki, 1996b). Consequently, these species can efficiently

compete for substrates which in turn excludes slower growing

perennial species like F. vesiculosus (Berger et al., 2004; Nilsson

et al., 2004). Thus, eutrophication has led to a clear pattern of F.

vesiculosus decline which is supplanted by brown filamentous

turfing algal species (Figure 1).
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The Baltic Sea is undergoing increased change due to a

convergence of factors in addition to eutrophication, this includes:

climate change, ocean acidification, and overfishing, among others

(Österblom et al., 2007; Korpinen et al., 2012; Andersen et al., 2017).

The impact these factors have on marine ecosystems has been

studied in relation to physical–biogeochemical–carbonate models

(e.g., Neumann, 2010; Meier et al., 2011a, b; Neumann et al., 2012;

Omstedt et al., 2012) as well as food web models (e.g., Niiranen

et al., 2013). However, our ability to link lower trophic levels with

higher ones remains limited and our knowledge of how shifts in

communities as a result of anthropogenic forces complicates these

matters. Hall et al. (2022) measured the DOC release rates of three

ecologically significant species in the Baltic Sea: the perennial

habitat-forming Fucus vesiculosus and Furcellaria lumbricalis, and

the seasonal, fast-growing Ulva intestinalis under light and dark

treatments. The results reported that both F. vesiculosus and U.

intestinalis released significant quantities of DOC (Hall et al., 2022).

To date, no studies have examined specifically the release, nor the

lability of photosynthetic products released by brown turfing algal

species found within the Baltic. However, a review into the topic of

macroalgae DOC release by Paine et al. (2021) identified

filamentous algae as having the highest range of DOC release

rates globally, relative to other functional groups. It is suggested

that elevated levels of release are related to filamentous algae’s

underlying high growth rate and opportunistic life strategy

combined with their high surface to volume ratio (Hurd et al.,

2014). Such a finding implicates brown filamentous turfing algae as

potentially having a disproportionate role in supporting coastal

ecosystem microbial activity function by contributing to the

microbial loop through the release of DOC.

In this study, we investigate the decline of F. vesiculosus

populations and the concurrent rise of brown turfing algae, with a

particular focus on the DOC release process. We quantify the rate at

which DOC is released by the fast-growing brown turfing algae E.

siliculosus in both light and dark conditions. Furthermore, we assess the

extent to which heterotrophic marine bacteria consume these released
FIGURE 1

Schematized diagram depicting the generalized transition from F. vesiculosis dominated habitats to turfing algal-dominated habitats in the shallow
coastal waters of the Estonian coastal system and the Baltic Sea proper, correlating with increasing eutrophication. Photo source: Estonian Marine
Institute database.
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DOC to assess the short-term DOC use by bacteria as a proxy for the

lability of the released products. By integrating this data with previously

documented macroalgae DOC release rates, we establish connections

with the historical evolution of macroalgae biomass along the Estonian

coastline. This approach enables us to estimate the flow of DOC within

the coastal Baltic Sea ecosystem over time. Additionally, we discuss

whether anthropogenic factors have altered phytobenthic communities

and suggest how shifts in these communities has and will continue to

alter carbon flow within the system.
2 Methods

2.1 Study area

The Estonian marine environment, located in the NE of the

Baltic Sea, is characterized by complex coastal morphology formed

by abrupt changes in sea level during the Holocene, encompasses

sandy shores, rocky outcrops, and estuarine areas (Snoeijs-

Leijonmalm, 2017). The brackish nature of the Baltic Sea imparts

salinity usually below 8 (PSU), with pronounced salinity gradients

near major river outflows (Snoeijs-Leijonmalm, 2017). Benthic

substrate variations include moving sand, granite boulder fields,

gravel, and limestone cliffs/craters (Snoeijs-Leijonmalm, 2017).

Environmental conditions are influenced by strong seasonal

patterns, impacting the marine ecosystem, with winters leading to

the formation of sea ice and warm summers affecting overall water

temperature (Snoeijs-Leijonmalm, 2017). Phytobenthic

communities, include macroalgae and seagrasses, which provide

complex three-dimensional habitat representing spaces high in

biodiversity (Kautsky et al., 2017).
2.2 Macrophytobenthos data

The macrophytobenthos data used in this study originates from

the macrobenthos database of the Estonian Marine Institute,

University of Tartu. This extensive database, which dates back to

the 1950s, contains over 57,000 georeferenced benthic samples

collected from various projects, including basic scientific research,

national marine monitoring, benthic habitat mapping, and

environmental impact assessments. For this study, data from two

macrophytobenthos sampling methodologies was selected: 1) diver-

collected quantitative biomass samples and 2) divers’ visual

coverage estimates. Quantitative biomass samples are collected by

SCUBA divers using 20 × 20 cm quadrats placed on the seabed,

where all macroscopic fauna and flora within the frame is collected.

