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The production of dissolved
organic carbon by macroalgae
and its consumption by marine
bacteria: Implications for
coastal ecosystems

Jack R. Hall1*, Gerli Albert1, Isla M. Twigg2, Federico Baltar3,
Christopher D. Hepburn2,4 and Georg Martin1

1Estonian Marine Institute, University of Tartu, Tallinn, Estonia, 2Department of Marine Science,
University of Otago, Dunedin, New Zealand, 3Department of Functional and Evolutionary Ecology,
University of Vienna, Vienna, Austria, 4Coastal People Southern Skies Centre of Research
Excellence, University of Otago, Dunedin, New Zealand
Through the fixation of large quantities of dissolved inorganic carbon (DIC),

macroalgae facilitate the energetic foundation of highly productive coastal

ecosystems. While the processes controlling photosynthesis and carbon

fixation by macroalgae are well known, the fate of organic matter fixed by

macroalgae is less well understood. This study quantified release rates of DOC

by three ecologically significant Baltic macroalgae species: the perennial

habitat forming Fucus vesiculosus and Furcellaria lumbricalis, and the

seasonal fast-growing Ulva intestinalis, under both light and dark conditions.

The released products were assessed using bacterial incubations whereby

radiolabeled leucine was used to evaluate the uptake and lability of these

products by marine heterotrophic bacteria. DOC was found to be released by

both F. vesiculosus and U. intestinalis at rates of 0.27 mg C·h−1 under light and

0.13 mg C·h−1 per unit of dry mass under dark treatments, respectively, whereas

F. lumbricalis DOC release was observed to be negligible under both light and

dark. Our findings further validate previous hypotheses that factors such as

photosynthetic activity are a primary driver behind DOC release and that DOC

release is not an entirely passive process. Additionally, we reaffirm the need to

relate a given species life characteristics and habitat in order to understand why

DOC products are released. The consumption of macroalgae-derived DOC by

heterotrophic bacteria reveals that released DOC is variable in its lability. After a

period of 12 h and under maximum photosynthetic conditions, the release of

DOC by F. vesiculosus and U. intestinalis achieved a peak rate of 219 µg

C·L−1·day−1 and 214 µg C·L−1·day−1 for each gram of dry weight material,

respectively, directly into the microbial loop via heterotrophic bacterial

consumption. In contrast, F. lumbricalis’ low rate of DOC release and the

subsequent low bacterial consumption indicate that habitats dominated by this
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species have a reduced importance in the transfer energy via the microbial

loop. These findings have implications for how we view carbon transfer within

coastal food webs and highlight how changes in species composition and

coverage may dramatically affect coastal ecosystem productivity through the

microbial loop.
KEYWORDS

macroalage, dissolved organic carbon (DOC), microbial loop, coastal ecosystem
function, food web, carbon flow, remineralization, carbon cycles
Introduction
Macroalgae constitute the foundation of coastal ecosystems

through the formation of a complex three-dimensional habitat

that acts to fix large quantities of inorganic carbon. While the

importance of carbon uptake is well established, we know

comparatively little about its subsequent release or the role

this plays within the broader ecology of coastal marine

systems. From the latter half of the mid-20th century, the

works of Pomeroy (1974) and Azam et al . (1983)

demonstrated that a substantial proportion of algal

photosynthetic products is released back into the water as

dissolved organic carbon (DOC). This carbon source is crucial

in supplying energy for microbial communities and

reintegrating this carbon into higher-order trophic levels

through the microbial loop.

Our current understanding of the underlying mechanisms

that control for the release of DOC are incomplete. While DOC

release is inherently related to macroalgae productivity as a

function of photosynthetic activity and limited nutrient

availability, the physiological processes that result in DOC

release on a cellular level are not readily apparent.

Enigmatically, DOC release would appear to have no distinct

biological advantage in that it is an energetically wasteful process

whereby there is no mechanism for algae to re-assimilate

extracellular products. Two primary contending hypotheses

attempt to reconcile this inconsistency. The stochiometric

overflow hypothesis as described in Fogg (1983) asserts that

DOC release is related to surplus photosynthate production

under high photosynthetic conditions. Under normal

circumstances, excess photosynthate may be synthesized into

reserve energy stores or cell material. However, it may be more

energetically efficient to release excess products for a short

period rather than invest in the required structures and

enzymes for storage or synthesis respectively (Hatcher et al.,

1977; Fogg 1983; Thornton, 2014; Livanou et al., 2019). In

contrast, the photosynthate diffusion hypothesis posits that

DOC release is passive in nature and is related to low weight
02
low-molecular-weight compounds diffusing through cell

membranes during cellular growth or lysis (Bjørrisen, 1988;

Møller et al., 2003; Saba et al., 2011; Agustı ́ and Duarte, 2013).

It should be noted, however, that these two hypotheses are not

mutually exclusive, and that DOC release may in fact be a

combination of both phenomena.