The samples are stored at -18°C for later analysis. In the laboratory,

these samples are sorted, and all macrobenthic organisms are

identified under a microscope. The dry weights of all taxa are

measured after drying for two weeks at 60°C, and the values

converted to biomass per square meter. The coverage estimates

are obtained by SCUBA divers visually assessing the percentage

cover of macrophyte species on the seabed.
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Data from the long term national phytobenthos monitoring

transects was used for the trend analysis. The Estonian

phytobenthos monitoring method is based on the HELCOM

COMBINE guidelines (www.helcom.fi). Monitoring is carried out

along an imaginary transect line placed perpendicular to the

shoreline from a predetermined starting point. Observations are

carried out once inside a 1 m depth interval to the deepest limit of

vegetation. When the deepest limit is reached, possible occurrence

of vegetation deeper is checked by an underwater drop video

camera. A continuous transect line, often suggested for

observations along Scandinavian rocky shores, is not used because

of the small slope and the resulting length of transects. For a

quantitative description of phytobenthic communities the

biomass samples are obtained from each different community

type. Depending on the length of the transect biomass samples

are taken from 5-7 depth intervals. Most commonly samples from

depths 0.2, 0.5, 1-2, 2-3, 4-5 and 6-8 meters were collected.

Quantitative biomass samples are taken always in three replicates,

20 × 20 cm frames with attached bag are used. Samples are stored in

a deep-freezer and later sorted and determined to species level in a

laboratory. Each species is dried separately at 60°C until constant

weight is reached and the dry weight is measured with 0.0001

g accuracy.

For the trend analysis, data from the following long term (1995-

2021) phytobenthos monitoring transects was extracted: Liu

transect in the Pärnu Bay, Kõiguste transect in the Gulf of Riga,

Küdema transect in the Baltic Proper, Tallinn transect in the Gulf of

Finland, Eru transect in the Gulf of Finland (Figure 2). The data was

further filtered by constraining water depth range of samples

between 0.5 m and the maximum depth of the occurrence of

Fucus spp. The maximum depth of Fucus was assessed separately

on each transect over the full range of years. The species and groups

of species for the trend analysis were:
1) Fucus spp.: summed group of F. vesiculosus and F. radicans;

2) Summed group of Pylaiella littoralis and Ectocarpus

siliculosus (hereafter “PylaiellaEctocarpus”). The species are

morphologically highly similar and determination between

the species is only possible under microscope when

reproductive organs are present. In situ visual distinguishing

between the two species by a diver is not possible;

3) Summed group of opportunistic algae as defined in the Estonian

national phytobenthos monitoring method (Torn et al., 2014):

Capsosiphon fulvescens, Chaetomorpha linum, Cladophora spp.,

Ectocarpus siliculosus, Monostroma balticum, Oedogonium sp.,

Percursaria percursa, Pylaiella littoralis, Rhizoclonium riparium,

Spongomorpha aeruginosa, Stigeoclonium sp., Ulothrix sp., Ulva

spp., Urospora penicilliformis.
As an input for trend analysis, mean cover of Fucus spp,

‘Pylaiella-Ectocarpus’ and ‘opportunistic algae’ was calculated for

each transect and year.

For modeling the distribution of biomass of Fucus, data from

biomass samples collected in the Estonian marine area from the
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years 2005-2021 was used. Samples from that period represent a

methodologically coherent dataset with good spatial coverage.

Temporal replicates from sampling sites that were visited several

times, were removed and only data from the most recent sampling

event were retained in the dataset. The application of these temporal

and spatial filters resulted in Fucus biomass data from 1469 sites

(Figure 2). Data from replicate biomass samples (n = 3) of each

sampling site was averaged.
2.3 Environmental variables

A total of 15 environmental variables, including topographical

(depth, slope of seabed), hydrodynamic (wave exposure, currents,

ice conditions), geological (seabed substrate), physico-chemical

(temperature, salinity, nutrients), and biological (water

chlorophyll concentration) variables (Table 1), were used for

spatial prediction of the biomass of F. vesiculosus. Mean values

were used for variables with time series, because general long-term

spatial distribution, not temporal variation (seasonal, annual) of the

biomass of F. vesiculosus was addressed in this study. All

environmental variables were available as georeferenced raster

layers in GeoTIFF format. The extents of raster layers fully

covered the study area. Raster cell size was 10 m for depth and

seabed slope and 50 m for all the other variables. The environmental

variables were selected based on previous knowledge on potential

relationships with the distribution of the studied macrophytes and

data availability.
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2.4 Macrophytobenthos data analysis

Mann-Kendall test was used to identify trends in the time series

of coverage of Fucus, PylaiellaEctocarpus, and opportunistic algae.