Irrespective of the underlying release mechanism, it is the

consumption of DOC by other organisms that is perhaps most

important in terms of understanding energy transfer and coastal

ecology. As microorganisms constitute the dominant fraction of

biomass in the marine environment, when active, their high

metabolic rates dominate the flux of energy and biologically

important elements in the ocean (Pomeroy et al, 2007). Duarte

and Cebrian (1996) compiled data from the literature on the

production pathways for a number of macrophytes including

macroalgal communities. Their work determined that

decomposition within the system, herbivore grazing pressure, and

export outside the system are significant vectors for production, and

also indicated that storage within sediment is negligible. However,

only a small proportion of macroalgae (~10%) is directly consumed

by higher-order organisms (Miller et al., 1971; Gerard, 1976; Newell

et al., 1982). As such, a significant proportion of fixed carbon

derived frommacroalgaemust first be acted upon by bacteria before

it can be utilized by higher trophic levels (Duggins et al., 1989).

Because estimates of macrophyte production and consumption

typically ignore the release of DOC, the degree to which it

contributes to marine food web function is unknown.

The Baltic Sea is a unique aquatic system in that it is a shallow,

semi-enclosed brackish water sea. The species that reside there

typically operate at their osmotic limits and represent a mixture of

both marine and freshwater species (Snoeijs-Leijonmalm and

Andrén, 2017). As a consequence, the Baltic Sea ecosystem

displays a trend of low diversity and high biomass, and exhibits

higher pelagic and benthic productivity relative to most oceanic

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

(Snoeijs-Leijonmalm and Andrén, 2017). Additionally, the Baltic

Sea is readily impacted by anthropogenic forces, particularly high

nutrient loads due to its semi-enclosed nature and high residence

time leading to eutrophication (Snoeijs-Leijonmalm, 2017). The
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effect eutrophication has on macroalgae is multifaceted but in the

Baltic context primarily affects communities through increased

water turbidity reducing water clarity and limiting photosynthesis

(Snoeijs-Leijonmalm, 2017; Snoeijs-Leijonmalm and Andrén,

2017). For these reasons, when evaluating the function of Baltic

Sea ecosystems, it is useful to examine species specific to the

Baltic system.

This study investigated possible release mechanisms (passive

cell leak hypothesis vs. stochiometric overflow) of DOC from

three important Baltic Sea macroalgae species: the perennial

habitat forming Fucus vesiculosus (Brown) and Furcellaria

lumbricalis (Red), and the seasonal fast-growing Ulva

intestinalis (Green), by quantifying DOC released by

individuals in incubation chambers under simulated night and

day conditions (light vs. dark). Additionally, we examined the

consumption of released DOC by heterotrophic marine bacteria

by quantifying bacterial biomass production in terms of carbon

uptake/growth and reported as micrograms of carbon as a means

to evaluate the potential energy transfer from microbes to

higher-order trophic levels. As coastal ecosystems are

increasingly viewed as vehicles for carbon transfer, we aim to

better understand the fate of the substantial amounts of released

hidden carbon that moves through these systems.
Materials and methods

Macroalgae collection and pre-treatment

The collection of macroalgal specimens for experimentation

occurred during the summer vegetative season. Representative

macrophytes were chosen on the basis of their dominance within
Frontiers in Marine Science 03
the coastal system of the Northern Baltic Sea. Three species were

selected for study. In particular, sites containing complex three-

dimensional rock and boulder habitat consisting of shallow

degrees of relief and moderate wave exposure typical of

Northern Baltic temperate macroalgae dominated habitats

were utilized. Individual macroalgae specimens were collected

for incubation in each experiment by means of snorkeling and

SCUBA. F. vesiculosus and U. intestinalis were collected via

snorkeling from Kukumäe Bay (59°27’33.5”N 24°34’03.0”E) and

Tallinn Bay (59°27’33.2”N 24°34’57.5”E) on the southern coast

of the Gulf of Finland, Estonia respectively. F. lumbricalis was

collected via SCUBA from Kõiguste Bay (58°21’39.3”N 22°

59’25.2”E) on the southern coast of Saaremaa Island, Estonia

(Figure 1). Ten individuals were collected for each species.

Upon collection, individuals were stored in 20-L clear plastic

bins containing site water with free-flowing air providing aeration

and water motion. Additionally, site water was collected for use in

the forthcoming experiment. The collected individuals were

transported to the Estonian Marine Institute laboratory and

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

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

macroalgae individuals to acclimatize. Prior to experimentation,

individuals were gently cleaned in order to remove any epiphyte

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

measurement of DOC production and (2) the assimilation of

DOC by heterotrophic marine bacteria.
Macroalgae DOC production

The release of macroalgae-derived DOC was quantified

through the use of 4-L glass incubation chambers over a
FIGURE 1

Map of the Estonian coastline. Sampled specimens were retrieved from (A) Kõiguste Bay, (B) Kukumäe Bay, and (C) Tallinn Bay.
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period of 12 h. In total, four experiments were conducted, one

for each of the three selected species as well as one seawater

control. Each experiment consisted of 10 biological replicates of

distinct individuals in the case of F. vesiculosus and ~20 g of wet

weight material for U. intestinalis and F. lumbricalis, which were

incubated in separate chambers. Each experiment consisted of

two treatments with five replicates under saturating light

conditions (PAR measured using Li-Cor light meter) and five

in total darkness for a total of 10 simultaneous incubations. The

incubations were conducted in a temperature-controlled room

reflective of ambient seawater temperature at the time of sample

collection. Free-flowing bubblers supplied aeration and water

motion to each incubation chamber.

The incubation medium consisted of 4 L of filtered seawater

collected from the associated sample site. Filtered seawater was

used as a means to remove the bulk of heterotrophic bacteria

that may consume released DOC over the incubation period.

This was achieved firstly by passing seawater through a 0.8-mm-

size screen to remove zooplankton and any large detritus

followed by filtering the water using a pump system with a

0.8-micron filter (nylon membrane, Whatman) to remove

phytoplankton followed by a 0.22-micron filter (nylon

membrane, Whatman) to remove the final bacterioplankton

fraction. Water samples (50 ml) were taken every 0, 3, 6, 9,

and 12 h from each of the incubation chambers using a sterile

plastic lure lock tipped syringe fitted with 0.45-micron G/F

sterile syringe filters (Minisart) with the sample being

dispensed into individual 50-ml acid-washed glass bottles.

Water samples were immediately frozen for analysis at a

later time.

At the conclusion of the 12-h incubation period, 200 ml

from each of the incubation chambers under the light treatment

was re-filtered using the same pump and filter system described

prior and dispensed into sterile glass sample bottles. This process

was repeated for the dark treatment. The now “DOC enriched”

seawater was retained for bacterial consumption experiments.

Any algal material was weighed and dried to obtain both wet

weight and dry weights. The concentration of DOC present in

the seawater samples was quantified through high-temperature

catalytic oxidation methodology as described by Sugimura and

Suzuki (1988) using a total organic carbon analyser (Shimadzu

Corp.) equipped with a platinum catalyst and reported as

micrograms per liter.
Heterotrophic bacterial consumption of
released DOC products

The consumption of macroalgae-derived DOC by

heterotrophic bacteria was examined through the use

microcosm experiments utilizing the retained seawater from

the previous experiments and quantified using radiolabeled

leucine. One hundred eighty microliters of the pooled
Frontiers in Marine Science 04
macroalgae seawater from each replicate of both the light and

dark treatments was separated into 10 separate acid-washed

glass vessels (labeled A–E for light and F–J for dark) for a total of

10 microcosm incubations. Twenty milliliters offiltered seawater

(0.45 mm) was used to inoculate the microcosm with ambient

bacteria associated with the sample site seawater. The

microcosms were buffed with 16.43 m l 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) to prevent nutrient limitation

hindering bacterial growth. The microcosms were set on top of

shaker tables in order to generate turbulent motion and mixing

and were kept covered from any light as well as kept in a

temperature-controlled room reflective of sample site

temperature. The incubation was carried out for a period of

120 h. In order to evaluate total DOC consumption at the

conclusion of the incubation period, DOC samples were taken

for each of the microcosm chambers.

Heterotrophic bacterial biomass production was measured

every 24 h (including initial) and quantified as the incorporation

of [3H]-labeled leucine (Perkin–Elmer, specific activity = 169 Ci

mmol−1) into bacterial cells for each microcosm chamber (Smith

and Azam, 1992). Four 1.2-ml samples were taken from each

microcosm and dispensed into separate 1.7-ml Eppendorf’s

tubes. Three of the Eppendorf’s tubes were designated the

technical replicates and the fourth was designated the blank

(control). One hundred twenty microliters of trichloroacetic acid

(TCA) 50% was dispensed to “kill off” the controls. Forty-eight

microliters (40 nM of 1 mM solution) of radiolabeled leucine was

dispensed into the technical replicates and controls. The

technical replicates and controls were incubated for 90 min in

the dark at 10°C. This temperature is reflective of ocean

temperature at the time of sample collection. Post incubation,

120 ml of TCA 50% was dispensed to terminate growth in the

technical replicates. The technical replicates and controls were

centrifuged at 12,000 g before aspiration of the Eppendorf’s fluid

was used to drain the technical replicates and controls of liquid,

leaving the precipitated protein. A final solution of 5% TCA was

dispensed into the technical replicates and controls, with the

centrifugation and aspiration processes then being repeated. The

technical replicates and controls were then immersed in 1 ml of

liquid scintillation cocktail (Ultima Gold AB, Perkin-Elmer) in

preparation for radio assay. The technical replicates and controls

were allowed to sit for a period of several days as a means to

maximize the dispersion of radioactivity into the scintillation

cocktail before a count was performed. Heterotrophic bacterial

uptake of [3H]-leucine was radio assayed and measured as

decompositions per minute (DPM) in a Tri-Carb® Liquid

Scintillation Counters scintillation counter (Perkin-Elmer)

with quenching correction. Quenching was corrected by the

external standard ratio method before the technical replicates

and their associated controls were put to count. A conversion

factor (DPM per microliter of leucine solution) was used to

convert the reported DPM to moles of leucine. Bacterial biomass
frontiersin.org
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production was measured as pmol (leucine) L−1 h−1 and