The Mann-Kendall test is a nonparametric test for monotonic

trends. The test results in numeric estimates of statistical

significance (p-values) and Kendall’s tau coefficient (t). Kendall’s
tau is a measure of correlation, ranging from minus one to one.

Negative values indicate decreasing trends and positive values

denote increasing trends.

Species distribution modeling (SDM) framework (Elith and

Leathwick, 2009) was applied to generate seamless distribution

estimation of the biomass of Fucus in the Estonian marine waters.

SDMs are numerical tools that relate in situ observations of species

occurrence or abundance with environmental estimates using

mathematical models. These models are then used to predict the

occurrence or abundance of a species in a larger spatial extent

enabling to produce seamless maps. A modeling algorithm boosted

regression trees (BRT) was used to model the spatial distribution of

the biomass of F. vesiculosus. BRT is a non-parametric machine-

learning method that can handle non-linear interactions between

predictor variables. It combines the strength of two algorithms:

regression trees and boosting. BRT was chosen as it has been

shown to have high predictive performance in many previous

studies (e.g. Elith et al., 2006; Hill et al., 2014; Herkül et al., 2016;

Valavi et al., 2021). The BRT model was trained using a learning rate

of 0.005 and a maximum tree complexity of five. These settings were

selected based on recommendations made by Elith et al. (2008). The
FIGURE 2

Study area and macrophyte sampling sites.
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model was trained in a stepwise manner by adding trees iteratively.

Ten-fold cross-validation was applied at each iteration to test if the

model’s predictive accuracy increased with the addition of trees.

Iterations were stopped when no further improvement of the model

was detected. Cross-validation based Pearson correlation coefficient

(r) of the model of the final iteration was used to report the prediction

accuracy of the BRT model. The final model that was further used for

predictions, was fitted using 100% of the data.

Biomass of F. vesiculosus (g m-2 dry weight) in the selected

sampling sites (n = 1469) was used as a response variable in the BRT

model. The values of the 15 environmental variables (Table 1)
Frontiers in Marine Science 06
served as predictor variables. The values of all predictor variables in

each sampling site together with the biomass values of F. vesiculosus

formed the model training data table. The final model was then used

to generate spatial distribution prediction of biomass of F.

vesiculosus. Predictions were calculated for each grid point in the

prediction dataset (n = 4 249 989) covering the whole Estonian

marine area from the coastline to the depth of 20 m with 50 m

rectangular equispaced grid. Deeper areas were removed from the

prediction grid for practical reasons as Fucus never occurs deeper

than 15 m. The values of all environmental variables were available

for each grid point in the prediction dataset. Based on the predicted

biomass values in all grid points, the total standing stock biomass

(dry weight) of Fucus in the Estonian marine area was calculated.