converted to mg (carbon) L−1 day-1.
Statistics

Statistical analyses were carried out using JMP software

Version 14.1 (14.0) and R (Version 3.6.0). Changes in species

(F. vesiculosus, U. intestinalis, and F. lumbricalis) DOC

concentration and BBP rates were assessed separately using

repeated measures analysis of variance (ANOVA) for the

factor of treatment (light/dark) with the repeated measure

being time. In both instances, the assumed sphericity was

tested using Mauchly’s sphericity test of which both sets failed

to meet the assumption. As such, the Greenhouse–Geisser

correction was applied to correct for the departure from

sphericity in the data (DOC: Table 1; BBP: Table 2). Post-hoc

testing was conducted using pairwise t-tests with Bonferroni

correction. Changes in DOC concentration produced under

light and dark conditions by each macroalgal species after the

120-h incubation period were tested using Student’s t-test

analysis with Bonferroni correction. The significance level for

all statistical tests was set at 5% (a = 0.05).
Results

Mean macroalgae DOC production rates varied between

both macroalgae species and the treatment they were exposed to

(Figure 2). F. vesiculosus incubated under the light treatment was

the most productive in terms of DOC release with a significantly

different DOC concentration detected after a period of 9 h when

compared to the starting concentration. In total, F. vesiculosus

released a mean value of 3.26 mg of carbon per gram of dry

weight material in the 12-h incubation period, achieving a

maximum average production rate of 0.27 mg C·g DW−1·h−1

(Figure 2). In contrast, F. vesiculosus incubated under the dark

treatment displayed no significant change in DOC concentration

throughout the time course (Figure 2). The second most

productive species in terms of DOC release was U. intestinalis,
Frontiers in Marine Science 05
which displayed a significant increase in DOC concentration

after a period of 3 h for the light treatment as well as the dark

treatment after a period of 6 h, relative to the starting

concentration (Figure 2). Overall, U. intestinalis released a

mean value of 2.64 and 1.01 mg of carbon per gram of dry

weight material for the light and dark treatments over the course

of the 12-h incubation period, respectively (Figure 2). U.

intestinalis achieved a maximum DOC release rate of 0.22 mg

C·g DW−1·h−1 for light and 0.13 mg C·g DW−1·h−1 for dark

(Figure 2). In terms of F. lumbricalis, no change in DOC

concentration was observed over the course of the 12-h

incubation for the light treatment; however, a small but

statistically significant decrease was observed relative to the

starting concentration for the dark treatment after a 9-h

period with a decrease of 0.19 mg of carbon per gram of dry

weight occurring at the conclusion of the incubation (Figure 2).

DOC production rates appear relatively consistent between both

F. vesiculosus and U. intestinalis, implying that DOC production

occurs at a consistent rate without large pulses or drop

offs (Figure 2).

The degree to which released DOC products were consumed

by heterotrophic bacteria varied between the species and the

treatment it was produced under. Intial mean DOC

concentration produced by F. vesiculosus under the light

treatment decreased significantly after 120 h from 8.07 mg

C·L−1 to 6.40 mg C·L−1, representing a decrease of 20.7%

(Figure 3). No change in mean DOC concentration under the

dark treatment was observed for the F. vesiculosus dark

treatment (Figure 3). The initial mean DOC concentration

produced by U. intestinalis under the light and dark treaments

significantly decreased after a period of 120 h with a change in

concentration of 7.93 to 6.89 mg C·L−1 for light and 7.34 to 6.67

mg C·L−1 for dark, representing a decrerase of 13.1% and 9.1%

respectively (Figure 3). No significant difference was detected

between the intial and final DOC concentrations for F.

lumbricalis light and dark treaments (Figure 3). In regard to

the seawater controls, the light treamtent displayed a decrease in

DOC concetration from 6.36 to 5.8 mg C·L−1, representing a

decrease of 8.8%; no change in the dark treatment was

observed (Figure 3).
TABLE 1 Repeated measures analysis of variance (ANOVA) of the DOC release experiment.

Response Factor DF F p

DOC (mg C·g DW−1) (Intercept) 0.4 845.661 <0.001

Treatment
Species

0.4
0.8

8.727
108.940

<0.01
<0.001

Treatment:Species
Time_RM
Treatment:Time_RM
Species:Time_RM
Treatment:Species:Time_RM

0.8
1.6
1.6
3.2
3.2

2.314
29.282
1.582
11.043
0.439

0.1205
<0.001
0.1851
<0.001
0.8943
frontier
Factors analyzed were treatment (light and dark) and species (F. vesiculosus, U. intestinalis, and F. lumbricalis) with time as the repeated measure. Significant differences are bold;
significance was set at a = 0.05.
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DOC produced by both F. vesiculosus and U. intestinalis

under the light treatment was assimilated more readily as a

metric of bacterial biomass production (BBP) than that

produced under the dark treatment achieving higher total BBP

rates. Mean BBP peaked at 219 µg C·L−1·D−1 at 24 h for DOC

released by F. vesiculosus under the light treatment representing

a 47.18% increase over F. vesiculosus DOC produced in the dark

which peaked at 135.4 µg C·L−1·D−1 at 48 h (Figure 4). U.

intestinalis displayed a similar pattern of BBP production with

maximum mean BBP production achieved for DOC released

under light conditions occurring on day 2 at 214 µg C·L−1·D−1

with maximum BBP for DOC produced under dark reaching

152.8 µg C ·L−1·D−1 after 24 h representing a 28.6% decrease

(Figure 4). F. lumbricalis displayed a pattern of rapid decline

through time in BBP for both the light and dark treatments.
Discussion

In this study, we investigated both the production/release of

DOC by key Baltic Sea macrophytes under both light and dark

conditions and related this production to its consumption by

marine heterotrophic bacteria. We demonstrate that DOC

production varies between species with photosynthetic activity

induced by light having a positive effect on DOC release for F.

vesiculosus and dark conditions having a positive effect on DOC

release by U. intestinalis (Figure 2). In the second component of

this experiment, DOC released by the prior examined

macroalgal species was assessed in terms of its ability to be

assimilated by heterotrophic bacteria, and its overall lability was

evaluated. The results show that the lability of the released

products is specific to the species and is affected by the

conditions in which it was released, i.e., light vs. dark

(Figure 3). A proportion of the measured DOC released by F.

vesiculosus under the light treatment as well as by U. intestinalis

under the light and dark treatments was found to be labile with

the products released acted upon by heterotrophic bacteria. In

contrast, no consumption of DOC was observed for the F.
Frontiers in Marine Science 06
lumbricalis incubation supporting the previous measurements

depicting little to no DOC released (Figure 3). With regard to the

seawater control only a small decrease of 0.54 mg C·L−1 was

observed for the light treamtent and no change was observed for

the dark after 120 h, indicating the background seawater as being

largely refractory (Figure 3).

In addition to direct measurements of DOC concentration,

bacterial biomass production by heterotrophic bacteria was used

to evaluate DOC assimilation and carbon incorporation into the

microbial loop. The patterns of consumption reported here

largely mirror those discussed earlier with DOC uptake being

predicted by a combination of the species and whether

photosynthesis was occurring. In particular, DOC produced

under photosynthetic conditions was acted upon more readily

than that produced in the dark, indicating that either (a)

photosynthesis increases the lability of the released DOC or

(b) low concentrations of DOC restricted the bacterial response

(Figure 4). After a period of 12 h under maximum

photosynthetic conditions, F. vesiculosus and U. intestinalis

DOC supported BBP rates of 219 µg C·L−1·D−1 and 214 µg

C·L−1·D−1 for each gram of dry weight material, respectively. It

should be noted that depending on the given microbial

community’s growth efficiency, a portion of this carbon would

be respired away rather than entering the microbial loop and

higher trophic levels under natural conditions.

Our results demonstrate that macroalgal DOC production is

linked not only to the underlying macroalgal species and their

unique physiology, but also to external environmental factors.

As described previously, two main hypotheses attempt to explain

the biological mechanisms for macroalgal DOC release. The

stochiometric overflow hypothesis as described in Fogg (1983)

asserts that DOC release is related to surplus photosynthate

production under high photosynthetic conditions. In contrast,

the photosynthate diffusion hypothesis posits that DOC release

is passive in nature and is related to low-molecular-weight

compounds diffusing through cell membranes during cellular

growth or lysis. The data presented in this study would imply

that both hypotheses occur in some capacity and would act to

explain the observed trends, but fall short of providing a unifying
TABLE 2 Repeated measures analysis of variance (ANOVA) of the BBP experiment.

Response Factor DF F p

BBP (µg C·L−1·D−1) (Intercept) 0.4 7,670.747 <0.001

Treatment 0.4 49.591 <0.001

Treatment:Species
Time_RM
Treatment:Time_RM
Species:Time_RM
Treatment:Species:Time_RM
Treatment: Time

0.8
0.8
1.6
1.6
3.2
3.2

123.976
24.053
776.273
59.228
50.481
53.198

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
frontier
Factors analyzed were treatment (light and dark) and species (F. vesiculosus, U. intestinalis, and F. lumbricalis) with time as the repeated measure. Significant differences are bold,
significance was set at a = 0.05.
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explanation for DOC. Primarily, we can see that DOC is

produced consistently by F. vesiculosus under saturating light

conditions demonstrating the loss of photosynthetic products

and that U. intestinalis released products under both light and

dark conditions, implying that, at least to some degree, the
Frontiers in Marine Science 07
passive loss of products occurs for this species. Interestingly, F.

lumbricalis’ lack of DOC production under both light and dark

conditions indicates that DOC release is not a universal trait of

marine macroalgae. As a whole, a single unifying explanation for

why macroalgae release DOC is not possible here, with the
A

B

C

FIGURE 2

Total dissolved organic carbon concentration per milligram of dry weight of algal material over a 12-h period under light and dark treatments
for the species (A) (F) vesiculosus, (B) U. intestinalis, and (C) (F) lumbricalis. Different letters indicate significantly different DOC concentrations
(mean ± 1 SE, n = 5) (Tukey’s HSD, a = 0.05).
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results suggesting that macroalgae release DOC for different

reasons and likely through differing mechanisms.