R programming language version 4.1.3 (R Core Team, 2022) in

the development environment RStudio (RStudio Team 2021) was

used for data preparation, analysis, and modeling. In addition to the

base R functionality, the following packages were used: raster

(Hijmans, 2022) for handling spatial raster data, sf (Pebesma,

2018) for handling spatial vector data, gbm (Greenwell et al.,

2020) and dismo (Hijmans et al., 2022) for fitting BRT models,

tidyverse (Wickham et al., 2019) for tabular data manipulation and

plotting. ArcGIS Pro software (ESRI, 2023) was used to generate

map layouts.
2.5 Macroalgae sample collection and
pre-treatment

The collection of macroalgal specimens for experimentation

occurred during the summer season. The species Ectocarpus

siliculosus was selected for study as it is representative of

numerous fast growing, opportunistic, filamentous brown algal

species and is one of two species dominant within Estonian

coastal waters. The site selected for sampling consisted of

complex three-dimensional rocky habitat interspersed with

shallow sandy patches, typical of Northern Baltic temperate

macroalgae habitat (59.55019° N, 24.86928° E). Individual

macroalgae specimens were collected for incubation via wading to

depths not greater than 1.5 meters and no shallower than 0.2

meters. E. siliculosus biomass was collected and stored in 20-L

clear plastic bins containing site water with free-flowing air

providing aeration and water motion. The collected individuals

were transported to the laboratory of the Estonian Marine Institute

and stored in a climate-controlled room set to the ambient seawater

temperature of the sample site for a period of 24 h for the

macroalgae individuals to acclimatize. Prior to experimentation,

individuals were gently cleaned in order to remove any epiphytic

algae or animals. Experimentation consisted of two phases: (1) the

measurement of DOC production and (2) the assimilation of DOC

by heterotrophic marine bacteria.
2.6 DOC release

The release of DOC by E. siliculosus was quantified in the same

manner as Hall et al. (2022), but replacing the filtered seawater with
TABLE 1 Environmental variables.

Variable Abbreviation Source

Water depth (m) depth 1

Mean water depth in 2 km radius (m) depth_2km 1

Slope of seabed (°) slope 1

Slope of seabed in 2 km radius (°) slope_2km 1

Salinity (PSU): long-term (2002-2008) mean salinity 2,3

Wave exposure based on simplified wave
model (m2 s-1): based on long-term (2003-
2019) mean wind speeds and directions

wave 4

Current velocity (m s-1): long-term (2005-
2019) mean

current 5

Orbital speed (m s-1): long-term (1989-2005)
mean speed of wind induced orbital
movement of water at seabed

orbital 8

Water temperature in warm season (°C):
long-term (2005-2019) mean in May-October

temp_warm 5

Water temperature in cold season (°C): long-
term (2005-2019) mean in November-April

temp_cold 5

Concentration of nitrate (mmol m-3): long-
term (2005-2019) mean values in winter
(December-February)

nitrate 6

Concentration of phosphate (mmol m-3):
long-term (2005-2019) mean values in winter
(December-February)

phosphate 6

Chlorophyll a content of sea surface (mg m-

3): long-term (2005-2019) mean
chl 6

Proportion of ice cover (fraction): long-term
(2000-2016) mean

ice 7

Proportion of soft sediment (fraction) sediment 2
Sources:
1 – Bathymetric data by Estonian Maritime Administration (georeferenced depth raster with
10 m pixel size).
2 – Databases of the Estonian Marine Institute, University of Tartu.
3 – COHERENS ocean circulation model (Bendtsen et al., 2009).
4 – Simplified wave model based of fetch and wind data (Isæus, 2004; van der Meijs and
Isaeus, 2020).
5 – Copernicus Marine Environment Monitoring Service’s Baltic Sea Physics Reanalysis
product BALTICSEA_REANALYSIS_PHY_003_011 (https://resources.marine.
copernicus.eu/product-detail/BALTICSEA_REANALYSIS_PHY_003_011).
6 – Copernicus Marine Environment Monitoring Service’s Baltic Sea Biogeochemical
Reanalysis product BALTICSEA_REANALYSIS_BIO_003_012 (https://resources.marine.
copernicus.eu/product-detail/BALTICSEA_REANALYSIS_BIO_003_012).
7 – Ice data developed by the Marine Systems Institute, Tallinn University of Technology
(Uiboupin and Pärn, 2018).
8 – Björkqvist et al. (2018).
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artificial seawater as a medium to reduce the potential influence

natural bacterial communities had and to reduce the detection of

background DOC. The experiment consisted of 10 biological

replicates comprised of ~35 g of wet weight material which were

incubated in separate 4-L acid washed glass chambers. The

experiment consisted of two treatments, each comprising of five

replicates. The first treatment consisted of saturating light designed

to stimulate photosynthesis (PAR measured using Li-Cor light

meter), and the second treatment consisted of total darkness. The

incubations were conducted for 12 hours in a temperature-

controlled environment reflecting the seawater temperature at the

time of sample collection. Each incubation chamber received

aeration and water motion from free-flowing bubblers. 50 ml

water samples were taken at 0, 3, 6, 9, and 12-hour intervals from

the incubation chambers using a sterile plastic lure lock tipped

syringe equipped with 0.45-micron G/F sterile syringe filters

(Minisart). These samples were transferred to individual 50-ml

acid-washed glass bottles and promptly frozen for subsequent

analysis. At the conclusion of the incubation period, the algal

material was retained to obtain dry weights and the water

medium retained to conduct lability testing. By standardizing

algae biomass to dry weight, production rates can be compared

with other DOC release trials. The measurement of dissolved

organic carbon (DOC) in the seawater samples were performed

using high-temperature catalytic oxidation as outlined by Sugimura

and Suzuki (1988). A total organic carbon analyzer (Shimadzu

Corp.) featuring a platinum catalyst was employed to determine the

concentration and reported as micrograms per liter.
2.7 Bioassay of bacterial DOC utilization