Establishing the function and magnitude of the microbial

loop in the ocean remains a substantial challenge of modern

marine ecology. The task is inherently challenged by the

methodological difficulties imposed in part by the small size

and dilute concentrations of microbes in complex solutions of
Frontiers in Marine Science 08
contaminating organisms and dead particles (Kemp et al., 1993).

Understanding the role macroalgae-derived DOC has in

supporting bacterial biomass production and the level to

which this production introduces fixed carbon into coastal

food webs is drastically limited by a lack of primary

measurements. To determine the ecological importance of

macroalgae DOC release rates measured in this study, it is
FIGURE 3

Consumption of total dissolved organic carbon released by macroalgae under light and dark treatments after a period of 120 h measured as
milligrams of carbon per liter. * = significant difference (<0.05) after time for the given species.
FIGURE 4

Heterotrophic bacterial biomass production (BBP) or carbon flux estimated (µg C·L−1·D−1) based on tritiated leucine incorporation rates for macroalgae
DOC released under light and dark treatments. Different letters indicate significant difference within light and dark treatments (mean ± 1 SE, n = 5)
(Tukey’s HSD, a = 0.05) (Smooth line = cubic spline with a lambda of 0.05).
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important to contextualize them with regard to a macroalgae’s

specific life characteristics.

F. vesiculosus is a highly productive, slow-growing,

perennial canopy-forming brown macroalgae. While it has

long been established that macroalgae canopies are some of

the most productive habitats on Earth (Mann, 1973), numerous

works since have focused on better quantifying this productivity

at a species-specific level. (Attard et al., 2019) evaluated the daily

net ecosystem (NEM) metabolism of sublittoral F. vesiculosus in

the Baltic Sea, determining that NEM was primarily positive,

predicting a net autotrophic canopy for two-thirds of the year

(due to elevated light levels) with annual canopy NEM

amounting to 25 mol O2 m−2 year−1 or approximately six

times that of net phytoplankton production. As such, the

measured positive DOC production rates could reflect a

majority of F. vesiculosus life history, particularly that of the

vegetative growth season (summer) which, as this experiment

has demonstrated, would release DOC at an elevated rate. Our

findings would therefore be consistent with other works

investigating the release of DOC by phaeophyceae. In

particular, Macrocystis pyrifera (Ochrophyta, CA, USA), Fucus

vesiculosus (Ochrophyta, RI, USA), and Nereocystis luetkeana

(Ochrophyta, WA, USA) all demonstrated marked increases of

DOC release under daytime conditions relative to that of night,

with Sieburth (1969) suggesting that as much as 30%–40% of F.

vesiculosus total fixed carbon is released back as dissolved

organic matter (Sieburth, 1969; Reed et al., 2015; Weigel and

Pfister, 2021). Furthermore, as the DOC released under light

conditions was shown to be readily assimilated into bacterial

biomass, it can be stated that F. vesiculosus actively supports

heterotrophic bacterial growth within the water column. We can

therefore assert that F. vesiculosus represents a potentially

important source of labile carbon for the microbial loop in

coastal systems.

Similar to F. vesiculosus, U. intestinalis is notable for its high

productivity, particularly as a species that blooms (Martins and

Marques, 2002). Similar to F. vesiculosus, U. intestinalis is

notable for its high productivity, particularly as a species that

blooms (Martins and Marques, 2002). Within the context of this

study, direct measurements of DOC released by U. intestinalis

were shown to increase through time for both the light and dark

treatments with the light treatment achieving a peak hourly

release rate 69.2% higher than that of the dark treatment

(Figure 2). The release of DOC in the dark treatment implies

that, to some degree, passive leakage does occur. In addition, the

DOC concentration of both the light and dark treatments was

observed to decrease after 120 h with a natural bacterial

community present indicating released products were at least

partially consumed (Figure 3). Interestingly, when comparing

the peak BBP rate for both treatments, it can be observed that the

DOC released under the light treatment stimulated bacterial

production to a much greater degree than that of the dark
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treatment, achieving a peak BBP rate that is 40.1% higher