The consumption of E. siliculosus derived DOC by heterotrophic

bacteria was evaluated using seawater from the DOC release trial. A

total of 10 microcosm incubations were prepared by distributing 180

milliliters of retained macroalgae seawater from each replicate into

separate acid-washed glass vessels. Each microcosm received a 20 mL

inoculation of seawater containing ambient bacteria from the sample

site. To prevent nutrient limitations, the microcosms were

supplemented with 16.43 mL of NaNO3 (1.06 mmol l−1), 10.53 mL

of KH2PO4 (0.077 mmol l−1), and 0.78 mL of NH4Cl (0.172 mmol

l−1). The microcosms were placed on a shaker table to induce

turbulent motion and incubated in a light-restricted, temperature-

controlled room for period of 120 hours. At the conclusion of the

incubation, DOC water samples were taken and analyzed in the same

manner as described previously.
2.8 Statistics

Statistical analyses were carried out using the statistical software

JMP software (Version 16.2.0) and R (Version 3.6.0). DOC release

was assessed using repeated measures analysis of variance

(ANOVA) for the factor of treatment (light/dark) with the

repeated measure being time. Shapiro Wilkes test was used to test
Frontiers in Marine Science 07
for normality and was not violated. The assumed sphericity was

tested using Mauchly’s sphericity test of which the assumptions

were met. Post-hoc testing was conducted using Tukey HSD

(Table 2). Changes in DOC concentration released under light

and dark conditions after the 120-h incubation period was tested

using Pair-wise analysis. The significance level for all statistical tests

was set at 5% (a = 0.05).
3 Results

3.1 Macrophytobenthos

Analysis of the macrophytobenthos time series using Mann-

Kendall test revealed several statistically significant (p < 0.05)

trends. An upward trend in opportunistic algae was identified in

the Eru, Liu, and Tallinn transects. Pylaiella and Ectocarpus

exhibited an increasing trend in Eru but a decreasing trend in the

Kõiguste transect. No statistically significant trends were discerned

in the Küdema transect. Fucus displayed no discernible trends in

any of the transects (Figure 3).

The distribution of biomass of Fucus spp., as predicted by the

BRT model, is shown on Figure 4. The Pearson correlation value for

the BRT model, determined through 10-fold cross-validation, was

0.61. Based on the spatial prediction of the distribution of biomass,

the standing stock biomass of Fucus spp. within Estonian marine

waters was estimated to be ca. 150 000 tonnes (dry weight).
3.2 E. siliculosus DOC release
and consumption

Mean E. siliculosus DOC concentration incubated under both

light and dark treatments increased significantly from the starting

concentration relative to the final concentration at the conclusion of

the 12-hour incubation. In total, E. siliculosus released a mean value

of 1.14 mg C per gram of dry weight material for the light treatment

within the 12-h incubation period, achieving a production rate of

0.095 mg C · g DW−1 · h−1. In contrast, the dark treatment released

0.84 mg C · g DW−1 achieving a production rate of 0.070 mg C · g

DW−1 · h−1. The degree to which released DOC products were

consumed by heterotrophic bacteria were assessed over a 120-hour

time course (Figure 5). Initial mean DOC concentration produced

by E. siliculosus under the light treatment decreased significantly

after 120 h from 8.42 mg C · l−1 to 6.00 mg C · l−1, representing a
TABLE 2 Repeated measures analysis of variance (ANOVA) of the DOC
release experiment.

Response Source DF F Prob > F

DOC (mg
C·g DW−1)

Treatment 1 0.0188 0.8943

Time 4 11.5932 <0.0001

Treatment*Time 4 1.8288 0.1476
fr
Factors analyzed were treatment (light and dark) with time as the repeated measure.
Significant differences are bold; significance was set at a = 0.05.
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decrease of 28.7% for the light treatment, and 7.2 mg C · l−1 to 5.86

mg C · l−1, representing an 18.6% decrease for the dark

treatment (Figure 6).
4 Discussion

During the latter half of the 20th century profound shifts in the

phytobenthic communities of the Baltic Sea have been observed,

primarily attributed to eutrophication (Evaleens Maarse et al., 2020;

Kautsky et al., 1986; Eriksson et al., 1998; Rönnberg and Mathiesen,

1998; Kovtun et al., 2009; Eveleens Maarse et al., 2020). An analysis

of phytobenthos coverage time series of years the 1995-2021

revealed several distinct patterns. Firstly, and in contrast to earlier

historical patterns, Fucus spp. did not exhibit statistically significant

trends (Figure 5). These observations suggest that the broader loss

of F. vesiculosus in Estonian coastal waters, and to a larger extent the

Baltic Sea, have reached their conclusion under current eutrophic

conditions. However, point source pollution may still drive local

decline further, as observed at the ‘Tallinn’ site, with pollutants

from the Tallinn Municipality and Pirita river likely constituting a

significant and localized stressor for the populations in that area

(Erm et al., 2014; Maharjan et al., 2016).

Vahteri and Vuorinen (2016) examined the decline of F.

vesiculosus in the Northern Baltic based on diver surveys from

1993-1997. They concluded that F. vesiculosus populations in the

region have declined sharply, and that the species is no longer

capable of actively competing for living space and as such is

struggling to persist. This finding is supported by Rinne and

Salovius-Laurén (2020), which examined the status of Fucus spp.

within the neighboring Finnish marine area using a more recent

data set but also concluded the groups status to be poor. Despite

substantial efforts to curtail nutrient loading in the Baltic Sea by all

coastal nations since the 1980s, which have succeeded in reducing

water column nutrient loads, the issue of eutrophication persists
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and continues being problematic. The outcome of such initiatives

indicate a decline in nitrogen inputs of approximately 30% since

1995, whereas phosphorus inputs, following a notable decrease of

25% between 1995 and 2000, have since maintained a relatively

stable level in the western Baltic region (Kuss et al., 2020). Other

research has demonstrated that, in the majority of Baltic Sea

regions, the total nitrogen (TN) pool in the water column

increased from the 1970s until the early 1990s, at which point it

stabilized and, in many instances, it has either remained constant or

commenced a decline during the early 2000s (Lønborg and

Markager, 2021). Additionally, further reductions in TN pollution

are scheduled for implementation, with specific reduction targets

assigned to the Baltic Sea coastal nations under the framework of

the Baltic Sea Action Plan (Wulff et al., 2014). This study provides

evidence that reductions in the main nutrient drivers for

eutrophication in the Baltic Sea may have resulted in a

stabilization of F. vesiculosus beds, perhaps representing the first

steps in the recovery of this important habitat.

With F. vesiculosus having declined throughout the Baltic Sea,

other opportunistic species have filled the newly available ecological

niche. Analysis of the biomass and coverage time series data

revealed brown turfing algae (E. siliculosus and P. littoralis) as

well as other opportunistic species have both increased in

abundance across the majority of the measured sites, including

Tallinn, Eru and Liu. Only Kõiguste showed a decrease in brown

turfing algae and opportunistic species. The observed trends

confirm a predicted rise in the abundance of these species with

filamentous brown algae and other opportunistic species

supplanting the previously F. vesiculosus dominated system via

higher growth rates and the ability to respond more rapidly to

newly available substrate (Kiirikki, 1996a; Kiirikki and Blomster

1996; Bonsdorff et al., 1997). Whilst many aspects of F. vesiculosus

loss have been intensely studied including, none have evaluated how

this loss/shift will alter carbon flow in marine systems as a

consequence of changes in DOC release.
FIGURE 3

Total dissolved organic carbon concentration per milligram of Ecotcarpus siliculosus dry weight material over a 12-h period under light (red) and dark
(blue) treatments. Different letters indicate significantly different DOC concentrations for each treatment (mean ± 1 SE, n = 5) (Tukey’s HSD, a = 0.05).
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From the analysis of the biomass and coverage time series data,

carbon flow derived from released photosynthetic products by

macroalgae has likely been altered on two levels. Firstly, changes

in biomass and species composition have altered the total amount of
Frontiers in Marine Science 09
DOC released on a per area basis. And secondly, the relative

‘quality’ of the released products has likely changed in terms of its

lability or refractories. Based on the incubations conducted here, it

is confirmed that E. siliculosus releases dissolved organic products
FIGURE 4

Distribution of biomass (g m-2 dry weight) of Fucus spp. based on BRT modeling. Three zoomed-in areas (A–C) are shown to illustrate small scale
distribution patterns.
FIGURE 5