(Figure 4). This finding demonstrates that U. intestinalis DOC

release supports the microbial production primarily during

photosynthesis. Several factors may help explain this observed

trend. Firstly, and perhaps most likely, is that the elevated levels

of DOC released under photosynthetic conditions enabled

heterotrophic bacteria to be more readily acted upon, elevating

the BBP rate. An additional factor, and one that does not exclude

the previous one, is that the products released by the light

treatment are inherently more labile than those that are

passively released and as such are more readily assimilated

into bacterial biomass. Lastly and perhaps the least likely in

this instance is the strong propensity of Ulva sp. for the

product ion of secondary metabol i tes that display

antimicrobial, antiherbivory, and antifouling properties,

particularly as a by-product of photosynthesis (Nelson et al.,

2003; Dobretsov et al., 2006; Lane and Kubanek, 2008; Twigg

et al., 2020). In particular, Ulva sp. is known to release hydrogen

peroxide in high concentrations (upwards of five times greater

than other species) with in situ measurements showing that it

inhibits bacterial production and carbon flow through the

microbial loop by up to 75% (Twigg et al., 2020). As such,

released hydrogen peroxide may have prevented DOC

incorporation by bacteria via stunting bacterial growth. If this

is the case, then released U. intestinalis DOC may represent a

source of latent production once either the hydrogen peroxide

has decayed (Petasne and Zika, 1997), or the DOC has been

exported away from the system where it can be incorporated into

the microbial loop. However, this would suggest that U.

intestinalis released hydrogen peroxide to a greater affect

under the dark treatment even though hydrogen peroxide

production is typically viewed as a photosynthetic process

derived from the Mehler reaction (Mehler, 1951; Collén et al.,

1995). Even so, non-photosynthetic pathways do exist, primarily

through that of incomplete reduction of oxygen in the

mitochondria as well as through superoxide dismutase, an

enzyme that catalyzes the dismutation of superoxide radicals

into oxygen and hydrogen peroxide. (Collén et al., 1995;

Rezayian et al., 2019). By any means, a more detailed

examination of the effect of hydrogen peroxide on

consumption is needed in order to fully evaluate its role in

DOC uptake.

F. lumbricalis is widely distributed in the sublittoral zone of

the Baltic. While typically found growing on hard rocky

substrate, it is somewhat unique in that it forms large

unattached “meadows” in deeper low light waters (Martin

et al., 2006a; Martin et al., 2006b). For this reason, F.

lumbricalis may represent a large source of both coastal and

“deep” water DOC. The mesocosm data presented in this study

show that F. lumbricalis does not readily release DOC under

light or dark conditions (Figure 2). This is supported by the both

lack of DOC consumption after a period of 120 h and reduced
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BBP measurements (Figures 3, 4). Therefore, this study would

indicate that F. lumbricalis does not meaningfully support

deeper water microbial loop function. As a whole, few studies

(10) have examined the release of DOC by marine rhodophyta

under ambient conditions and until now none have attempted to

directly connect the release of dissolved products to that of

heterotrophic bacterial production (Paine et al., 2021). A review

by Paine et al. (2021) examined published values of DOC release

by the three major algal divisions, reporting mean release rate to

be lowest among Rhodophyta at 10.25 mmol C·g DW−1·h−1 when

compared to 36.39 mmol C·g DW−1·h−1 for Chlorophyta and

20.25 mmol C·g DW−1·h−1 for Ochrophyta. However, large

ranges in the reported rates and lack of published values

highlight the need for the further examination of DOC rates

and in particular for those of Rhodophytes.

Patterns in primary production as related to a given

macroalgal species life strategy could help explain observed

trends in DOC release rates. In particular, the regulation of

cell homeostasis conceptualized under the “stochiometric

overflow hypothesis” describes a physiological mechanism in

which the exudation of DOC acts as a “release valve” for

photosynthetic products that cannot readily be stored (Fogg,

1983, Wood and Van Valen, 1990; Borchard and Engel, 2015).

More specifically, the release of DOC protects the cell from

detrimental levels of photosynthate buildup under high light

conditions and allows for RuBisCO to maintain maximum

photosynthetic capacity. The overflow hypothesis would

therefore adequality explain the observed DOC production

trends reported here for all three of the investigated species

when considerations are made for the habitat in which these

species are found in and the growth strategies in which they

employ. For instance, the deeper water F. lumbricalis typically

photosynthesizes in low- or poor-quality light conditions. The

need for a photosynthate release mechanism would not be

needed as high growth and metabolic rates would rarely, if

ever, be achieved. In contrast, F. vesiculosus is a slow-growing

perennial species that inhabits in the high light, shallow

sublittoral zone. As such, employing a mechanism to actively

regulate internal photosynthate concentrations would be crucial

as the species would be restricted in its ability to reduce storage

pressures by assimilating photosynthetic products into biomass

through the formation of new tissue structures. Like F.

vesiculosus, U. intestinalis also grows in shallow, high light

environments; however, unlike F. vesiculosus, U. intestinalis

displays a high growth rate. As such, U. intestinalis can likely

more readily utilize and incorporate photosynthate into new

tissue structures and would reduce the need for DOC release.

Direct measurements of net primary production (NPP) further

support this conclusion. Net primary production rates for the

three species investigated here were measured by Pajusalu et al.

(2013). Their work reports U. intestinalis as having a markedly
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higher NPP than both F. vesiculosus and F. lumbricalis, with F.

vesiculosus having the lowest NPP of the measured species and

displaying the slowest growth rate. Overall, it should be

recognized that the factors and mechanisms behind both DOC

production and consumption are as complex as they are

multifaceted. In this regard, attempts to provide a singular

unifying explanation for all groups may fall short.