Time series of macrophyte cover. Statistically significant (p < 0.05) trends based on Mann-Kendall test are marked in the upper part of the plots:
arrow – direction of the trend; number – t coefficient.
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into the water column, under both photosynthetic (light) and non-

photosynthetic (dark) conditions (Figure 5). Further, the rate of

release under the light treatment was 30.3% higher than that of the

dark treatment implicating photosynthesis as process that enhances

E. siliculosus carbon release. As discussed in the 2021 review by

Paine et al., DOC release is mainly hypothesized to be a

consequence of either passive cell diffusion, whereby low weight

molecular compounds passively ‘leak’ from the macroalgae’s cell

membranes leading to a consistent loss of DOC, or as a factor of

photosynthate storage (stoichiometric overflow); whereby under

photosynthetic conditions photosynthate that cannot be efficiently

stored or consumed is released as a means to avoid cell damage

(Hatcher et al., 1977; Fogg, 1983; Bjørrisen, 1988; Møller et al., 2003;

Saba et al., 2011; Agusti and Duarte, 2013; Thornton, 2014; Livanou

et al., 2019). The DOC release pattern observed here suggests that

both of these factors influence the release of DOC by E. siliculosus,

aligning with the release patterns observed in other filamentous

macroalgae species in analogous studies investigating DOC release

(Paine et al., 2021). To ensure comparability and minimize

variation in DOC release rates, our experimental conditions were

aligned as closely as possible with those of Hall et al. (2022). Baltic

Sea F. vesiculosus produces labile DOC under photosynthetic

conditions at a rate 2.84 (0.27 mg C·g DW−1·h−1) times greater

than that of E. siliculosus (Hall et al., 2022). In contrast to E.

siliculosus, F. vesiculosus does not appear to release DOC passively

under non photosynthetic conditions (Hall et al., 2022).
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Nevertheless, the total release of E. siliculosus would still not

exceed that of F. vesiculosus after a 24-hour light/dark cycle

(assuming; 12 hours dark, 12 hours saturating light) with the

cumulative release of E. siliculosus at 1.98 mg C·g DW−1

compared to F. vesiculosus releasing 3.24 mg C·g DW−1

(constituting 48.28% more DOC in total). As coastal DOC supply

hinges on the given light regime and the time of year, it could lead to

one species contributing a greater amount of DOC per unit of

biomass than the other. Within the Estonian context, a region that

has a long winter period of low light and slow growth followed by

high growth summer long light summer period, it could be assumed

that F. vesiculosus dominated communities produce an outsized

proportion of DOC particularly during the summer when biomass

and growth is high relative to that of E. siliculosus. It is therefore

concluded that the decline of F. vesiculosus and its supplanting by E.

siliculosus and other similar brown turfing algae, could have

reduced the total quantity of DOC released into the Baltic Sea

coastal system. Such findings are consistent with other studies on

community shifts in phytobenthic ecosystems, such as seagrass

meadows dominated by Cymodocea nodosa. Jiménez-Ramos et al.

(2022) highlighted the role of C. nodosa in carbon metabolism and

dissolved organic carbon (DOC) fluxes, noting its substantial

production of both labile and recalcitrant DOC, predominantly

during winter and summer, respectively. In contrast, areas invaded

by the alga Halimeda incrassata showed reduced DOC production

and a shift towards DOC consumption in winter. These
FIGURE 6

Consumption of total dissolved organic carbon released by Ecotcarpus siliculosus under light and dark treatments after a period of 120 h measured
as milligrams of carbon per liter. * = significant difference (<0.05).
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observations underscore the potential impact of invasive algae on

altering carbon dynamics and function within coastal ecosystems.

A given species DOC release metrics in isolation do not allow

for the proper assessment of the broader ecological implications of

this release as the factor of DOC consumption by heterotrophic

bacteria and the subsequent remineralization or sequestration of

these products must also be evaluated in conjunction. Results from

the 120-hour microcosm experiment used to assess the short-time

DOC use by bacteria as a proxy of the lability of the released E.

siliculosus products showed a significant decrease in DOC

concentration at its conclusion for both the light and dark

treatments, indicating E. siliculosus DOC is at a minimum

partially labile (Figure 6). As labile DOC is almost instantly acted

upon by water column microbes it can be stated that 28.7% of DOC

released by E. siliculosus under photosynthetic conditions and

18.6% of DOC released under non-photosynthetic conditions is

highly labile and is readily up taken by heterotopic bacteria acting to

enhance the microbial loop. Over longer time scales, a substantial

portion of the remaining DOC will likely be consumed, as chemical

and photodegradation act to increase the lability of the products. It

should be noted that measuring DOC for 120 hours may not fully

capture the complete consumption dynamics of DOC, only

allowing for speculation regarding its potential lability.

Information on the true recalcitrant level of DOC requires long-

term monitoring periods to comprehensively understand DOC

consumption dynamics (Xie et al., 2024; Yamuza-Magdaleno

et al. , 2024). When, compared to F. vesiculosus DOC

consumption measured to be 20.7% after 120 hours, a remarkably

similar value to the ones reported here for E. siliculosus. However,

and with total DOC release rates in mind, a shift from F. vesiculosus

dominated habitats to one of brown turfing algae typified by E.

siliculosus, likely acts to weaken the microbial loop.

The underlying reasons for the pattern of DOC consumption

reported here can be attributed to the chemical properties of the

released DOC and/or the bacterial community’s ability to

remineralize these products. A reduction in the release of labile

carbon products into the water column has implications for carbon

cycling and energy flux to higher trophic level organisms. In the water

column, heterotrophic bacteria play a pivotal role by utilizing up to

50% of the dissolved organic matter (DOM) released by primary

producers and it is this bacterial biomass, that in turn, serves as a food

source for flagellates and other higher-level organisms (Azam et al.,

1983; Azam and Malfatti, 2007; Cherrier et al., 1996). This dynamic

process is essential for the energy flow within the aquatic food web, as

it converts biologically inaccessible DOM into biologically available

biomass (Azam et al., 1983; Cherrier et al., 1996; Kirchman, 1990;

Pomeroy et al., 2007). Therefore, it can be stated that the loss and

decline of F. vesiculosus in the Baltic Sea has likely resulted in a

decrease in an important source of labile DOC for which

heterotrophic water column bacteria utilize and assimilate into

biomass particularly during the summer growth period. In essence,

the replacement of F. vesiculosus by filamentous brown alga has acted

to modify the efficiency of Baltic Sea food webs by reducing carbon

flow from primary producer to higher order trophic levels via the

microbial loop.
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4.1 Estimate of total Estonian
F. vesiculosus release

Variations in the dissolved organic carbon (DOC) release rates

between F. vesiculosus and E. siliculosus signify that any alterations

between these two species will impact coastal carbon flow, primarily

by reducing DOC release from F. vesiculosus. The complexity of the

system makes estimations of total carbon release highly difficult, but

approximations can be made. Utilizing the boosted regression tree

model, we estimate that the Estonian maritime area contains a

standing stock biomass of 150,000 tonnes dry weight of F.

vesiculosus. This standing stock estimate is within same order of

magnitude as early estimates (Estonian Marine Institute, 1999).

Assuming all factors remain constant and maximal photosynthetic

activity is attained, we can project that in the F. vesiculosus would

release a potential maximum of 40.5 tonnes of DOC per hour. This

estimation is derived by applying the measured release rate of 0.27

mg C·g DW−1·h−1 to the modeled 150,000 tonnes of F. vesiculosus

dry weight. Alternatively, this would translate to an annual release

of approximately 7,391.25 tonnes of DOC, given the assumption of

saturating light for 50% of the year. Such a number would almost

certainly never be achieved for numerous reasons, the first and

foremost being that never at one time would the entire population

of F. vesiculosus ever simultaneously be under saturating light

conditions for reasons such as self-shading and sub optimal water

clarity. However, exploring these values is important as

approximations allows us to assess the potential significance this

source of DOC has in the relevant carbon budgets relative to that of

other values.
5 Summary statement

Our current knowledge regarding the rate and fate of dissolved

organic matter released by macroalgae is still inadequately

understood. This knowledge gap presents a significant challenge

when it comes to establishing carbon budgets for coastal marine

systems. The findings from this study underscore that shifts in

macrophytobenthic communities are likely to have a substantial

impact on carbon flow in coastal ecosystems, potentially reshaping

the structure of marine food webs or altering its dynamics as a

carbon sink. This research emphasizes the significance of DOC in

marine food webs and highlights the considerable amount of carbon

that is released but often goes unaccounted for. It is therefore

imperative to assess individual species with a substantial presence

and biomass for both their DOC release rate and the labile nature of

the DOC. These findings should be complemented by in-depth

investigations into shifts in community structure, particularly in the

context of our rapidly changing world. Such work holds important

implications for the expanding body of literature that now

acknowledges seaweeds as valuable ecosystems for the marine

carbon cycle and ocean carbon sequestration. Currently, much

research lacks consideration for the lability of DOC and the

pathways it takes, highlighting limitations in developing

comprehensive coastal marine carbon budgets. By advancing our
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understanding of the pathways through which macroalgae derived

carbon moves, we can develop a more cohesive understanding of

coastal food webs, blue carbon and coastal ecology.
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