Salinity represents a major abiotic stress for aquatic

organisms and one that is particularly relevant within the

context of the Baltic Sea. In terms of DOC production, salinity

is believed to affect DOC rates of release by altering the osmotic

balance within macroalgal cells, which is compensated for by

modifying cellular solute concentrations (Kirst, 1996). To date,

only two studies have expressly examined the impact salinity has

on DOC release rates (Sieburth, 1969; Pregnall, 1983). Sieburth

(1969) examined fully marine specimens of F. vesiculosus (Rhode

Island, USA) under differing salinity concentrations. DOC

release rates were observed to decrease with salinity from

0.429 mg C·g DW−1·h−1 (reported as 35.72 mmol) at 30.46‰

salinity and 0.13 mg C·g DW−1·h−1 (reported as 11.18 mmol) at a

10.15‰ salinity (Sieburth, 1969). The reported results would

therefore match those observed here with brackish water Baltic

Sea F. vesiculosus specimens releasing DOC at a reduced rate

compared to their marine counterparts. Furthermore,

Enteromorpha prolifera was examined in a similar fashion by

Pregnall (1983), who reported an inverse trend whereby DOC

release rates increased with decreasing salinity with 0.13–0.57

mg C·g DW−1·h−1 released at a salinity of 30‰ and 1.02 mg C·g

DW−1·h−1 at 5‰ salinity. Interestingly, we observe that U.

intestinalis, a similar species to that of E. prolifera, released

DOC equivalent to E. prolifera in a marine setting, indicating

that this trend does not necessarily carry across between species.

This discrepancy could be explained by U. intestinalis

successfully adapting to the lower salinity of the Baltic Sea and

as such better able to regulate internal osmotic balance without

the need for elevated DOC release. As it stands, studies

examining the effect salinity has on DOC for species in the

phylum Rhodophyta are entirely lacking.

Understanding how the world’s changing seas will affect

coastal ecosystems represents a major challenge for the field of

marine science. Numerous physical, chemical, and biological

factors acting in conjunction are predicted to influence

macroalgae physiology in a variety of ways (Diaz-Pulido et al.,

2007; Harley et al., 2012). Such factors include ocean

acidification (Koch et al., 2013; Pajusalu et al., 2013;

Fernández et al., 2015; Cornwall and Hurd, 2019); increased

surface seawater temperatures and associated heat waves

(Wernberg et al., 2016; Britton et al., 2020); eutrophication as

a consequence of increased nitrogen loading due to agriculture

and poor land use management (Voss et al., 2011; Harley et al.,

2012; Roleda and Hurd, 2019); changes in light regimes due to
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factors such as turbidity, sedimentation, and/or canopy structure

(Desmond et al., 2015); and changes in salinity due to ice melt or

alterations in precipitation patterns (Vuorinen et al., 2015;

Meredith et al., 2019). These environmental factors are

predicted to substantially alter coastal ecosystem function

including through changes in carbon flow and DOC cycling

(Lønborg et al., 2020). For example, Pajusalu et al. (2013)

evaluated the effect decreasing water pH would have on the

net primary production for both U. intestinalis and F.

vesiculosus. Their study found that increased CO2 levels in

seawater favored the photosynthetic activity of the macroalgae

U. intestinalis but not F. vesiculosus and concluded that elevated

CO2 levels will favor the production of fast-growing filamentous

species. From this, we can speculate that elevated CO2 could

enhance the viability of U. intestinalis through increased

photosynthesis and decrease the contribution of DOC from F.

vesiculosus as it is displaced by faster-growing, more

opportunistic species. Such changes may act to disrupt the

flow of carbon either through altering rates of production, the

lability of the released products, or limiting the ability for

heterotrophic bacteria to assimilate it. In reality, evaluating the

true extent of these changes is highly difficult with our current

limited understanding of both DOC production and

consumption. Such difficulties are only exacerbated by the

complexity of the systems in which they operate in. It is

therefore important that we establish baselines of production

now so that we can better evaluate potential changes in

the future.
Summary statement

Measurements of primary production as an isolated metric

are insufficient in developing a cohesive understanding of the

importance primary producers, particularly that of macrophytes,

have on the movement of carbon in marine systems. As it stands,

the literature remains sparse in terms of published DOC values

for macroalgae and even more so for the lability of a given

species’ DOC. This work highlights the importance macroalgae

play in supporting coastal ecosystem function through the

release of DOC. In particular, we report key rates of

production for important Baltic Sea macroalgal species and

relate this release directly to its consumption by heterotrophic

bacteria. Additionally, we examine how these rates vary between

species and how factors such as light influence the rate of release.

Future studies should prioritize understanding the mechanisms

of release (passive vs. active release) and energy balance

associated with this, the composition and lability of released

products, and finally the environmental factors that regulate

release particularly in relation to how these factors may alter

with our changing seas. By further developing our
Frontiers in Marine Science 11
understanding of the pathways macroalgae-derived carbon

takes, a more cohesive understanding of marine food web

function can be formed.
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